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Poets say science takes away from the beauty of the stars - mere
globs of gas atoms. I too can see the stars on a desert night,
and feel them. But do I see less or more? The vastness of the
heavens stretches my imagination - stuck on this carousel my

little eye can catch one - million - year - old light. A vast
pattern - of which I am a part... What is the pattern, or the
meaning, or the why? It does not do harm to the mystery to
know a little about it. For far more marvelous is the truth than
any artists of the past imagined it. Why do the poets of the
present not speak of it? What men are poets who can speak of
Jupiter if he were a man, but if he is an immense spinning
sphere of methane and ammonia must be silent?
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Chapter

Introduction

The Standard Model of fundamental introduction is the theory that describes reality
at the smallest scales which can be currently probed by experiments. It has been
formulated by S. Glashow, A. Salam and S. Weinberg in the 1960’s as a gauge the-
ory based on the SU(2)r x U(1)y groups which unifies electromagnetism and weak
interactions [1-3]. The electromagnetic and weak force, before considered as of com-
pletely different nature, are now shown to be two sides of the same coin, with weak in-
teractions being “weak” because they are mediated by massive particles, the W and the
Z bosons, unlike electromagnetism, which is mediated by the massless photon. Gauge
theories, however, forbid their mediators to have a mass, since any mass term in the
Lagrangian would explicitly break gauge invariance. The mechanism which allows
gauge bosons to acquire a mass was formulated in the same decade by P. W. Higgs,
R. Brout, F. Englert, G. Guralnik, C. Hagen and T. Kibble [4-9]. This mechanism con-
sists in adding to the Standard Model Lagrangian a new scalar doublet field, charged
under the S U(2)r, X U(1)y group, and interacting with the gauge bosons in a gauge in-
variant manner. This new field has the remarkable property of having a non-vanishing
vacuum expectation value, which is not S U(2); X U(1)y-symmetric. Once the theory
is expanded around this vacuum expectation value, mass-terms for the weak gauge
boson appears. This mechanism does not explicitly break gauge invariance, since the
interactions of the scalar doublet with the gauge fields do not violate it, and is known
as the spontaneous symmetry breaking mechanism. Besides giving mass to Standard
Model particles, this mechanism predicts the existence of an new scalar state, called
the Higgs boson.

In the same period, the last ingredient was added to the Standard Model, which
consisted in formulating also the strong interactions, those relevant for binding the
nucleons (protons and neutrons), as a gauge theory, Quantum Chromo-Dynamics
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(QCD), based on the S U(3) group. This formulation, which was driven by some as-
tonishing results in experiments which were probing nucleons with highly-energetic
electrons, was proposed by M. Gell-Mann, H. Fritzsch, D. Gross, F. Wilczek and
H. D. Politzer [10-13], and considers hadrons as bunches of partons, quarks and glu-
ons.

After the inclusion of strong interactions, the Standard Model has remained the same
for almost forty years, obtaining more and more confirmations of its validity by var-
ious experiment, where the parameters of the theory have been measured with as-
tonishing precision. However, people had to wait until 2012 when the last missing
confirmation of the validity of the Standard Model was found. Until then, no evidence
of the existence of the Higgs boson was found: on July 4th 2012 the two experiments
at the Large Hadron Collider at the CERN (Geneva), ATLAS and CMS, claimed the
observation of a new particle, with mass of about 125GeV and with properties com-
patible with these predicted for the Higgs boson [14,15]. This claim was based on data
acquired on both the 7 TeV and 8 TeV runs, with about 5fb~! of integrated luminosity
per run per experiment. At present, one year later, after the end of the 8 TeV run with
the integrated luminosity exceeding 20fb~!, data seems to point towards the fact that
these new particle has indeed the right characteristics to be considered as the Higgs
boson [16-18].

These great achievements would not have been possible without the enthusiastic work
of thousands of people, either involved in building and running the accelerator and the
experiments, or in providing the best possible theoretical predictions for the various
production channels of the Higgs boson, and for the corresponding backgrounds.

As the LHC is a hadron collider, strong interactions dominate the scene. First of all,
processes mediated by strong interactions represent an overwhelming background for
all kind of searches, their typical rates being orders of magnitude larger than those
of any electro-weak process (see also Fig. 1.1). Second, even for processes driven
by electro-weak reactions, thousands of hadrons originating from the remnants of the
colliding protons typically accompany the event. And finally, as observables can only
be computed in perturbation theory, typically identifying the expansion parameter
with the strong coupling @ = 0.1, QCD can induce sizable corrections to observ-
ables. While this last point has not been an issue for the discovery of the Higgs boson,
as it happened exploiting channels with a clear mass-peak signature, it does affect the
determination of the properties of the new particle.

In the last years lots of efforts have been spent in order to have computations that
include QCD corrections, at least at the first non-trivial order (called next to leading
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Figure 1.1: Cross-sections for the most important processes at hadron colliders. Image
from [19]

order, NLO). One result of these efforts is the amazing precision to which the cross-
section of all Higgs production processes can be computed, see Fig. 2.3 in the text.
In parallel to these efforts, lot of work have also been done towards providing event
simulations which are as much realistic as possible, giving a picture of the final state
in terms of hadrons, rather than in terms of partons as typical for perturbative compu-
tations.

These efforts have lead to the possibility of computing NLO observables for virtually
any process, in an automatic way, with a realistic simulation of the final state, the only
limitation being the computing time.

In this thesis I will present the state-of-the-art predictions for the second most im-
portant Higgs boson production channel, called vector-boson fusion (VBF). The to-
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tal cross-section of this process is now known including NNLO QCD corrections
(i.e.corrections up to the second non-trivial order in a;) as well as electroweak NLO
corrections. For more differential observables, I will present the computation of NLO
corrections with a fully hadronic simulation of the final state.

In Chapter 2 I will introduce the Standard Model of fundamental interactions, with
particular focus on the role of the Higgs boson in originating particle masses. Chap-
ter 3 will be devoted to the presentation of VBF, the topic of this thesis. In Chapter 4
I will detail the computation of NNLO QCD corrections to the total cross-section of
VBE, with the main result of reducing the residual theoretical uncertainties down to
few percents in the whole scanned mass range. Once these corrections are combined
with NLO electroweak corrections, VBF can be considered to be the best known total
cross-section at the LHC. After the computation of the total cross-section, I will turn to
the computation of more exclusive observables: in Chapter 5 I will present the com-
putation of NLO corrections to many different observables, with a fully differential
hadronic description of the final state.

This thesis is based on the following publications

e [20] P. Bolzoni, F. Maltoni, S. Moch, and M. Zaro, Higgs production via
vector-boson fusion at NNLO in QCD, Phys.Rev.Lett. 105, 011801 (2010),
arXiv:1003.4451,

e [21] P. Bolzoni, F. Maltoni, S.-O. Moch, and M. Zaro, Vector boson fusion
at NNLO in QCD: SM Higgs and beyond, Phys.Rev. D85, 035002 (2012),
arXiv:1109.3717,

e [22] S. Frixione, P. Torrielli, and M. Zaro, Higgs production through vector-
boson fusion at the NLO matched with parton showers, Submitted to Phys. Lett.
B (2013), arXiv:1304.7927,

on the results in the VBF sections of the CERN Yellow Reports

e [23] LHC Higgs Cross Section Working Group, S. Dittmaier et al., Handbook
of LHC Higgs Cross Sections: 1. Inclusive Observables, (2011), arXiv:1101.0593,

e [24] LHC Higgs Cross Section Working Group, S. Dittmaier et al., Handbook
of LHC Higgs Cross Sections: 3. Higgs Properties, (in preparation) (2013),

and on the conference proceedings [25-27].



Chapter

The Higgs boson in the Standard
Model

In this first chapter I will present a brief introduction to she Standard Model (SM)
of strong and electroweak interactions. I will first introduce in Sec. 2.1 the gauge
structure of the interactions, and the particle content of the SM, building, in Sec. 2.2,
the SM Lagrangian. As I will show, gauge symmetries require all particles to be
massless, and this is in neat contrast with the experimental observation of massive fer-
mions (e.g. the top quark) and massive gauge bosons. This is the so-called “problem
of masses”. In order to solve the problem of masses, i.e.to allow mass terms in the
Lagrangian without breaking gauge invariance, in the 1960’s, P. W. Higgs, R. Brout,
F. Englert, G. Guralnik, C. Hagen and T. Kibble have proposed a mechanism [4-9]
in which gauge symmetries are spontaneously broken by the introduction of an extra
field. This field, called the Higgs field, has a vacuum-expectation-value which breaks
gauge symmetries, therefore allowing gauge bosons to acquire a mass. I will explain
this mechanism in Sec. 2.3. After giving mass to gauge bosons, the remnant of the
Higgs field is a scalar particle, the Higgs boson.

Almost fifty years after the hypothesis of its existence, and several particle-physics ex-
periments looking for it, the Higgs boson has finally been discovered [14, 15] by both
the ATLAS and CMS experiments at the Large Hadron Collider (LHC) at the CERN. I
will terminate this chapter by presenting in Sec. 2.4 the main production mechanisms
at the LHC.
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2.1 The SM before electroweak symmetry breaking

The Glashow-Weinberg-Salam electroweak theory [1-3] which describes the electro-
magnetic and weak interactions between quarks and leptons, is a gauge theory based
on the symmetry group S U(2). X U(1)y. Combined with Quantum Chromo-Dynamics
(QCD) the theory of strong interactions based on the S U(3)¢ group [10-13], it pro-
vides a unified framework to describe these three forces of nature. This framework is
the Standard Model. The model, before introducing the electroweak symmetry break-
ing mechanism discussed in Sec. 2.3, has two kind of fields: matter and gauge fields.

2.1.1  The matter content of the SM

The SM matter fields consist in three generations of left-handed and right-handed chi-
ral Dirac fermions, classified into the two families of quarks and leptons. Left handed
fields are in doublets with respect to the weak isospin group S U(2)r, while right-
handed are singlets.

Leptons of the first, second and third family are respectively called of “electronic”,
“muonic” and “tauonic” flavor. Each leptonic family consist in one electrically charged
lepton, with relative charge Q; = —1, (called electron, muon and tau), and one neutral,
massless particle: the neutrino. Right handed neutrinos completely decouple in the
SM, and therefore will not be considered in what follows.

Each of the three families of quarks consist in an up- and down-type quark. Up and
down quarks have relative electric charge respectively Qup = 2/3, Quown = —1/3. Un-
like leptons, quarks are charged under the strong interactions, and they are triplets in
the S U(3) gauge group. The three up type quarks are called up (), charm (c) and top
(1), and the three down type down (d), strange (s) and bottom (b).

I will dub L' and Q' the left-handed lepton and quark isospin doublets of the i-th
family,

L2=(V’i , Q2=(C),

Ko L

L3=(:T), Q3=(;), @1
L L
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and u, db, ek, Vi the right-handed up-type quark, down-type quark, charged leptons
and neutrinos

1 _ R 1 _ 1 _ - 1 _

up=u", dg = dg, ep = ep, Ve = VeR»

2_ R 2 _ 2 _ - 2 _

ugp=c", dR—sR, ep =Hg, ViR = Vugs

3 _ 3 _ 3_ - 3 _

uR—tR, dR—bR, ep =Tg, Ve =Vig. 2.2)

The upper and lower component of each doublet have respectively isospin I, = £1/2,
while right-handed singlets have I, = 0. The hypercharge (i.e.the charge with respect
to the U(1)y group) depends on the electric and isospin charge as

Yr=207-2If. (2.3)

Right handed neutrinos, which have zero isospin, electric charge and hypercharge, are
completely decoupled in the SM, and will not enter in what follows.

2.1.2 The gauge content of the SM

The SM gauge fields are spin-one bosons that mediate the gauge interactions. In the
electroweak sector, there is the field B, corresponding to the generator Y of U(1)y and
the three fields Wy; corresponding to the generators [ of S U(2).. These generators
can be written in terms of the Pauli matrices as

1
I“==1% 24
37 (2.4)
These generator obey the commutation relations

[T“, T”] =ie™T,, [T%Y]=[Y,Y]=0. 2.5)

For what concerns strong interactions, gauge fields are an octet of gluon fields Gy,
corresponding to the eight generators of the S U(3)¢ group (the Gell-Mann matrices
t*) which obey the relations

[ ] =it (2.6)

in terms of the S U(3)c structure constants f*°, and which are normalized such that

1
Tr()=0,  Te(r)= ~0ab- 2.7
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The field strengths are

GZV = 6,UG$ - avGZ + gsfabCG,blG\C, > (2.8)
Wi, = 0,We—0,Wi+gre™ WWs, (2.9)
By, = 0uBy-0,By, (2.10)

with g, g2 and g1 the coupling constants respectively of SU(3)c, SUR2)r, U(1)y.

2.2 The SM Lagrangian and the problem of masses

After having presented the SM fields, I now turn to discuss their interactions. The mat-
ter fields ¢ are minimally coupled to gauge fields by means of the covariant derivative
D, which is defined as

. .Yy
Dy = 6ﬂ—1g2TaW;f—1g]7fBﬂ)lﬁ. @.11)

In the case of quarks, the extra term -ig,t,Gj; corresponding to the strong interactions
has to be added, while for right-handed fermions the isospin term has to be dropped.

The SM Lagrangian, without mass terms for fermions and gauge bosons is then given
by

1 1 1
—ZGZVG5V - ZW[,‘VW,';V -2 B + (2.12)

+LiAD Y Li + RiDyy* ef + QiiDyy* Qi + afiDyy ul + dRiD, " df,

Lsm

and is invariant under local SU(3)¢ XS U(2), x U(1)y gauge transformations for fer-
mions and gauge fields. In the case of the electroweak sector, for instance, one has

L(x) — L'(x)=exp(ia,(0)T*+iB(x)Y)L(x),
Rx) — R(9)=exp(Bx)Y)R(),

a ] a aoc (o
Wix) — Wix)- gaﬂa () — e’ (WS(x),

1
B,(x) — BL(x)—;ay,B(x). (2.13)
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Up to now, gauge fields and fermions have been kept massless. Since experimen-
tally weak gauge bosons have been proved to be massive, a mass term of the form
%M%,Wﬂ WH should appear in the Lagrangian. However such a term will violate the
xS U(2)L x U(1)y gauge invariance. In the simpler case of quantum electro-dynamics
(QED), the U(1)gpm gauge invariance indeed forces the photon to be massless. The
presence of masses is troublesome also in the fermionic sector, since a mass term of
the form —myryy couples the right and left handed fermions, which carry different
U(1)y and S U(2), charges.

As said, experimental evidences show that weak bosons and fermions do have a mass,
and this has forced people in the scientific community to look for a mechanism to
generate mass terms without breaking gauge invariance. Such a mechanism has been
found more than forty years ago, and is known as the Higgs-Brout-Englert-Guralnik-
Hagen-Kibble mechanism of spontaneous symmetry breaking [4-9], or simply as the
Brout-Englert-Higgs (BEH) mechanism. I will explain the BEH mechanism in the
following section, applying it explicitly to the case of the SM.

2.3 The BEH mechanism

2.3.1 The Goldstone theorem
The starting ingredient for understanding the BEH mechanism is the Goldstone theo-

rem [28-32].
Consider the Lagrangian for a simple real scalar field v,

1 1 1
L= 5(9,@6“(15 -V(¢), with V(¢)= E,uz(pz + Z/up‘*. (2.14)
Such a Lagrangian is invariant under the reflexion symmetry ¢ — —¢ since no cubic

terms are present. If the mass terms p? is positive, the potential V(¢) is also positive
(if also 4 > 0), and the minimum of the potential is obtained for

(01¢10) = ¢o = 0. (2.15)

In this case, £ is simply the Lagrangian for a scalar field of mass p.
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In the opposite case, if u> < 0, the potential V(¢) has no more a minimum at ¢ = 0.
Asking its derivative to be zero one has

3_V_ 2 2 _
9 =up+9p° =0, (2.16)

Which is solved for

2
(O|¢|0)=¢o=i\/—%zv. 2.17)

v is called the vacuum expectation value (vev) of the scalar field ¢. In this case, to
obtain the correct interpretation of £ one has to expand around one of the mimima
v by defining a rescaled field o = ¢ —v. In terms of o the new Lagrangian (up to
constants) is

1 A
L= 56,10'6“0'— (—,uz)O'2 - \/—,112/10'3 - ZO'4 , (2.18)

corresponding to a scalar field of mass m? = —2u® with cubic and quartic self-interactions.
The presence of a cubic interaction breaks the reflexion symmetry present in the origi-
nal Lagrangian. However, the second Lagrangian has been obtained by simply resca-
ling, the ¢ field appearing in the first, so the correct formulation of the above sentence

is that the original reflection symmetry is no more manifest in the new Lagrangian,
because the choice of vacuum state broke it. This is the simplest example of a sponta-
neously broken symmetry.

In the previous example, the original symmetry of the Lagrangian was a discrete sym-
metry. A slightly more complicated case is the that of a continuous symmetry. Con-
sider the Lagrangian for four real scalar fields ¢;, i =0,1,2,3

L= %am,»a“qsi - %pz (i) — %/l(fﬁifﬁi)z : (2.19)
This Lagrangian is invariant under the (continuous) transformations

#i(x) > Rij¢ (%), (2.20)
for any (orthogonal) matrix R belonging to O(4), the rotation group in four dimensions.

As for the single scalar field, in the case u” < 0, the minimum of the potential occurs
for

2
pidi = —#7 =172 2.21)
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Unlike the single scalar field case, where the minima were a discrete set, now they are
a four-dimensional sphere.
I rewrite now the Lagrangian expanding the fields around the minimum

¢min = (V,0,0,0) > (2.22)

and defining o = ¢9 —v and ¢; = 7;, for i = 1,2,3. In terms of o and of the three 7; the
Lagrangian becomes

1 1 A
L = 56/10'6“0'— 5 (—2;12) ot — o - ZO'4 +
1 A A
+§6#7T,'(9“7Z'i ~1 (nini)z — Ao — Eniniaz . (2.23)

This Lagrangian corresponds to a massive field o, as for the previous case, but with
in addition three massless scalar fields ;. These x; fields enjoy an O(3) symmetry,
which is the leftover of the original O(4).

Since the number of generators of O(N) is N(N —1)/2, three out of the six generators
of the original O(4) correspond to broken symmetries. Indeed the choice of the mini-
mum in Eq. (2.22) breaks the three generators corresponding to rotations that mix the
first component with the others, but not those that act only on the last three compo-
nents. For each broken generator the corresponding massless 7; field has appeared.
The Goldstone theorem [28-32], states exactly what has been proved: for any spon-
taneously broken continuous symmetry, the theory must contain a massless particle,
called the Goldstone boson.

2.3.2 The BEH mechanism in an abelian theory
The Goldstone theorem is valid for global symmetries. I will now consider what

happens in the case of a local U(1) symmetry. Consider the Lagrangian for a complex
scalar field coupled to an electromagnetic field A*:

L= —%FWF’“’ +DypDlp* - V(9), (2.24)
where the electromagnetic covariant derivative is defined as

Dy =0,—ieA, (2.25)
and the scalar potential is

V()= ¢ ¢+ A(g¢") . (2.26)
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This Lagrangian is invariant under the local U(1) transformation

¢(x) —  explia(x)d(x), (2.27)
A, > Aﬂ—éaua(x). (2.28)

The case u? > 0 corresponds to the QED Lagrangian for a charged scalar particle with
mass u and quartic self-interaction. The opposite case, u*> < 0 the field ¢ acquires a
vev, with the potential minimum at

_ e
(¢) = TR (2.29)

As before the physical Lagrangian is obtained by rescaling the field ¢. In this case it
is more convenient to introduce two real fields ¢1, ¢, defined as

¢ = % V+¢1(x) +iga(x)) , (2.30)

in terms of which the new (rescaled) Lagrangian is

1 1 2 1 2 1
L=— FuP"+5 (Bupr) + 3 (6utp2) V2297 + EezvauA“ —evA, 8 ¢y .(2.31)

Some interaction terms, which are not relevant for the discussion, have been omitted.
In the new Lagrangian a photon mass term has appeared, corresponding to a photon
mass M = ev = —ep/A, as well as a mass term for ¢; (Mg, = — V2u), while no mass
term appears for ¢;.

However, in this form, the Lagrangian in Eq. (2.31) has one extra degree of freedom
with respect to the original one in Eq. (2.24), because the photon is now massive,
thus with three possible polarization states instead of two. Therefore, one degree of
freedom in Eq. (2.31) has not to be physical. The same conclusion can be drawn by
noticing the presence of the bilinear term evA#d,¢> which has to be eliminated. U(1)
gauge symmetry comes to help: in Eq. (2.30), the field ¢, appears as imaginary part
of ¢. It can be eliminated by a U(1) gauge transformation with parameter a = arg(¢).
This choice of gauge makes ¢, disappear from the Lagrangian Eq. (2.31), only leaving
the physical degrees of freedom. It is called unitary gauge, and can be interpreted as
the photon absorbing the Goldstone boson as its longitudinal polarization state, thus
becoming massive. The original U(1) symmetry is not apparent any longer, and it is
said to be spontaneously broken. This is the BEH mechanism [4-9], through which
gauge bosons masses are generated.
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2.3.3 The BEH mechanism in the SM

After having discussed the case for an abelian theory, I extend the discussion to the
case of the SM Lagrangian Eq. (2.13). After spontaneous symmetry breaking, one
should obtain the correct mass pattern in the electroweak sector, i.e.massive W* and
Z bosons and a massless photon. Since the three massive bosons would incorporate
at least three degrees of freedom in their longitudinal polarization state, the simplest
choice for the scalar field is to have a complex S U(2);, doublet

q)z( Zg ) (2.32)

with hypercharge Yo = 1. The Lagrangian for the dynamic of the scalar doublet is
Ls = (D,®) D*® — 120D - DT D). (2.33)
As in the previous sections, the 4> < 0 case has to be considered. Since electromag-

netism must not be broken, the vev acquired by ® should correspond to the neutral
component:

0
(0]D|0) = [ v ] , (2.34)
V2
with, as usual
2
v = _“7 , (2.35)

Introducing the rescaled fields 6;, i = 1,2,3 and H, the ® doublet can be written as (the
dependence on x of all fields is understood)

®= 62 +16; 2.36
| Ho+m-ies | (2.36)

As learned from the abelian case discussed in Sec. 2.3.2, not all the fields in Eq. (2.36)
are physical. Indeed, since three degrees of freedom will be acquired by the massive
weak bosons, the three 6; fields can be eliminated by a suitable gauge transformation,
so that, in the unitary gauge, one has

1
@:6( VfH ) 2.37)
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The masses for the weak bosons are generated by the kinetic term in Eq. (2.33):

2

o[ - (2.38)

LT .1
(6ﬂ—1g2?an‘f—1g1§Bﬂ)<D
: 2
1 2-bemiean) gOum) o )
2| i (Wieiw2) G+ i(eaWi-suB,) )\ v+H

1 1 o2 1 2
= E@,H)%rggg(vuvl)ﬂwj,+1W5| +§(V+H)2|g2Wi—ngﬂ| :

In particular, from Eq. (2.38) two mass terms arise: one, which corresponds to the
first two components of the W, field, and the second which corresponds to a linear
combination of W7 and By,.

The first two components of the W), field, can be combined to obtain the charged W;;
fields as

WE=—(W)Fiwy), (2.39)

which therefore acquire a mass

1
My = Eng' (2.40)

For what concerns the Z boson, it appears as the linear combination

g2W3_ngp
"= 2 2 ’
V8218

with a corresponding mass

1
Mz = 5v,/g%+g§. (2.42)

Starting from the four fields B,,, W/’; I have obtained three massive vector bosons. One
more field remains, which do not receive any mass term from the Higgs. It is the
photon, A, which can be obtained as the combination of W,S and B, orthogonal to the
Z boson. Introducing the weak mixing angle 6,,, defined from

(2.41)

cosf,, = 5 (2.43)

\er+gs
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both the Z and the photon can be obtained from the rotation

( Z, ):( cosb,, —sinb, )( Wﬁ’ ) (2.44)

Ay sinf,, cosé, By,

In terms of 6,, The W and Z boson mass are linked by the relation

M
FVZV =cosby,. (2.45)

2.3.3.1 Generation of fermion masses

I will now discuss the mechanism, originally introduced by Weinberg [2], through
which fermion masses can be generated in the SM without violating gauge invariance.
This can be achieved with the same scalar doublet ® which generates the gauge boson
masses, together with its “conjugate” isodoublet ® = ir,®*. The hypercharge of @ is
opposite to that of ©.

For any fermionic generation, it is possible to build an S U(2);, X U(1)y invariant La-
grangian, corresponding to a Yukawa interaction between ® and the fermions

Lp = -1, L0eg — 1;00dg — 1,0Dug + h.c.. (2.46)

Replacing @ with the rescaled expression in the unitary gauge given in Eq. (2.37) one
obtains (taking the electron case as representative)

1 o 0 1 _
LF—_%Ae(Ve,eL)( vt H )€R+...——EAE(V+H)€L€R+... s (2.47)

where the constant in front of é;eg can be identified with the fermion mass

/lfv
my = ﬁ . (2.48)

2.3.4 The Higgs particle in the SM

After having explained the BEH mechanism for the generation of masses, I now in-
troduce the Higgs particle, corresponding to the field H in the @ isodoublet.

The Higgs boson Lagrangian can be obtained from that relevant for the ® doublet
Eq. (2.33):

L= %6MH6"H— V(H), (2.49)
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where the potential in terms of the H field is (recalling the relation v = —u?/2
V(H) = —%M(V +H) + %/l(v +H)Y =+ 0 H? + WH + %H“. (2.50)
In the potential Eq. (2.50) a mass term for H appears, corresponding to a Higgs mass
M2, =200 = =247, (2.51)

as well as tri- and quadri-linear Higgs self interactions.

The terms which are responsible for the interactions of the Higgs particle with the
other SM particles can be immediately derived by Eq. (2.38) and Eq. (2.47), respec-
tively for interactions with weak bosons and fermions.

The interactions between the Higgs and weak bosons are governed by the terms

M M>
Lyy = 2TVV#VZ,H+ V—ZYV”VJHQ, (2.52)

where V=W*,Z (Vi = W~,2).
For what concerns Higgs and fermions, the relevant terms are

mf —
Lur= _THfoR +h.c.. (2.53)

In general one can notice that the couplings between the Higgs boson and another
particle is proportional to the particle mass. Therefore the Higgs boson will interact
most with the heaviest particles in the SM (the top quark and the weak bosons).

The Feynman rules for Higgs self-coupling and interactions with bosons and fermions
are shown in Fig. 2.1.

To conclude this paragraph I want to highlight that the SM Higgs boson is the “mini-
mal solution” to the problem of fermion and boson masses, as all masses are generated
by means of a single Higgs field, and all are proportional to the Higgs field vev. Other
solutions exist, where more Higgs field come in extra doublets or in higher S U(2);
representations, but will not be discussed in this thesis.

Before the Higgs discovery on July 4th 2012 [14, 15], the only free parameter of the
SM was the Higgs mass, related to the Higgs self-coupling constant A by Eq. (2.51).
For what concerns the veyv, it is related to the W boson mass, which is also related to
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Figure 2.1: Feynman rules for the Higgs boson in the Standard Model.
the Fermi coupling constant G measured from the muon decay (Gr = 1.1663787(6) x
1075 GeV~2 [33]). The relation

1/2
, (2.54)

1 V2g2
My = =gy =
W= 82y (8GF

leads to v = 246 GeV. After the measurements of the weak boson masses, also the
constants g, g» can be determined.

2.4 Higgs boson production at the LHC

In this section, I will introduce the main production mechanisms of the Higgs boson
at hadron collider, with particular focus on the LHC. As seen in the previous chapter,
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the Higgs boson couples to particles with a strength which is proportional to the parti-
cle mass, the most important production mechanisms will involve the coupling of the
Higgs boson to the W and Z bosons and the top-quark.

At the LHC the Higgs boson is produced through four production mechanisms. These
mechanisms are (in order of decreasing total-rate): gluon fusion (mediated by a top-
quark loop), vector boson fusion, VH associated production (where V = W*,Z) and
ttH associated production (see Fig. 2.2 for representative diagrams).

An exhaustive study of the four channels will require more space than it is allowed in
this thesis and can be found e.g. in the review [34].

Figure 2.2: Representative Feynman diagrams for the four main Higgs boson production chan-
nel at the LHC. From left: gluon fusion (blue), vector-boson fusion (red), VH associated pro-
duction (green) and #7H associated procuction (purple).

The state-of-art predictions for the total rates of the four production channels at the
LHC VS =8TeV are shown in Fig. 2.3 (from [35]). The total cross-section for gluon-
fusion is known up to next-to-next-to-leading order (NNLO) in QCD [36-42], inclu-
ding soft gluon resummation up to NNLL [43]. Efforts towards the computation of
the NNNLO total cross-section are on-going [44,45]. Electroweak corrections have
also been computed [46,47], and have been combined with QCD corrections in the
multiplicative scheme [48-51] (see Sec. 4.2.2 for an overview on possible QCD-EW
combinations). For what concerns VBE, the total cross-section has been computed
up to NNLO in QCD [20, 21, 52-54] including EW corrections (in the multiplicative
scheme), which have been computed in [55,56]. As VBF is the main topic of this
thesis, details will be given later on (specially in Chapter 4 for what concerns the
computation of the total cross-section). Like VBF, VH associated production is also
known up to NNLO QCD [57-60] and NLO EW [61]. Finally ##H is known up to
NLO QCD [62-67].

In the last years, in parallel with the efforts in computing as accurate as possible total
rates, lot of energies have been spent in developing tools for fully differential predic-
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Figure 2.3: Total cross-section predictions for the Higgs boson production at the LHC VS =
8TeV (from [35]). The colored bands represent the theoretical uncertainties on each prediction.

tion of observables. One such tool, AMC@NLO [68], allows the user to automatically
generate the code to generate events at NLO accuracy for virtually any process in the
SM (more details will be given in Chapter 5 where VBF will be studied). These events
can be passed to a parton shower Monte-Carlo, to have a complete, fully differential
picture of the final state. To show the flexibility and the usefulness of such a tool, in
Fig. 2.4 I show the Higgs boson transverse-momentum distributions for the produc-
tion channels discussed above. These distributions are computed at NLO accuracy
and correspond to events showered with HERWIGH6 [69, 70].
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Figure 2.4: Transverse momentum of the Higgs boson in the gluon fusion (blue solid), VBF
(red long-dashed), WH (green short-dashed), ZH (cyan dot-dashed) and #H (magenta dotted)
production mechanism, for a My = 125GeV Higgs boson at the LHC, VS = 8TeV. Each
curve corresponds to fifty-thousands events generated with AMC@NLO, including NLO and
parton-shower corrections. The MSTW 2008 parton distributions [71] have been used. Renor-
malization and factorization scales are fixed to the Higgs boson mass.
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Chapter

Vector boson fusion

3.1 Introduction

Vector boson fusion (VBF) is the second Higgs boson production channel in total rate
at the LHC. Although its rate is almost one order of magnitude smaller than the dom-
inant production channel, gluon fusion, VBF has played quite an important role in the
discovery of the Higgs boson, and will also be crucial for the determination of the
Higgs properties. This is because, typically, VBF events are less polluted by QCD
radiation than gluon fusion ones, and, due to the particular final state-topology, back-
grounds can be more easily suppressed by imposing appropriate selection cuts.

I will begin this chapter with Sec. 3.2, trying to define VBF in a way that is as un-
ambiguous as possible, not only at lowest order, but also in view of including higher
order QCD and EW corrections. After this, in Sec. 3.3, by looking at the VBF LO
amplitude, I will present the distinguishing features of VBF-like events, which are the
presence of two hard jets in the opposite rapidity hemispheres, and the lack of radia-
tion in the central region. I will conclude the chapter with Sec. 3.4 showing that these
features are not spoiled even if extra radiation is considered.

3.2 A working definition for VBF

In this section I will look for a definition of VBF which can be safely used in or-
der to consistently compute higher order corrections. In general, the definition of
“production-channel” is itself ambiguous, since production channels are always de-
fined on simple conventions typically based on leading-order Feynman diagrams.
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While this poses no problems at LO, it might lead to ambiguities when decays of reso-
nant states and/or higher order effects are included. Consider, as a simple example, the
class of processes which involve only the electroweak coupling agw at the leading or-
der, such as Drell-Yan (with the decay into two jets), single-top production and Higgs
boson production via coupling with a vector boson. Most of such processes can be
easily defined at leading order considering the corresponding resonant intermediate or
final states, while some, such as VBF are (quantum-mechanically) ambiguous already
at the leading order: pp — H jj with vector bosons in the #-channel can interfere with
pp — HV® — Hjj, i.e., with Higgs associated production with a vector boson then
decaying into two jets. Such interference, however, is quite small everywhere in the
phase space and it can formally be reduced to zero by just taking the narrow width
limit. This suggests that considering the two processes distinct is a handy approxima-
tion, at least at the leading order. For all of the processes in this class, i.e., single-top
and Higgs electroweak production, aiming at a better precision by including higher-
order QCD effects creates further ambiguities as it opens up more possibilities for
interferences (one notable example is W at NLO overlapping with #f production) and
the reliability of the approximations made has to be carefully assessed.

In general two complementary approaches can be followed. The first is to consider all
interferences exactly, and introduce a gauge-invariant scheme to properly handle the
width effects. This can be consistently done at NLO order in QCD and electroweak
corrections, following well-known and established techniques, such as the use of the
complex-mass scheme [72]. This is the path followed for instance in Ref. [56] for the
calculation of QCD and electroweak effects in the order a/%W process pp — Hjj. The
advantage of this approach is that all interference effects are correctly taken into ac-
count in any region of phase space, including where tight cuts might create significant
enhancements. This is the only way to proceed when interference effects are simi-
lar to or larger than the corrections from higher orders. However, when such effects
are small, it offers several drawbacks. The first is the unnecessary complexity of the
calculation itself. The second is that the operational separation between the two pro-
cesses, which can be quite useful at the practical level, for example in experimental
analysis, is lost. In this context, even the definition of signal and background might
not be meaningful and the distinction possibly leads to confusion. In this case another
approach can be followed, to use a simple process definition and to systematically
check the impact of higher-order corrections and of interferences, in order to set the
ultimate practical precision that can be achieved.

Such a definition for VBF consist in defining VBF as the Higgs production for van-
ishing quark masses, through direct coupling of the Higgs to vector bosons in the
t—channel, with color-singlet exchange between the two colliding protons. A dia-
grammatic representation of this definition is given in Fig. 3.1, where no heavy-quark
loops are included in the blobs, while extra (color-singlet) vector bosons can appear
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Py

Figure 3.1: Higgs production via the VBF process.
at higher orders.

The reason of such a formulation will become more clear in what follows.

3.3 The lowest order amplitude and VBF event topo-
logy

D1 p3

P2 D4

Figure 3.2: LO VBF Feynman diagram.
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The most relevant properties of VBF can be deduced by looking at its LO partonic
amplitude, corresponding to the diagram in Fig. 3.2. Dubbing pi, p2 (p3, pa) the
momenta of the initial-state (final-state) quarks, this amplitude can be written as (un-
derstanding the quark color indexes)

1/2 1 1 _ _ _ B
M" =2(V2Gr) " My —— —— a(p) Ty (p1) () i (p2) ,(3.1)
a7 -My ;- My,
where I have defined
q1=p3—Dp1, q2 =p4—p2. (3.2)

I, is the Vgg vertex, which for SM interactions between quarks and W and Z bosons
can be cast in the from

Foa = (V2G£)” My (v —agravs) - (33)

written in terms of the usual vector and axial-vector couplings of the gauge bosons to
fermions:

1
Vg=a,=—, 34)
q q \/z
for the W boson, and
vg=1,-2Q,si0,,  a,=1,, (3.5)

for the Z.

From the expression of the LO diagram Eq. (3.1) many of the distinguishing features
of VBF can be inferred. First of all, VBF is a #-channel process, with massive bosons
in the propagators. This turns into having a finite total cross-section, and in the fact
that the bulk of the cross-section corresponds to small momentum transfers Q? = —ql.z,
typically le < M‘z,. This last fact, together with having initial states quarks usually
probed at mid-large Bjorken x, is responsible for the very peculiar VBF final state
topology: the two final-state quarks tend to travel almost in the same direction as the
corresponding initial ones, carrying a substantial fraction of the initial quark momenta.
Eventually, these two final state quarks will appear in the detector as two almost back-
to-back jets in the forward-backward region, and with a very large invariant mass
(typically some TeV at the LHC), whereas the Higgs is normally produced at central
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rapidities. A candidate VBF event from the CMS experiment, showing this feature,
is shown in Fig. 3.3. This topology makes it possible to tag on the two jets in order
to select VBF-like events, substantially reducing contamination from background or
from other production channels (e.g. Higgs production in gluon fusion in association
with jets).

CMS,

il =

by o= T

B~ ey
! Al

CMS Experiment at LHC, CERN

Data recorded: Mon Sep 26 20:18:07 2011 CEST
Run/Event: 177201 / 625786854

Lumi section: 450

Figure 3.3: Candidate VBF event (with the Higgs boson decaying to two photons) recorded
by the CMS experiment during the LHC proton-proton run at VS = 7TeV. The two tagging
jets (in the forward regions) are visible as tracks in the tracker detector and as energetic deposit
in the calorimeters. The two photons are visible in the central regions as energy deposit in the
electromagnetic calorimeter.

Another consequence of the final state topology is the extreme suppression of in-
terferences. Partonic channels such as uu — Huu or ud — Hud have two diagrams
contributing, the one in Fig. 3.2 and the one which is obtained exchanging p3 with p4
(and replacing the W with a Z-boson for ud — Hud). The reason of this suppression
can be easily understood by looking at the propagators in the case of interferences and
in the case of the square of a diagram. The propagator structure of the interferences is

1 1 1 1
2p1-p3+ M2 2ps-pa+ M2 2py-pa+ M2 2psr-p3+ M2

PROP;,,/ = (3.6)
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while the one from squared diagrams is

1 1

(2P1 “p3+ M%/)z (2172 P4+ M%/)z .

PROP,,, = (3.7

From what I discussed before, in the squared diagram the following relations hold in
a (very) rough way

P1=p3, pP2=p4. 3.8)

With this very rough approximation one can calculate the suppression factor or in-
My

2p3-p4
two final sate quarks (jets). As said above typical values of the invariant mass are

of O(TeV), so that one expects interferences to be suppressed at the per-cent level or
below. Indeed, this is confirmed the explicit computation.

terferences as roughly ( , where the denominator is the invariant mass of the

3.4 The effect of higher order QCD corrections

Figure 3.4: Representative virtual (left) and real-emission (right) matrix-elements for factor-
izable NLO QCD corrections to VBF.

Figure 3.5: Representative virtual (left) and real-emission (right) matrix-elements for non-
factorizable NLO QCD corrections to VBF. These matrix elements vanish due to color conser-
vation.

In this paragraph, I will discuss NLO QCD corrections to VBF. In particular I will
show that such corrections do not spoil the peculiar event topology presented in Sec. 3.3.
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NLO QCD corrections to VBF (treating real and virtual corrections on the same foot-
ing) can be classified into two categories: corrections that only affect one quark line,
called factorizable corrections, and corrections that link the two quark lines, called
non-factorizable corrections. Representative matrix-elements are shown respectively
in Fig. 3.4 and in Fig. 3.5.
It is interesting to note that non-factorizable corrections vanish because of color con-
servation: this can be understood either using a group-theory argument, since they all
contain the trace of a single Gell-Mann color matrix Tr[#,] = 0, or explicitly assigning
color to the partons, as done in Fig. 3.6.

The only contribution due to non-factorizable QCD corrections comes from QCD

Figure 3.6: Example of color flow in non-factorizable NLO QCD corrections to VBE. The
outgoing quark which radiated the gluon carries a color different than the corresponding quark
which did not radiate, making the interference to vanish.

corrections to interferences, which, anyway, are extremely small already at LO (as
explained in Sec. 3.3). Such contributions have been computed in [56] and are found
to be totally negligible, as expected.

Turning now to the factorizable corrections, it is instructive to understand whether the
real emission diagrams can alter the event topology described in Sec. 3.3. The most
interesting characteristic that was pointed is the fact of having the Higgs boson in a
region well separated from that of QCD. In principle, extra QCD emission can pollute
the central rapidity region, where the Higgs is produced.

To better understand this let us explicitly consider the case of the radiation of an extra
gluon. In order to keep things simpler, I will work in the soft approximation, where,
if k < p; is the gluon momentum, the gluon-quark-quark Feynman rule reduces to

1 -
qug’mﬂ =2g; Tl.“j P, 3.9

where p is the quark momentum (is the same for both quarks since k — 0), a, u are the
color and Lorentz index of the gluon and i, j are the color index of the outgoing and
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incoming quark respectively.

Using this expression, the matrix element for VBF plus the emission of a soft gluon
with polarization vector ¢, is (only the emission from the p; — p3 line is considered)

VBF P1-€ D3 & VBF
M = (2 - D e (3.10)

Therefore, the corresponding partonic cross-section is

Cr dk® d 1 -cosé
doVBE = do}BF L 2 1cos0), oS3 , (3.11)
KO 2m (1 —cos@lg)(l —cosH3g)

where 6;; is the angle between particle i and j:

cosfy = -0 (.12)

1|7
One can rewrite
1—cosé3

(1 - cos&lg)(l - cosH3g)
1
2

1—cosé3 1 1
+ - +(1e3)
(1 —cosng)(l —cosH3g) 1 —cosbiy 1-cosbs,
Wi+ Ws, (3.13)

such that W; contains only the collinear divergence 6;; — 0.
Interestingly, the following relation holds [73] when one averages W; over the gluon
azimuth:

fohd—‘pw,- ;®(9,3—9ig). (3.14)

2w - 1 —cosb;,

Eq. (3.14) has an extremely important physical meaning: in the soft approximation, a
gluon is emitted at small angles with respect to the particles that radiate it, or, equiva-
lently, that radiation at large angles is suppressed. This phenomenon is called angular
ordering.
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I will now show the derivation of the angular-ordering condition Eq. (3.14). In parti-
cular I will focus on Wi, the proof for W3 being completely analogous. I parametrize
the three-momenta 71, ps, k as

A = |A©. 0, 1), (3.15)
g3 = |P3|(sindya, 0, cosby3), (3.16)
E = ‘E‘ (sin@lg cos¢, sinfy, sing, cos@lg). (3.17)

The angle 65, is related to the gluon azimuth by the relation
cosfz, = sinf;3sinfg cos¢ +cosfi3cosby,, (3.18)

and can be cast in the form

1—-cosf3, =a—bcose, (3.19)

with
= 1-cosfi3cosbg, (3.20)
= sin#3sinfj,. (3.21)

If I now define

z = exp(ig), (3.22)

the following identity holds:
dp 1 1 dz
I'Ef __:,_95—, (3.23)
0o 2nl-cosbs, inbJ (z—z4)(z—2-)
where the zeros of the denominator are

MY (3.24)

Among the two zeros, only z_ lies inside the unit circle, therefore one obtains

1 1
I = 1/ = . 3.25
! a-b? |cos 014 —cosb3 (3-25)
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Finally the azimuthal average of W; can be expressed in terms of 7, obtaining

fznd‘ﬁw = : |1+ (coso 013)| 11 =
o 2r T 2(I—cosg b O Ie TEOSIIIAT =
1 .
| e P OO (3.26)
0 else

which completes the proof.

What I have just shown is that, considering the case of a soft gluon, extra QCD radi-
ation in VBF is bound to be close in phase-space to the outgoing quarks. When the
exact real emission matrix-elements are considered, also including contributions with
a gluon in the initial state, no substantial modification of the radiation pattern is found.
The bottom line is that radiation in the central rapidity region, hence emitted at large
angles with respect to the quarks 1, 3, is usually suppressed in VBF, and this is a direct
consequence of the fact that no color is exchanged between the protons. A comparison
of the rapidity distribution for the third jet in VBF and in Higgs production via gluon
fusion (where the two protons are color connected), is shown in Fig. 3.7, where it is
possible to appreciate the different radiation pattern.

This thesis will be devoted to present the most accurate predictions for VBFE. In Chap-
ter 4 I will study the impact of NLO and NNLO QCD corrections on the VBF total
cross-section, and I will show how the theoretical uncertainties greatly reduce after
their inclusion. In Chapter 5 I will compute NLO QCD corrections to VBF matched
with parton shower. This will allow to study the impact of corrections on differential
observables, and to study with more detail the extra jet radiation pattern.
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Figure 3.7: Rapidity distribution for the third jet in VBF (black solid) and in Higgs produc-
tion via gluon fusion (red dashed), at the LHC VS =8TeV, for a My = 125GeV Higgs bo-
son. Events have been generated with MapGrapH [74] and showered with HERWIGH6 [69, 70].
Hadrons are clustered into jets using the anti-k7 algorithm [75] as implemented in FAsTJET [76],
with AR = 0.5, pr >20GeV. Distributions are normalized to 1.
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Chapter

Precise predictions for the total
VBF cross-section

The results presented in this chapter are based on [20, 21, 25-27] and on the VBF
chapter of [23,24].

41 Introduction

This chapter is devoted to the presentation of the state-of-the-art predictions for the
VBF total cross-section. Lot of efforts from various groups have been spent in order
to provide predictions as accurate as possible, resulting in the VBF total cross-section
being now one of the most (if not the most) precise prediction for a total-rate at the
LHC.

In Sec. 4.2 T will first describe the details of the computation of the NNLO QCD cor-
rections published in [21,25], and show how these predictions can be further improved
by including the NLO electroweak (EW) corrections and effects due to the Higgs vir-
tuality.

I will present the results for the LHC with a center-of-mass energy VS = 8TeV (as
for the 2012 run) in Sec. 4.3, then move to conclusions in Sec. 4.4.
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4.2 Higher order corrections to VBF

According to the definition of VBF given in Sec. 3.2, higher order corrections can be
classified as genuine “VBF-like” contributions and “non VBF-like” ones. I will now
present the contributions belonging to each of the two classes.

“VBF-like” contributions:

e Factorizable contributions in QCD, where “factorizable” means that they can be
represented as in Fig. 3.1. This class will be evaluated exactly in Sec. 4.2.1.1,

and gives the bulk of the QCD corrections up to order o to a precision better
than 1%.

e Non-factorizable contributions in QCD, i.e.corrections in which colored parti-
cles (in a color-singlet state) are exchanged between the colliding protons. They
will be studied in Sec. 4.2.1.2, where they are proven to be color suppressed (of
order a2 /N?) with respect the factorizable ones, and they are estimated to con-
tribute less than 1% to the total VBF cross section.

e Electroweak corrections to diagrams in Fig. 3.1. These are relevant correc-
tions which have been calculated in Ref. [56]. Their combination with the
NNLO QCD ones has been presented in Ref. [23] and will be briefly reported
in Sec. 4.2.2.

e Higgs boson finite width effects. These effects arise from the inclusion of the
Higgs boson width in the calculation, which need to be considered specially in
the case (now excluded) of a heavy Higgs boson. This can be done according to
many schemes which give equivalent results for a light Higgs, but can sizably
differ for a heavier one. The computation of these effects for VBF is discussed
in Sec. 4.2.3.

“Non-VBF like” contributions:

o Single-quark line contributions, as calculated in Ref. [77]. These effects are
smaller than 1% in differential cross sections.

o Interferences between VBF diagrams, which are known up to NLO in QCD and
electroweak as calculated in Ref. [56]. These effects are found to be very small
already at LO, which can be easily included.

o Interferences between VBF and associated WH and WZ production at NLO
in QCD and electroweak, as calculated in Ref. [56]. Also these effects can be
easily calculated at LO and are found to be completely negligible, and vanishing
in the narrow-width approximation.
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o Interferences with the top-loop mediated Higgs production, Refs. [78,79] and
contributions calculated in Sec. 4.2.1.3. These effects are found to contribute
less than 1% to the total cross section.

e t-channel vector boson production in presence of heavy-quark loops (triangles
and boxes), see Sec. 4.2.1.3. These effects are estimated to contribute less than
1% to the total cross section.

4.2.1 QCD corrections to VBF

As has been explained in Chapter 3, QCD corrections to VBF factorize in such a way
that contributions arising from gluon exchange between the quark lines vanish. Up to
NLO this fact, together with the large suppression of interferences, allow to consider
the two quark-lines as fully independent. From this point of view, VBF is nothing
more than a double Deep-Inelastic Scattering process, where the vector bosons fuse
into the Higgs. Therefore, the long known NLO QCD corrections to DIS [80] can be
used to compute the VBF cross-section at NLO.

This has indeed been exploited in the first computation of the NLO QCD corrections
to VBF more than twenty years ago [53], and is known as the “structure function ap-
proach”.

At NNLO some extra non-vanishing contributions arise, which break the factoriza-
tion which underlies the structure function approach. An estimate (or the explicit
computation if possible) of such contributions is mandatory in order to assess if the
structure-function approach can be extended up to NNLO, and will be done in what
follows.

The factorization-violating contributions can be classified into two groups: the first
group consists in the contribution from the exchange of two gluons in a color singlet
between the protons, where the gluons can be both virtual, real-virtual and both real.
The exact inclusion of this contributions is, unfortunately, still beyond reach.

The second group of contributions consist in diagrams involving the third generation
of quarks, where the Higgs can couple to the top.

As it will be shown in Sec. 4.2.1.2 and Sec. 4.2.1.3, an estimate of these contribu-
tions suggests that they can be neglected with respect to the NNLO QCD corrections
included in the structure function approach.
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4.2.1.1 Structure function approach

The structure function approach is based on the observation that to a very good ap-
proximation the VBF process can be described as a double deep-inelastic scattering
process (DIS), see Fig. 3.1, where two (virtual) vector-bosons V; (independently) emit-
ted from the hadronic initial states fuse into a Higgs boson.

Considering VBF as the product of two DIS processes, the total cross-section total
cross-section can be factorized as the product of the electroweak matrix element M**,
i.e., V{'V5 — H, which in the SM reads

1/2
M@ =2(V2Gr) " Mg, (4.1)
and the DIS hadronic tensor W,,, :

1 1
(0} +Mm3) (03 +M3)
X Wy (x1, 07 ) M M Wi (2, 03)

2 2
dO’ZgGFVIV

d*Px,  d’Px, d*Py
s1dsy —————
(271)3 2Ex, (27m)*2Ex, ) 2Ey
x (2m)*6* (P1 + P — Py, = Px,— Pu). (4.2)

Here Gr is Fermi’s constant and VS is the center-of-mass energy of the collider.
0? = —q?, x; = Q/(2P; - ;) are the usual DIS variables, s; = (P; +g;)* are the invari-
ant masses of the i-th proton remnant, and My, denote the vector-boson masses, see
Fig. 3.1. The three-particle phase space dPS of the VBF process is given in the second
line of Eq. (4.2). It is discussed in detail in App. A.

Higgs production in VBF requires the hadronic tensor W, for DIS neutral and charged
current reactions, i.e., the scattering off a Z as well as off a W=-boson. It is commonly
expressed in terms of the standard DIS structure functions Fj(x, QZ) with i = 1,2,3.
i.e. F/ withi=1,2,3 and V € {Z, W*}. Thus,

z,uPtv

qi, ,u% v

Fz( O+ 4.3)

l

Wi (%,07) = [—gw _ ]Fl( 0D+ ———

P
+ lfpvaﬁzp F3('xl9Q )
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where €45 is the completely antisymmetric tensor and the momentum P; reads

. P;-qi
Pry=Piu— "Ly, @.4)
q;
The evaluation of Eq. (4.1) and Eq. (4.3) leads to the explicit result for the squared
hadronic tensor in Eq. (4.2) in terms of the DIS structure functions [53] (see also the
review [34]):

Wiy (x1, OF) M M Wpir (12, 03) = 42G M,

(q1-q2)*
X {FI(XI»Q%)FI(X%Q@ 2+
9149,
2 2 2
F (xl*Ql)FZ(XQ’Qz) (Pr-q2)* 1 Py-q
+ P >t P -—5 a1 a2
292 9 4 43
Fy(x1,0) Fi (x2,03) 2 2
2\ ) (2. L5 ) (P -qr)” | 1 Pi-q
+ P >t Pre-——5q1 9
141 7 9 7

Fy(x1,0%) Fy(x2. 02)
(P1-q1)(P2-q2)
(Pr-gD)P2-q1)  (P1-g2)(P2-q2)
@ %

+(P1 -q1)(P2-q2)(q1 'CIZ))Z
09
F3 (XI»Q%)F3 (xz,Qﬁ)
2(P1-q1)(P2-q2)

X PI-PQ—

((P1 “P2)(q1-92) — (P1-q2)(P2- 611)) . 4.5)

At this stage it remains to insert the DIS structure functions F IV with i = 1,2,3 and
V € {Z,W*}. At NLO in QCD, explicit expression have been given in Ref. [53] using
the results of Ref. [80]. For the necessary generalization beyond NLO, I will now
briefly review the basic formulae.

Thanks to the QCD factorization theorem, structure functions can be expressed as con-
volutions of the PDFs in the proton and the short-distance Wilson coefficient functions
C;. The gluon PDF at the factorization scale u, is denoted by g(x, ) and the quark
(or anti-quark) PDF by g;(x,u) (or gi(x,u)) for a specific quark flavor i. The latter
PDFs appear in the following combinations,

nf nf
gs = 2, (qz' +C_]i)’ Ins = Z(%’_C_Ii)» (4.6)

i=1 i=1
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Gri = (qz' + qi) —qs, Dnsi = (Qi - Eli) ~ s » 4.7

as the singlet distribution g, the (non-singlet) valence distribution gy as well as flavor
asymmetries of qn . All of them are subject to well-defined transformation properties
under the flavor isospin, see e.g. [81, 82].

For the neutral current Z-boson exchange the DIS structure functions F* lZ can be writ-
ten as follows:

FZ(x,0%) —f,(x)fdzfdyé(x yz)z (2 +a2) x (4.8)

X {q:}s,j(y’/l]?) C:ns(z’ Q’/anuF) + QS(}’,#F) Ci,q(z, Q’#R’/JF) +

+ g(ynuF) Ci,g(z7 Qa,uRnuF)} ’

1 I ny
Frx0) = [ dz [ dvote-y) Y, 2viaix (4.9)
0 0 =l

{qns,(y Hp) C306(2 Qs g ) + s 1) €3 (2 Q,#R,#p)},

where i = 1,2 and the pre-factors in Eq. (4.8) are fi(x) = 1/2, f2(x) = x. The vector- and
axial-vector coupling constants v; and a; in Eq. (4.8) are given by (see also Sec. 3.3)

420 \2
, —3sin Gw) u-type quarks,
Vit+ar = 4.10
i 1 229 \2 @10
5 —5sin Hw) d-type quarks,

and, likewise, in Eq. (4.9),

% sin’6,, u-type quarks,
2via; = 4.11)
sin’6,, d-type quarks.

Wl

NI'—‘
wll\)

The coeflicient functions C; in Egs. (4.8)—(4.9) parameterize the hard partonic scatter-
ing process. They depend only on the scaling variable x, and on dimensionless ratios
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of 0%, u  and the renormalization scale u,. The perturbative expansion of C; in the
strong coupling a; up to two loops reads in the non-singlet sector,

Cins(®) = o(1- x)+as{()+L P(O)} (4.12)
+a { D Ly (pgg>+ ¢l (Pog — ﬂo))+L2 (ngg Py ,8))
Laol + LeLwboPS)

Cin®) = (s<1_x)+as{cg{;+LMpgg} “13)

+a; {cézis +LM(P;‘3’+c“> Py ﬁ))+L2 (ZPé?f PR ﬂ))
Lo + LelBory .

where as = as(ug)/(4n) and i = 1,2 in Eq. (4.12). The complete scale dependence, i.e.
the towers of logarithms in Ly, = ln(Q2 //1%) and Lg = ln(,zl]%/p%) (keeping u, # up), has
been derived by renormalization group methods (see, e.g. [83]) in terms of splitting
functions Pg? and the coefficients of the QCD beta function, §;. In the normalization
of the expansion parameter, a; = a/(4r), the conventions for the running coupling are

d ay  dag

11 2

2

— = = - -, = —Cp—=ny, 4.14
ding? 47 diny? Fody Fo AT3N (414)

3 3

with S the usual expansion coeflicient of the QCD beta function, C4 = 3 and ny the
number of light flavors.

Note, that the valence coefficient function C; ns in Eq. (4.13) is defined as C; ns =
C5 s T C5 - However C5 - # 0 only at three-loop order, so that Eq. (4.13) suffices

3,ns 3.ns°
with C}’ ns = Capg UP 1O NNLO. In the singlet sector
Cig) = 4(1 —x)+as{ Dyr P(O)} (4.15)

() 1), (D p0) (1) p(0)
+a { +L (P +c; (P [3)+clngq)

2 (150 p0) ©) pO)
+L (quq(P ,8)+2ququ)

1 0
 Lacl) + LalpoP .
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Ciglx) = as{cfg + Ly Pf{?;} (4.16)

2 1 1) p(0 1 0
+s{()+L (P() DPO 4 ()(P(),Bo))

1 0 0 0), p0
(3PP 5P -

1 0
+ LrBocly + LRLMﬁon];},

where againi=1,21in Eq. (4.15). The quark singlet contribution contains the so-called
pure-singlet part, C;q = Cf, + Cips, i.e. P(l) Pl P(l) and c(z) = cl(?; l(?s
in Eq. (4.15). Note that C;ps # 0 from two- loop order. The DIS coeﬂiment func-
tions c() are known to NNLO from Refs. [84-87], likewise, NNLO evolution of the
PDFs has been determined in Refs. [81, 88] and even the hard corrections at order
a? are available [89,90]. Accurate parameterizations of all coefficient functions in
Eqgs. (4.12)—(4.16) can be taken e.g. from Refs. [89,90] and the splitting functions Pg,)
are given e.g. in Refs. [81,88] . All products in Eqgs. (4.12)-(4.16) are understood
as Mellin convolutions. They can be easily evaluated in terms of harmonic polylog-
arithms H;(x)/(1 £ x) up to weight 4, see [91], which can be evaluated using the

ForTrAN package [92].

For the charged current case with W*-boson exchange the DIS structure functions
F I.Wi are given by,

nf
FV (x,0% = —f(x)fdzfdy&(x yz)—Z(v2+a2)>< 4.17)

1=

X {6q;s(y,ﬂp)C,fns(z, Q. uppp) +qs(v.pp) Cig(2, Qs g pp)+

+ 80 1p) Cig(@ Qo tgottp))

| | n
_ 1 1
FY (2,07 = Efdzfdyé(x—yz)n—fZZViaix (4.18)
0 0 =1

X {5€7§s(y,#p) C;ns(zv QnuRnuF) + q;;s(ynuF) Cg,ns(& QnuRnuF)} ’

! Note, that with the conventions of Refs. [81, 88-90] both the pure-singlet and the gluon coefficient
functions as well as the splitting functions Pf]?; and Pf]g in Egs. (4.12)—(4.16) need to be divided by a factor
2ny to account for the contribution of one individual quark flavor (not the anti-quark).
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where, as above, C;q = lerns + Cips and, also, C; s = C . upto two-loop order. The
asymmetry 6¢gq, parametrizes the iso-triplet component of the proton, i.e. u # d and so

on. It is defined as

S = D, D, {(qiizﬁ)—(qjﬂzj)}. (4.19)

icu—type jed—type

Its numerical impact is expected to be small though. The respective results for F lW+
are obtained from Egs. (4.17)—(4.18) with the simple replacement 8¢5, — —6¢5,.

The vector- and axial-vector coupling constants v; and a; are given by

1
ima= (4.20)
2

The coefficient functions in Egs. (4.17)—(4.18) including their dependence on the fac-
torization and the renormalization scales can be obtained from Eqgs. (4.12)—(4.16)

with the help of the following simple substitutions DF o (B D= cgzz’:

i,ns ins ’ “3.ns
Pflls)“r <—> Pflls)’f and so on. Again, all expressions for the coefficient and splitting func-
tions are given in Refs. [89,90] and [81, 88], respectively.

and

Eq. (4.2) with the explicit expressions for the DIS structure functions inserted provides
the backbone of the NNLO QCD predictions for Higgs production in VBE. However,
as emphasized above, the underlying factorization is not exact beyond NLO and there-
fore the non-factorizable corrections need to be estimated. This will be done in the
following.

4.2.1.2 Non-factorizable contributions

In order to assess the quality of the factorization approach, I now turn to estimate the
size of non-factorizable contributions, i.e. those contributions which come from dia-
grams involving the exchange of gluons between the two quark lines (not included in
the structure function approach).
Neglecting interferences between 7- and u-channel diagrams, which are, as said, kine-
matically suppressed, this class of diagrams vanishes at NLO because of color conser-
vation, but contributes at NNLO for the first time. Here, the notion “class of diagrams”
refers to a gauge invariant, finite subset of the diagrams. Examples of non-factorizable
diagrams are shown in Fig. 4.1.

Before presenting a detailed numerical estimate of the size of the non-factorizable
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Figure 4.1: Examples of squared matrix elements contributing at NNLO to VBF involving a
double gluon exchange between the two quark lines.

Figure 4.2: Color configurations associated to non-factorizable double-gluon exchange cor-
rections to VBF at NNLO.

Figure 4.3: Color configurations associated to factorizable corrections to VBF at NNLO.

contributions, I briefly recall two general arguments from Refs. [20,25] justifying their
omission.

The first argument is based on the study of the associated color factors. The possible
color configurations for factorizable and non-factorizable corrections are shown in
Figs. 4.2 and 4.3, respectively, together with the associated color factors. The color
factor appearing in the factorizable corrections is (NC2 —1)2/4 = 16, while it is (NC2 -
1)/4 = 2 (for N, = 3) for the double gluon exchange consisting of a double color-
traces. Hence the non-factorizable corrections are suppressed by a factor O(1/N?)
with respect to the leading factorizable ones.
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The second argument is based on the kinematical dependence of diagrams like those
shown in Fig. 4.1. Such contributions, see e.g., Fig. 4.1 (right), come from the in-
terference of diagrams with one or two gluons radiated by the upper quark line with
diagrams where gluons are radiated by the lower line. As explained in Sec. 3.4, angu-
lar ordering in gluon emission leads to QCD radiation close to the quark from which
it is emitted, and for the peculiar structure of VBF events, discussed in Sec. 3.3, the
two final state quarks are usually well separated in phase-space. Therefore VBF kine-
matics itself should suppress this kind of interferences.

These arguments have already been used in [93] to justify neglecting real and virtual
double gluon exchange diagrams in the computation of NLO QCD corrections for
Higgs production in VBF with an extra jet.

The arguments given before can be enforced in a more quantitative way. If the total
cross-section is expanded up to order o2 as

oo =00 (1+ @A +alhy), (4.21)

the terms A; show the impact on the LO cross section of the NLO corrections. While,
as explained above, A can be completely identified with the NLO factorizable correc-
tions, in general A, receives contributions both from factorizable and non-factorizable
corrections:

Ay = AL AL 4.22)

non—fact

5 is out of reach, but the ratio of the NNLO non-

The exact calculation of A

factorizable contributions A;‘mif 4t ys. the factorizable ones, Agm, can be estimated
as
_f —fact, U(1
~ A;nn fact N 1 ~ 1 Arlzon fact,U(1)
R, = ~ R = (4.23)

Ajzfact ch_ 1 ch_] A{aCI'U(l) 5

where A{“C”U(l) _ A{“C’ /Cr and A’l”’"ff actU) denotes the “would-be” impact of the
corrections coming from non-factorizable diagrams at NLO, i.e., the class of diagrams
involving the exchange of one gluon between the two quark lines, computed as if the
color factor were non-vanishing.

In other words, A'l"m_f @tV can be thought of as the correction due to the gauge
invariant class of diagrams where an extra U(1) massless gauge boson is exchanged
between the two quark lines including real and virtual diagrams. The R, =~ R ap-

proximation assumes, of course, that the ratios will not dramatically change in going
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from NLO to NNLO. As there is no substantial difference in the kinematics and no
non-Abelian vertices enter at NNLO in diagrams where two gluons are exchanged in
a color singlet in the #-channel, this assumption looks quite reasonable.

The four diagrams shown in Fig. 4.4, along with the corresponding real emissions,
contribute to A'lwnff 4! As the given argument only needs to provide an estimate of
the corrections and it is based on the kinematics the calculation of the tensor integrals
can be slightly simplified by considering only vector couplings of the vector boson
to the quarks. This simplification eliminates all the rank-1 five-point functions in the
computation, leaving only the scalar ones, which can be more easily reduced in terms
of scalar four-point functions [94-96]. These scalar four-point functions, together with
the four- and three-point functions coming from the Passarino-Veltmann reduction can
be evaluated by means, e.g. of the QcpLoop package [97]. The results for the virtual
contributions have been checked against the amplitude automatically generated by
MabLoop [98], where machine precision agreement has been found point by point in

the phase space.

The combination of the virtual and the real emission part, with the subtraction of the
soft divergences (no collinear divergences occur in this class of diagrams), has been
done via MabFKS [99] that automatically generates all the needed counterterms and
performs the integration over phase space. In practice, the computation of the O(a)
part of the cross section that enters in A'lwnff ! has been obtained as the difference
of the complete NLO and the corresponding Born cross sections, and special attention
has been paid to controlling the uncertainty of the numerical integration of the real

emission contributions.

my [GeV] oo[pbl Ar]wnf Fact, UM 5 {'act, U R
100 3.06-10  3.004)-1072 8.79-1072 0.34
120 2.09-107  2.90(5)-1072 9.22-1072 0.31
150 1.19-107°  221(5)-1072 991-1072 0.22
200 487-100° -32(5)-10° 1.12-107" -0.03
250 2.04-10°°  84)-107*  1.25-107"  0.01
300 8.68-1077 2.7(4)-103  1.39-107"  0.02

Table 4.1: Non-diagonal NLO QCD corrections to VBF at the Tevatron, VS = 1.96TeV.
Numbers have been computed ignoring the vanishing color factors of the diagrams in Fig. 4.4.
The MRST2002 [100] NLO PDF set has been used. Renormalization and factorization scales
have been set to My . Integration errors, if relevant, are shown in parenthesis.

In Tabs. 4.1-4.3 the results for the non-factorizable corrections A'l"'"_f act

for the Tevatron and for the LHC, compared with the quark-initiated factorizable ones,

are shown,
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Figure 4.4: The four virtual topologies with one U(1)-gluon exchange between the quark lines,

representing the virtual contribution to A'lwnff act

mpy [GCV] o [pb] A;iwn—fact, [2[)) Ajl"act, U() R
100 2.04-1073  6.6(3)-1073 157-1072 042
120 1.74-1073  5.4(4)-1073  154-1072 0.35
150 1.39-1073  3.4(2)-1073  1.53-1072  0.22
200 9.84-107* -3.6(3)-1073 1.59-1072 -0.22
250 7.12-107* -1.2(2)-1073 1.71-1072 -0.07
300 526-107% —4(2)-107*  1.85-1072 -0.02
400 3.00-107%  2(2)-107*  2.24-1072  0.01
500 1.78-107*  1(2)-107*  2.69-1072  0.00
650 8.66-10°  5(2)-10*  3.45-1072 0.01
800 441-107° 2(2)-100*  4.28-1072  0.00
1000 1.88-10  5(2)-107*  5.46-1072 0.01

Table 4.2: Non-diagonal NLO QCD corrections to VBF at the LHC, VS = 7TeV. Numbers
have been computed ignoring the vanishing color factors of the diagrams in Fig. 4.4. The
MRST2002 [100] NLO PDF set has been used. Renormalization and factorization scales have
been set to My . Integration errors, if relevant, are shown in parenthesis.

A{aa. Both A'l"mff ! and A{aa are computed with the same color factor as the Born
term.

The numbers shown are for the ud — udH channel with exchange of a Z-boson which
couples vectorially to quarks.
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mpy [GCV] oo [pb] Ar]mnffacl, U) A{act, U R,
100 5.63-1073  4.04)-1073  6.34-107°  0.63
120 497-1073  3.1(3)-1073  5.76-1072 054
140 442-1073  2.83)-1073 494-1073 0.6
150 417-1073  243)-1073  4.62-1073  0.51
155 4.06-1073  1.7(3)-1073  4.51-1073 037
160 395-10%  1.5(3)-103  4.39.1073 033
165 3.84-1073  8(2)-107*  4.28-1073  0.18
170 3.74-1073  10(3)-10™  4.20-1073 0.02
175 3.64-1073 —-8(3)-107*  4.08-1073 -0.21
180 3.54-107% -1.3(2)-1073 3.87-1073 -0.35
185 345-103 -3.4(4)-1073 3.86-10° -0.89
190 3.36-1073  -2.8(3)-1073 3.82-1073 -0.73
195 3.27-1073 -253)-103 3.74-1073 -0.67
200 3.19-10%  -2.6(2)-103 3.74-1073 -0.71
210 3.03-107%  -1.6(3)-1073 3.62-1073 -0.43
230 275-1073  =7(5)-107*  3.40-1073 -0.21
250 250-1073 —9(2)-107*  3.32-1073 -0.26
300 1.99-1073  -5(2)-107% 3.21-1073 -0.14
400 132-10°  2(2)-100*  3.98-10° 0.05
500 9.17-107*  3(2)-107*  5.32-107 0.06
650 559-10*  6(2)-107*  7.98-1073 0.07
800 3.57-107%  2(2)-107*  1.11-1072  0.01
1000 2.06-107*  3(1)-107*  1.63-1072 0.02

Table 4.3: Non-diagonal NLO QCD corrections to VBF at the LHC, VS = 14TeV. Numbers
have been computed ignoring the vanishing color factors of the diagrams in Fig. 4.4. The
MRST2002 [100] NLO PDF set has been used. Renormalization and factorization scales have
been set to My . Integration errors, if relevant, are shown in parenthesis.

Looking at the numbers in Tabs. 4.1-4.3, an interesting fact can be pointed (not strictly
related with the estimate of the non-factorizable corrections). Arl"m_f “ displays a dis-
continuity, with sudden change of sign, at around my = 180GeV = 2M7z, i.e., the
threshold of the i — ZZ process, which is due to the use of the zero-width approxima-
tion for the Z-bosons in the loop propagators, cf. also Refs. [101, 102]. A consistent
inclusion of Z-boson width effects, which is beyond the scope of this analysis, would

smoothen the discontinuity.

The results of Tabs. 4.1-4.3 show an R; always well below unity. Once the 0(1/NCZ)
color suppression in Eq. (4.23) is taken into account, one finds an upper bound on
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Ry < 10%. As the impact of A];m on the total cross-section is at the 1% level, the
contribution of the non-factorizable corrections, omitted in the structure-function ap-
proach can be estimated to be at most at the per-mil level, hence completely negligible.
Finally, it is interesting to note that Arl’o”*f 4! decreases with increasing Higgs boson
masses mpy, so that, as expected from the fact that the Higgs boson acts as a “kinema-
tical de-correlator” between the two jets, the size of the non-factorizable corrections

becomes totally negligible for mp > 300 GeV.

4.2.1.3 Contributions from heavy-quark loops

Besides the non-factorizable corrections discussed above, the other class of diagrams
which is not included in the structure function approach consists in diagrams in which
the Higgs boson can couple to heavy quarks appearing in loops.

Following the definition of VBF given in Sec. 4.1 these contributions are classified in
the strict sense as “non-VBF” processes. However these effects are genuinely new at
NNLO and can be quite easily estimated or even exactly computed.

Three different classes of such contributions exist: the square-modulus of one-loop
diagrams with no extra radiation requiring a quark-gluon initial state, Fig. 4.5; the
interference of one-loop diagrams with an extra parton in the final state, Fig. 4.6,
with the VBF real tree-level diagrams; finally the interference of two-loop diagrams,
Fig. 4.7, with VBF diagrams at the Born level. Each of the three classes of loop
diagrams has no soft/collinear divergences and is gauge invariant, thus can be treated
independently.

Such contributions appear only for neutral weak currents. Moreover, in both boxes
and triangles only the axial coupling of the Z-boson to the quarks survives, so that a
mass-degenerate quark doublet gives zero contribution. Therefore only the top and
bottom quarks need to be considered.

t/b

Figure 4.5: Next-to-next-to-leading order QCD corrections due to heavy-quarks (¢/b) loops:
pure one-loop diagrams contributing through their modulo squared.
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Figure 4.6: Next-to-next-to-leading order QCD corrections due to heavy-quarks (¢/b) loops:
one-loop plus extra parton diagrams interfering with VBF NLO real corrections.

Figure 4.7: Next-to-next-to-leading order QCD corrections due to heavy-quarks (z/b) loops
two-loop diagrams interfering with VBF LO diagrams.

4.2.1.3.1 Quark-gluon initiated contributions via the square of one-loop dia-
grams The first contribution to be considered is the one given by the diagrams
shown in Fig. 4.5. A simple estimate [20] obtained in the limit m; — 0, m; — oo,
where only the contribution from the triangle is parametrically relevant, associates to
this class an effect of less than one per-mil of the total cross section [25,27]. By it-
self this result is non-trivial given that the contributions of the diagrams in Fig. 4.5
are proportional to the quark-gluon parton luminosity, which is potentially large, es-
pecially at LHC. Thus, based on considering the triangle alone, it can be argued that
contributions from the heavy-quark loops in Fig. 4.5 can be safely neglected.

It is interesting to investigate to which extent the conclusion above is confirmed by
a complete calculation of these contributions. The corresponding one-loop diagrams
are known since long time [103, 104] (see also [59]), although in a different kinematic
regime (i.e., time-like) for the Z-boson. The contribution of these diagrams to Higgs
boson production in VBF are shown in Fig. 4.8, where the sum of the triangle and the
box, the triangle and the box alone and the limit nm; — co at VS = 7TeV and 14 TeV
for the LHC and VS = 1.96TeV for the Tevatron have been plotted. The pole mass
values my = 4.62GeV, m; = 174.3GeV have been used. The numbers for the LHC
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mpy [GeV] JLO O tri+box Ttri Obox o

tri+box
100 1.49 4.09-107* 2.04-107* 1.70-107* 3.40-107*
120 1.22 3.75-107% 1.84-107* 1.65-10* 3.12-107*

150 9.19-107Y 323.10* 1.58-107* 1.53-107* 2.73-107*
200 6.01-107Y 2.43-107* 1.22-107* 1.27-107* 2.20-107*
250 4.09-107' 1.69-107* 9.49-10° 9.87-107° 1.78-10™*
300 2.87-107'  1.00-10™* 7.42-10° 6.85-107° 1.45-10™*
400 1.52-10°"  3.47-107° 4.62-107° 2.16-10 9.76-107
500 8.58-1072 2.07-107 2.93-10 8.64-10° 6.67-107
650 3.95-102 1.10-107° 1.53-10 2.75-107° 3.85.107°
800 1.93-102 6.12-10°° 8.20-107° 1.00-107® 2.25-107°
1000 8.00-103 2.89-10°° 3.71-10® 2.97-1077 1.12-107°

Table 4.4: Values of the contributions to the total NNLO VBF cross-section due to the heavy-
quark loop diagrams shown in Fig. 4.5 at the LHC, VS = 7TeV. The MSTW2008 [71] NNLO
PDF set has been used. The LO cross-section, computed with LO PDFs, is also shown for
comparison. Renormalization and factorization scales have been set to My . Integration errors
are below the 1% level. Cross-sections are in pb.

mp [GeV] oLO T tri+box T Tbox T box
100 5.08 2.02-103 9.86-10"* 1.05-1073 2.01-1073
120 429 1.88-107 9.18-107* 9.99-10* 1.90-1073
150 3.40 1.65-1073 824-107* 9.44-10* 1.76-1073
200 2.40 1.31-1073 6.88-107* 8.06-10* 1.55-1073
250 1.76 9.44-107* 5.76-10™* 6.46-107* 1.37-1073
300 1.33 6.05-107* 4.85-107* 4.82-10™* 1.21-1073

400 8.09-10°! 2.52-107* 3.48-107* 1.94-107* 9.66-10~*
500 525-107" 1.71-107* 2.55-107% 9.52-107° 7.72-107*
650 297-107" 1.11-107* 1.64-107* 4.02-10° 5.62-107*
800 1.80-10°"  7.59-10° 1.09-107* 1.93-10 4.14-107*
1000 9.82-1072 4.76-107° 6.53-10> 8.05-107% 2.79-10~*

Table 4.5: Values of the contributions to the total NNLO VBF cross-section due to the heavy-
quark loop diagrams shown in Fig. 4.5 at the LHC, VS = 14TeV. The MSTW2008 [71] NNLO
PDF set has been used. The LO cross-section, computed with LO PDFs, is also shown for
comparison. Renormalization and factorization scales have been set to My . Integration errors
are below the 1% level. Cross-sections are in pb.

corresponding to the various scenarios in Fig. 4.8 are reported in Tabs. 4.4-4.5. From
these numbers one can see that the limit m;, — oo, m, — 0 is a good estimate of the
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upper bound of the integrated cross section. In this case it has been verified that, as
reported also in [103], the contribution of the box goes to zero.

Moreover, specially for large mpy, the triangle alone is also an upper bound, while for
small mp it approximates the total cross-section within a factor of 2.

The numbers shown have been obtained by two independent computations of the
squared amplitude, and also agree point-by-point in phase space with the results of
the code automatically generated by MapLoop [98]. The upshot is that the exact com-
putation corroborates the findings of [20] that the impact of the diagrams in Fig. 4.5
on the VBF Higgs production cross section is always below the per-mil level of the
Born contribution, and therefore can be safely neglected.

The exact result for the VBF cross section in the quark-gluon channel at NNLO allows
for a comparison with the Higgs-Strahlung case. In this case a sizable destructive
interference between the triangle and the box diagrams takes place [59, 104], while
this does not happen for VBF (see also the plots in Fig. 4.8). It is instructive to find the
origin of such a different behavior of the triangle and the box diagrams contributions
in an s-channel process [104] compared to a #-channel one (cf. Fig. 4.8). To this
aim it is useful to define the relative phase angle ¢ between the triangle and the box
amplitudes M, and My, by

IMiri + Mpoxl” = IMil> + [IMpox > + 2l Ml Mpoxl cos ¢ (4.24)

Recall that in the s-channel case in the large-m;, limit M;,; and My, are real and op-
posite in sign thus implying ¢ ~ 7 [104]. This remains true for the crossed amplitudes
in the #-channel case of Fig. 4.8 because, due to unitarity, the asymptotic behavior in
the large-m; limit remains the same. However, for finite top-quark masses away from
large-m, limit, both M, and My, acquire an imaginary part above the threshold
VS = 2m; in the s-channel process. This is due to the gluon-gluon scattering process
opening to real top-quark pair-production. Thus, M;,; and M, become complex
numbers pointing in almost opposite directions in the complex plane. and resulting
in a strong destructive interference between them, see [104]. The different findings in
the VBF case can now be easily understood: in the 7-channel process of Fig. 4.5 only
Myox can develop an imaginary part due to an intermediate real top-quark pair while
My remains real. As a net result My and My, are likely to be almost orthogonal
in the complex plane thus suppressing the interference term in Eq. (4.24).

Finally, compared to the Higgs-Strahlung process, i.e., the associated production of
Higgs and a Z-boson in the gluon-fusion channel, the NNLO corrections in VBF from
the heavy quarks are by far less important [59]. This difference has also a simple phys-
ical explanation, because in the Higgs-Strahlung this contribution proceeds through a
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gg initiated s-channel, whereas VBF has the vector boson in the #-channel. The s-
channel propagator enhances the small x-region where the gluon luminosity steeply
rises. In the crossed case, i.e., in VBF, the dominant contribution to the cross sec-
tion comes from effective parton momentum fractions {x) ~ 0.05, where the gluon
luminosity is not large yet.

4.2.1.3.2 One-loop plus extra real parton diagrams The next contributions to be
studied are those coming from diagrams in Fig. 4.6 in the gg-channel and the crossed
qg one. These diagrams feature one initial (final) state on-shell gluon attached to
the heavy-quark loop, together with the Z-boson and a time-like (space-like) off-shell
gluon. The overall contribution of this class of diagrams is estimated by computing
only the triangles, yet keeping the m; and m;,, finite. This choice is justified by the fact
that triangles are parametrically leading, in particular for large values of mpy and, as
shown in Sec. 4.2.1.3.1, provide an approximate estimate for the total contribution,
although reasonably close to the presumed true value. Furthermore the limit m; — oo
can be computed, and (as shown in Sec. 4.2.1.3.1) is expected to behave as an upper
upper bound for the cross-section. Indeed it is found to be quite close (= 20%) to
the values computed for the triangle only. As for the contributions in the previous
paragraph, the triangle diagrams as in Fig. 4.6 have already been computed before in
other kinematic regimes (in the context of Z-boson decay into hadrons [105] or hadro-
production [106]), but never with a space-like Z-boson.

As an additional simplification, consider only the parton channel with the extra gluon
in the final state is considered, i.e., the reaction qq” — gq’ Hg, the other parton channels
having similar or smaller impact. This latter assumption is supported by the previous
studies of Z-boson hadro-production [106], where it was shown that the entire class of
diagrams in Fig. 4.6 is heavily suppressed with respect to the two-loop ones of Fig. 4.7
considered below in Sec. 4.2.1.3.3.

The necessary expressions for the interference of the one-loop diagrams with the tree-
level ones have been computed analytically using Maraemarica and FEyNCacc [107]
and have been put into MAapGrapH [108, 109] for the phase-space integration. The
respective numbers for the contribution to the VBF total cross-section of the process
qq’ — Hqq'g due to the heavy-quark triangle in Fig. 4.6 at the LHC, at VS = 7TeV
and 14TeV are given in Tab. 4.6. Again, these contributions are totally negligible
compared to the LO VBF cross-section, and also about one order of magnitude smaller
than the ones studied in Sec. 4.2.1.3.1.

4.2.1.3.3 Two-loop diagrams Finally, it is the turn of the two-loop contributions
of Fig. 4.7 where the heavy-quark loop is attached via two gluons to the light-quark
line originating from one of the protons. These diagrams interfere with the Born VBF
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mulGeVl | oo o™ | | mulGeVl| o0 opt
100 1.49 5.10- 107 100 5.08 2.66-107*
120 1.22 4.02-107° 120 4.29 2.20-107*
150 9.19-107" 2.89-107° 150 3.40 1.67-107*
200 6.01-107  1.74-107 200 2.40 1.11-107*
250 4.09-10°"  1.11-1073 250 1.76 7.62-107°
300 2.87-107"  7.41-107° 300 1.33 5.48-107
400 1.52-10°"  3.53-107° 400 8.09-107" 3.02-107°
500 8.58-1072 1.84-107°° 500 525-107" 1.82-107°
650 3.95-1072 7.72-1077 650 297-1071  9.21.107°¢
800 1.93-1072 3.52-1077 800 1.80-107' 5.12-10°°
1000 8.00-1073 1.34-1077 1000 9.82-1072 2.54-107°

Table 4.6: Values of the contributions to the total NNLO VBF cross-section due to the heavy-
quark triangle plus gluon emission diagrams shown in Fig. 4.6 at the LHC, at VS = 7TeV
(left) and VS = 14TeV (right). The MSTW?2008 [71] NNLO PDF set has been used. The LO
cross-section, computed with LO PDFs, is also shown for comparison. Renormalization and
factorization scales have been set to My . Integration errors are below the 1% level. Cross-
sections are in pb.

amplitudes. The effective coupling to the light-quark line singles out the iso-triplet
component of the proton in the squared matrix elements, since only the axial part of
the Z-boson coupling contributes for non-degenerate heavy-quarks in the loop. That
is to say, this class of diagrams is proportional to the (non-singlet) distribution 6¢g,,, of
Eq. (4.19), which is generally small.

In analogy to the previous Sec. 4.2.1.3.2, the aim is to have an estimate of the size of
the contributions of Fig. 4.7 rather than their exact impact. Therefore, one can restrict
to the two-loop triangle diagrams, also given the fact that the two-loop double box in
Fig. 4.7 is currently unknown for the required VBF kinematic configuration and its
computation would be a tremendous task in itself.

The two-loop triangles for the ggZ vertex have been computed in [105] for the case
myp =0 and m; # 0, see also [106]. Rather compact results in terms of harmonic poly-
logarithms [91] (see [92] for numerical routines) for all kinematic configurations have
been obtained in [110] and the latter expressions have been used to compute the num-
bers shown in Tab. 4.7 for the LHC at VS = 7TeV and 14 TeV. Again, a comparison
of the cross section numbers in Tab. 4.7 for the reaction g¢g’ — Hqq’ at NNLO in QCD
mediated by the two-loop triangle with the LO cross-section shows that such contri-
butions are below the per-mil level.
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In ending this discussion of heavy-quark loop contributions I briefly remark that, of
course, the diagrams shown in Figs. 4.5-4.7, also contribute in heavy-quark DIS, if
the full neutral-current reactions are considered, i.e., both v and Z-boson exchange at
high Q2. Currently available DIS data on heavy-quark production, however, is usually
taken at Q® values where these contributions are not relevant. Their existence is an
issue, though, to be recalled in the definition of variable-flavor number schemes, see

e.g., [111].

mp [GeV] Lo oo my [GeV] Lo o P
100 1.49 8.38-107* 100 5.08 2.30-1073
120 1.22 7.08-1074 120 4.29 2.01-1073
150 9.19-107" 5.60-10~* 150 3.40 1.67-1073
200 6.01-1071  3.90.10~* 200 2.40 1.25-1073
250 4.09-107' 2.81-107* 250 1.76 9.63-10™*
300 2.87-107" 2.06-107* 300 1.33 7.60-107*
400 1.52-107" 1.18-107* 400 8.09-107" 4.99.107*
500 8.58-1072 7.08-107° 500 525-1071 3.44.10™*
650 3.95-102 3.52-107° 650 297-1071  2.10-107*
800 1.93-1072 1.84-107° 800 1.80-107'  1.35-107*
1000 8.00-1073 8.18-107° 1000 9.82-1072 791-107°

Table 4.7: Values of the contributions to the total NNLO VBF cross-section due to the two-
loop trinagle diagram shown in Fig. 4.7 at the LHC, at VS = 7TeV (left) and VS = 14TeV
(right). The MSTW2008 [71] NNLO PDF set has been used.The LO cross-section, computed
with LO PDFs, is also shown for comparison. Renormalization and factorization scales have
been set to My . Integration errors are below the 1% level. Cross-sections are in pb.

4.2.2 One-loop electroweak corrections

I will now briefly discuss the one loop electroweak corrections to VBF, and explain
how they can be combined with the (NNLO) QCD ones. The detailed computation of
such corrections can be found in [55, 56] and is beyond the scope of this thesis.

In [55,56] the NLO EW and NLO QCD corrections have been computed and have
been implemented in the public computer code HAWK [112]. The full computation
of the O(a?agw) X Born corrections being impossible, one has to establish a safe way
to combine NNLO QCD corrections and NLO EW ones.

If one calls

1QCD 2 _QCD (4.25)

=00+ a0 +a 05

ONNLO
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the total cross-section up to NNLO in QCD and
0'16‘2/0 =00+ aEWO'l]EW (4.26)

the total cross-section up to NLO EW, the combined NNLO QCD and NLO EW total
cross-section can be defined as

EW CD 2 CD CD EW
O'NNLO+EWZO'NLO+O’SO']Q +as0'2Q =0'1%VLO+Q/EWO'l . “4.27)

This combination, which is exact and does not include any spurious term in the calcu-
lation, is called the “additive” scheme.

However, to be completely consistent, this scheme implies that all terms are computed
with exactly the same parameters (EW parameters, PDF, scale choices,...) and set-
tings, request that can be difficult (or at least error-prone) to be fulfilled when different
codes are used.

An alternative approach to the combination is the so-called “multiplicative” scheme.
This approach is mainly driven by the hypothesis that EW and QCD corrections fac-
torize to a very good approximation at NLO and NNLO. In this scheme the combined
cross-section is defined as

a O_EW
el ] , (4.28)

_ _0oCcD 1
ONNLO+EW = O-NNLO oo

With respect to the additive scheme, the multiplicative one is more practical: since

EW
aAEwo .
U—‘, it loosens the con-

most of the PDF/scale dependence cancels in the ratio
straint of having the same parameters in the two codes, at the cost of introducing
spurious terms of order agwa; and aEWa/SZ.. Anyway, as far as the total cross-section
is concerned, an excellent agreement is found between the two schemes and, as the

multiplicative one is the most practical, it will be used in the following.

4.2.3 Off-shell effects

The last class of corrections I want to discuss is the one that involves effects due to the
fact that the Higgs boson is an unstable particle.

Consider the production of a particle P by an initial state / decaying to a final state
X: the roughest way to compute the cross-section of this process is simply to multiply
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the cross-section for the production of / — P and the branching-ratio for the decay
P — X. This is the so-called zero-width approximation (ZWA):

e« =i1sp(mp)Brpoy, (4.29)

where 07—, p (mp) is the production cross-section computed with P on shell.

As said, this is the roughest way, and neglects effects due to the virtuality of P>. These
effects affect both the decay and the production cross-section, however they are of or-
der I'p/mp, so they are quite small for a narrow particle. If this approximation may be
correct for a light Higgs (mpy < 300GeV), it completely breaks down for a heavy one,
as in this case the width becomes comparable to its mass.

The expression for the total cross-section which includes these effects is

1
000 [ 4P E 1.0 (02~ m) i) Brp-x(0)430

which, since

-1

. 2 2)\2 2 2 _ _
FEIEO((Q —m3) +mprp(mp)) - mprp(mp)‘SQ m, 431)

reduces to the ZWA if the width is small enough. The interesting fact about o-?FF
is that the expression Eq. (4.30) is equivalent to computing the cross-section for the
production of the final state X retaining only the diagrams with P in the s-channel.
However, as soon as P goes off-shell, gauge invariance can be broken. Indeed, gauge
invariance is guaranteed only for the full process I — X. While usually at LO gauge
invariance is kept, it can be a serious problem when higher order corrections are taken
into account. In order to preserve gauge invariance for QCD, extra radiation should be
included both in the production and in the decay, including all possible interferences.
However, for colorless resonances, interferences between production and decay aris-
ing from QCD corrections usually vanish because of color conservation, so in the end
gauge invariance is not an issue in the case of QCD corrections. Conversely, for EW
corrections, this is not a priori true. In addition, the appearance of the width in the
denominator can spoil cancellations due to relations between parameters which are
usually crucial to ensure gauge invariance.

2The factorization into production and decay is not correct in quantum-mechanics. This is because it
neglects interferences between different polarization states of P. However, since the topic of this thesis is
the scalar Higgs boson, quantum mechanics effects due to interferences of different helicity states will play
no role in this case and will not be mentioned in the text.
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To this aim, the so-called complex-mass scheme (CMS) [113, 114] has been devel-
oped: gauge invariance is ensured by promoting masses as complex quantities, de-
fined as the location of the poles in the complex p? plane, where p is the momentum
flowing in the propagator. These complex masses need to be introduced everywhere
in the Feynman rules, for example in the weak mixing angle

§2
cos” O, = =, (4.32)
s
z
which is derived from the ratio of the complex masses of the gauge vectors,
2 _ 2 -
sy =my—imyly. (4.33)

In the case of the Higgs boson, the CMS needs to be further dug [115]: if the Higgs
propagator Ay is written as

1
Ap (s)

= s—my+S yu (s,mu,my) , (4.34)

in terms of the renormalized mass my and self energy S gy (mx symbolically repre-
sents the masses of any other particle (W, Z,t,...), its complex pole sy is defined as the
complex solution of the equation

SH—mé+SHH(sH,mH,mX) =0. (435)

Indeed, in the CMS, all the masses appearing as argument of the self-energy S gz have
to be replaced by the corresponding complex poles.

The peculiarity of the Higgs boson, with respect to other particles (e.g. the vector
bosons), can be understood by considering its branching ratios: even for a light Higgs,
below the WW threshold, the branching ratio into four fermions is comparable with
that in a pair of b quarks. In terms of the Higgs boson self-energy, this means that cuts
from 1-loop diagrams and from 3-loop diagrams are equally important.

Therefore the extraction from the Higgs boson lineshape of the on-shell mass and
width is not as simple as it would be in the case of the W (or Z) boson, where the
predominant decay mode is into two massless fermions. In the case of the W, on-shell
quantities are simply related to the real and imaginary part of the complex pole. If it
is parameterized as

St = My = iwyw, (4.36)
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then one has

115
1y =mlyos—Tios+..n  yw=Twos|[l->—=E |+ ., (4.37)
2 miy o5

where the ellipses denote higher order contributions.

In the case of the Higgs boson, due to the non-perturbativity of its self-energy, the
expansion is more complicated [115], and on-shell quantities are ill-defined. This can
be understood from the definition of the on-shell width (or analogously from that of
the on-shell mass)

95 m9S =1mS yu o5 +... (4.38)
and from the fact that the bosonic part of the Higgs boson self-energy is gauge-

parameter dependent at lowest order. This is possible since in a gauge theory only
the complex pole of the propagator is gauge independent.

The preferred way to include off-shell effects for the Higgs boson is to write its prop-
agator as

=S5—SH, (4.39)
with
Sy = pi3 —ynpn , (4.40)

where ugy is treated as an independent parameter (set equal to the Higgs mass) and yg
is obtained from the relation

uayn =ImS gy (sp,Sx) , (4.41)

where sy replaces the corresponding mass in all parameters, and fixing the renormali-
zation scale to ug.

To solve Eq. (4.41), the HTO code [116] is used.
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4.3 Results for the VS = 8TeV LHC

In this chapter I will present the results for the total cross-section of VBF. In particular,
I will focus on results computed for a center-of-mass energy VS = 8 TeV, correspond-
ing to the LHC run during 2012. Results for VS = 7,14TeV can be found in [21,23].
Ref. [21] also contains results for the VS =1.96TeV run at the Tevatron.

The values for the SM parameters used in the computation are those recommended by
the Higgs Cross-Section Working Group (HXSWG) [35]:

My =80.398GeV, 'y =2.089GeV,
Mz =91.188GeV, I, =2.496GeV,
Gr=1.166x1075GeV2 . (4.42)

In the first plot, shown in Fig. 4.3.1, I present results including only QCD corrections,
up to NNLO. This helps in understanding the behaviour of the perturbative series,
and how much such behaviour is affected by the choice of renormalization and fac-
torization scale. Three choice of reference scales are presented, each one with the
corresponding theoretical uncertainty band obtained by varying independently the re-
normalization and factorization scales around the reference scale pugrgr:

MR = XR HUREF » MF = XF UREF - (4.43)

Since there is not any special prescription about the variation range of the scale factors
xg.F, I have considered two possible ranges, one smaller, used by the HXSWG [23,24]

1/2<xgpF<2, (4.44)
and one larger, corresponding to a more conservative uncertainty estimate
1/4<xgr<4. (4.45)

In the DIS-inspired structure function approach, the most natural scale choice is to
set the scales equal to Q, the virtuality of the vector boson attached to each proton.
This scale choice corresponds to the curves in the upper frame of Fig. 4.3.1, and to the
ratios in the first inset. From this inset, one can appreciate the very good convergence
of the perturbative series: the effect of NLO corrections is to increase the total rate of
6% in the whole scanned mass range; NNLO corrections have a very tiny effect on
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the total rate, but their inclusion lead in a stabilization of the theoretical uncertainties
at the 2 — 3% level if scales variations of up to a factor 4 are considered. Almost no
change in the NNLO cross-section is observed when scales are varied by a factor of 2,
witnessing for an almost flat scale dependence.

This scale choice, which, as said, looks the most natural in the approach that I pre-
sented for the computation, however is not suitable for being implemented in fully dif-
ferential codes: as soon as an extra radiated particle is explicitly considered, it makes
impossible to define unambiguously “the virtuality of the vector boson attached to
each proton” in terms of the momenta of the external particles. Furthermore, in view
of the inclusion of the EW corrections obtained from HAWK, as this code does not
allow to choose a variable reference scale, a fixed scale has to be used.

Two possible fixed scales looks most natural: the Higgs mass, or the mass of the vec-
tor bosons. The second choice, although non related to any of the external particle,
is the one that most reproduces the Q choice. This can be understood from the fact
that, because of the #-channel propagators, the largest part of the contribution to the
cross-section comes from virtualities smaller than or of the order of the mass of the
vector-boson in the propagator. The behaviour of the total VBF cross-section with
this scale choice (ugrpr = Mw) is shown in the second inset of Fig. 4.3.1, where it is
compared with the NNLO prediction obtained choosing Q as reference scale. As can
be observed by comparing the first two insets, the behaviour of the perturbative series,
as well as the residual theoretical uncertainties are similar in the two cases, and com-
plete agreement is found between the two NNLO predictions. The third inset shows
results with the Higgs mass as reference scale, which shows a worse behaviour of the
perturbative series at large Higgs masses (where also large uncertainties still affect the
NNLO computation), confirming the fact that VBF is mostly governed by low scales.

I now turn to discuss results which include EW corrections and off-shell effects, com-
puted in the complex-pole scheme. These results, which have also been published
in [24], represent the best available prediction for the total cross-section of VBF. They
are shown in Fig. 4.3.2. In this figure, the main frame shows three curves: the red
curve is the NNLO prediction already shown before. The green curve includes Higgs
off-shell effects on top of the NNLO QCD corrections, and the blue curve also incor-
porates electroweak corrections as computed with HAWK. The lower inset shows the
same curves normalized to the NNLO prediction, together with the contribution from
EW corrections alone (in orange, not shown in the main frame).

All predictions have been computed using the NNLO MSTW 08 PDF set, fixing re-
normalization and factorization scale to My . The low mass range (100 < My < 300)
of the lower inset is expanded in Fig. 4.3.3.

The impact of EW corrections can be sizable, depending on the mass range consid-
ered. For a light Higgs boson, below the V'V thresholds, EW corrections are negative
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and fairly constant (—4%). When the WW and ZZ thresholds are crossed, their impact
slightly softens, but starts to slowly grow again (in magnitude) until the #7 threshold is
reached. From the #7 threshold the behaviour changes, as EW corrections start a trend
that will eventually bring them positive after My = 500GeV, with an almost-linear
growth up to the end of the explored mass-range (1 TeV), where their impact reaches
the 25% of the total cross-section.

Turning to the impact of off-shell corrections, their effect is positive in the entire
mass range, and generally grows with the Higgs boson mass. As expected, for large
masses, off-shell effects are quite important ( 15%). It is however surprising to see
visible effects also at low masses, below the V'V thresholds. For a 125GeV Higgs,
even if the narrow width approximation is supposed to be correct, being the width
of the Higgs boson almost five order of magnitudes smaller than the Higgs boson
mass (I'(My = 125GeV) = 4.07MeV), off-shell effects are already visible, account-
ing for a 1 —2% correction on the total rate. This has been understood and explained
in details (for the gluon-fusion production channel) in [117]. When the Higgs bo-
son propagator is incorporated in the computation, to account for off-shell effects, it
enters with the Higgs boson width, sampled at the Higgs boson virtuality Q, in the nu-
merator (check Eq. (4.30)). Therefore off-shell effects are sampled proportionally to
rQ?/ |M%J — sH|2. While normally the denominator damps contributions away from
the pole, if the width grows fast enough with the virtuality, as it does for the Higgs
boson, this is not the case any longer. This explains why one has visible effects due
to the Higgs boson off-shellness even in a region where, naively, the narrow-width
approximation is expected to be accurate.

Scale uncertainties are not significantly affected by the inclusion of oft-shell effects.

I conclude this chapter discussing the residual theoretical uncertainties on the total
cross-section. I have already discussed the uncertainties estimated by varying the re-
normalization and factorization scales, which are at the 2 — 3% level in the whole mass
range. The impact of these variations can be used to estimate the size of the next terms
in the perturbative series.

The other source of theoretical uncertainties is related to the choice of parton distribu-
tion functions (PDFs). As PDFs are a non-perturbative ingredient of the computation
and have to be extracted by previous data, the way they are determined can bias, or
at least affect the prediction. All the main PDF collaborations have delivered sets
including NNLO QCD evolution, which can be used to obtain consistent NNLO pre-
dictions. Results with the most recent NNLO sets are shown in Fig. 4.3.4. These
sets are HERAPDF 1.5 [118,119], ABM 11 [120],JR 09 [121,122], MSTW 08 [71],
NNPDF 2.1 [123] and CT 10 [124]. From the plot one can appreciate the fact that all
central sets lie in a band not wider than 5% of the total cross-section for almost all
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the mass range, while the width of the error bands envelope ranges from 7% at low
masses to 15% at large masses.

4.4 Conclusion

In this chapter I have presented the state-of-art predictions for the VBF total cross-
section. A large part of this chapter has been spent in studying NNLO QCD correc-
tions to the total cross-section. After having classified the possible contributions, I
have shown that the numerically dominant part comes from contributions that can be
computed in the structure-function approach.

Since in this approach QCD corrections are completely separated from the weak boson
which fuse into the Higgs, it can be generalized to the production of new fermiophobic
scalar and vectorial resonances, both neutral or charged. The interested reader can find
some benchmark result in [21,26]. The formulae corresponding to Eq. (4.5) for the
case of a scalar resonance with anomalous coupling to vector bosons or for a vector
resonance can be found in App. B.

I continued the chapter presenting results for the VS = 8 TeV LHC: NLO corrections,
even if rather small, are important in order to get the correct total rate, while the main
effect of the inclusion of the NNLO is the reduction of the renormalization and fac-
torization scale dependence at the 2 —3% level, in the whole range of the Higgs boson
mass.

The computation of the total cross-section has been improved by including NLO EW
corrections and off-shell effects. The former are computed using the public, third-
party code HAWK, while the latter have been obtained by including the Higgs boson
propagator in the complex-pole scheme in the computation. These non-QCD correc-
tions are mandatory in order to claim an accuracy on the total rate at the level of few
percents, and their inclusion make the VBF total cross-section being possibly the most
precisely known LHC cross-section.

To conclude, I want to stress that the validity of the structure function approach at
NNLO, together with modern NNLO subtraction techniques [125], pave the way to
the fully differential (parton level) computation of VBFE. This would be a spectacular
result, as no 2 — 3 hadronic process is known at NNLO yet.

The code used to compute NNLO corrections in the structure function approach can
be run on-line from the web-interface [126].
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Figure 4.8: Contribution of the heavy-quarks (t/b) loops to the total NNLO VBF cross sec-
tion, at the LHC with VIS = 7TeV (top-left), VS = 14TeV (top-right) and at the Tevatron,
VS =1.96TeV. Numbers are computed with the MSTW 2008 [71] NNLO PDF set. The renor-
malization and factorization scales have been set to My .
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Figure 4.3.1: Total cross-section predictions for VBF at the LHC, VS = 8TeV, at LO
(red), NLO (green) and NNLO (blue) in QCD. Bands correspond to the independent vari-
ations of renormalization and factorization scales around the reference value in the range
HREF [4 < pr F <4urer. The main frame shows prediction obtained setting urpr = Q where Q
is the virtuality of the vector boson. The first inset shows the curves in the main frame rescaled
to the NNLO prediction. The second and third insets show respectively predictions obtained
with urepr = My and urgr = Mpy, rescaled to the NNLO curve obtained with uger = Q. In the
insets, the darker (lighter) bands (LO bands are not shown) correspond to scale variations in the
range ﬂREF/4 <HURF < 4/1REF (HREF/2 <URF < 2#REF)~ The LO, NLO and NNLO MSTW
2008 pdf sets [71] have been used (consistently with the order of the cross-section).
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Figure 4.3.2: Impact of off-shell effects and EW corrections on the total cross-section for VBF
at the LHC, V'S =8TeV. The curves in the main frame represent the total rate at NNLO in QCD
(red), on top of which off-shell effects have been added in the complex pole scheme (CPS), with
(blue) or without (green) electroweak corrections. The lower inset shows the ratio of the curves
in the main frame over the NNLO prediction (with the same color pattern). The orange curve
(absent in the main frame) shows the impact of EW corrections alone, without off-shell effects.
Numbers have been computed with the NNLO MSTW 08 PDF set [71], setting renormalization
and factorization scales to My .
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Figure 4.3.3: Impact of off-shell effects and EW corrections on the total cross-section for VBF
at the LHC, VS = 8TeV, in the low-mass range. Curves are rescaled to the NNLO prediction
(in red), and represent off-shell effects with (blue) or without (green) electroweak corrections,
and electro-weak corrections alone (orange). Numbers have been computed with the NNLO
MSTW 08 PDF set [71], setting renormalization and factorization scales to My .
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Figure 4.3.4: Comparison between NNLO predictions for the total VBF cross-section obtained
with different PDF sets, shown as ratios over MSTW 2008 [71]. The upper plot shows results
obtained with the HERAPDF 1.5 [118,119], ABM 11 [120] and JR 09 [121,122] sets. The lower
plot shows results obtained with MSTW 08 [71] (68% CL), NNPDF 2.1 [123] and CT 10 [124].
Bands (or dashed lines for MSTW 08) correspond to the estimate of PDF uncertainties. The
NNLO set delivered by each collaboration has been used. Scales are fixed to My .
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Chapter

Simulating VBF at hadron colliders

The results presented in this chapter are based on [22 ] and on the VBF chapter of [24].

5.1 Introduction

In the previous chapter I discussed how to obtain very precise predictions for the total
VBEF cross-section. However, an accurate knowledge of the total cross-section is not
useful if a comparable accuracy is not achieved also on differential observables: first
of all, because the total cross-section is never directly measured at experiments: what
is actually measured is the cross-section within some given cuts, either dictated by the
finite acceptance of the detector (so-called acceptance cuts) or imposed to better distin-
guish the signal over the background (the selection cuts). On top of the cross-section,
usually some specific observables are measured, like the transverse momentum of a
jet or the invariant mass of two particles. Higher order corrections need to be included
also in the prediction of these observables.

Furthermore, the distance between the few partons taking part to the theoretical de-
scription and the large number of hadrons that usually populate events at hadron col-
liders has to be reduced in order to achieve a higher degree of realism. This is done by
passing the parton-level events to a parton shower Monte Carlo (PSMC), which will
add extra QCD radiation to the events and cluster the partons into hadrons.

The two aspects, of including higher order corrections in fully differential programs,
and of using such programs to generate events which are suitable for being showered,
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need to be carefully put together. On one hand, one has to cancel the IR singularities
that typically affect the ingredients (real-emission and virtual matrix-elements) of a
NLO computation in a way which is suitable for being integrated numerically (in 4 di-
mensions). Process-independent approaches have been developed to this aim, such as
the dipole [127,128], FKS [129, 130] and antenna [131, 132] subtraction schemes. On
the other hand, matching a NLO prediction with PSMCs requires some care, in order
not to double count configurations generated by the shower and by the real-emission
matrix-element. Two methods to match predictions at NLO QCD with parton showers
have been developed: POWHEG [133, 134] and MC@NLO [135].

This chapter will be structured as follows: the first part Sec. 5.2 will be devoted to
introduce the FKS subtraction scheme, which is employed both in POWHEG and
MC@NLO. I will continue introducing how a PSMC works in Sec. 5.3, and present-
ing, in Sec. 5.4, issues related with matching NLO computations to parton showers
and the basics of the MC@NLO and POWHEG methods. Finally in Sec. 5.5 T will
present results for VBF at the LHC.

5.2 The FKS subtraction scheme

The computation of a NLO cross-section is built from two main ingredients: the con-
tribution coming from the interference of loop and born diagrams, V, known as vir-
tual matrix-element and the contribution R coming from the real radiation of an extra
massless particle:

donro =d®, (B+V+dDPR), 5.1

with # the number of final-state particles. These two contributions, the real-emission
and the virtual matrix element, are in general separately non-finite, while their sum is
finite, according to the Kinoshita-Lee-Nauenberg (KLN) theorem [136, 137]. In brief,
this theorem relies on the fact that, in the singular limit when the extra particle ac-
counted for in the real-emission matrix-element becomes soft and/or collinear to any
other particle, the final state configuration cannot be distinguished from the config-
uration without radiation. This configuration is considered, at the same order in the
coupling constant, by the virtual matrix-element.

Typically, when one uses dimensional regularization to control these singularities, di-
vergences manifest as poles in the dimensional regularization parameter &, when the
loop momentum or the extra particle in the real-emission matrix-element is integrated:

Vv = ——__+(Vfin, (5.2)
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c C
fdcwe = 24— +Rin. (5.3)
€ €

The analytic integration of the extra particle phase-space becomes impossible, or at
least very difficult, as soon as the number of final-state particles starts to grow. On top
of this, an exclusive description of the final state requests to explicitly consider also
effects which are due to the radiation of an extra particle.

In order to perform a numerical integration, finite (four dimensionsional) n and n + 1
body contributions are needed, which will be integrated independently. To achieve this
one has to subtract the divergent part from the real-emission matrix-element before
performing the integration, by introducing suitable counterterms C such that (in four
dimensions) the integral

fdd)l R-C) 54

converges. This implies

G C
fd(blcz =+ = +Crin. (5.5)
€ €

Typically C is not zero only close to the singular limit, where “close” is specified by
some cuts on energy and angles (it will become more clear in the following). This
makes it possible to choose C such that the integral in Eq. (5.5) can be done analyti-
cally, such that the NLO cross-section can be written as

donro d(I),,(B+‘V+fd<DIC+d<D1(R—C))=

A0, (B+V in + Cpin+d®) (R-C)) =
A0, (B+V in+ Cin) + dDyi1 (R—C) . (5.6)

In the last line of Eq. (5.6) the n- and n + 1-body integrals are separately finite. The
choice of a specific structure for the counterterms C and the prescription to practically
obtain the NLO cross-section is called the “subtraction scheme”. I will now turn to
explain the choice originally presented in [129] by Frixione, Kunszt and Signer, refer-
ring to it as to the FKS subtraction.

5.2.1 Notation

In this section I will briefly introduce the notation that I will use in presenting the FKS
subtraction. I will focus on the case of a hadronic scattering process, but all definitions
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can be simply adapted to the case of leptonic or lepto-hadronic initial states, as well as
of a decay. As done previously, I will assume the born and real-emission kinematics
to correspond respectively to n and n + 1 final-state particles. Focusing to the case of
QCD corrections, I will call ny the number of non-strongly interacting particles, ng,
and ny, respectively the number of massive and massless strongly interacting particles.
Born and real configuration can differ only by one unit of ny. Therefore:

nlz = n§+1, 5.7
n = n§+ny+no, (5.8)
n+l = n§+ny+no. 5.9)

A partonic subprocess P is defined by a list of particle identities 7 ; with the convention
of putting first initial-state particles, then strongly interacting particles (first massless,
then massive ones), finally non strongly interacting particles:

P= (II’IZ’I3v~"7IZ+nL7IZ+nL+17~'~’IZ+nL+nH’IZ+nL+nH+17~~~7IZ+nL+nH+n0)-

np ng no

(5.10)

The sets of n and n + 1-body subprocesses will be denoted as P, and P,41.

A given n-body subprocess can always be related to at least one n + 1-body subprocess,
and vice-versa!. If i and j are two strongly interacting particles, with i massless and
in the final state (3 <i<2+ny, 1 < j <2+np+ny) one can define, starting from a
process P € P,.1, the processes PX, pieiy (when they exist). Pl is simply obtained
removing i from the list of particles, pieik removing both i and j, and replacing j with
the parton which enters the (7,7 ;,1;5;) QCD vertex. Even if in some cases P! and
preiy may coincide, the use of two different notations is justified by the fact that they
are associated to different singularities of the real-emission process P.

The processes P\, P are called the underlying born processes of P.

5.2.2 Ingredients

I will now list the amplitudes that are needed in order to have a full computation of a
NLO cross-section. Once this amplitudes are provided, they can be put together using
the formulae in Sec. 5.2.3.

The amplitudes needed for a full NLO computation are born amplitudes Ag(P), the

IThis is not strictly true as in some peculiar cases some real-emission subprocesses are not related to
any born process because they are finite, e.g. the real subprocess gg — Hg does not reduce to the born
subprocess gg — H.
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virtual (loop) amplitudes A«/(P) and the real emission amplitudes Ag(P). For the first
two classes P € P,,, while for the last class P € $,,1. From now on, I will assume it is
understood which class of processes P belongs to.

From these amplitudes the terms entering the short-distance cross-sections are com-
puted, which are defined as

B(P) = ZLSZMB(P)F, 5.11)
Bu(P) = %Z%(P) (7)) O(T) As(PY', 5.12)
VP = inge(Ag(P)A(v(P)*), (5.13)
RP) = %Z'AR(”'Q' (5.14)

In all expressions explicitly sum (average) over color and helicities of final (initial)
state particles, and include the flux factor (s is the partonic center-of-mass energy de-
fined as s = 2k; - kp).

It can be instructive to spend some words about By;, the so-called “color-linked borns”.
These matrix-elements correspond to the born amplitude 8 with color-factors corre-
sponding to the exchange of an extra gluon between external legs k and [, and will
enter the counterterms for soft singularities. The color-operators Q(Z) which enter the
definition depend on the nature of k and /.

One practical way to generate the color-linked born is the following:

o Consider the born amplitude Ag, with colors of the external particles fixed, as a
sum of Feynman diagrams, which are written as a product of a Lorentz part D;
and a color-algebra part C?l """ e

Ay “"C:Zc.“‘ """ “c py, (5.15)

where nc =2 +ny +ny, is the number of colored particles.

The color-algebra part typically corresponds to an expression involving genera-
tors of the color group S U(3) in different representations (i.e. t* and f%*¢), and
carries indexes for each colored external particle.
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e The inclusion of the color structure corresponding to the exchange of a gluon
between two legs will only affect C;. In particular, one has to compute the inter-
ference between Ag "¢ and the modified (color-linked) amplitude Ag
which accounts, in its color-algebra, for the exchange of a gluon between legs k
and I?. The new color coefficients will be written as

AL s ey Qg fey AIAY 5 oo A

QT )Mok QI )Mo, (5.16)

i i

oI =gy = -, (5.17)
oI =g*"c = £, (5.18)
oI =g)"" = i, (5.19)

(the definition can be trivially extended in the case of new representations of the
color group).

e Once the color-linked amplitude is available, the color linked borns can be sim-
ply obtained as

_IYX Kl py
Bu(P) = 5> 2Re(As(PIA(PY). (5.20)
CH
where the color-indexes of the external particles are understood.

The final formulae of the FKS subtraction method, which will be given in Sec. 5.2.3,
will only involve non-divergent quantities. The explicit proof of the cancellation of
soft and collinear singularities that arise in the intermediate steps of the computation
is given in the original FKS paper [129].

In a generic computation, the finiteness of the partonic cross-section is usually a con-
sequence of having imposed kinematic cuts on final state particles. In general, these
cuts will be equivalent to ask to have either nf or nf + 1 jets in the final state, to be re-
constructed with an arbitrary algorithm. This condition, together with other possible
kinematic cuts, is understood to be included in all matrix-elements in Egs. (5.11)—
(5.14), in the sense that if the condition is not fulfilled the matrix element is zero.
With such a definition, B, By, and V are guaranteed to be finite, whereas R will still
diverge in the soft and collinear limit. These divergences are subtracted by means of

2Strictly speaking one would have to compute the interference between the amplitude which accounts for
the radiation of a gluon from leg k and the amplitude which account for the radiation from leg /. However,
the two approaches are completely equivalent, and the one presented here has the advantage of re-using the
color-informations of the born.
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the counterterms.
In order to classify these divergences, for any given real-emission process P € P,
the following set of pairs (called FKS pairs) is introduced:

Prxs(P) = {(,)):3<i<np+ny+2, j<np+nyg+2,i+],
R(P) — o if ki kj — 0} (5.21)

In words, a pair of particles belongs to the FKS pairs if these particles can generate soft
or collinear singularities in the real-emission matrix element. The first element, i, is
called the FKS parton, and has to be a final state particle, while the second, j, is called
its sister. Prxs (P) takes into account all the singularities of the real-emission matrix-
element which can arise after having imposed kinematic cuts; each of such pairs will
correspond to a set of soft and/or collinear counterterms, which, once combined with
the real-emission matrix-element, will result in a finite contribution to physical ob-
servables. Each of these finite contributions can be computed independently from the
others, and integrated with numerical methods.

Using a naive point of view, the number of FKS pairs seems to grow as (ny +ng)>.
However, it is clear that, in order to have a singularity, at least one of the two parti-
cles has to be massless, reducing the scaling to n;(n; +ng). This massless particle
will be identified, without loss of generality, with the FKS parton. On the other hand,
depending on the identities of the particles in the given process, some of the contri-
butions due to the FKS pairs will be identical, because of symmetry properties of the
matrix-element and of the phase-space. This implies a drastic reduction of the number
of independently terms actually needed in the computation. As an example, for the
process gG — ng, only three independent contributions {(g,q), (g,q), (g,£)} survive.

5.2.3 Computing the cross-section

The cross-section at NLO for a generic process involving hadrons 1,2 in the initial
state, with momenta K, K, is

doiaKi k)= Y f dxidxaf) () f2, (2)do" (P, k1, ko)
PBGP,I

+Z f dxidxy f} (x1)f7,(x2) (Ao (Pr. k1. kp) +d&"* ! (P k1. k) . (5.22)

PREPyy]
with

k,' = x,'K,'. (5-23)
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The short-distance cross-sections do™, do”*! and d"*! have respectively an n-body,
(n+ 1)-body and degenerate (n + 1)-body kinematics. The degenerate (n + 1)-body
contribution comes from the remainders of the subtraction of initial-state singularities,
which are not canceled by the virtual matrix-elements, but by a redefinition of the
parton densities. Each of them is separately finite.

I turn to discuss these three contributions in the next three subsections.

In the discussion, I will assume renormalization and factorization scales fixed to the
same value ug = ur = .

5.2.3.1 (n+ 1)-body contributions

The short distance cross-sections do”*!

in Eq. (5.22) are due to contributions of the
real-emission matrix-elements R with their phase-space singularities suitably sub-
tracted. The integration of the subtracted matrix-elements is the most involved from
the numerical point of view, and the difficulty increases with the number of external
legs, because of the proliferation of singularities. In the FKS formalism, this problem
is simplified by partitioning the phase-space in such a way that, in each of the regions
resulting from the partition, at most one soft and one collinear singularity are present.

This partition is achieved by introducing a set of positive-definite functions
Sij(P), (i, )) € Prgs(P), (5.24)
which obey the constraint

> Sypy=1. (5.25)

(i.)ePFrks (P)

Each of this function must go to zero in all singular regions of the phase-space, except
for the region which corresponds to parton i being soft or collinear to j.

Using Eq. (5.25) one can write

RP)= Y. Sy(PRP), (5.26)

(i.)EPFks (P)

where, thanks to the conditions imposed on the S-functions, each of the terms appear-
ing in the sum in the right-hand side will only be singular when i is soft or collinear
to j. Therefore, each term can be regarded as describing a production process with
the simplest possible divergence structure. Furthermore, these contributions are fully
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independent from each other.

I turn now to provide the expression for the subtracted real-emission cross-section. To
this aim, I work in the center-of-mass of the two incoming partons

kl :g(]vovovl)v k2=§(170707_])9 (5'27)

and define in this frame, for each FKS pair, the variables &; and y;; as

E - %351., (5.28)
i Ky = || v (5.29)

The interpretation of &; and y;; is apparent from their definition: &; is the rescaled
energy of the FKS parton, and y;; is the cosine of the angle between the FKS parton
and its sister. The soft and collinear singularity will correspond respectively to the
limits &; — 0 and to y;; — 1. In these limits, the real-emission matrix-element will
diverge as

1 1
R~g, if& —0, R~ . ifyi o 1. (5.30)

i 1 =yij
The (finite) (n + 1)-body contributions in Eq. (5.22) can be written as
do"™\(P) = Z o\ (p). (5.31)
(i,))ePrks (P)
where

d(Dn+1

i

1 1
do’ ! (P) = (—) ( ) (1= yi)EXR(P))S ;(P) (5.32)
c o

&) \1—yij

The (n+ 1) body phase-space can be written in terms of &; and y;; (and an azimuthal
angle ¢;) as

Ay = £dé;dyijde;dD] (5.33)

In Eq. (5.32) the singularities of the real-emission matrix-element have been regular-
ized by the plus-prescriptions defined as

max 1 max ) — O @ cut — &i
f; d‘fif(fi)(g) = f; dfif €)=/ 2_ (& 5), (5.34)
! 1 : ij— 8O — 1 +y;)
f dyijg(yij)(] — ) = f dyijg(y)] g(])_ ( +yj) . (5.35)
-1 Yijls -1 Yij
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These plus-prescriptions will define the counterterms, as I will show in the following.
The parameters ¢ and &.,,; define the boundaries of the singular region, i.e.the region in
which counterterms are subtracted from the real-emission matrix-element. The phys-
ical cross-section Eq. (5.22), as well as any infrared-safe observable will be strictly
independent on these parameters.

I will now turn to expand the plus-prescriptions in Eq. (5.32) using the definitions in
Eqgs. (5.34) and (5.35). First, I rewrite Eq. (5.32) in a more compact form as

dontl = (2 1 %5 (6 vij) dédy (5.36)
ij ‘fi A\ =i 5 ij\Si>Yij)AsiaYij - ’

Then, expanding the plus-prescriptions, I obtain

max ]
T N pICRETCRIC RS
510,00 £0 + 50,10 1 +590En 3] 53D

After having expanded the plus-prescriptions, four terms have appeared. They are
called the “event” (Z;;(&;,yij)), the “collinear counterevent” (Z;;(&;,0)), the “soft coun-
terevent” (Z;;(0,y;;)) and the “soft-collinear counterevent (Z;;(0,0)). If the matrix-
element has no collinear singularity (e.g. because j is massive), the corresponding
counterterms will vanish because of the damping factor (1 —y;;) included in their def-
inition. Similarly in the case of no soft singularity.

I will conclude this subsection by giving the explicit form of the counterterms in term
of the matrix-elements introduced in Sec. 5.2.2. The major ingredient in all countert-
erms is the damped real-emission matrix-element

Rij = (1 -yi))ER. (5.38)

In particular, the damping factors need to be canceled out analytically in order to
ensure the numerical stability of the computation. If {k} are the momenta for the
real-emission process P and {k} the corresponding (born-like) momenta for the born
process PX, the soft limit of the damped matrix-element is

+nH+2n +ng+2

1-vy; k -k
11m7€,j(P )—g; Z Z ( J’])f 1

X —
ky-ki ki ki Bpl(P »{k}), (5.39)

£i=0

if i is a gluon, otherwise it simply vanishes.
The eikonal factors which appear in Eq. (5.39) are finite at &; = 0, since the factor fiz in
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the numerator cancels with the factor resulting from Et2 in the scalar product appearing
in the denominator. Furthermore Eq. (5.39) is also finite in the soft-collinear limit
(relevant if m; = 0), because of the cancellation of the factor 1 —y;; in the numerator
with the corresponding factor appearing in the denominator when p = jor [ = j. These
cancellations can be carried out analytically, assuring a stable behaviour of the soft
counterevent in the whole phase-space.

Turning to the collinear limit, relevant if m; = m; = 0 one obtains

, (L=yip)é?

lim R;; (P {k = 5.40
yijl-Tl lj( {kD) 85 ki'kj ( )

yij=1

x| P 1, B (PR + 0 1 inB(PO )

In Eq. (5.40) Pga is the Altarelli-Parisi splitting function [138], Bis the spin-connected
born, which accounts for the interferences of different polarization states of parti-
cle 7;®7; and Q is the spin-correlated Altarelli-Parisi splitting kernel. The spin-
correlated part vanishes after the integration over ¢;. However, pointwise in the phase-
space it is non-zero and has to be included in order to have a proper local counterterm.
Finally z; is the energy fraction carried by particle j

E;

= —. 5.41
E,'+Ej ( )

Zji
Again, the factor 1 - y;; appearing in Eq. (5.40) cancels with the corresponding factor
appearing in the denominator ; - k j, leading to a well-behaved expression in the whole
phase-space.

5.2.3.2 Degenerate (n+ 1)-body contributions

I turn now to the degenerate (n+ 1)-body contributions, denoted with da"*"in Eq. (5.22).
As said, these contributions are the remainders left by the subtraction of initial-state
collinear counterterms. In the case I am considering, the one of a hadronic collider,
two contributions have to be included, one per hadron:

de"'\(Py= Y Ao\ P)+ Y. dol(P). (5.42)
(i,1)ePpks (i,2)€PFks
The explicit form of da*' which has been derived in [129], is

ij

—n+l [ p. _a;
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P ! 9 log&i\ | 5 1
x {p‘}]@]] (1-&) [(5)clog 2 +2( - )] ~Prr —&)(5)6}

x B(P'eﬁ";(l —fi)kl,kz)dcbn (1 - &k ko) dé:. (5.43)

n+1

The expression for dG75 can be trivially derived from Eq. (5.43) by replacing 1 — 2.
The only care is that the born matrix-element and the phase space have now to be
computed with initial-state momenta (k1,(1 — &)kz). Eq. (5.43) is valid if the PDFs
are given in the MS scheme, which is the standard choice for all modern sets. The
damped Altarelli-Parisi splitting-function P, appear in the expressions, defined as

Par(2,6) = (1~ 2)Pap(z,€) = Poy(z,) + €Pop () + ... (5.44)

I also have introduced the distribution (defined in analogy with Eq. (5.34))

max 1 A max 1 i
j: df,»f@,»)( 05,5) - j: 6 (1(6) SO0 -6) 5. (545)

1

5.2.3.8 n-body contributions

Finally, I turn to discuss the n-body cross-section, which, for clarity, can be decom-
posed into four terms

do" =dog+do+dog +doy,, (5.46)

respectively, the born contribution, the integrated collinear and soft counterterms, and
the virtual contribution.
The born contribution is simply

do'g(P) = B(P)dDy, Pep,, (5.47)

while the collinear and soft contributions can be written as

dot(P) = S-QP)B d®,., (5.48)
a np+ng+2np+ng+2
doy(P)==> ) > Eulmem)By dd,. (5.49)
k=1 1=k

I have introduced two functions, Q and &, which correspond to the finite part of the
integrated prefactors in Eqgs. (5.40) and (5.39). Their explicit definition can be found
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in [99, 129]. Both functions depend on the parameters 0, &, Which have also been
used in the subtraction of the soft and collinear divergences. As said before, any
infrared-safe observable does not depend on these parameters, as the dependence from
the n-body contribution exactly compensates for the dependence from the (n + 1)-body
one.

Finally, the virtual contribution is written as
o
doty(P) = 5=V in(P)d®y, (5.50)

in terms of the finite part of th virtual contribution V, computed in the Conventional
Dimensional Regularization (CDR) scheme.

For what concerns the computation of V;,, after the first methods inspired by Pas-
sarino and Veltman [139], many efforts have been spent in the recent years developing
efficient numeric techniques [140-142] which have led to the construction several
codes [98, 143-146], with different degrees of automation and generality.

To conclude the discussion on the FKS subtraction scheme I just want to stress again
the fact that, once the necessary matrix-elements are provided, it can be applied to any
process. A completely automatic implementation of this method (the only missing
ingredient being Vy;,), based on MAaDGRAPH [74, 109], is available and is dubbed
MAapFKS [99].

5.3 Parton shower Monte Carlos

This section will be devoted to the presentation of PSMCs. Their role, as said in the
introduction, is to fill the gap between parton-level events, where only a few final state
partons, those taking part to the hard scattering, are taken into account, and what one
observes at hadron-colliders, i.e.final states with thousands of hadrons. This is done
in two stages: in the first stage, the shower, the PSMC includes extra QCD radiation
by generating extra partons from those taking part to the hard scattering, until the non-
perturbative QCD regime is reached. In the second stage, the hadronization, partons
generated by the shower are clustered into color singlets forming the hadrons.

Sec. 5.3.1 and Sec. 5.3.2 will be dedicated respectively to the shower and hadroniza-
tion stage. In Sec. 5.3.3 I will present the most widely used PSMCs.
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5.3.1 Shower

During the shower the partons taking part to the hard scattering are evolved from the
hard scattering scale down to a scale at which QCD is no longer perturbative. The
dominant evolution comes from the emission of soft/collinear extra partons. Exploit-
ing the collinear factorization, that will be presented in Sec. 5.3.1.1, it is possible to
define a branching probability encoded by the so-called Sudakov form factor, as will
be explained in Sec. 5.3.1.2. Using this branching probability, extra parton emission
can be simulated. A slightly different approach has to be used for partons in the initial
state, and this issue will be explained in Sec. 5.3.1.3.

5.3.1.1 The collinear factorization

As said, the first action of a PSMC is to generate extra partons from those present at
the matrix-element level. This is achieved by exploiting the collinear factorization.
Consider a scattering process with n final state legs, described by the matrix-element
M,, and the same process with one extra parton, described by M. If in the latter
the angle 6,;, between two partons a, b becomes small, then it factorizes as

de¢ A

lim |Mn+l| d®, 1 =M, | d®, _d o 2 Peap(2). (5.51)
ah_)

The function P._,,(z) is the (unregularized) Altarelli-Parisi splitting kernel [138]. It
is universal and only depends on the identity (spin and color) of the particles a, b, c (in
Sec. 5.2 a different notation has been used).

t is called the “evolution variable”. While in this example it identifies with the vir-
tuality p2 = (pa + pp)? of the particle ¢, in general other choices, such as the relative
transverse momentum of particles a and b, or their angle, are possible. This freedom
of choice is due to the fact that in the collinear limit one has

dp? _dpy  dE®0.

ab
=T _ (5.52)
ok B,

The variable z is called the “energy variable”, and represent the relative energy of
particle b with respect to c:
Ep
=—. 5.53
= (5.53)
The z — 1 limit corresponds to emitting particle a with very low energy, and is there-
fore called the soft limit.
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Figure 5.3.1: Sketch of the two extra emission configuration considered in Eq. (5.54)

This relation between n and n + 1 final state particles can be easily extended to multiple
emissions. Consider for instance the case of n +2 final particles sketched in Fig. 5.3.1.
One has:

. dtap dou, @
lim |M,,+2| Ao = IMy? dD, =2 dzab Pab @5 Pessan(zap) X
‘gah>>9de 2 2
dl‘d doge @
¢4z 22 B p g, (5.54)
tde 2r 2w

This means that one can approximate via m multiple splittings the leading behaviour
of the matrix element M,,,, starting from M,,. The regime of validity of this approxi-
mation is when each of the splittings is in the collinear limit, which turns into asking
the following order for the angles 6; of the i-th splitting:

61>0,>...>0,. (5.55)

It is interesting to note that each splitting probability does not depend on the previous
history of the system, so the whole process can be simulated as a Markov chain.

The angular ordering condition in Eq. (5.55) comes from the fact that the leading
contribution to the n + m-body cross-section comes from

o dn (" dny 1 dty, e ml O
Onam = Opy f f2 n f = o,y log @ . (5.56)

0

Where Qo is an infrared cutoff to separate perturbative and non-perturbative regime.
As log( ) can be large, the perturbative expansion in a; breaks down. Eq. (5.56)
shows that a PSMC can reproduce the leading-logarithmic (LL) behaviour of the total
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m+n rate.

The so-called parton shower is indeed the branching sequence from a given leg, and
describes the history of that given leg, starting from the hard subprocesses down to
the non-perturbative region characterised respectively by the scale O and Q%. Histo-
ries from different legs, as well as subsequent emission from one leg, are completely
uncorrelated. The parton shower indeed misses all kind of interferences between the
various legs, nevertheless it can predict the leading singularity of the matrix element.
Missing the interferences also means missing the exact description of the color flow
between the QCD particles. However, looking at the process from the point of view
of the color flow can help in justifying the approach of the parton shower. Since inter-
ferences are always suppressed by some power of the number of colors N., neglecting
them can be understood as working in the large N, limit.

I turn now to a more rigorous definition of the splitting probability, which is needed
since Egs. (5.51)—(5.54) are divergent in the collinear limit.

5.3.1.2 The Sudakov form factor

In this section, I try to give a well-defined meaning to the concept of splitting probabi-
lity. This is needed as one has to perform the parton shower as a subsequent sequence
of splitting, starting from the hard scale down to the non-perturbative cutoff.

I start defining the probability dp for the splitting of parton c into partons a, b, between
the two scales 7 and 7+ dt, knowing that no emission has occurred before. This is given
by:

dt do ay
dp(t) = = f 2L L P y(2). (5.57)
t 21 2w

If now one has to define the probability A(Q?,7) that no emission occurred from the
scale 0% down to the scale ¢, he can proceed in the following way: divide the interval
from ¢ to Q7 into many subintervals dry, for each of them consider the probability of
non-splitting, and take the product of all this terms:

dt, do a;
2 = | | il &% =
AQ D = . (1 I fdzzﬂ' 2ﬂ_Pc—>ab(Z)) =
Qa4 dea
= - Zdz—=p, =
exp[ f[ 7 Z27r e ab(z)]

QZ
exp[—f dp(t’)] . (5.58)
t
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The probability A(Q?,7) is commonly known as the “Sudakov form factor” or simply
Sudakov.

As said before, the shower just associates an history to a given event, it does not
change the probability that the event occurs. The property of unitarity is therefore
mandatory for a parton shower, and I will now prove that it holds for the definition of
probability given in Eq. (5.58). Unitarity can be reformulated as asking that

S h=t, (5.59)

where Py is the probability of having exactly k splittings between the hard scale and
the cutoff. To compute it, one can start from the probability d Py of having k splittings,
the first at scale 71, the second at scale 7, and so on, which is simply the product of the
probability for each splitting:

dPe=A(Q%1)dp(t) A(t1.1,)dp(e2) .. A(t-1.1)dp(t) A1k, OF) - (5.60)
A remarkable property of the Sudakov is that
A(ta,tb) = A(ta’t())A(t67tb)’ (5'61)

for t, > t. > 1. This can be understood as computing the probability of not splitting
between a and b as the product of the probabilities of not splitting between a and ¢
and between ¢ and b. Using this property Eq. (5.60) simply collapses to

k
Py =A(0% Q) [ | dpeci-i -, (5.62)

i=1

from which the probability Py of having k splittings regardless of their scale can be
obtained integrating over #; as

k

1( ¢
Py = f dty ...dudPy =A(Q2,Q(2))E( fQ i dp(t)] ) (5.63)
’ 0

The probability of having any number of splitting is, as said, the sum of Py, which can
be easily computed as

Zk:szA(QZ,QO Z%(f

k

k 0?
dpm] (QZ,Q%;)exp[ f i dp(t)] =1.(5.64)

0 QO



84 Chapter 5. Simulating VBF at hadron colliders

which terminates the proof.

The discussion about the Sudakov form factor up to this point has been not formally
complete, as the infra-red singularity of the unregularized Altarelli-Parisi splitting ker-
nels at z = 1 needs to be removed for the forms factors to be defined. So far the main
focus has been given to extra emission matrix elements, which are know to be di-
vergent when the extra parton becomes soft or collinear to any of the others. This
divergence cancels with the corresponding one in the matrix element where the extra
parton is virtual.

In fact the Sudakov encloses both the approximated real-emission and the approxi-
mated virtual matrix elements, and the cancellation of divergences between the two
reflects into the unitarity of the shower.

In practice the z integration range is restricted from [0, 1] to [Zmin, Zmax] With 0 < Zin <
Zmax < 1, where the new integration bounds depend on the infra-red cutoff Qy, for a
virtuality-ordered shower as

1 [ 0
Zmin = 1 = Zmax = E 1—1[1- TO . (5.65)

A similar relation holds also for pr- and angular-ordered showers.
The ¢ dependence of the integration bounds is responsible for the inclusion of the soft
logarithms on top of the collinear ones.

5.3.1.3 Initial state radiation

The discussion which has been developed so far has taken care of the extra radiation
coming from final state legs. At a hadron collider such as the Tevatron or the LHC,
the problem of including extra radiation coming from initial state legs also appears.

The inclusion of final state radiation, carried out so far, proceeds forward in time,
evolving the hard subprocess down to the cutoff scale. Using the same approach also
for initial state radiation would mean to evolve from the proton to the hard scale, with
the result of an extremely poor efficiency in getting the right kinematic configura-
tion. The way initial state radiation is implemented in a PSMC is instead to evolve
backward in time, from the hard kinematic back to the colliding hadrons. This is per-
formed by applying the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) equa-
tion [138, 147-149] to evolve backward the parton distributions. I will now derive
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these equations in a way which helps in applying them to the shower context.
The DGLAP equations regulate the evolution of parton distribution functions (PDFs)

N

e

+ iiiiiiiiiiiiii r=T"

[N | T

N e o
N
1 I
I I
I I
I 1
I I
.

Q3 totdt Q?

Figure 5.3.2: Representation of parton branching by paths in the (¢,z) plane.

with respect to the process scale. The change of the PDF f,(z,f) when ¢ is increased
between f and ¢+ d, can be pictorially represented as in Fig. 5.3.2. Starting from a sin-
gle parton which carries the full momentum of the proton (hence z = 1) at the proton
scale, the probability that its evolution stops at the point (z,7) in the plane, is given by
the difference between the number (or probability) of evolutions arriving at this point
and the number of evolutions that from this point start. The number of evolutions
arriving at the point can be understood as the probability of having a parent parton b
with any energy 7z’ > z and the probability to branch into « in the interval between ¢
and t+dt:

dfi"(z,0)

1 1
g Z f dz f dwfb(zl’ t)ﬁpbﬁac(w)(s(z -wz') =
t 2r
_ Z f dw f,, & Phacl). (5.66)

Similarly, the number of evolutions starting from (z,7) is the probability to find a parton

b at (z,¢) times the probabilities that it branches to a parton a with any energy fraction
’

7 <z

dt ¢ !
df"zn = =) oz f dz f WS Py (WO = w2) =
4= 0 0 2n
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d -
= D [ G, (5.67)
bc

Therefore the variation in f; is

df(z,t) - df"(z,1) =

- Zf Pbﬁac(w)( 1 fb(%,t)—fb(z,t)) =
- Zf d_Wﬁ Pbﬁac(w)hfb( ) (5.68)

from which one can define the (azimuth-averaged) probability dp(#) of a backward

dfa(z,1)

emission as

A _ dfa(z,t) dt dW Q’S fb(évt)
dp(t,z) = % p Zf Pb—>ac(W)|+ fa(Z’ 0 . (5.69)

Analogously to what has been done for final state radiation, the initial state Sudakov
is defined as

Q2
A(Qz,t,z)zexp[— f dﬁ(t)]. (5.70)
t

5.3.2 Hadronization

I will now briefly cover how hadronization is performed. A detailed explanation of the
underlying non-perturbative physics exceeds the aims of this thesis, and can be found
e.g. in [150, 151].
When all the partons generated by the shower are characterized by a scale below the
cutoff Qg the shower stops, and these partons are put on their mass-shell. In order
to give a picture of the event as close as possible as what happens in nature, these
partons need to be combined into color-singlet hadrons. The physics of hadronization
is highly non-perturbative, and to build a model to explain this phenomenon is very
delicate. Fortunately, some features of perturbative QCD come to help in this task.
The most important of these features is the color-preconfinment. In the case of
angular-ordered showers (i.e.showers in which the evolution variable ¢ is related to the
angle of the splitting), this is most apparent: consider a quark from the hard process
which radiates gluons. Angular ordering will enforce these gluons to be close in the
phase space. Furthermore, as shown in Fig. 5.3.3 two subsequently emitted gluon can
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R

Figure 5.3.3: Color flow in the emission of multiple gluons off a quark line. Two subsequent
gluons can always form a color-singlet, represented as a blob in the picture.

always form a color singlet. This leads naturally to the clustering in phase-space of
color-singlet parton pairs, strongly suppressing long-range color correlations. This
approach to hadronization is known as the “cluster model”.

An alternative approach is inspired from the low-energy behaviour of QCD. At low
energies the color confinement potential of a gg pair grows linearly with their distance,
and can be modeled with a sting of uniform tension. Gluons which color-connects the
two quaks can be seen as excitations (or kinks) of the string. Such a string can reach
a more energetically favorable condition if it breaks by the creation of a new gg pair.
Once all strings have been created, hadrons are created starting from them as clusters.
The two approaches here discussed, the cluster and the string model, are the ones
mostly used in the available PSMCs.

5.3.3 Commonly used PSMCs

I will conclude the section on PSMCs by quickly presenting the most known imple-
mentations.

5.3.3.1 HERWIG

The two versions of the HERWIG [152] PSMC, HERWIG6 [69, 70] in ForTrRAN and
the more modern HERWIG++ [153] in c++ are an example of angular-ordered show-
ers, where subsequent emissions are characterized by smaller and smaller angles.

In an angular-ordered PSMC the parton shower, which does not retain all the matrix-
element correlations, cannot populate the full phase-space. Some regions of the phase
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space, called dead-zones, are left without radiation. This enforces the shower to act
only in the region where it is supposed to be reliable, which is the region controlled
by the collinear approximation. The cluster model is used for the hadronization.

5.3.3.2 PYTHIA

As happens for HERWIG, two versions the Pytaia PSMC, in ForTrAN and c++ are
available. The first is known as Pytuia6 [150], the second as PyTuia8 [154]. PyTHIAG
allows both for virtuality and pr ordered showers, while PyTHia8 is only p7 ordered.
Using such variables, on one hand gives a more physical interpretation of the scale
of each splitting, but on the other hand does not guarantee any longer the property
of having decreasing angles. Angular ordering is restored in PyTHIAG by rejecting the
events that do not obey it. In PyTHIA8 no rejection is done, since angular ordering
violation effects are very small for a pr ordered shower. PyTHia showers typically
populate all the phase space without dead-zones.

In both versions the string model is used for hadronization.

5.3.3.3 SHERPA

The last PSMC that I will discuss is SHErPA [155]. While HERWIG and PyTtHia are
based on the collinear picture to generate the shower which is done by subsequential
1 — 2 splittings, SHERPA is based on the soft picure. While in the collinear picture
the radiated parton only knows about one other particle (the one which it has to be
collinear to), a soft particle k need to know all the two pair i and j which it can
connect. This is the dipole picture [127, 128], which approximate the extra emission
matrix element by a sum of dipoles Dy in the leading color approximation:

@,
IMnHIZZZDij,k:IMnlzZ —
77 77 pi-p

Kijk. (5.71)
J

where K;j is in the soft limit of what the Altarelli-Parisi splitting functions are in the
collinear one.

The soft limit has the advantage of automatically ensuring the angular ordering.
Each of these splitting is now a 2 — 3 splitting, driven by a Sudakov of the form

QZ
A(t, QZ) = exp[—f %fdzasl(ij,k) . (5.72)
t

Hadronization is carried out in the cluster model.
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5.4 Matching NLO computations with parton show-
ers

In the previous section I introduced PSMCs and briefly explained how they work,
adding extra emissions to the matrix-element exploiting the collinear factorization.
However in general they fail in describing correctly extra hard emissions, for which
the collinear factorization clearly breaks down; furthermore, the accuracy of observ-
ables is quite poor, since the events that are passed to the shower are computed at LO.
The first of these two limitations is solved by including higher multiplicity matrix-
elements in the simulation, in order to have the exact description of the first extra
emissions, with a suitable prescription to avoid double counting [156, 157].

The second limitation is solved by showering events generated at NLO accuracy. This
is not as simple as it may seem for at least two reasons: since the real-emission matrix-
element of a NLO calculation diverges, naive (unweighted) event generation is impos-
sible; moreover, one must avoid double counting the emission generated by the shower
and the one included by the real-emission.

This section will be devoted to describe how NLO computations can be matched to a
PSMC in two different approaches, MC@NLO [135] and POWHEG [133,134]. I will
introduce the two approaches respectively in Sec. 5.4.1 and Sec. 5.4.2. A more de-
tailed description and a general comparison of the two methods can be found in [158].

5.41 MC®@NLO

In order to understand how NLO corrections and parton showers can be matched in
the MC@NLO framework, I start from the definition of the differential LO, NLO and
shower (MC) cross-section:

dO’LO = dq)nB, (5.73)
donro = dO0,(B+V+ddR), (5.74)
doyc = d©,8I),-(0)dO, (5.75)

where B, V and R are respectively the Born, virtual and real-emission matrix-element
(I assume 7 final state legs for the Born matrix-element), /' XlC(O) is the spectrum for
observable O generated by the parton shower starting from » final state particles.
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One may be tempted to simply extend Eq. (5.77) to NLO, by writing
doyuceno = [(B+V) d®, I};(0) + RdD, d®, I};1(0)]dO. (5.76)

This naive definition is not correct for two reasons: the first is that the real-emission
and the virtual matrix-element are divergent, therefore the n and n + 1 body configu-
rations will not be finite. This could be regulated by an infrared cutoff, however the
generation of unweighted event will be extremely inefficient, and, at the end of the
day, one should prove the independence of results upon this cutoff. The second reason
is that some configurations in Eq. (5.76) are double counted.

Both these issues can be cured by modifying Eq. (5.76) introducing the so-called
Monte Carlo counterterms MC:

d
% = (B+(V+fdcl>1MC)d(Dn I1,0(0) + (R = MC)d®,, dd, I (0).

(5.77)

The Monte Carlo counterterm is defined as the cross-section for the first emission in
the parton shower. Its expression is

6(tMC,ZMC,¢)

MC =
0D

] Ay 1 MC
———P B. 5.78
™MC 21 2 (Z ) ( )

MC has the remarkable property of having the same soft and collinear singularities
as R, so it also acts as a local counterterm, allowing for numerical integration and for
the generation of unweighted events. It is process independent, only depending on the
chosen PSMC.

Finally it can be proven that Eq. (5.77) avoids double counting, and is correctly nor-
malized to the NLO rate.

To begin the proof, I expand the shower operator I}, .(O) considering only the case of
0 or 1 emission (see also Eq. (5.62)):

Mc
Bc(0) = A+ Ad®) =, (5.79)

where the arguments in the Sudakov have been dropped for simplicity. The Sudakov
form factor Eq. (5.58) written in terms of MC has the simple expression

MC
A(QZ,Q%)):exp(—fd@l?), (5.80)
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so that the expansion of IX,IC(O) up to order «; reads

McC McC
Iyc(0) =1 —deDl? +dd)1?. (5.81)

It is understood that MC, as well as V and R, has one extra power of a; with respect
to B.

To conclude the proof, I simply insert the expansion Eq. (5.81) into Eq. (5.77), keeping
only the terms which are genuine NLO:

d M M
% = B(l— d®1%+d®1?c)dd)n+(Vd<Dn+fdd)1 MC dd,

+ R dD, dD, — MC dD, dP, =

BdD, +V dD, +R dD, dD; (5.82)

which completes the proof.

The MC@NLO matching described so far reproduces the shape of the chosen PSMC
in the soft-collinear region, where R — MC is very small. In this region the normal-
ization takes into account also the contribution from the virtuals. In the hard region,
where MC is zero, all the observables are dominated by R, as they should.

In practice, events with n and n + 1 final state partons, respectively called S and H
events, are generated according to Eq. (5.77). Because of the inclusion of the MC
counterterms, both samples correspond to a finite cross-section.

Given the fact that the difference R — MC can be negative, the events are unweighted
up to the sign. To deal with this, one has to compute the integrals of the S and H contri-
butions, and those of their absolute value. If I call I the integrands and J their absolute
values, then events are distributed according to J, with the sign of their weight accord-
ing to the sign of 1.

The generation of negative weights is not a problem as long as enough events are gen-
erated to neglect statistical fluctuations. Indeed, all distributions are positively definite
as they should, apart from fluctuations. Negative weight only affect the efficiency, de-
fined as the number of events to be generated in order to get smooth histograms.

MC@NLO, which is born as a library of processes coded by hand [159], counts now
some 30 processes matched to HERWIG6 and HERWIG++ and a few matched to
PyTHIAO Qz-ordered [160].
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Quite recently, AMC@NLO [68], has come as the automatic version of MC@NLO,
where automatic means that, given a process as input, the code to generate events in the
MC@NLOframework is written on the fly. AMC@NLO relies on MADGRAPH [74,161]
for the matrix element generation, MapLoop [98], which is based on the OPP [140]
method as implemented in CutTooLs [162] to compute virtual matrix-elements, and
MapFKS [99] for the computation of the counterterms and for the phase-space inte-
gration.

5.42 POWHEG

POWHEG is a NLO matching framework alternative to MC@NLO, with the distin-
guishing feature of having only positive-definite weights. While MC@NLO can be
seen as subtracting from the real-emission matrix element the first emission that would
be generated by the shower before showering the event, POWHEG generates itself the
hardest emission (with the largest pr) with its own Sudakov, then it passes the event
to the shower.

Using the notation of Sec. 5.4.1, the hardest-emission LO cross-section is defined as

doo = d®,B(A(Q% 0F)+A(Q%1) MC) , (5.83)
and corresponds to the probability of having zero emission, or an emission at scale ¢

following by any number of emissions at lower scale.
A naive extension at NLO of Eq. (5.83) would be

dopowngc = d®, (B+(V+fdd)ﬂi)(A(QZ,Q(z))+A(Q2,t)M?F), (5.84)

but it is found not to be correct, as it does not reproduce the NLO expansion (last
line of Eq. (5.82)) once expanded at O(a;). It is easy to see that the mismatch can be
traced back to terms proportional to R — MC, which suggests to introduce a modified
Sudakov factor with the replacement MC — R

~ R
A(0% Q}) =exp(— fdcblg), (5.85)
corresponding to a modified splitting probability

R
dp=ddi. (5.86)
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Indeed this replacement correctly reproduces the NLO expansion at O(a;).
The POWHEG cross-section is thus defined as

dopownec = d®, (8+(V+ fdcbﬂe) (A(QQ, Q) +A(Q%1) g) : (5.87)
As the real-emission matrix element does not depend on the chosen parton-shower,
events generated by POWHEG can be passed to any PSMC, unlike those generated
by MC@NLO. However a definition of the Sudakov such as that in Eq. (5.85) ex-
ponentiates also the finite part of the real-emission matrix-element, introducing extra
higher-order contributions than those generated by the shower. Such contributions,
which, are formally higher order, can affect observables in certain kinematic configu-
rations [163].
This issue is cured by damping the real-matrix element in the Sudakov with the func-
tion

2

h
2N _
frp) = g (5.88)

The limit 7 — oo corresponds to no damping, and is the default setting in POWHEG.

POWHERG is distributed as a process library, giving also a framework to allow the
user to implement new processes, the so-called POWHEG-box [164]. Several level
of automation of this framework exist: POWHEL is an interface of POWHEG and
HerLac-NLO [165], which provides the necessary contributions to automatically com-
pute a NLO cross-section. An interface exploiting MADFKS also exists [166], which
however needs the user to link virtual matrix-elements from external codes.

5.5 NLO predictions for VBF matched with parton
shower

In this section I will present predictions for VBF observables obtained in the MC@NLO
(using the automatic AMC@NLO version) and POWHEG frameworks, for a 125 GeV
SM Higgs boson at the VS = 8TeV LHC. As the matching with the parton shower is
performed differently in the two approach, this comparison helps in better understand-
ing the possible systematics. Furthermore, for both POWHEG and AMC@NLO I will
present results obtained by the matching with HERWIG®6, virtuality ordered PyTHIAG
and HERWIG++.

Before showing the results in Sec. 5.5.2, I will discuss in Sec. 5.5.1 the setup for
POWHEG and AMC@NLO and the cuts used in the analyse.
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5.5.1 Setup: parameters and cuts

I will now list the input parameters and cuts used in this compuatation. The values
for the SM parameters used in the computation are those recommended by the Higgs
Cross-Section Working Group (HXSWG) [35]:

My =80.398GeV, 'y =2.089GeV,
Mz =91.188GeV, Iz =2.496GeV,
Gr=1.166x10"GeV2 . (5.89)

Results are computed using the MSTW 2008 NLO pdf set [71], with errors estimated
at 68% confidence level. Renormalization and factorization scales are fixed to the W
mass. The choice of a dynamic scale choice will be discussed in App. C, and will be
shown not to have any drastic effect on all observables.

Parton level events are generated without imposing cuts®, and each sample consists
of one million events. After shower and hadronization, typical cuts used in experi-
mental VBF analyses are applied: hadrons are clustered into jets by using the anti-k7
algorithm [75] as implemented in FastJer [76], with AR = 0.5. At least two jets are
required, with pr > 20GeV and [y| < 4.5. Furthermore, the two hardest jets (i.e.the
two jets with the largest transverse momenta) passing these criteria are asked to have
an invariant mass m(j, j2) > 600GeV and a rapidity separation [y(j1) —y(j2)| > 4.

The generation of VBF in AMC@NLO (in the five-flavour scheme) is simply done by
typing the following lines in the AMC@NLO shell:

import model loop_sm-no_b_mass
define p=gucdsbu~ c~ dv s~ b~
define p = j

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

Note the $$ sign used not to include diagrams with a W or a Z in the s-channel.
The AMC@NLO event files store additional informations in order to obtain scale and
PDF uncertainties via reweighting, i.e.without the need of extra runs [167].

For what concerns POWHEG, the original computation of VBF [168] has been used,
as it is publicly available in the POWHEG-box.

3In order not to have numerical instabilities, at least two jets with pr > 2GeV are required in the
AMC@NLO samples. This cut is however completely irrelevant for what concerns distributions and to-
tal rates.
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In all cases, no simulation of the underlying event is performed by the PSMC.

5.5.2 Results

I will now present the results obtained for various kinematic observables. For sim-
plicity, the same format is kept for all figures: in the upper frame of each figure, the
three curves that correspond to the AMC@NLO samples are shown: black solid for
HERWIGH6, red dashed for Pytaia6 and blue dot-dashed for HERWIG++. Below the
plots, the first and second insets shows the ratios for the AMC@NLO and POWHEG
samples over the fixed order NLO, in order to assess the impact of the different PSMC
on the observable (same pattern as the main frame). The third inset shows the scales
(red dashed) and PDF (black solid) uncertainty band, computed from the AMC@NLO
plus HERWIG6 sample. Scale uncertainties are computed varying independently the
factorization and renormalization scale in the range

M
5 <Hr.pur <2My. (5.90)

while PDF errors are computed with the Hessian method [100], as it is the prescription
for the MSTW set.

Most of the differences which will appear in the first and second insets are mainly
due to the impact of the VBF cuts on the different PSMCs. To better understand this
effect, in Tab. 5.5.1 I quote the ratios of the matched cross-section after cuts and the
fixed order NLO one (059, = 0.388(2) pb). It can be highlighted that these ratios are
all smaller than one, as typically parton showers tend to spread the radiation hardness
in the phase space, therefore slightly more events will fail the cuts. On top of this, there
is a clear pattern o ywe > 0 pys > 0 gw++ both for POWHEG and AMC@NLO. These
differences are quite large, specially if compared with the size of NLO theoretical
uncertainties and/or with the NNLO effects on the total cross section. They have been
found to depend on the way extra radiation is generated by the shower, in particular on
how much of this radiation is lost because it falls outside the jet “cone”. Furthermore,
they are found to depend also on the details of the hadronization model. A more
inclusive jet definition, with larger jet radii, reduces these differences, as it is explained
in App. D.

In Fig. 5.5.4, Fig. 5.5.5 and Fig. 5.5.6 I show the transverse momentum and rapidity
respectively of the Higgs boson, and of the first and second jet. As all these observable
are computed at NLO accuracy, I expect general agreement among the two different
implementations of the parton shower matching as well as among different PSMCs.
Indeed, all NLO-matched curves are fairly compatible with each other once the ratios
in table Tab. 5.5.1 and the theoretical uncertainties in the lower insets are taken into



96 Chapter 5. Simulating VBF at hadron colliders

HERWIG6 PyTHIAG HERWIG++
AMC@NLO 0.93 0.89 0.83
POWHEG 0.92 0.86 0.83

Table 5.5.1: Ratios of matched NLO+PSMCs and fixed order NLO cross-sections in the
AMC@NLO and POWHEG formalism.

account. The comparison with the fixed-order NLO prediction, on top of the overall
normalisation effect already shown in table 5.5.1, displays a consistent action of the
shower in affecting the jet spectra, an effect which is increasingly important as one
moves downwards in the jet hierarchy (i.e. from the hardest to the softest jets); in
fact this trend will become even more evident in the case of the third jet (see later).
As a consequence of the recoil against the shower-enriched jet activity, NLO-matched
curves display harder and more central Higgs-boson distributions. For the observables
shown in these figures, PDF and scale uncertainties are generally small (typically
of the order of +3% to +5%), and fairly constant, with only mild increases at large
transverse momenta.

Similar consideration can be done for the azimuthal separation between the two tag-
ging jets, shown in the top plot of Fig. 5.5.7, which also show excellent agreement
between fixed order ad matched computations. This is extremely comforting, since
this observable is very sensitive to the Higgs boson properties, such as spin and parity
and therefore any theoretical uncertainty can reflect on the Higgs properties determi-
nation [169-172].

Shower effects are more important for observables such as the invariant mass or the
rapidity separation of the two hardest jets. These observable, shown in Fig. 5.5.8 can
probe extreme kinematic configurations, where the two jets lie at very large rapidities
in opposite hemispheres. As the energy of a (massless) parton is written in terms of
its pr and rapidity as*

E = prcoshy, (5.91)

a parton at the edge of the pr and rapidity region allowed by the cuts will have an
energy E =~ 1 TeV. Therefore such partons at large rapidity will typically have a trans-
verse momentum just above the cut, and, because of this, they will be very sensitive
to shower effects. This is reflected in the quite large deficit (20-30 %) at large invari-
ant mass and rapidity separation of the matched curves with respect to the fixed order
NLO one. In the same region, it is possible to see the theoretical uncertainties which
start growing, in particular at large rapidity difference. For the PDFs this corresponds

4This expression holds also for massive particles, if one replaces pr — mr = 4 /p2T +m?,
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to the larger uncertainty at x ~ 1, whereas for the scale uncertainty this can be under-
stood as the inadequacy of the choice ug r = My in a region dominated by radiation
just above the 20GeV cut. Indeed, a dynamic scale choice (see App. C) cures the
growth of the scale uncertainty band, without affecting the central value.

Observables related to the third jet are more sensitive to the different matching pro-
cedures and to the effect of parton showers, because their description at the matrix-
element level is only LO. In the bottom plot of Fig. 5.5.7 the exclusive jet multiplicity
is shown. While the two-jet bin reflects the ratios in Tab. 5.5.1, the three-jet bin
shows larger deviations, with POWHEG predicting less events than AMC@NLO. The
deficit with respect to the fixed-order result in this bin ranges from 15% to 20% for
AMC@NLO, whereas it is larger, 30% or more, for POWHEG, irrespectively of the
PSMC employed. This indicates that such an effect is mainly a matching systematics
rather than being induced by different shower models. It has to be stressed, however,
that the POWHEG and AMC@NLO predictions are still compatible within scale un-
certainties, which for the 3-jet bin are about +10%, consistently with the LO precision
of this observable. From the 4-jet bin onwards, the description is completely driven
by the leading-logarithmic (LL) accuracy of the showers and by the tunes employed,
which translates in large differences among the various generators. For such jet mul-
tiplicities, theoretical-uncertainty bands are completely unrepresentative. The fixed
order prediction for these bins is zero.

The 3-jet-bin pattern described above determines the normalisation of the third-jet
transverse-momentum and rapidity distributions, shown in figure Fig. 5.5.9. These
variables can be significantly affected by the different radiation produced by the PSMC'’s.
In particular the AMC@NLO results, which are quite close to the pure NLO on av-
erage, display a +15% dependence on the shower adopted. Conversely, the three
POWHERG predictions are slightly closer to each other; we reckon that this is a conse-
quence of the hardest emission being generated in this formalism by a Sudakov which
is independent of the actual PSMC employed, as already mentioned in the introduc-
tion. The POWHEG curves show a 30%-deficit with respect to the pure NLO, and
are more central and softer than the AMC@NLO ones. Scale uncertainties are again
compatible with the LO nature of these observables, of the order of +10% in the whole
rapidity range, and growing from +£10% to £20% with transverse momentum.

Before concluding this section, one more set of observables has to be considered.
Because of the peculiar radiation pattern of VBF, which prefers radiation far from
the central region, one way to reduce the contamination coming from background
processes as well as from other production channels (e.g. gluon fusion) is to reject the
event if an extra jet, called veto-jet, is found within the two hardest jets:

min(y1,¥2) < Yvero < Max(y1,y2). (5.92)



98 Chapter 5. Simulating VBF at hadron colliders

The predictions for the transverse momentum and rapidity of the veto jet are shown
in figure Fig. 5.5.10. The definition in equation (5.92) implies that the more central
the third jet, the larger the probability that it be the veto jet. Since POWHEG predicts
a more central third jet with respect to AMC@NLO, the veto condition has the effect
that the two predictions for the veto jet are slightly closer to each other than for the
third jet. AMC@NLO yields visibly less central distributions, predicting larger rates
(up to 20% to 30%) with respect to the pure NLO at small transverse momentum and
large rapidity. The POWHEG predictions for the transverse momentum are softer than
AMC@NLO (with the exception of the matching to PyTHia6, where shapes are simi-
lar), while rapidities are more central, with 20%- to 30%-discrepancies with respect
to the pure NLO at the edges of the spectra. As was the case for the third-hardest jet,
observables related to the veto jet are described only at LO accuracy, and affected by
large uncertainties, roughly +15%.

5.6 Conclusion and outlook

In this chapter I have presented the results for VBF at next-to-leading order accuracy,
matched with parton shower. After having presented the principles underlying the
way parton showers work, I have shown the problems that arise when they are applied
to NLO computations. To solve these problems, two matching schemes are known,
MC@NLO and POWHEG, and have been presented.

I continued the chapter showing predictions for several VBF observables, obtained
using different parton-shower Monte-Carlos. I have shown that there is a non-trivial
interplay between the shower and hadronization details and the cuts applied to the
events, which can be seen in the O(5 — 10%) differences in the rate after cuts obtained
with different PSMCs. The proper way these differences have to be considered, since
they cannot be simply estimated via scale variations, may be the subject for further
studies. Once such differences are taken into account, predictions for observables de-
scribed with NLO accuracy at the parton level display small theoretical uncertainties,
up to +5%, and show a good agreement between the two matching schemes. Differ-
ences with respect to the pure-NLO predictions result from the action of the shower
on the jet activity of the events. For quantities described with LO precision, theoret-
ical uncertainties are consistently larger, of the order of +10% to +15%, as well as
the discrepancy between the two matching prescriptions, with AMC@NLO generally
closer to the fixed-order NLO than POWHEG:; in particular there is a visible effect in
the observables related to the third jet. Still, all results are largely compatible once
theoretical error bands are taken into account.
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In order to improve the description of these observables, one should either consider
VBF + 1 jet at NLO, which is known at fixed order [93], or, better, generate an Fx-Fx
matched [173] event sample including both 0 and 1 extra-jet.
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Figure 5.5.4: Higgs boson transverse momentum (top) and rapidity (bottom) distributions for
VBE. The main frame shows the AMC@NLO samples, matched with HERWIG6 (black solid),
virtuality-ordered PyTH1A6 (red dashed) and HERWIG++ (blue dot-dashed). The first (second)
inset shows the ratios of the AMC@NLO (POWHEG) distributions over the fixed-order NLO
one, with the same color pattern as the main frame. The third inset shows scale (red-dashed) and
PDF uncertainties (black solid) computed from the AMC@NLO + HERWIG6 sample. Scale
uncertainties are obtaining by varying independently the renormalization and factorization scale
in the range My /2 < ugr,pur < 2Myw. The MSTW 2008 NLO PDF set has been used, with error
bands corresponding to 68% confidence level.
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Figure 5.5.5: Hardest jet transverse momentum (top) and rapidity (bottom) distributions for
VBE. The main frame shows the AMC @NLO samples, matched with HERWIG6 (black solid),
virtuality-ordered PyTHiA6 (red dashed) and HERWIG++ (blue dot-dashed). The first (second)
inset shows the ratios of the AMC@NLO (POWHEG) distributions over the fixed-order NLO
one, with the same color pattern as the main frame. The third inset shows scale (red-dashed) and
PDF uncertainties (black solid) computed from the AMC@NLO + HERWIG6 sample. Scale
uncertainties are obtaining by varying independently the renormalization and factorization scale
in the range My /2 < ugr,pur < 2Myw. The MSTW 2008 NLO PDF set has been used, with error
bands corresponding to 68% confidence level.
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Figure 5.5.6: Second hardest jet transverse momentum (top) and rapidity (bottom) distri-
butions for VBF. The main frame shows the AMC@NLO samples, matched with HERWIG6
(black solid), virtuality-ordered PyTH1A6 (red dashed) and HERWIG++ (blue dot-dashed). The
first (second) inset shows the ratios of the AMC@NLO (POWHEGQG) distributions over the fixed-
order NLO one, with the same color pattern as the main frame. The third inset shows scale
(red-dashed) and PDF uncertainties (black solid) computed from the AMC@NLO + HERWIG6
sample. Scale uncertainties are obtaining by varying independently the renormalization and
factorization scale in the range My /2 < ugr,ur < 2Myw. The MSTW 2008 NLO PDF set has
been used, with error bands corresponding to 68% confidence level.
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Figure 5.5.7: Azimuthal separation of the two hardest jets (top) and exclusive jet multiplicities
(bottom) distributions for VBF. The main frame shows the AMC@NLO samples, matched with
HERWIG®6 (black solid), virtuality-ordered PyTHia6 (red dashed) and HERWIG++ (blue dot-
dashed). The first (second) inset shows the ratios of the AMC@NLO (POWHEG) distributions
over the fixed-order NLO one, with the same color pattern as the main frame. The third inset
shows scale (red-dashed) and PDF uncertainties (black solid) computed from the AMC@NLO
+ HERWIG6 sample. Scale uncertainties are obtaining by varying independently the renorma-
lization and factorization scale in the range My /2 < ur,ur < 2Mywy. The MSTW 2008 NLO
PDF set has been used, with error bands corresponding to 68% confidence level.
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tributions for VBF. The main frame shows the AMC @NLO samples, matched with HERWIG6
(black solid), virtuality-ordered PyTHIAG (red dashed) and HERWIG++ (blue dot-dashed). The
first (second) inset shows the ratios of the AMC @NLO (POWHEG) distributions over the fixed-
order NLO one, with the same color pattern as the main frame. The third inset shows scale
(red-dashed) and PDF uncertainties (black solid) computed from the AMC@NLO + HERWIG6
sample. Scale uncertainties are obtaining by varying independently the renormalization and
factorization scale in the range My /2 < ugr,ur < 2Myw. The MSTW 2008 NLO PDF set has
been used, with error bands corresponding to 68% confidence level.
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for VBF. The main frame shows the AMC@NLO samples, matched with HERWIG6 (black
solid), virtuality-ordered PyTtHia6 (red dashed) and HERWIG++ (blue dot-dashed). The first
(second) inset shows the ratios of the AMC@NLO (POWHEG) distributions over the fixed-
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(red-dashed) and PDF uncertainties (black solid) computed from the AMC@NLO + HERWIG6
sample. Scale uncertainties are obtaining by varying independently the renormalization and
factorization scale in the range My /2 < ur,ur < 2Myw. The MSTW 2008 NLO PDF set has
been used, with error bands corresponding to 68% confidence level.
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Figure 5.5.10: Veto jet transverse momentum (top) and rapidity (bottom) distributions for
VBE. The main frame shows the AMC @NLO samples, matched with HERWIG6 (black solid),
virtuality-ordered PyTHIiA6 (red dashed) and HERWIG++ (blue dot-dashed). The first (second)
inset shows the ratios of the AMC@NLO (POWHEG) distributions over the fixed-order NLO
one, with the same color pattern as the main frame. The third inset shows scale (red-dashed) and
PDF uncertainties (black solid) computed from the AMC@NLO + HERWIG6 sample. Scale
uncertainties are obtaining by varying independently the renormalization and factorization scale
in the range My /2 < ugr,pur < 2Myw. The MSTW 2008 NLO PDF set has been used, with error
bands corresponding to 68% confidence level.
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Chapter

Prospects

After the discovery of the Higgs-like particle at the LHC, and the conclusion of the
8TeV run, the main challenge for the scientific community is to determine the nature
of the newly discovered resonance. In particular, it is of greatest importance to assess
if this particle is the Higgs boson as predicted in the SM or not, and in the latter case
to understand which new physics scenario it is going to unveil. The measurement of
the Higgs boson spin, parity and couplings to the SM particles has now become a “hot
topic”, which demands strong commitment from both experiments and theory.

From the theory point of view, this means delivering predictions which can cover all
the possible cases (spin 0, 1, 2, ...) with consistent inclusion of higher orders QCD
corrections in the predictions, possibly in all production (and decay) channels. Up
to the present moment, most of the studies consider the dominant 2 — 1 production
channel and/or do not include higher order corrections or parton-shower effects.

Indeed, on top of the usual observables related to the Higgs decay products (e.g. angu-
lar correlations among the leptons), lot of information about the nature of the produced
resonance is also carried by angular correlations of the two tagging jets which accom-
pany VBF events, (partially) compensating for the smaller total rate with respect the
dominant Higgs production channel.

Because of the peculiar nature of VBF, in which QCD factors out and does not involve
the produced resonance, it should cost very little effort to study e.g. the production of
a vectorial or spin-2 resonance, providing complementary informations to the 2 — 1
case. The advantage of having a fully automated tool such as AMC@NLO, presented
in Chapter 5, allows the user to have trustful, accurate and realistic results with almost
no effort, once the relevant model file will be made available. On top of this, one could
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even easily obtain the total NNLO normalization, exploiting the structure function ap-

proach presented in Chapter 4.

Work in these directions is in progress [174].
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Appendix

The VBF phase space in the
structure-function approach

In this appendix I briefly document the parameterization for the phase space of VBF
in the structure function approach. I will first take the most general case, which is the
production of an n-particles final state via VBF with momenta K7, ..., K, then I will
specialize to the case of one particle.

In the structure function approach I can consider the proton remnants as massive par-
ticles, and integrate over their masses, which are labeled s1, 5.

I will call Py, P the momenta of the incoming protons, and Pyx,, Py, the momenta
of the proton remnants. The choice of kinematic variables is guided by the require-
ment to resemble the DIS kinematics as much as possible. I work in the hadronic
center-of-mass reference frame, with

= ~(V5.0.0,VS), = ~(V5.0,0.-V5), (A1)

1
2

NI*—*

Then, the Lorentz invariant phase space for this process is (cf. Eq. (4.2)),

dPS = [_[ dsl

i=1,2

216 (P}, — i) dPS (Ki.....Ky) X (A2)

x 2m)*s*| P+ Py = Px, = Px, = " K;|.
j=1n

In Eq. (A.2) the phase space of the proton remnants has been separated from the
one of the particles produced via VBFE. In order to solve the kinematics, let g; be the
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momentum exchanged by each of the two protons, with the convention, as for DIS,
that the direction of g; is incoming with respect to the proton vertex (see Fig. 3.1),

q,'ZPXi—P,'. (A3)

The momenta g; are parameterized in terms of the two light-like momenta P; and the
transverse components q;":
2P - 2pP;-
_2Pq Pyt 222 q1
2P - P> 2P - P>

q1 Pi+qj, (A4)

2P, - 2P -
_ 26121[,l+ 1°92

B 2P - P> 2P - P>

q2 P> +q%. (AS)

The Bjorken scaling variables x; for the DIS process are given by the scalar products
Pi-gi

—-q° 2
2P;-qi= ai :%’ (A.6)
Xi Xi
where Ql.2 = —ql.z. In analogy one can also define variables y; via the relation
07 03
2Py-q1=—1,  2PIqr=—. (A7)
V1 Y2
so that
o4
yi=m—t (A8)
xiS(Qi —4q; )
. 1L 12
with g;- = ’qi
Then, the integration measure can be expressed as
dx;
d*qi=dQ? d*q E (A.9)

and

p;:Ql.z(lq). (A.10)
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The phase space Eq. (A.2) reduces now to the following form,

1 dx;
dPS = o5 ]_[ dQ; d’qi 5= dPS,(Ki,.... Ky) (277)4(54{511 ) Kv],
! j=1n

(A.11)
and the integrations on the transverse components can be cast in polar coordinates,
dzqf dzqi = 511 dql de) 512 dCIQd‘P2 = 271'511 dql qZ qud‘PlQ (A.12)

The momentum-conservation condition imposed by the Dirac delta-functionin Eq. (A.11)
provides a relation between the proton remnants variables and the total energy of the
VBF products:

Svpr = (Ki+...+K,)* = (q1 +q2)* = (A.13)

2 )2
2_ 12 0% 2 2 11
Qzstxlx2 (Ql )(Qz N )+ Sxixy 01~ 0> -2q7q; cosgn
Using this equation one can generate the phase space of the VBF-produced particles
once the proton remnants variables are fixed, simply in the same way as for the decay

of a particle.

I will finally go through the details of the case in which only one particle with mass m
and momentum K is produced via VBF. In this case one simply has

4

dPS | (K) = d I; 27r5(K2—m2), (A.14)

and the d*K integration can be eliminated using the momentum-conservation Dirac
delta-function, so that it is only necessary to solve the mass-shell condition imposed
by the delta-function in Eq. (A.14) (which is nothing but Eq. (A.13) with S y3r = m?):

010

Sx1x0

1 2
m? = ——Sxi1x (0} —q1?) (03 -437)+ - 07— 05 -247q5 cos¢na.

0203
(A.15)

This equation can, of course, be easily solved for cos g7, but in this case it would lead
to an (integrable) singularity in the Jacobian, and therefore to numerical problems.
Therefore, the choice has been to write Eq. (A.15) as a second degree equation for q?:

Aqi’+Bgr+C =0, (A.16)
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with
Sxix (g2 - Q?)
B = -2gicosgia, (A.18)
020>  Sxixaqt
C = S)'C—I;Z—T'wx,xrmz—gi—g; (A.19)
1

Since two solutions of q? exist for each set of parameters xj, xo, Q%, Q%, q]L, ®, two
phase space points are evaluated. “Physical” phase space points are required to have
positive q§ and the number of rejected points can be greatly reduced if one asks

(Q% - qllz) [Q‘l1 - Q% (Sx1x2 - mz) + qleS xlxz]
Q% [Q‘l1 - Q% (qllz sin® g2 + lexz) + qlle X1 xz] '

0<03<Sx1x2 (A.20)

which corresponds to the positivity of the discriminant of Eq. (A.16). The other pa-
rameters are generated in the following ranges:

2 2 )
xl-xQG[m?,l}, log x| e[logm?,O], Q%G[Q(Q),(\/g—m)],
qi €10,011. ¢ €[0,27], (A21)

where Qp is a technical cut set to 1 GeV which prevents sampling PDFs and a; at too
low scales. It also sets the lower bound for Q; the total cross-section has been checked
not to depend on Qy. The differential cross-section from Eq. (4.2), multiplied by the
Jacobian corresponding to Eqgs. (A.20)—(A.21), is integrated using VEGAS [175].
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Appendix

The structure function approach
and the production of new
resonances in VBF

In this appendix, I will report the expression of the contraction of the hadronic tensors
and the VV — X matrix element in the case X is a scalar with anomalous couplings to
vector bosons or a fermiophobic vector resonance.

The first case is considered in Sec. B.1, the second in Sec. B.2.

B.1 The VBF cross-section with anomalous VV H cou-
plings

The most generic structure for the VVH vertex which generalizes Eq. (4.1), has the
form [176]:

as

) 12 aq
F#V(CII,CIQ):ZMv((\/EGF) +X)g’”’+ A

as
(6]1 'Q28”V—Q’SQT)+ Xs“vwchpthm
(B.1)

Which can be rewritten as

T (q1,92) = A8 + A2 (41 028" — 0547) + A3 Q1020 (B.2)
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using the replacements

5 12 a;
A = 2MV((\/§GF) +X)’
a
Ay = 2
2 A’
a
A; = X3 (B.3)

Eq. (4.5), with the replacement M*” =T*"(q,q>) has now the form:

Wiy (x1, OF) MO M Wper (12, 03) = Zc,, X, Q) F(x.03).. (B4

Defining

q1-92 =412, Py qp = Pap, (B.5)

the non-vanishing C;; read

12 ®
Ci =(2+ 9 )|A||2+6qlzRe(A1Az)+(q12q22+2c1122)lAz|2

C]] q2
+2 (6112 —CI126122)|A3|2, (B.6)
1 [Pn? 1 ( P ) zzqu
Co=—|-F+— P21——Q12 |A1]“+2 Re(A14A]
Py | @22 qi? g2 q2? ( 2)
P1q2? 5 Py qy? 2) 4.2
+ Py 26112—P—22 |As|*+ |2 P21 g1 — ——— — Pnqi” |IA3]°,
(B.7)
1 P11 1 Py Pi1g12 "
Cr = — _Q(PIZ__CIIZ |A]|2+2 q Re(AlAz)
Pulqg®> ¢ q1

2 2
| P2*qi
1 )IA2|2+(2P126112— Pli] —PHCIZZ)IA3|2,

(B.8)

P
+ (2P126]12— L
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1 s PiiPy PpPx PiiPanqgiz : 2
Cyn = == >~ 5 D) |Aq]
P11 Pp\2 q1 q2 q1°q2
s q12 s P P2 .
-2 (P12P21— qu—)( + - - )Re AlA
21\q12q2% 2P Pn Pngi®? Png? ( 2)

P P
+2( q212 5+ S i 12 z)sP‘ Paqrax Re(AlAg)
q1°q2*> 2PuPxn Pungi? Puq
—2P1» Py)? P12 Psi —
(q12s 12P21) a2 P12P21 =418 piprgig, Re(AzAg)
4P P2 P11 P2
. {s (qu— Pyig2*  Pigi’ N P12P21QI12)
P2 Py P11 Py
1 52
+P11 P [Z (Q1ZQZ2—Q122)—P122P212}—P11P22+2P12P21}|A3|2,
(B.9)
qu2s—2P1 Py 4
Cyy3 = —— =~ |A
33 2P Py |Aq]
1 s 2 2 2 Pugi? Puql?
tSlas 5\ 91 2" +q127 ) tqi2——F — — ——(
2[2P11P22(q 2 ) 1 P P>
_P12P216112} Re(A143)+ 92 _PiPrgig Re(4,43)
P11 Py 2Py Py
+@( 12_P1ZQ12 _ Pag?’ . SQ12€I22)|A 2
2 P P> 2P11 Py
2 2
q1-q2 PiP2q1q *
T *Re(ads)
2 2 2 2
12 Pigi® Puq” PuPuqi”q
+q—( RS S a4 )|A3|2. (B.10)
2 P P> P11 Pxnqr

B.2 The VBF cross-section for a vector resonance

Finally, I provide the formula for the total cross-section for the production of a vector

resonance in the structure function approach.
We assume the usual gauge and Lorentz invariant tri-linear vertex (in principle more
general cases can be considered [177]):

THH2K3 (py. pa. p3) = 8123 [gﬂlﬂz (plllS _pl2‘3)+gﬂzﬂ3 (plzll _pgll) + gl (pl3‘2 _pllQ)],
(B.11)
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where all the momenta are taken to flow outside the vertex. Since in the processes
considered the coupling gj23 can always be factorized from the total cross-section, it
will be set to unity in the following.

Asin Sec. B.1, with the extra care to sum over the polarizations of the produced vector,
I have

va x1,0 Z MﬂpM*m- Wpo‘ X2, Qz ZCU x1,Q j(xz,Qg),

2
(B.12)
where I have set
MY =17 (q1,92,=q1 = q2) € (=q1—q2), (B.13)
and the non-vanishing coeflicients C;; are
1
Cni = S 40’ @ q-14q1 2" - 14 g° ¢2* + 11 ¢1% g1
91”92
1
+11g5q12% +2q12° + —(611 -q ) (261126122+6]122) , (B.14)
V/
c -1
2= 55— 7
Puqi* gt

~11Py% g2 2" =2 P21 qraqo* + Poi* 2% + 22 Py1 Pa2 q1° q12 2

+4 Py P2 q12° g2 =2 Pa1 Poqia o + P2 q1* ¢o* = 1P q1° q12°
2P 417 q12q2” + 5P 17 " - 2P2% q12° - 3P’ q12” ¢

1 2
—m—z(mz—qzz) (P212qz4—2P21P22Q12qz2+P222Q12qzz+Pzzzq122) )
V/
(B.15)
Cy =Cn(1e2), (B.16)
1
Cyn = —{3P112P212QI26124+2P112P212QI26124—P112P2126126

P11 Pugi* g
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—6P11? P21 P2 g1 q12g2” =4 P11* Pa1 P g1 2° + 2 P11 Py P qiago”
+3P112 P2’ g1 qi2” +2 P11 P’ g2’ + 3P Pu? i’ ¢o°

—2P11 P12 P21 P qi* q2* + 4 P1y P Pyt P gi” 12 42°

—2P11 Pio Py Pogi> g2 + 2P Pia Po* g1 g1

—4 P Pio Pu?q1? qi2® =6 P Pia Po? g1 g2 go®

—P1* Py’ qi® + 2P P g1t qia + 3P0 P’ it ¢

+5q17q2> (q1 = @2 (P11 P21 2> = Pri P qio + Pra P gr’)
s* 4 4 2
7 2 (@1 q2)

2 2)?
+(611 q2 )

2P11 P g2 =2 P Prgu + 2P Pnai® —sqiq2?)
41’}12 1121492 111224912 1202241 Sq1 92 P
V/

(B.17)

1

————|-8P11 P21 2> +8 P11 Pqi2 + P12 P21 1> + 6 P12 Par qia +
2P11 Py

N
PPy qy* 8P Pngi’ - 5(61126112—86]126122+6CI122+ 6]126122)

1 2 s
+t—= (6112—6122) (—P12P21+—6112)- (B.18)
my, 2
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Appendix

Scale choice effects on differential
observables

The results shown in Sec. 5.5 have been computed with renormalization and factor-
ization scales fixed to the W mass. Although this choice has been justified in Sec. 4.3
with arguments based on the convergence of the total cross-section, it may look as
inappropriate for describing differential observables.

In this appendix I will compare the distributions shown in Sec. 5.5 with new ones
obtained setting

1
,uR,F=§ Z pr;- (C.1)

i=parton

This choice can be justified that, at the LO, it is the average transverse momentum of
the two final state partons.

I will not discuss all the observables which have been presented in Sec. 5.5, but only
those where effects due to the dynamic scale choice are visible. For all observables,
the choice of such a dynamic scale do not visibly change the predictions for the cen-
tral values but, in some cases, it results in a more narrow scale uncertainty band. The
observables for which this happens are the transverse momentum spectra of the two
hardest jets, and their rapidity separation. For what concerns the other observables, no
visible difference between the two scale choices is visible, neither in the central value
prediction nor in the scale uncertainty band.
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Fig. C.0.1 shows the transverse momentum of the hardest (top) and second hardest
(bottom) jet. The main effect of the scale choice Eq. (C.1) is the reduction of the scale
uncertainty band at large transverse momenta, where the W mass is too low. For what
concerns the rapidity separation of the two hardest jets, shown in Fig. C.0.2, also in
this case the dynamic scale choices has the advantage of showing narrower uncertainty
band at large rapidity separations, where, as pointed in Sec. 5.5, a fixed scale choice
is inadequate.

All effects are, however, minimal.
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Figure C.0.1: Hardest (top) and second hardest jet transverse momentum. The main frame
shows the AMC@NLO samples (matched with HERWIG6), computed setting ur g = My (blue
solid) and ug r = %Z[Z parton PT; (green dashed). The first inlay shows the ratio of the two
curves over the blue one. The second and third inlay show scale (red dashed) and PDF uncer-
tainties (black solid) respectively for the blue and green curve of the first inlays. Scale uncer-
tainties are obtained by varying independently the renormalization and factorization scales by a
factor 1/2 < xg r < 2 around the central value. The MSTW 2008 NLO PDF set has been used,
with error bands corresponding to 68% confidence level.
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Figure C.0.2: Rapidity separation between the two hardest jets. The main frame shows the
AMC@NLO samples (matched with HERWIG6), computed setting urr = My (blue solid)
and ugrr = %Zi:parmn pr; (green dashed). The first inlay shows the ratio of the two curves
over the blue one. The second and third inlay show scale (red dashed) and PDF uncertainties
(black solid) respectively for the blue and green curve of the first inlays. Scale uncertainties
are obtained by varying independently the renormalization and factorization scales by a factor
1/2 < xg r < 2 around the central value. The MSTW 2008 NLO PDF set has been used, with
error bands corresponding to 68% confidence level.
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Appendix

Jet definition and shower effects on
the VBF cross-section after cuts

In Sec. 5.5.2 T have shown that the VBF cross-section after cuts has a non-negligible
dependence on the PSMC. This dependence was traced back to the way each PSMC
generates extra radiation, and to the possibility that the extra radiation may be lost if
it falls outside the jet cone.

It is therefore important to study how such differences depend on the given jet defini-
tion, and whether they entirely come from the shower phase or also hadronization has
arole.

To this aim, I will compute the exclusive jet multiplicities using different values for
the jet minimum p7 and radius, with and hadronization enabled or disabled. Apart
for these parameters, the same cuts of Sec. 5.5 are used. Since both POWHEG and
AMC@NLO show almost the same effects when different showers are used, I will limit
myself to results obtained with AMC@NLO.

Fig. D.0.1 shows the results for the two and three jet multiplicities obtained using the
anti-k7 algorithm with different values of the radius parameters ranging from 0.1 to
1.1. The histograms use the same color and line pattern used in Sec. 5.5.2: black solid
for HERWIG6, red dashed for Pytuia6 and blue dot-dashed for HERWIG++. For
each value of AR, two sets of ratio plots are shown. In the first three plots, jets are
required to have a minimum transverse momentum of at least 20 GeV (as in the results
shown in Sec. 5.5.2), while the other plots show results for a higher jet pr threshold
(40 GeV). In each set the first and second plots show respectively the ratios over the
HERWIGH6 prediction of results with and without hadronization effects. The last plot
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show, for each PSMC, the ratio of the results with hadronization over those without
hadronization. As in Sec. 5.5.2, the simulation of the underlying event is disabled.

As it could have been expected, larger values of the radius parameter reduce the dif-
ferences among the rates predicted by the different PSMCs, for both considered pr
cuts. Indeed, a larger value of the radius correspond in being more inclusive on the
extra radiation, therefore being less sensitive on the different ways this extra radiation
is generated. This can be specially seen in the two jet bin, which gives the bulk of
the total cross-section. For the three jet bin, the pattern is more complicated: the best
agreement among the three PSMC is found for a rather low value of AR (0.3) while
for higher values larger discrepancies are found. No easy explanation of this can be
given.

For what concerns hadronization it is very interesting to see that, while for PyTHIA6
and HERWIGS6 effects are moderate (with the exception of the smallest values of AR),
for HERWIG++ they are larger, and negative. In particular one can see that these
effects account almost for the whole difference between HERWIG++ and HERWIG6.
These differences deserve further investigations in conjunction with the PSMCs au-
thors. Also hadronization effects tend to diminish for larger radii.

Effects due to the choice of a different jet clustering algorithm are found to be minor.
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Figure D.0.1: Jet multiplicity ratios for different values of the jet radius parameter AR and of
the jet minimum p7. Results obtained without hadronization are also shown. See the text for
details.
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