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Chapter 1

Introduction

uantum Chromodynamics (QCD) is the theory of the strong interaction acting
between partons, the constituents of hadrons. QCD is a quantum field
theory of Dirac-fields coupled to a non-Abelian gauge-field. In other words QCD
is a consistent quantum field theory of fermions with spin one-half and bosons
with spin one. These bosons are the quantum fluctuations of a non-Abelian gauge
field. The symmetry group is SU(N,.), where the choice N. = 3 yields remarkable
agreement with experiments. Due to the non-Abelian nature of the gauge-field, it
also carries a charge (color) and because of this peculiar effect, it is self-interacting.
We collectively call the strongly interacting particles partons, the fermions are
referred to as quarks, while the mediators are called gluons. We label gluons by
g, while the six different quark flavors are denoted by u, d, c, s, t, b. In nature only
the first two flavors can be found in the proton and neutron, all the others can
only be observed in high-energy scattering experiments. The mass range of quarks
spans more than four orders of magnitude, while the u and d quark masses are in
the order of a few MeV, the heaviest quark, the top, has a mass comparable to
the mass of a gold atom.

QCD is rooted in the parton model [1], which made its first triumph by explain-
ing the hadron multiplets. In the early 1960’'s the observed baryons and mesons
could be organized into octets and decuplets using strangeness and charge. These
structures could have only been explained if three different type of quarks (u, d
and s) had been defined such that the baryons were considered as the bound states
of three quarks, while mesons were defined as the bound states of quark-antiquark
pairs. Although the quark model turned out to explain successfully the hadron

3



4 CHAPTER 1. INTRODUCTION

substructure, these constituents were only seen in deep-inelastic-scattering (DIS)
of electrons on protons at SLAC. The finite size of the proton was suggested by
inelastic electron scattering, as Mott-scattering (electron scattering on a point-
like charge) was unable to describe data. Agreement can be found when finite
size effects are taken into account by form factors. The found proton radius
turned out to be surprisingly large. Further experiments lead to the conclusion of
three pointlike constituents. The parton model could describe the various hadron
multiplets and experimental results could be interpreted by it, though it failed to
elucidate, for example, the AT baryon. It is the bound state of three u quarks
with the spin of three-halves. Hence all three quarks seem to be in the same state,
and without introducing additional degrees of freedom or quantum numbers, this
baryon contradicts to Pauli’s exclusion principle, which however should be true for
all fermions. This contradiction is resolved by the introduction of color [2,3]. The
colorized parton model furnished the ground for QCD, by the knowledge, that
quarks are spin one-half fermions with three possible color charges. The quantum
field theoretical description became possible.

The running of the coupling, as, is governed by the renormalization group
equation. In QCD the self-interacting gauge-field, the number of color charges and
flavors result in a negative B-function, hence producing asymptotic freedom. If the
renormalization scale is denoted by @, due to asymptotic freedom ag(Q?) @0,
0. This enables QCD to be treated perturbatively at sufficiently high energies,
ensured by the smallness of the running coupling.

In an actual experiment such as the ATLAS or CMS at the LHC the highly
sophisticated detector apparatus detects hadrons. The initially created highly
energetic partons due to their color charge can radiate further partons, just like an
electron in the presence of an electromagnetic field creating a radiation cascade.
Radiation continues until all the partons reach low energies, where hadronization
occurs. Since the radiation produces soft (less energetic) and/or collinear (emitted
into the direction of movement of the emitter) partons, collimated hadrons, jets,
are observed. Physical observables are assigned for jets. In perturbative QCD we
calculate matrix elements at the parton level, which means partons are considered
as in-coming! and out-going particles in contrast to experiments, where both
in-coming and out-going particles are hadrons. Connection between initial state
hadrons and partons can be made by the parton distribution functions?. According

1Only when a hadron collider is considered.
2A parton distribution function, fp/H(x,Qz), expresses the probability density of finding a
parton-type p inside a hadron-type H, which carries x fraction of the momentum of the hadron



to the factorization theorem [4] the cross section with hadronic initial states can
be obtained by a convolution of the parton distribution function(s) (PDF) with
a cross section calculated on the parton level. Hence the factorization theorem
enables us to construct the cross section at any given order in perturbation theory
from a non-perturbative (PDF's) and a perturbative part (partonic cross section).
Factorization theorem states how initial state hadrons can be incorporated, but
cannot solve the problem that arises in the final state, namely, predictions are
made for partons, while experiments observe hadrons. The predictive power of
the partonic final state is provided by the local parton-hadron duality [5,6]. The
hypothesis of local parton-hadron duality states that the hadronic momentum
flow obeys a Gaussian distribution around the initial partonic one. The hadrons,
appearing in the final state, are collimated into jets. The jet momentum flow
mirrors the initial partonic one.

Jets as collimated hadrons consist of O(10) hadrons, and showing a rich jet
substructure, while in a calculation a jet is modeled by O(1) partons. In the lowest
order of perturbation theory, one jet is approximated by exactly one parton, as
going beyond the lowest order, the possible number of partons per jets increases
with only one parton from order to order. Hence to reach the same level of
jet substructure at the parton level several orders should be taken into account
in the perturbative series, which due to the complexity of QCD calculations is
unreachable. One possible and widely used solution to the problem is the use of
parton shower programs [7,8]. These take the hard scattering process with limited
number of partons in the final state, and by using a probabilistic description add
more partons in the final state by the so-called showering procedure. Beginning
with a few highly energetic partons coming from the hard scattering process the
parton shower algorithm produces further emissions from these partons using a
prescription derived from the collinear factorization of QCD cross sections. The
parton shower algorithm approximates the effect of higher order corrections in
the collinear region. The emitted partons tend to be in the collinear region with
respect to the emitter ones.

The application of parton shower to a calculation can introduce jet substructure
into it, but the approach lacks one important feature. While the experiment
observes hadrons, the parton shower can only increase the number of partons in
the prediction. Thus hadronization should be included to bring the theoretical
prediction as close as possible to the experiment from the point of view of particle
content. As can be shown [9] the effect of hadronization is O(1/QP), where Q is

at a scale Q.
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the nominal energy scale of the hard scattering and p > 1, hence at sufficiently
large energies we cannot expect too large corrections to infrared safe observables.
An observable is said to be infrared safe, if it is insensitive to soft and/or collinear
parton emissions. In the past several hadronization models were created [10—-16]
to simulate confinement, but these are only phenomenological models including
parameters which are fixed by measurements.

When we make predictions we pursue high accuracy and we would like to get
as close to the experimental observation as possible. The naive remedy seems to
be including more and more terms in the perturbative expansion of the differential
cross section and applying parton showering and one of the available hadronization
models on the final state. The naive approach, although, cannot work. Beyond
lowest order in perturbative QCD the hard scattering process, without the appli-
cation of the parton shower, can have soft and/or collinear partons, which can
also be produced during parton showering. This causes a double-counting of radi-
ation, which should be avoided. In other words the same parton configuration can
be produced both in hard scattering and in parton showering, hence resulting in
a double-counting. This double-counting renders the merging of beyond leading
order calculations to parton showers a non-trivial task.

In this thesis we will make NLO predictions at the hadron level for processes,
which include a top quark-pair in the final state with one additional particle, which
can be a vector boson, a (pseudo)scalar or a jet.

1.1 Importance of being Top

The mass range of the known quarks spans more than four orders of magnitude,
but this hierarchy remains still unexplained. The heaviest among them is the top
quark, with mass m, = (172.9 £ 0.6 £ 0.9)GeV and width I; = (2.073:{)GeV,
obtained from recent PDG-live data [17]. The quark content of the Standard
Model is organized into generations as SU(2). doublets by the electroweak inter-
action. These generations are enlisted in Table 1.1. The top quark mass is so
large, that it cannot be neglected even for LHC energies. Due to its large mass the
first top quark-pair was only observed in 1995 at the TeVatron [18,19]. The top
quark, because of its large mass, serves an important role in particle physics, for
instance, in measuring Standard Model parameters, providing discovery channels
to the Higgs-boson, and as a possible final state it might open a door to BSM and
SUSY physics. For instance, exotic mediators could create top pairs in various
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Figure 1.1: Radiative corrections coming from the top quark and the Higgs to the
masses of the electroweak vector bosons.

BSM models and also the top could decay into exotic particles, such as a charged
Higgs boson.

Though the top quark was only observed in 1995 its mass was already predicted
from global electroweak data fits [20—23], for the reason that the electroweak vec-
tor boson masses get finite corrections coming from top quark loops as illustrated
on Fig.1.1. On this figure we also depicted the corrections coming from cou-
pling to the Higgs. The top mass from indirect measurements was predicted [23]
my = (162 + 15Jj§5)GeV, while from the latest TeVatron direct measurements
my = (173.2 +0.9)GeV [24]. The same indirect analysis predicts the SM Higgs
mass to be my = (3907739)GeV. The large uncertainty band is a consequence of
the logarithmic dependence of mw on my.

The electroweak fits suggest an SM Higgs mass around 90GeV, hence the
closest lying particle to this value is the top quark, this closeness suggests, that the
top quark has the most natural mass among the observed particles. We would like
to note, that during writing this thesis both the ATLAS and CMS collaborations
found a new boson with a mass of 125GeV [25, 26].

(+)(2)(s)

Table 1.1: Three generations of quarks arranged into doublet. The lower quarks
are primed, since the electroweak eigenstates do not coincide with the mass eigen-
states.

The coupling of fermions to the SM Higgs is proportional to their mass, thus
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Figure 1.2: This figure shows a top quark-pair decaying into a charged Higgs and
aWw~.

the top quark has the highest one. Naively this feature could make the tt+ H
final state a possible discovery channel for the Higgs, but the cross section of this
process is small, since the final state is composed of three particles with large mass
(the sum of the masses is more than 400GeV). Hence the tt + H process cannot
be used as a discovery channel, but it is important because it allows for measuring
the coupling of the Higgs to the top. At the LHC sufficient luminosity will be
collected so that the top—V (V can be W¥ or Z) coupling will become measurable
too, which could provide yet another testing ground for the Standard Model. The
top quark is also interesting for beyond Standard Model physics, for example on
Fig. 1.2 the creation of a top quark pair is illustrated, where the top decays into a
BSM Higgs boson, while the antitop decays into a W™. In BSM physics the top
quark can have two different roles, as a signal, or as a background. On Fig. 1.2 the
top quark-pair production and decay act as a signal, while the tt+j and tt +V
processes are important as backgrounds in BSM searches. To take a definite
example, we can consider same-signed lepton-pair production, which is quite rare
in SM but highly favorable in several BSM models [27-35].

Since the weak interaction mixes the quark states, the heavy quarks can decay
into several other ones by means of the weak force. The level of mixing and
possible decay modes are governed by the CKM matrix, which can be written as

Vud Vus Vub
V= Vcd Vcs Vcb ) ( 1. 1)
Via Vis Vi
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using the CKM matrix elements the probability of the t — bW decay is |V;|?,
the conservation of probability is satisfied by

> Mgl =1. (1.2)

q,E{d,s,b}

The experimental value for |V;p|? is close to one, thus rendering the t — bW
decay mode the dominant one. As the branching ratio (t — b W™) is close to one,
measuring the probability of the other two modes is extremely difficult. These can
be better measured in single top production.

The total width of the top has recently been measured by the DO collaboration
at the TeVatron in single top and top-pair production: I = (1.997382)GeV [36].
In a theoretical calculation one can choose between several approaches to calculate
the width, for instance, we can neglect the b mass and W width, or we can take
into account the width of the W, or we can calculate the width with LO, NLO
or even with NNLO accuracy [37-41]. In any case due to the large mass of the
top quark it decays well before hadronization, so the quantum numbers of the top
quark are much more accessible compared to the other quarks that form bound
states due to confinement prior to decay.

It was already shown, that the top quark earned a special status among those
particles, that are collectively called quarks. There is one more property making
the top quark special, the charge asymmetry [42], manifesting in forward-backward
asymmetry at a proton-antiproton collider such as the TeVatron, studied recently
[43]. This asymmetry can be defined in the laboratory frame as [42]:

_ Ni(cos@ > 0) — Ng(cos6 > 0)
~ Ni(cos@ > 0) + Ng(cosf > 0) "

Arg (1.3)
where Ni)(cos@ > 0) is the number of (anti)top quarks, for which the cosine of
the enclosed angle with the incoming antiproton is greater than zero. In pertur-
bation theory Arg is identically zero at LO accuracy. At the NLO accuracy the
asymmetry comes from the real-emission and also from the virtual part, but with
opposite signs. In the real-emission part, the effect originates in the interference
between initial- and final-state gluon emission, and it is a negative contribution.
This means the top quarks are most favorably emitted in the hemisphere of the
incoming quark, while the contribution of the box diagrams in the virtual part is
positive, meaning that the top quark is preferably emitted in the hemisphere of the
antiquark in the initial state. As shown in Ref. [42] the positive contribution com-
ing from the virtual part overcomes the negative one, thus the forward-backward
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asymmetry is positive. This asymmetry can be detected at the TeVatron, since
this collider is of the proton-antiproton type, the incoming direction of the proton
and antiproton is fixed, and due to the parton distribution functions quarks are
more likely to come from the protons, while antiquarks from the antiprotons.

In the case of the LHC the initial state is symmetric, therefore the previous
reasoning cannot be used to define an asymmetry for this type of collider. One pos-
sible escape is provided by the fact, that the colliding particles are protons, hence
all the valance partons are quarks, antiquarks can only come as sea-antiquarks.
In QCD the top has the tendency to be emitted in the direction of the initial
state quark, and because quarks can have higher momenta3, hence the top tends
to acquire much larger rapidities compared to the antitop [44,45]. Since for the
LHC the g g initial state is the most probable one, this asymmetry is suppressed
compared to the forward-backward asymmetry at the TeVatron.

Regardless of the type of asymmetry being studied, it can serve as an important
test of the SM, and it is important for new physics searches, since the asymmetries
can be sensitive to new heavy vector bosons, scalars, color states or even to
gravitons.

3The PDF allows much larger momenta for valance quarks as to sea-antiquarks.



Chapter 2

Methods

2.1 NLO calculations

|n perturbative QCD we consider the cross section as an expansion in the strong
coupling®. Hence the cross section can be written as

o = gtO 4 gNLO 4 gNNLO 4 (2.1)

where LO, NLO and NNLO stand for the Leading-Order, Next-to-Leading-Order
and Next-to-Next-to-Leading-Order contribution respectively. The validity of this
expansion is guaranteed at sufficiently high energies by asymptotic freedom [46,
47].

The truncation of the expansion introduces a dependence upon non-physical
parameters, the renormalization- and factorization-scales (ugr, tr). This depen-
dence decreases as more terms are considered in the expansion. Thus the precision
of the theoretical prediction can be enhanced by introducing more terms in the
expansion, but the calculational complexity increases rapidly from order to order.

In the beginning of the 21st century there were only two high-energy colliders,
which could be used for studying the highest energy regime, these were the TeVa-
tron and the LHC. These state-of-the-art machines were both hadron-hadron col-
liders, where the high-energy regime was investigated by proton-antiproton (TeVa-
tron) and proton-proton (LHC) collisions at various energies. The calculation of

1More precisely an expansion in as, with as = i’—;, where gs is the strong coupling constant.

11
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the cross section at these machines are provided by the factorization theorem [4],
which gives the cross section for the collision of hadrons A and B as a convolution,

1 1
UAB:Z/ dx, fa/A(xa,p,%)/ dxp foy5(Xb, UF) Oab(XapPa, XopPei ) (2.2)
ab 0 0

of the parton density functions (PDF’s) f,/p(x, u2) (p € {a, b}, P € {A B}),
with the partonic cross section for the collision of partons a and b, o.p(pa, pPs; p,ﬁ).
The PDF represents the probability of finding a parton type-p inside a hadron type-
P with momentum fraction x,.

The perturbative expansion of the cross section is applied to the partonic one,

Tab(Pa, Poi bE) = 0-9(pa, pb) + VO (pa, poi kE) = onto(Pa, poi ), (2.3)
where we keep only the first two terms in the expansion. The first contribution,
the LO term,

1 o
a-C(pa, pp) = g/d¢B|MB|2 (2.4)

is the integral of the color- and spin-averaged squared Born matrix element over the
Born phase space, divided by the conventional flux factor, s = x,x,S, where S =
(pa+ pg)? is the square of the hadronic center-of-mass energy. Mp is the matrix
element, which contains all contributing Feynman-diagrams at Born-level. For
example if we consider tt production in hadron-hadron collision the diagrams are
listed on Fig. 2.1, where the double line is used to illustrate a propagating massive
fermion. The matrix element can be calculated from the Feynman-diagrams by
means of Feynman-rules, see e.g. in Ref. [9], or in Ref. [48-50]. The partons in
the final state form jets, hence not only the inclusive cross section, but one related
to some jet quantity can be computed. The cross section for a jet quantity can
be written for the Born contribution as

1 -
o'5°(pa, pp) = g/dCDBUVlBPJn(paypb;Pl ..... Pn) . (2.5)

where J, is the jet measuring function defined for n partons in the final state. In
perturbation theory predictions can only be made for IR-finite quantities, hence
the jet measuring function should fulfill the following properties:
||m Jn(pa:pbvpl 1111 pl‘ """ pj llll pn):O, v’!.je {1 1111 n},
pi*p;j—0

lim Jn(pa, Po; P, - -, Piv--ovpn) =0, Vie{l ..., nt, ke{ab}, (2.6)

PitPk—>
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Figure 2.1: Born-level contributions to tt production in hadron-hadron collision.

these properties ensure the cross section to be finite even if one or more partons
in the final state become soft and/or collinear with any other parton in the initial
and final state. A parton is defined soft if its energy vanishes, while a parton is
defined collinear with respect to another, if and only if the enclosed angle is zero.

For better understanding of softness and collinearity we consider the example
of gluon radiation off a massless quark. If the emitted gluon and the recoiling
quark are on-shell, their momenta squared are zero, the denominator of the quark
propagator before emission is E4E4(1—cosfyq), where Eg and E, are the energies
of the gluon and quark respectively, while 844 is the enclosed angle. As E; — 0
and/or cosfyq — O the propagator factor diverges?. If the process under consid-
eration contains massless partons at the Born-level, the jet function eliminates the
divergences associated with IR regions, and makes the corresponding cross section
finite.

At the Born-level a one-loop running strong coupling is used, hence a depen-
dence upon a non-physical scale is introduced®. The dependence of the cross
section on these unphysical parameters turns out to be large, returning to the
example of tt production, we plotted the Born-level (LO level) cross section on

2As can be shown, when E4 — 0 it only produces a sub-leading, integrable divergence.

3More precisely dependence is introduced on two non-physical parameters, one is the renor-
malization scale (uR), which enters the strong coupling, while the other one is the factorization
scale (g), which enters the parton distribution functions, hence only present at hadron colliders.
In this thesis we use ur = U = u.
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Figure 2.2: The tt production inclusive cross section as a function of the un-
physical p parameter, used for both the renormalization and factorization scales.
The dotted green line shows the Born-level prediction, while the solid red one the
corresponding NLO one.

Fig. 2.2 with a green dotted line. From this plot it is apparent, that the dependence
on  is large. The dependence is introduced by truncating the series expansion of
the cross section as a function of the strong coupling. We expect less dependence
on unphysical parameters as more and more terms are considered in this expansion.

The NLO contribution to the inclusive cross section can be written as the sum
of three contributions:

1
o (p,, pp) = e /dCDB {/dCDradlMRP + 2Re(M, - MB)} + 0" (p,, pp)
(2.7)

where the first term in the curly parentheses is called the real-emission part, while
the second one is the virtual part. The real part contains one more parton in
the final state, hence an additional integration is needed for the extra parton,
denotes by d®,,q, the real emission phase space is constructed from ®,,q and g,
br = Pr(dp, Drag). The second term is constructed as an interference of the
Born matrix element with the one-loop amplitude. The third term is the collection
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Figure 2.3: Sample Feynman-diagrams contributing to the real emission part of
tt production at NLO.

of counterterms for the initial state collinear singularities [51].

In the case of tt production the real-emission part contains one additional
parton in the final state along with the top quark-pair, a sample of contributing
Feynman-diagrams can be found on Fig.2.3. On these diagrams the extra parton
in the final state is apparent. This extra parton can be emitted from various
partons, hence introducing various IR-regions in the real-emission phase space.
The presence of singular regions in the real emission phase space renders the
real-emission part divergent. This divergence only rises computational problems,
but not conceptional ones, since physical meaning can only be assigned to the
sum of the real-emission, the virtual part and the counterterms of initial state
collinear singularities. The inclusive cross section is well-defined for this process,
thus singularities are expected from the virtual part, such that they cancel with
those present in the real-emission part # making the sum of these two finite. It is
already mentioned, that the virtual part is defined as an interference of one-loop
amplitudes with the Born matrix element. Some one-loop Feynman-diagrams
are depicted on Fig.2.4 for tt production. By investigating the partons along
the loop, even on the depicted diagrams, there are one or more partons, which

4This statement is not true in collisions with hadron(s) in the initial state. If hadronic initial
states are considered, the singularities associated with final state partons collinear with initial
state ones are absorbed into the redefinition of the parton distribution function.
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~

Figure 2.4: Same as the previous figure, but for the virtual part.

show IR divergence [52-54]. These divergences become manifest as 1/€ and 1/¢€?
poles, as a consequence of performing the integration over the loop momentum in
d = 4—2¢ dimensions. Hence the dimensional regularization has two distinct roles
in QCD: one is to regularize the UV divergences, while the other to regularize the
IR divergences as well. The 1/¢ poles are partially removed by the renormalization
procedure, while the remaining 1/€ and 1/€? poles are cancelled by the singularities
presented in the real-emission part. The phase space integration is cumbersome
computationally for complicated processes. Our aim is to make the real and virtual
part separately numerically integrable in four dimensions. This can be achieved, if
a subtraction method is applied to the real-emission part.

The idea of a subtraction method can be illustrated with the following example
[55]. Consider the expression

. bodx 1
| = E||_r;rg) {/o e F(x)— EF(O) , (2.8)
where the first term has the resemblance of the real-emission part, while the
second term has an explicit € pole just like the virtual part. The two terms are
separately divergent, but when combined the result is finite. The problem arises
in the integrand of the first term, the integrand is divergent as x — 0, the integral
can be made finite, if x"(1=9 F(0) is subtracted. We don't want to change the
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result, hence the integral of this subtraction is added back, which results in

1 1
. dx dx 1
/= lim UO T FO-FO) + [ FLRO-F0)| . @9)
With this subtraction the first and last two terms become separately finite, thus
the € — 0 operation can be carried out before the integration, and the resulting
integral become finite:

/:/O dYX(F(x)—F(O)). (2.10)

This example clearly illustrates the role of the subtraction schemes used in QCD
to make the NLO calculation feasible numerically. In all subtraction methods we
are adding zero to the NLO contribution, but in such a clever way to get rid of
the singularities present in the real-emission part. Nowadays several subtraction
methods exist, the interested reader can find these in Refs. [56-63].

The NLO contribution to the inclusive cross section with a suitably chosen
subtraction scheme can be written as

MO (p,, pp; pud) = VO (p,, pp) + MOV (i, pp)+
1

+/ dX[UNLO{C}(X;XPa:Pb;/J'l%)+UNLO{C}(X;pa:XPb;/J'|2:)}v (2.11)
0

where oNLO1R}Y s the real-emission part minus the subtraction terms, oN-O{V}

is the virtual part plus the integrated subtractions. The last term is the finite
remainder of the integrated subtractions for the initial state collinear singularities.
These terms can be expressed with the usual POWHEG terminology [64]:

ANOV (. py) = / doeV(ds),  oMOR(p, py) = / ddRR(DR)
(2.12)

where ®g is used for the real-emission phase space, while the last term of Eq. (2.11)
can be written as

1
O’NLO{C}(X; XPa, Pb: u,|2:) = /dCDB;G@(CDB) !

1
oM (x; py, xpy; pE) = /dq’B;Ge(‘DB)' (2.13)
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where x is the parton-in-parton momentum fraction, the reader should note that
oNLO{CY has an explicit dependence on x, and the integration of it is performed for
oNLO{CY | The role of x comes from collinear parton splitting, since when the ith
final state parton becomes collinear with one of the initial state partons, say with
Pa, there exists a ratio x, with which we can re-express p;, such that p; = (1—x)pa.

These formulae enable us to calculate the NLO contribution to the inclusive
cross section. If this program is carried out the NLO inclusive cross section in most
cases shows a decreased dependence on unphysical scales. On Fig. 2.2 we plotted
also the NLO cross section as well for tt production with a solid red line. The
plot shows a milder dependence on non-physical scales if the NLO contributions
are added, hence enhancing the predictive power of the theoretical calculation.

It is possible to declare the NLO cross section of a jet function. The jet
function has to fulfill further properties compared to Eq. (2.6). If at the Born-level
the final state is composed of n partons, at the NLO level the same jet function
is defined for n + 1 partons in the final state with the following properties.

lim Joe1(Pa, Poi p1, - - - Piv-- -, Pj - Pni1) =
pipj—0

= Jn(Pa, Pb; P1, - - -, pi+ P, .., Pnt1)

lim — Jpra(Pa. Poi p1, - - - Piv-- -, Pnt1) =
pi—(1=x)pk

_f In(xpappip1. - Pi—1, Pit1, - - pny1), k=a
_ (2.14)
In(Pa, Xpp; P1, - - -, Pi1,Pit1, - pnt1)., k=b

If the jet function is defined this way, it is called IR-safe, which is mandatory to
define a finite NLO cross section for this observable. If n partons are present in the
final state at the Born-level, the corresponding NLO contribution can be written
as

o-DlLo(pav pbr /J‘lzz) =

— [ a®ads [MR(BRIE 1 (9) — C(Ps, P (@) +
+ [avs [2Re<M*V M) (@) + [690aC(@s, q»rad)Jn(@B)] N

1
+/ dx[aJNLO{C}(x;xpa,pb;u%)+UJNLO{C}(x;pa,pr;u%)}, (2.15)
0

where the real-emission phase space is given as a function of the Born and radiation
phase spaces, g = Pr(Pg, raq), for brevity J,11(dg) and J,(Pg) mean the
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n+ 1 and n parton jet function evaluated on the real-emission and Born phase
space, respectively, C(®yaq, ©g) is used as a shorthand for the subtraction terms.
The finite remainders of the collinear counterterms are defined accordingly

1
SO (3 by u2) = / 195 G (®5) 1 (®s),

1
N (x; pa, xpyi uE) = /d%;Ge(CDB)Jn(‘DB)- (2.16)

2.2 Parton showers

In perturbative QCD the cross section and also all physical observables are consid-
ered as a series of the strong coupling (as). As already discussed the truncation
introduces dependence on unphysical parameters. To reduce this dependence more
and more terms ought to be calculated in this expansion, which is very tedious.
There is however, a more severe problem. Investigating the possible set of
physical observables, regions can be found where a fixed order calculation will
always result in a poor description because that all order terms can be enhanced.
To take an explicit example we consider the p,-spectrum of the W-boson
observed at the TeVatron. At leading order the p, of the W is exactly zero, since
the final state is only composed of the W without any recoiling particle. By adding
an NLO correction, W production with non-zero p, becomes possible because the
oR part of the NLO correction contains one additional parton. By plotting p; w,
we can see that in the low-p, region the increasing tendency is changed in the first
bin where it is large and negative. This is a consequence of the virtual contributions
since they have only the W in the final state, thus contribute only to the p; w =0
bin. While in the large-p, region the NLO prediction is reliable it is not so when
piL,w << my. This is a corollary of terms divergent as p; w — 0. For instance,
we can find a term in the real-emission contribution which contains a factor of

Piasw log p;%v as compared to the LO. In the region of p; w < my these kind of
terms will enhance all order contributions. Due to this fact the predictive power
of the NLO calculation is lost in this particular region.

To regain predictive power we have to take into account these contributions at
all orders. There are two possible ways to do this, either by all-order resummation
[9, 65, 66], or by a parton shower algorithm [8]. In this section we briefly review
the main idea behind parton shower algorithms.

We consider the leading collinear emission for timelike particle splitting in a
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2
Pq—>qg(z) CF%

1-2z(1—2))2
Pg-99(2) N =202 Z(LZ)”

Pyqa(z) | Tr(z> + (1 - 2)?)

Table 2.1: Angular averaged splitting kernels for QCD. N, Cg and Tg are rela;ced
to the SU(N.) group, such as N is the number of color charges, while Cg = Ne—1
and TR = 1/2.

2Nc

process containing n + 1 partons in the final state. In this case the differential
cross section with the appropriate phase space measure can be approximated as

dan+1(¢n+1) ~ dan(q)n)P(q)rad) ) (217)

where we factorized the phase space to an n-particle and a radiation one, while
the probability of the splitting is expressed through P. The radiation phase space
can be written in the small angle approximation as:

do
dbrg = dtdzz (2.18)

where t is called the virtuality, t = (p; + pn+1)?, if the splitting occurs on the ith
parton line, with i € {1,..., n} and z = E,y1/E;. This form for the phase space
enables us to write the radiation probability in the form,

dtd do
T o
where P(z, ¢) is the so-called splitting-kernel, its form depends on the type of
splitting. The angular averaged splitting kernels can be found in Table 2.1.

Eq.(2.19) represents the probability of one splitting in the collinear region
with respect to the emitter. This can be iterated ending up with the Sudakov
form-factor

P(Praa) = ;‘—;P(z, ®) (2.19)

Atr, t5) = exp {— /ttlf/lzodzo‘zgpp(z) , (2.20)

which expresses the probability of no emission between t; and t, virtualities (t, <
t1). A minimal virtuality (tp) has to be defined, below ty resolvable emission is
not allowed. The minimal energy fraction zy is determined through tg, zg = %
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At this point it is worth noting, that the splitting introduced in Eq. (2.19) can
be defined in other forms. When parton showering is introduced on the base of
Eq. (2.19) the virtuality becomes the ordering variable of the shower. Common
other ordering variables are the relative transverse momentum, k., and the en-
closed angle, 8. These variables can be equally used in the collinear region provided
by

dt  dk3 de?

; ? =g (2.21)
these ordering variables in the collinear region are equivalent to each other, but
outside it they give different finite contributions. z is defined as an independent
parameter when the enclosed angle is chosen as the ordering parameter.

This definition of the Sudakov form factor establishes ground for Monte Carlo
event generators. The case of spacelike splitting can be found in Refs. [8,9,67].

If we would like to construct a parton shower using the model Sudakov form
factor defined previously by Eq. (2.20) for a final state shower, we have to define
an initial f virtuality to start the parton shower. As we discuss time-like branching,
the virtuality has to decrease as our event evolves in time. By running the parton
shower we need virtualities where resolvable emissions take place. In order to
find these we generate a random number R between 0 and 1, and if the previous
branching took place at virtuality t;, that of the second branching can be obtained
by solving the following equation

Aty t2)

The parton shower evolution stops when the resulting virtuality reaches or goes
beyond the scale where hadronization takes place. Since the parton shower ap-
proximation sums up leading logarithms Sudakov damped regions appear in the dis-
tributions, for instance, at small p,. But as we go away from those regions where
the leading logarithmic contributions are enhanced the parton shower approxima-
tion goes wrong. Going back to our example of W production, the Sudakov-region
at the very beginning of p; w can be seen, but at scales at the order of my the
p1, w-distribution breaks down, because when a hard, non-collinear emission takes
place the parton shower approximation fails. We can improve the description if we
use a matrix element corrected shower [8,67].

If we consider only the first emission of a parton shower algorithm, the differ-
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ential cross section can be written as
R
do = dogB A(pl'min) + A(DL)Edq)rad . (223)

In the parton shower approximation p; — 0 and

R p—o as  dtdeg
Prag= —— —dz——P . 2.24
dPrs s 2% 22dz 22 P(2,6) (2:24)
By using the g factor in the first emission instead of its approximation in the
p1 — 0 limit, the first emission will be exact in the whole available phase space.
Changing the formula for first radiation implies a change in the Sudakov factor
also,

A(pL) = exp {— /d¢radg®(m(¢rad) - pJ_,min)} : (2.25)

This Sudakov-factor expresses the probability of no-emission with transverse mo-
mentum larger than p;. The Heaviside-function in the argument restricts the
phase space to that region, where the p; is larger than a p; min value. Under this
value only unresolved emissions take place. Hence if the first emission is wanted to
be correct in the available phase space and not only in the collinear limit Eq. (2.25)
should be used to generate it, while for the subsequent emissions Eq. (2.20) should
be used. In the next section we will further investigate this formula, since it plays
an important role in NLO matched parton showers.

2.3 NLO matched parton showers

In the following we only focus on the POWHEG [64] approach, since the POWHEG-BOX
[68] uses this technique. In the previous section it was demonstrated how to extend
the concept of the parton shower approximation to correctly model the first hard
emission and reproduce the LO cross section. The idea behind an NLO matched
parton shower is the same, for instance, generate the first emission with NLO
accuracy and only after the first hardest emission apply parton shower approxima-
tion, but in such a way, that the observables resemble NLO accuracy. To obtain
NLO accuracy at the first emission level, B should be replaced by B in Eq. (2.23).
Hence the differential cross section reads

_ R
dope = dPgB |A(pL min) + A(DL)Ed(Drad , (2.26)
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where ®g is used for the Born and ®,,4 for the extra radiation phase space, with
A(py) defined by Eq.(2.25). In matching NLO calculations to SMC (Standard
Monte Carlo) programs the aim is to generate events (in the standard Les Houches
event format) and make these events ready for further processing by the SMC
programs. In practice Eq. (2.26) is used to generate events in the Les Houches
Event format, hence the LHE subscript. In the subsequent chapters for brevity
we will always use LHE as a shorthand for Les Houches Event. In this NLO
Sudakov form factor the Heaviside-function restricts the integration only to those
configurations where the emitted parton has at least p; min transverse momentum,
while B is given by

B(dg) = B(Pg) + V(g) + / 1D R(Pr(Ds, D)), (2.27)

where V is the virtual part also including the integrated subtraction terms and R
is the real-emission part minus the subtraction terms. The real-emission phase
space, as we saw earlier, is constructed from the Born and a one-particle radiation
phase space, hence formally ®gr = Or(Pg, raq). By construction

ONLO = /dq)Bé((DB)- (2.28)

Furthermore, the NLO Sudakov form factor satisfies

dA(py1)
dpL

= 8(p1) [ dr 0lp1 (Grae) — 1] = 5A(p). (2.29)

by which one can prove the unitarity relation,

b R
/ dpy [A(pl,min)é(pi — Pi.min) + EA(PL) =
PL min

* dA(p
= apemn+ [ B < a0 =1, (230)
PL min pl
hence
/dULHE = ONLO - (2.31)

So at the first emission level the NLO accuracy is restored. It is also informative to
know the accuracy of a differential distribution of an observable O. This differential
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distribution in an NLO calculation can be calculated as
d _
% - /dchBa(O(ch) ~0). (2.32)
This differential distribution can be obtained from the LHE's, in such a case the
achieved accuracy can be calculated as follows. By using Eq. (2.26) the differential
distribution of observable O is written
do _
2 — [a0e8(02) {BpLmn)0(0(¢2) - 0) +

+ [40uslo) FOGL — pLniO@R) -O)} . (233

to exploit unitarity of the first-emission formula (Eq. (2.30)) we add and subtract
the same term:
d _
Tt — [ 40aB(®e)6(0(®e) - O)

doO

: {A(m,min) + /dcbradA(pL)ge(pl - PL,min)} +

1

+ [a0rApIRZO(PL ~ pi i) (6(0(0R) ~ 0) ~ 5(0(0e) ~O))
(2.34)

by using the following expansion in as

Ap)g = 1+0(au), (2.35)

the differential distribution is

e — [400B(0e)3(0(0r) - O)+

+(1+0(@) [dorh(p)Rg (3(0(6r) - 0) = 5(0(¢e) - 0)) -

: e(pL - pL,min) - (236)

By dropping the ©(py —p,1 min) function, which effect is suppressed by p; min [64],
we can arrive at

e _ S0 1 0(ax) [d0aR (3(0(4r) - 0) - 5(0(®e) - 0)) . (237)
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Although the accuracy is formally NLO, we can expect sizeable deviations from the
NLO predictions if the K-factor of the O observable is big. As a concrete example,
when tT + W= production is considered [69] the p, s-distribution started to visibly
deviate from the NLO prediction, when the differential K-factor reached the value
of 2.

In the first-emission Sudakov-factor (Eq. (2.25)) the real-emission — underlying
Born ratio is exponentiated. If the underlying Born vanishes in some kinematical
configurations such that the real-emission part is still non-zero, the Sudakov-
factor vanishes making this Born phase space point one, from where no event
can be generated, since in Eq. (2.26) both terms in the parentheses vanishes. To
circumvent these cases in POWHEG the concept of remnant real contributions is
introduced [68,70]. With a suitably chosen F factor the real-emission part can be
separated to two pieces as

RS=FR, R =(1-F)R, (2.38)

and instead of g, only % is exponentiated. In general F is process-dependent,
though chosen such a way, that as any of the singular regions is approached
F — 1. This guarantees exponentiation in all kinematically degenerate regions
of the real-emission phase space. With these modifications the Sudakov-factor,
the B function, the differential cross section for the LHE's and the differential
distribution for an observable can be written in the following form:

B(p2) = 00 { - [a00s' O(p(®aa) < 1) |

B(®g) = B(®s) + V(®s) + /dcbradﬁ’s(q)R((DB, Draa))

_ RS
doiHe = dPgB I:A(pL,min) + A(pL)Bchrad:| +dbgRT,

e _ douo | O(a) [ ddeR® (3(0(0r) - 0) - 8(0(¢a) - 0))
(2.39)

where RS is obtained from R by replacing R with R*.

In this subsection we only considered the POWHEG method to match NLO
calculations with parton showers. There exists yet another matching technique,
MCG®NLO, details on this method can be found in Ref. [67].
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Chapter 3

tt + j production

n this chapter we show the first application to a 2 — 3 process of the combina-

tion of the POWHEG-BOX and the HELAC [71] frameworks (the resulting code is
called PowHel) for producing showered events of the tt + j final state that can be
used to make distributions with correct perturbative expansion up to NLO accu-
racy. Due to the large collision energy at the LHC, tt pairs with large transverse
momentum will be copiously produced and the probability for the top quarks to
radiate gluons will be sufficiently large to make the tt + j final state measurable
with high statistics. Therefore, we make first predictions for such events at the
TeVatron and the LHC.

This process plays an important role in the Standard model, since it has a
contribution to the tt pair production inclusive cross section, and it serves as a
background when the Z coupling to the top quark is considered [72]. Asymmetry
studies [44,45,73,74] can be used to search for beyond Standard Model physics,
since these observables can be sensitive to new color states, heavy vector bosons,
scalars or even gravitons.

3.1 Implementation and checks

To implement a new process within the POWHEG-BOX all subprocesses have to be
provided. These subprocesses can be represented by flavor structures, which are
presented in Table 3.1 and Table 3.2 for the Born- and real-emission-level, respec-
tively. For phase space generation we generate two massive and one massless mo-

29
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qg — ttqg | gg — ttq
gg — ttg | q4 — ttg

dg — ttq | 9g — ttg
dg — ttg

Table 3.1: Flavour structures of the Born processes, g = u, d, ¢, s, b.

qg — ttqg | qq —ttqq | qg — ttqq
gq —ttgg | g — ttqq | dg — ttqq
dg — ttdg | ¢d — ttgg | ¢d — ttqd'q
99 — ttdg | dg — ttgg | dqg — ttq'q
qq’ — ttqq’ | q@’ — ttqd’ | g9 — ttgg
aq’ — ttqq’ | 9’ — ttqq’ | gg — ttqq

Table 3.2: Flavour structures of the real-emission processes, g, ¢ = u, d, ¢, s, b.

menta using one two-particle invariant and three angles. HELAC-1LOOP was used
to calculate the tree-level amplitudes corresponding to the Born-level ttggg — 0,
ttggg — 0 and to the real-emission-level ttqgq § — 0, ttgggg — 0 and
ttgggg — 0. All other amplitudes are obtained from these by the method of
crossing!. The color-correlated matrix elements are generated with the help of
HELAC-Dipoles [75]. To construct the spin-correlated matrix elements the polar-
ization vectors are used to project the helicity amplitudes to the Lorentz basis. The
one-loop amplitudes are obtained from HELAC-1LOOP which uses CUTTOOLS [76]
to obtain the one-loop amplitudes using unitarity techniques [77—84]. It not only
provides the cut-constructable part of the amplitudes but the rational terms as
well [83, 84].

In order to ensure the correctness of the calculations we performed the follow-
ing checks relevant to any fixed order calculation at the NLO accuracy:

e Compared the cross section at LO to the prediction of the public code
MADGRAPH [85] and found complete agreement.

e Checked the virtual correction obtained from the HELAC-1LOOP program

1Crossing means: an initial state particle can be moved to the final state by replacing the
in-coming wave function by the out-going one, while a change in the particle ordering can be
made by momenta reshuffling.
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in several randomly chosen phase space points to that obtained from the
implementation in PowHel.

e Checked in several randomly chosen phase-space regions that the ratio of
the soft- and collinear limits of the real-emission matrix elements and sub-
tractions tend to one in all possible unresolved limits.

There is an important technical issue related to the way of calculation organized
in the POWHEG-BOX. The selection cuts are applied on the events obtained after
hadronization. However, when computing the tt + j production cross section at
fixed order, the cuts are applied at the parton level. At LO this means a cut on
the transverse momentum of the only massless parton in the final state. At NLO
the virtual contribution has the same event configuration as the Born one, but
the real emission contribution has two massless partons in the final state, that
have to be combined into a jet before the physical cut can be applied. In the
POWHEG-BOX such a separation of the real and virtual contributions is not possible
because the event-generation starts with an underlying Born configuration from
which further parton emissions are generated. In order to make the parton-level
calculation finite, we can apply a technical cut on the transverse momentum of
the single massless parton in the Born configuration. With a given set of selection
cuts, one has to check that the chosen technical cut is sufficiently loose such
that it does not influence the physical cross section. Typically we find that for jet
transverse momentum cuts of several tens of GeV, a several GeV technical cut on
the transverse momentum of the massless parton at Born level is sufficiently loose.
Another way of treating the same problem, also implemented in the POWHEG-BOX,
is to use a suppression factor on the underlying Born configuration [86, 87].

The first calculation of the tt + j production cross section was conducted by
Dittmaier, Uwer and Weinzierl [88,89]. In order to further check our implemen-
tation, we calculated the production cross section at NLO accuracy using the
same physical parameters as in Ref. [89]. Due to the technical cut, the PowHel
framework is not optimal for a fixed-order computation, nevertheless our predic-
tion, oN'© = (1.78 £ 0.01)pb is in agreement with the cross section quoted in
Ref. [89], oN-© = (1.791 4+ 0.001)pb, within the uncertainty of our integration.
Our prediction is independent of the technical cut below p%< < 5GeV as shown in
Table 3.3.

In order to check the predictions obtained with Born-suppression, we computed
the distributions published in Ref. [89] at NLO accuracy and we found agreement.
Examples are shown in Fig.3.1 for the case of the transverse momentum and
rapidity distributions of the jet. The lower panels show the ratio of the PowHel-
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pi(GeV] | - [pb] | o™-C [pb]

20 1.583 1.773 +£0.003
5 1.583 1.780 £ 0.006
1 1.583 1.780 £ 0.010

Table 3.3: Dependence of the NLO cross section on the technical cut p}<.

NLO predictions to the predictions of Ref. [89]. The error bars in the lower panel
represent the combined statistical uncertainty of the two computations.

We also compared distributions obtained from LHE's, including the first radia-
tion only, to predictions at NLO. For the distributions of the transverse momenta
of the jet (see also in Fig.3.1) and the top as well as for the rapidity distribution
of the top we found agreement. The rapidity distribution of the jet is slightly more
central from the LHE’s than from NLO.

3.2 Phenomenology

The production of tT + j final state at the NLO accuracy together with decay of
the heavy quarks in the narrow-width approximation (at LO accuracy) has been
published by Melnikov and Schulze in [90]. In our NLO+PS computation decays
of heavy quarks are implemented in the PS, therefore, spin correlations are not in-
cluded. In contrast, the narrow-width approximation allows for taking into account
the spin correlations. Thus, in order to see the effect of the parton shower, we
first generated distributions without the shower, but with decays (we just included
on-shell decays of t-quarks, and further decays of their decay products, if unstable,
turning off any shower and hadronization effect, marked as ‘Decay’), then with
the full shower Monte Carlo (marked with the name of the SMC). We compared
the total cross section as well as several distributions to those predictions made
for collisions at the TeVatron, /s = 1.96TeV, valid at the NLO accuracy. We
generated two million events with PowHel, which were showered with PYTHIA-
6.4.25 [91] and HERWIG-6.5.20 [92] subsequently. For the comparison, we used
the semileptonic decay channel and the following parameters and selection cuts
from Ref. [90]: (i) mass of the top quark my = 172GeV; all other Standard Model
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parameters as implemented in the PS programs, (ii) CTEQ6M parton distribution
functions, (iii) ki -clustering algorithm with R = 0.5 and four-momentum recom-
bination scheme [93], (iv) ur = pr = M, (v) pt" > 20GeV, (vi) £, > 20GeV,
(vii) p/, > 20GeV, (viii) |yj| < 2, (ix) minimum five jets, (x) H, > 220GeV, where
H | is the scalar sum of transverse momenta in the event,

HLZPT‘FEL‘FZDQ- (3.1)

In addition, if the final state after these selection cuts contained one or more
charged leptons, we rejected the event if the transverse momentum of this lepton
was above 20GeV. This latter requirement is not needed in a fixed order calcula-
tion, but necessary in ours to select the semileptonic channel. The technical cut
was chosen to pi©= 5GeV.

The predicted SMC cross sections are very sensitive to the details of the anal-
ysis. We kept the leptons and neutral pions stable, while all other particles were
allowed to be stable or to decay according to the default implementation in each
SMC. Quark masses, as well as W, Z masses and total decay widths, were tuned
to the same values in PYTHIA and HERWIG. On the other hand, each of the two
codes was allowed to compute autonomously partial branching fractions in differ-
ent decay channels for all unstable particles and hadrons. Multiparticle interaction
effects were neglected (default in HERWIG). Additionally, the intrinsic p, spreading
of valence partons in incoming hadrons in HERWIG was assumed to be 2.5 GeV.

Considering this setup, we always found agreement between PYTHIA and HERWIG
predictions within 3 %, which is also the effect of including versus neglecting neg-
ative weight events in the analysis. For instance, using our selection cuts and
taking into account the negative weight events, we obtained the cross sections
gPOVHElIHHERWIG — 146 Ofp and gPevHelTPYTHIA — 143 2fb, while without the negative
weight events, we obtain gPovHelTPYTHIA — 147fh  The corresponding value for the
PowHel+decay case is gPowHel+decay — 144 ofh (with negative weight events in-
cluded). These numbers cannot be compared directly to the fixed-order prediction
oNLO = 33.6fb quoted in Ref. [90] for two reasons. On the one hand in Ref. [90]
only one lepton family was considered in the decay of the t-quarks, while our pre-
diction contains all three families. We checked that taking into account only one
lepton family in the decay we obtain a factor of three reduction of the cross section
as expected. On the other hand the authors of Ref. [90] also observed that there
is a large contribution to the cross section from the emission of a hard jet from the
top decay products (estimated an additional 60 % at LO [94]), which is included
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in our calculation, but not in their value. As this effect is not known at the NLO
accuracy, in order to compare only the shapes of distributions with only decays
included, we multiply the NLO predictions® with r = gPowHeltdecay /GNLO — 4 o9
(shown as ‘NLO+decay’ in Figs.3.2 and 3.3). The lower panels show the ratio
of the various predictions to the PowHel+PYTHIA one. In order to exhibit the
size of the statistical uncertainty (corresponding to two million LHE's), avoid-
ing at the same time a very confusing plot, we show the uncertainty of only the
PowHel+decay prediction with error bars.

In Fig. 3.2 we compare the transverse momentum and rapidity distributions of
the antilepton at several different levels. We observe on these plots some general
features: (i) the two PowHel+SMC predictions are very close except in bins with
low statistics; (ii) the PowHel+decay predictions are very close to the NLO ones
in the central rapidity region and for the whole p; range. Looking more closely, we
find that the spin correlations make the NLO rapidity distribution slightly wider.
The addition of the parton shower makes the rapidity distribution a little even
more central due to soft leptons emitted by the shower in central regions. (For jet
rapidities, not shown here, the NLO and PowHel-decay predictions coincide, but
the shower effect is much more pronounced.) The p, -distributions of the leptons
becomes much softer for the same reason. The same applies to the p spectra of
the jets.

We find even larger shower effects in the comparison of the H, -distributions in
Fig. 3.3 at the decay and SMC levels. The shower makes the distribution softer,
readily understood as the effect of unclustered soft hadrons in the event, that
appear only in the shower.

We now turn our attention to the LHC and make some predictions for the
inclusive tt + j production at the low-energy run, /s = 7TeV in the dileptonic
final state channel. We apply the following selection criteria: (i) at least three
Jets are reconstructed with the anti-k -clustering algorithm with R = 0.5 and
four-momentum recombination scheme [95], (ii) p/, > 30GeV, (iii) |y;| < 2.5, (iv)
£, > 30GeV for ete™ and utu~ pairs, while £, > 20GeV for e*uT pairs, (v)
pt . pt > 20GeV for exactly one £+ and one £~.

For default scales we used two different choices: (i) the mass of the t-quark,
my, and (ii) the transverse mass of the harder top, ugr = ug = m,, where m; =

\/mf + max{p? ., pif}. We expect the latter scale better interpolates between

2In the NLO predictions only one lepton family was considered, while in our calculation all
three families were taken into account. We attribute the additional factor of 1.43 due to QCD
radiation.
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near-threshold and hard events.

In Fig. 3.4 we plot the transverse momentum distributions of the hardest, sec-
ond hardest and third hardest jet. These p, spectra are insensitive to the version
of the parton shower within the statistical uncertainty of the computations, which
suggests that the effect of the missing truncated shower is small. Also they are
rather robust against the choice of the default scale (2—6 % variation, not shown
here), suggesting small scale dependence in general. The same features are also
true for the rapidity distribution of the antilepton as seen in Fig. 3.5, where we also
exhibited the prediction at the decay level. The lower panel shows the ratios of the
predictions to the PowHel+HERWIG case. The error bars represent the statistical
uncertainty of the latter only. We find large (almost 20 %) and almost uniform
effect of the shower and hadronization. In the case of the transverse momentum
distribution of the antilepton the various predictions agree over the whole spec-
trum except that we see a large increase from the decay level to the full SMC
at small py, see Fig.3.6. We attribute this increase to the numerous secondary
antileptons generated in the hadronization phases.

Finally, we plot the invariant mass distribution of the £7£4~ pairs in Fig.3.7.
Here again the full SMC predictions are all the same. During hadronization addi-
tional (anti)leptons with p; > 20 GeV may appear and such events are dropped
due to our selection cut (v), resulting in a softer spectrum.

3.3 Secondary leptons in hadronic final states

At hadron colliders due to possible large QCD backgrounds experiments try to
focus on analyses, where the signal contains at least one non-QCD particle, for
instance, a lepton. The leptons occurring in the final state can come from the
hard scattering process, or from elsewhere.

If PYTHIA is used for parton showering and hadronization, a QED shower is
also present by default, which means photon emissions are also simulated from
electrically charged particles. The emitted photons can turn into lepton-pairs,
thus making an enriched lepton content. Although this effect is small, provided by
the size of the fine-structure constant (&), and the fact that among leptons the
radiation from muons and taus are highly limited, due to the associated dead-cone
sizes. Thus photon radiation is mostly expected from electrons.

Extra leptons can also come from hadronization, since several low-lying neutral
hadrons can be created, which can decay electromagnetically into lepton-pairs.
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The first few lowest lying neutral hadrons are listed in Table 3.4. The leptonic
decay of these provides low-p ;| leptons and lepton-pairs with small invariant mass.
Hence the rise in the first bin of p; 4+ in Fig. 3.6 can be accounted for leptons
coming from low-lying meson decays.

Mass(MeV) cT Stability
0 135 25nm | unstable
K2 498 2.7cm | unstable
K? 498 15.3m | stable
K°, KO 498 NDL | unstable
n 548 0.2nm | unstable
0 776 1.4fm | unstable
i 958 1pm unstable
1) 1020 48fm | unstable
w 1400 20fm | unstable
DO 1865 0.1lmm | unstable
BO 5280 0.5mm | unstable

Table 3.4: This table summarizes the low-lying neutral mesons which by means
of electromagnetic decay can contribute to the lepton content of the final state.
All the mass and lifetimes are taken from PDG [96]. In the table NDL means No
Definite Lifetime. The last column shows the default stability in PYTHIA.
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Figure 3.1: Transverse momentum and rapidity distributions of the jet.
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Figure 3.3: Distribution of the scalar sum of transverse momenta.
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Chapter 4

tt + H production

he Standard Model of particle physics is a Quantum Field Theory (QFT)
T of fermions and gauge groups of SU;(2) x Uy(1) x SUc(3). Introducing
masses into the SU; (2) x Uy(1) gauge-sector, the resulting mass terms will violate
gauge symmetry. Hence a method is needed to create mass for the elementary
particles. One possible way to create mass is the Higgs mechanism based upon
spontaneous symmetry breaking. If this is the method used by nature to create
mass for elementary particles, a spin-0 particle, the Higgs-boson, should exist. In
the Standard Model of elementary particles this is the only particle, which has not
been detected yet. By finding the Higgs-boson we could understand the origin of
masses of elementary particles.

Recent findings at the LHC [25,26,97,98] and indirect constraints coming from
electroweak fits [99] suggest a light-weighted Higgs-boson with a mass around
125GeV. For such a light-weighted Higgs-boson the possible decay channels are
they«y, 77, bb, WW and Z Z—production. The tt + H final state plays an impor-
tant role in the investigation of the properties of the Higgs-boson, in particular the
Higgs-boson coupling to the top quark, which serves as an important test for the
Standard Model. In the recent past an enormous work was devoted to calculate
the NLO QCD cross section for the tt + H process by various groups [100-104].
In this chapter we describe our matching of the NLO calculation to the parton
shower [105].

43
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4.1 Implementation and checks

Since this was the first process calculated by PowHel with a non-QCD particle
in the final state, we conducted extensive checks to validate our code. We com-
pared the Born and real-emission matrix elements in several randomly chosen phase
space points with the original ones in HELAC-PHEGAS [106] to test correct param-
eter setup, helicity configurations and the subprocesses. The same technique was
applied for the one-loop amplitude, but this time we performed the check against
HELAC-1L00P [71], and also independently check against MADLOOP using the input
parameters and phase space point listed in Ref. [107], and at various renormal-
ization scale choices [108]. When compared to MADLOOP the agreement was at
least 5-6 digits. As usual the setup of the color- and spin-correlated matrix el-
ements was tested by investigating the limiting behavior in various kinematically
degenerate regions of phase space.

We also checked our predictions at the LO and NLO accuracy to independent
calculations. We computed the LO cross section with different PDF sets, running
strong couplings, different Higgs masses, and checked against MADEVENT [109],
using the following setup: MRST2001lo PDF set, with corresponding as taken
from LHAPDF, the other needed parameters were as listed: my = 120GeV, m; =
174GeV, my = 80.45GeV, my = 91.18GeV and G = 1.16639 - 107°GeV 2.
The renormalization and factorization scale were chosen to coincide with &, where
wu was varied between 2(2m; + my) and (2m; + my)/8. The calculations were
performed at the planned LHC energy of /s = 14TeV. For later convenience
we defined a scale-related parameter as ug = 2m; + my. The results for this
comparison are given in Table 4.1.

n op. b ot], b

to/8 | 1041.0+1.7 | 10425+ 1.5
Wo/4 | 764.1+£23 | 765.6+1.0
Wo/2 | 576.8+£1.7 | 577.5+0.7
o 4453 +16 | 4456+05
2ug 349.6 £0.9 350.9+0.4

Table 4.1: Predictions coming from MADEVENT (MAD) and our code (PH) with
parameters mentioned in the text at LO.
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We also made comparison to the results of [101]. For this purpose we used
the same set of parameters as listed in the previous case, but this time we set
ur = wrF = Wo/2 and we varied the Higgs mass instead. The original and our
results can be seen on Table 4.2.

my, GeV | ofC, fb | o59, fb

120 | 5.846(2) | 5.840(4)

TeVatron | 140 | 3.551(1) | 3.547(2)
160 | 2.205(1) | 2.203(2)

180 | 1.393(1) | 1.393(1)

120 | 577.3(4) | 577.5(7)

LHe 140 | 373.4(3) | 373.5(5)
160 | 251.6(2) | 251.7(4)

180 | 176.0(1) | 176.3(3)

Table 4.2: LO cross section checks with different Higgs masses and colliders,
against [101].

As for the radiative corrections, we decided to reproduce the NLO cross sec-
tions listed in [101]. To this end we used the MRST2002nlo PDF set (taken
from LHAPDF [110]), 2-loop running as with AMS = 239MeV, m; = 174GeV,
Gr = 1.16639-107°GeV 2, and finally the renormalization and factorization scales
were set to u = my + my/2. The cross section data can be found on Table 4.3,
as the reader can see we compared the cross sections for several different Higgs
masses, and two different colliders (TeVatron at V/2TeV, and at the planned LHC
energy /s = 14TeV).

The second comparison was performed against [111]. This time we used the
CTEQRSM PDF set, 2-loop running as with ag(Mz) = 0.118, the other parameters
coincide with those used above. The numerical values are listed in Table 4.4.
In all these cases we found agreement with the cross section values listed in the
literature.

The next step in validating our code is to compare distributions. This time
we compared the predictions based on the Les Houches events to the exact NLO
calculation. Although in this case we cannot expect exact agreement, as the
events at the first emission level can have higher order effects as well. However,



46

CHAPTER 4. TT +H PRODUCTION

Table 4.3: NLO cross sections compared to those in [101].

my, GeV | of© fb | obLC, fb

120 | 4.857(8) | 4.851(3)

TeVatron | 140 | 2.925(4) | 2.018(2)
160 | 1.806(2) | 1.797(2)

180 | 1.132(1) | 1.128(1)

120 | 701.5(18) | 701.3(8)

LHe 140 | 452.3(12) | 452.8(5)
160 | 305.6(8) | 305.0(4)

180 | 214.0(6) | 213.9(3)

my, GeV w o0, fb obLC, fb

my 7186 +3.7 | 7182+£0.3

120 2my 662.7+£3.2 | 660.8+ 1.5
my+ my/2 | 697.3+£3.2 | 6952+ 1.5
2my+my | 6344 +£24 | 6325+ 1.4

my 381.0+1.8 | 381.5+0.7

150 2my 352.7+14 | 353.3+1.1
my+ my/2 | 367.4+1.5 | 368.9+0.6
2my+my | 3345+£1.2 | 3349£0.5

m; 221.6+1.0 | 222.3+£0.5

180 2my 206.6 +0.8 | 206.7 £ 0.4
me+my/2 | 214.1+0.9 | 2144+ 0.4
2my+my | 194.4+£0.7 | 1943 +£0.4

Table 4.4: NLO cross sections of [111] compared to our predictions, The
renormalization and factorization scales equal to u at the planned LHC energy
Vs = 14TeV.

as suggested by the finite Born contribution and the moderate K-factor we can-
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not expect large higher-order terms. The Born contribution is finite, since we only
have massive particles in the final state, and the K-factor at the energy of the
comparison is between 0.7 — 0.9 [103]. For the comparison we included four plots
in Fig.4.1. We chose the TeVatron setup of Ref. [101] The first plot shows the
p. -distribution of the top quark, and as it can be seen the agreement between the
calculation is better than 10%, the deviation from the original NLO calculation
can be accounted for low statistics as it is suggested by the fact that ratio fluctu-
ates around one. The distribution obtained from the Les Houches events for the
rapidity of the top quark shows an almost uniform 3-5% excess compared to the
NLO prediction. The p,-distribution of the Higgs-boson shows an excess of 5%.
These differences can come from different sources: the uncertainties of the NLO
distributions are unknown, the weight used for the LHE's is the result of an NLO
calculation, which bears the uncertainty of the MC integration, and finally higher
order terms. Finally the rapidity distribution of the Higgs-boson shows exactly the
same behavior as the one for the top quark. Since we were able to reproduce
the cross sections for several different configurations (collider-type, Higgs mass,
scale choices) we can conclude with great confidence that the excesses seen on
Fig. 4.1 are effects of contributing higher-order terms. Since higher-order terms
turn up at the first-emission level the question naturally raises: can the predic-
tions be trusted? As discussed in Ref. [112] these higher-order terms are expected
to make the prediction more reliable, as the prediction tends towards the NNLO
one. From these various cross section and distribution comparisons we can con-
clude that our NLO implementation and the generation of first emission events
are correct.
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4.2 Phenomenology

In interfacing NLO calculations to SMC programs we mainly aim at estimating
the effects of showers and hadronization, therefore, we analyzed the events at two
different stages of evolution:

Decay: starting from the events collected in LHEF produced by PowHel,
we just included on-shell decays of top quarks and the Higgs boson, as
implemented in PYTHIA, and further decays of their decay products, like
charged leptons (the 7 is assumed to be unstable), W and Z, turning off
any shower and hadronization effect.

Full SMC: decays, showering evolution and hadronization have been included
in our simulations, using both PYTHIA and HERWIG.

In both SMC setup muons and neutral pions were assumed as stable particles.
All other particles and hadrons were allowed to be stable or decay according to
the default implementation of each SMC. Quark and Higgs masses, as well as
W, Z masses and total decay widths, were tuned to the same values in PYTHIA
and HERWIG. Each of the two codes was allowed to compute autonomously par-
tial branching fractions in different decay channels for all unstable particles and
hadrons. Multiparticle interaction effects were neglected (default in HERWIG). Ad-
ditionally, the intrinsic p,-spreading of valence partons in incoming hadrons in
HERWIG was assumed to be 2.5 GeV. Considering this setup, we found agreement
between PYTHIA and HERWIG predictions within 5%, except in bins where the
statistics is small. Beside the conceptual differences in the parton shower and
hadronization algorithms between the two SMC generators, written on the basis
of different theoretical ideas (p, vs. angular ordering, string model vs. cluster
hadronization and preconfinement), a possible origin of this overall small discrep-
ancy is the absence of the truncated shower in the HERWIG prediction. We cannot
check the last point within the POWHEG-BOX framework, but the modest size of
the discrepancy suggests that the effect of the truncated shower, not included in
our analysis, is small.

In our computation, we adopted the following parameters: /s = 7TeV,
CTEQ6.6M PDF set from LHAPDF, with a 2-loop running as, 5 light flavors and
AVS = 226MeV, my = 172GeV, my = 120GeV , G = 1.16639 - 107°GeV 2.
The renormalization and factorization scales were chosen equal to pg = my+my/2.
We decided to switch on all possible decay channels of the Higgs boson, imple-
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mented in the SMC programs.! We used the last version of the SMC codes:
PYTHIA 6.425 and HERWIG 6.520.

We studied the effect of the full SMC by comparing distributions at the decay
and SMC level. As the number of particles is very different at the end of the two
stages, we first made such a comparison without any selection cut, in order to
avoid the introduction of any bias. This way the cross-section at all levels is indeed
exactly the same. We found opowHel = OPowHel+DECAY = TPowHel+sMmc = 95.872 £
0.007 fb (here and in all following ¢ predictions the quoted uncertainties are the
statistical ones only). As an illustrative example, we present the distributions of
the transverse momentum and rapidity of the hardest jet, py ;. yj,, the H, and the
antilepton p, -distribution on Fig.4.2. For the H-distribution, the definition of
Eqg. (5.2) was adopted. The jets are reconstructed through the anti-k, algorithm
with R = 0.5, by using FASTJET 2.4.3 [113]. One can observe a rather significant
softening in the transverse momentum spectrum as going from results at the
decay level to full SMC ones. On the other hand, the effect of the shower on
the rapidity of the hardest jet is almost negligible and rather homogeneous. We
distinguished several classes of jets including final state emissions, according to
their origin: jets that can be traced back to (i) first radiation emissions, (ii) the
decay products of the Higgs boson, (iii) the decay products of the top and antitop
quarks, (iv) a mixing of the previous ones. In particular, main contributions to the
pL.j, spectrum shown in Fig.4.2 are due to jets of the (iv) and (iii) class. Also
on the H -distribution the effect of softening is visible, which is accompanied by
the distortion of the distribution. The antilepton p, -distribution remains the same
as before parton showering since only photon showering can change its transverse
momentum, but the small value of the fine structure only allows for a reduced
amount of photon radiation. Hence the p,-distribution can hardly by affected by
the showering. As for the yj -distribution, the tails are dominated by jets of the
(iv), (i) and (iii) classes.

In Ref. [107] the invariant mass, mgg, and the separation in the rapidity—
azimuthal-angle plane of the two hardest lowest-lying B-hadrons, ARgg, were
studied, by choosing a dynamical scale for the generation of the hard-scattering
events and by taking into account only the H — bb decay channel. In that calcu-
lation the renormalization and factorization scales were chosen equal to

w=_(mec-mgz-myp)i, (4.1)

LIn PYTHIA there are two more decay channels than in HERWIG, and partial decay fractions in
each leptonic, bosonic and partonic channel differ in the two codes.
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where m_ is the transverse momentum defined through the mass (m) and trans-
verse momentum (pL) of the particle as m; = v/m? + p;2. To make the com-
parison we considered the lowest lying B hadrons just before they decay. Be-
sides computing all p, -distributions already presented in that paper, always finding
agreement, we also computed the aforementioned B-hadron distributions repro-
ducing the same simulation setup and without applying any cut. We considered
only the H — bb decay channel, as well as all channels. In the former, we found
agreement with the predictions of Ref. [107]. The effect of the remaining chan-
nels, not studied in that work, produces an increase in the region below 80 GeV
in the mgg spectrum and only for large ARgg, as shown in Figs. 4.3 and 4.4.
Pairs of B-hadrons both including quarks that can be traced back to Higgs decays
only populate the region of the mgg spectrum below my. The region above my
is instead dominated by pairs with at least one B-hadron that can be traced back
to a (anti)top decay.

10'2E|||||||||||||||||||
5 E Vs =TTeV p=(myg-mig-myn)'/?
= 2 my = 172.5GeV
o)) K
= 10°
8 5
g
< 2
- N
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< 5 — all channels (PH+PYTHIA)
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10°
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Figure 4.3: Invariant mass distribution of the two hardest lowest-lying B hadrons
at the SMC level. These results are presented in sigma per bin, just to allow an
easier comparison with the results of Ref. [107], having been obtained in the same
setup, without applying any cut. The effects of including all H decay channels,
with respect to the case of a single H — bb channel (dashed line), were computed
by interfacing PowHel to both PYTHIA (solid line) and HERWIG (dash-dotted line).
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Figure 4.4: The same as Fig. 4.3, for the azimuth-rapidity distance correlations
of the two hardest lowest-lying B hadrons.

The effects of the decay and shower also depend on the selection cuts. While
the typical selection cuts include both leptons and hadrons, we started with a
restricted set, not involving any leptonic cut, in particular as for the number of
leptons. This is motivated by the fact that this number can be quite different
at the decay and shower level, as the shower (including hadronization) produces
many secondary leptons, for possible sources see Sect. 3.3. Thus, coming back to
our setup, we considered and implemented cuts only on jet variables:

e (i) For each jet p) > 20GeV.
e (ii) We demand on our jets to situate in the central region: |y/| < 2.5.

e (iii) The minimal number of jets presented in the event should be 4, otherwise
the event is discarded.

We show the distribution of the scalar sum of all transverse momenta in the event,
Hi in Fig.4.5. We can see that the spectrum becomes softer due to showering
effects, with respect to that computed at the decay level, as expected. The
same is true and even more evident if one singles out the hadronic component
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Figure 4.5: Distribution of the sum of the transverse momenta of all particles,
at the decay level (dashed line) and at the SMC level, as obtained by interfacing
PowHel to PYTHIA (solid line) and HERWIG (dash-dotted line). Only hadronic cuts
were applied.

of H. (not shown). On the other hand, the effects of the shower on the (anti-
)lepton transverse momentum, p; ,-, and the missing transverse momentum, P
as shown in Figs. 4.6 and 4.7, are small and rather uniform, except for a significant
increase for small values, which is due to secondary leptons produced in the shower
and during hadronization. The cross-sections at the decay and at the SMC level,
after the hadronic cuts listed above, amount to opowHel+DECAY = 92.29 £ 0.01
fb, OPowHel+PYTHIA — 90.46 £+ 0.01 fb and OPowHel+HERWIG — 90.99 £ 0.01 fb.

In the following we present further predictions for tt + H production with par-
ton shower and hadronization effects at LHC. In addition to the jet cuts (i—iii)
mentioned above, we also applied selection cuts on the leptonic variables?: (iv)
we focused on the dileptonic channel, with exactly one £* and one £~ in the final
state with p, greater than (v) peﬁmm = 20GeV and (vi) |yei| < 2.5, whereas the
transverse missing energy of the event was constrained to (vii) £ min > 30GeV.

In Fig. 4.8 we present the distribution of the invariant mass of all jet pairs.
Here the effect of the shower is again quite significant. In particular, there is a

2Similar cuts are applied by the LHC experiments.
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Figure 4.6: The same as Fig. 4.5, for the transverse momentum of all antileptons.

small bump around the Higgs mass, as already noticed in [114], visible in the data
at the decay level, which is completely washed out when PS is included. The same
is true for the invariant mass distribution of the two hardest jets (not shown). The
cross-section after cuts, at the SMC level, are opowHel+pymaza = 5.376 + 0.010 b
and OPowHel+HERWIG — 5.521 £ 0.011 fb.

One of the biggest differences in the results produced by PYTHIA and HERWIG
interfaced to the POWHEG-BOX noticed in Ref. [115] in the study of a different
process was the observation that HERWIG gives rise to hard jets more central
than PYTHIA. We observe the same trend in our results, but by far to a lesser
extent. In particular, in the bins around zero rapidity the ratio between the rapidity
distributions of PowHel + HERWIG and PowHel + PYTHIA found in our study
amounts to maximum 1.05, both in case of the hardest and the second hardest
jet. On the other hand, the agreement between the two SMC, as for the rapidity
distributions of leptons and antileptons, was found to be even closer.
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Chapter 5

tt + Z production

n this chapter we discuss tt + Z production. We will not only focus upon the
NLO+PS predictions, but we would like to analyze the scale dependence at
the NLO level as well for various observables, since in the literature no publication
considered the scale variations on observables other than the cross section and the
p. -distribution for the Z [116,117]. The Z, as an uncharged, heavier brother of
the v mediates the electroweak interactions (along with W), but along with the
7, its coupling to the top quark never been measured experimentally [72]. This
could be a possible additional verification of the Standard-Model and it serves as
a possible indicator for BSM physics, since if a large deviation is found it could be
accounted for beyond Standard Model physics. Although the final state is quite
massive, by increasing luminosity this process will be available even for precision
studies in the near-future at the LHC. This process also serves an important role
as a possible background for various BSM and SUSY searches. In the SM those
events, where like-sign! leptons, missing energy and jets come from decaying b-
quarks are seldom observed, while in various BSM models [27-35] the number
of these events can be enhanced, thus serving as a possible way to investigate
the boundaries of the SM. Although in the case of tt + Z in the dileptonic top
decay-channel two opposite signed leptons are produced, the charge of one of the
leptons can be misreconstructed? resulting in like-sign leptons in the final state.
The authors of [117] presented prediction for the p; z-distribution only. In this
chapter we repeated the NLO calculation in [117] and investigated the scale de-

ISame-sign.
2In the literature this case are also called g-flips [118].
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pendence for various observables. Furthermore we used our PowHel framework not
only to repeat the NLO calculation, but to perform the first NLO+PS matching
for this process.

5.1 Implementation and checks

For this process we have to follow a different path for validating our calculation,
since we were unable to reproduce the cross sections of the original publication
[117], nor the published distributions. Although two calculations were carried out
in the past, we can only report on the full one, where we consider all possible initial
states. We cannot limit our calculation to only gluon-gluon initial state, as the
organization of POWHEG-BOX does not allow such a computation.

We compared the Born and real-emission squared matrix elements against
MADEVENT [109] in several randomly chosen phase space points. We also made a
check upon the color- and spin-correlated matrix elements by carefully investigating
the various soft- and collinear limits of all contributing subprocesses. For the virtual
part we made a comparison with GoSam [119,120] in several randomly chosen phase
space points also, and we found agreement in all the terms of the Laurent-series
of €. For the O(e®) term the agreement was at least 6 digits for each phase space
point. We made an additional check by implementing the tt + « process, which
has the same subtraction terms as this one.

Before we go on with our predictions we show on Fig.5.1, that the p; z-
distributions obtained by [117] even at the tree-level differs from the one calculated
by MADEVENT and also from our one. We report a difference between our NLO
calculation respect to [117], since our NLO cross section was oy o = (1.121 £
0.002)pb, while in their calculation they found oy o = 1.09pb [121]. We carefully
chose the related parameters to coincide the ones used within [117], supported
by the same prediction for the leading order cross section 0.808 pb. For this
configuration we report of Ki,c = 1.39, instead of Ki, = 1.35 calculated by [117].

5.2 NLO predictions for the LHC

From the almost constant value of the K-factor for the p, -distribution of the Z-
boson the authors of Ref. [117] speculated that other distributions behave similarly
at NLO accuracy. In our calculation we found a different behaviour, that is,
important distributions changes if NLO corrections are included. For a definite
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Figure 5.1: This figure shows the p, -distribution for the Z, LMMP stands for the
result of [117], POWHEL stands for ours, finally we added the tree-level calculation
performed by MADEVENT. The lower panel shows the K-factors for the LMMP and
PowHel calculations with black and red lines respectively.

example on Fig.5.2 we plotted the p, -distribution for the top-quark using the
same setup as Ref. [117], where we see that for this distribution the K-factor is
not constant.

We turn to making predictions for the LHC, for which we chose the CTEQ6 . 6M
PDF set from LHAPDF, two-loop running as, with AMS = 226MeV, m, = 172.9GeV,
mz = 91.1876GeV, my = 80.399GeV, Gr = 1.16639-10~°GeV 2, the renormal-
ization and factorization scales were chosen equal to ug = m; + mz/2. For three
different LHC energies (7, 8 and 14TeV) the total LO and NLO cross sections
are listed on Table 5.1. To obtain the cross sections no cut was needed Because
at the Born-level the contributing matrix elements are finite.

For the 14TeV LHC our predictions can be found on Fig. 5.3 and on Fig. 5.4.
On Fig. 5.3 the p; and rapidity distributions are depicted for the Z-boson and the
top. The blue and red bands illustrate the scale dependence at LO and NLO. To
analyze the scale dependence we varied the renormalization (ur) and factorization
scale (ug) between wo/2 and 2ug with wg = ur throughout. At the NLO level
the scale dependence, as it can be readily seen from the size of the band, is
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Figure 5.2: On this plot we illustrate the p, -distribution for for top quark in exactly
the same setup used by [117]. On the lower panel we plotted the NLO K-factor
calculated by ourselves, and the inclusive one obtained from [117].

greatly decreased. The K-factor changes in each case, the change is the slightest
for the Z-boson p; and increased for the top p,. For both particles further
away from the central region the K-factor dramatically increases, hence the NLO
predictions become unreliable. If an observable in a perturbative expansion gets
a large contribution from the NLO correction it can be expected that the NNLO
corrections are large (though smaller than the NLO). Hence to gain predictive
power higher order terms should be included as well.

On Fig.5.4 AR and the rapidity separations are depicted. For the AR separa-
tion the following definition was used

ARy = /B¢ + B2, (5.1)

where AR;; is the AR separation between particle / and j, Ag;; is the azimuthal
angle difference, and Ay;; is the difference in the two rapidities. As in the previous
set of plots the scale dependence is reduced if NLO corrections are added. The
K-factor changes rapidly even in the central region.

On Fig. 5.5 and on Fig. 5.6 plots are shown for the 7TeV LHC. From the lower
panels it is apparent, that the inclusive K-factor is decreased compared to the
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Vs a-O(fb) oNLO(fb) K-fact

7TeV | 104.76 £0.02 | 138.73£0.02 | 1.32
8TeV | 155.74+0.02 | 208.4+0.1 1.33
14TeV | 7475+£0.2 1018.3£0.5 1.36

Table 5.1: Various cross sections obtained for different energies at the LHC.

14TeV LHC case. At 7TeV the K-factor shows larger dependence on the p, of
Z compared to the 14TeV case. It seems that in the high rapidity region of the
top-quark the K-factor is increased and at || = 2.5 it reaches the value of 2. On
the other hand the dependence of the K-factor on the p, of the Z is more flat as
compared to the previous setup. In the NLO corrections one more parton can be
present in the real radiation part, hence the emission of a sufficiently hard extra
parton can soften the p, spectra of the top quark and even the Z-boson. This
softening at 7TeV makes the p; spectra of the top go beyond the LO prediction
resulting in a K-factor less than one in the high p; region. Since this extra
radiation cannot come from the produced Z-boson, its p; spectra is less affected.
On Fig. 5.6 the same tendency can be seen as in the case of the 14TeV LHC with
one exception, in the case of AR;z the NLO correction seems flatter, resulting in
a more constant K-factor.

Considering both the 14TeV and 7TeV predictions in general it can be said,
that the NLO corrections tend to be in the range of 30 — 40% making the NLO
predictions widely reliable, the K-factor only tends to be larger than 1.5 in the
edges of the kinematically available regions. The dependence upon unphysical
scale choices is decreased in each case making the theoretical predictions reliable.
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5.3 Phenomenology

In the NLO calculation of tt + Z we considered the top-pair and also the Z-boson
on-shell, e.g. as final state particles. In principle in an experiment it is possible
to reconstruct the momenta for these particles, thus the plots presented above
can also be measured by the experiments. However, we might not overcome the
fact, that these particles decay, while the NLO calculation only can provide a
partonic prediction. In a detector apparatus jets are observed with @(10) hadrons
inside, hence a more precise prediction could be made if the partonic result could
incorporate parton showering (e.g. filling the final state with soft and collinear
partons emitted from the hard ones) and hadronization. Thus our aim is to use
the capabilities of the PowHel framework to match the NLO calculation to parton
shower algorithms.

To merge an NLO calculation to a parton shower algorithm we have to provide
events which can be further showered. An event can have a Born- or real-emission-
like kinematical configuration. These events should resemble NLO accuracy, that
is the plots made with them should coincide with those obtained during the NLO
integration. As we already pointed out higher order terms can turn up if the
K-factor is too large.

The implementation of matching is checked at /s = 7TeV LHC, with CTEQ6.6M
PDF set from the LHAPDF library, with a 2-loop running as, 5 light flavors and
AVS = 226MeV, m; = 172.9GeV, mz = 91.1876GeV, Gr = 1.16639x107°GeV 2,
the renormalization and factorization scale were chosen to the default puo =
my + mz/2. To make the comparison we generated 3 million unweighted events,
the plots are contained by Fig.5.7. On this figure the p, spectra and rapidity of
the Z-boson and the top-quark are depicted. Considering the p, spectra of the
Z and top the agreement between the NLO calculation and the generated events
is within 1 — 2%, as p, increases the agreement stays within 5%. Taking a look
at the lower panels, showing the ratio (LHEF/ exact NLO) and the uncertainty of
the two calculations, it seems, that the decreasing accuracy can be accounted for
the lower statistics. This is also suggested by the fact that the ratio of the calcula-
tions is oscillating around one. Considering the rapidity plots, in the central region
the agreement is well below 1%, and away it the agreement decreases, but still
stays within 5 — 10% (the agreement gets around 10% when |y 7| = 3, on these
figures only the [—2.5,2.5] range is shown). This time the uncertainty cannot be
entirely accounted for the worse agreement in the forward (backward) direction,
it is more likely that the low statistics and the increasing K-factor together are
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responsible for the decrease in the agreement. This is also suggested by the fact
that the rapidity distributions obtained from the events overshoot those obtained
during the NLO calculation. We can conclude that the agreement between the
NLO calculation and the event generation shows similar behavior as compared to
the previously discussed processes implemented already, and suggesting that we
have a good control over the event generation.

Next, we studied the SMC effects by comparing distributions obtained at dif-
ferent stages of the calculation: at the decay-level, e.g. when our top quarks
are already decayed, but no parton showering or hadronization taken place, and
at the SMC-level with full parton showering and hadronization. For this compar-
ison we used events generated for the 7TeV LHC, and by using two generators
for the parton showering and hadronization: PYTHIA 6.425 [91, 122] and HERWIG
6.520 [92,123]. In both cases muons and neutral mesons are considered stable,
for all the other particles the original setup was kept in both SMC programs. The
total widths and masses are tuned to be the same in the two codes. The partial
widths are determined by each code according to the built-in decay modes. Mul-
tiparticle interactions were turned off, and the intrinsic p; spread of the valence
partons in the incoming hadrons in HERWIG was assumed to be 2.5GeV.

The comparison is done without any selection cuts, since the particle content
in the decayed and showered cases are different, e.g. at the decay-level we deal
with partons, but at the full SMC-level we deal with hadrons. Only jet clustering is
applied with the anti-k, algorithm provided by FASTJET [113,124] with R = 0.4.
The comparison is depicted on Fig.5.8 for various distributions. By taking a
look at the p)-spectrum of the hardest jet (pyj,) an almost uniform softening is
visible as going from the decay-level to the full-SMC, the amount of softening in
the high-p; region is around 20%, while at the low-p; range the softening can
reach a factor of 2 — 10. Roughly speaking it can be stated, that the softening
realizes as an almost uniform one-bin shift to the softer region. In the case of the
rapidity of the hardest jet the effect of parton showering and hadronization looks
negligible and the small effect of parton showering seems to be homogeneous.
This is expected, since the multiple soft and/or collinear emissions produced by
the parton shower should not change the orientation of a jet, only its energy
and p; should be affected. On Fig.5.8 we also plotted the H, and the lepton
p. -distributions. For the H, -distribution the following definition is used:

Hi=> p +pt +pt +p,. (5.2)
J
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where the first term sums the transverse momenta of jets, p’f (péf) is the p; of
the (anti)lepton, while g, is the missing transverse momentum. Taking a look
at this distribution the effect of the parton showering looks apparent, that is a
non-homogeneous hardening can be seen. Below 500GeV the agreement between
the two parton shower programs decreases and reaches a difference in the order
of 50%. Finally on the p, ,--distribution we can see that no effect is coming
from the parton showering. This is expected, since the fine structure constant is
much less than as, hence the photon radiation coming from fermions is suppressed
compared to the parton showering coming from the original hard partons. In the
low p,region the increase in the rate can be accounted for being due to soft
lepton-pair production coming from photon radiation.

With this setup used for the SMC programs we were able to find agreement
among them. Even though these SMC’s show conceptual differences regarding
the ordering variables and the hadronization models, the deviation was within a few
percents. We report worse agreement in the low lying region of the H | -distribution
and in the rapidity distribution for the hardest jet. For the H -distribution PYTHIA
predicts a larger rate for small H,, while for the rapidity the HERWIG prediction
looks more central compared to the PYTHIA one.

After a rigorous check of the matching procedure we turn our attention to
make the first predictions for the LHC at 7TeV. We do this by applying a set of
cuts inspired by the actual ones employed by the experiments. In order to make
our predictions we used the Perugia 2011 tune for PYTHIA, which is considered
the latest LO tune available [125] in the time of writing this thesis. This tune is
made by taking into account recent LHC data as well. Additionally it turns PYTHIA
into a k,-ordered PS. The original PYTHIA was a virtuality ordered shower, where
the shower evolution was governed by the virtuality (t) of the partons, while in
the case of a k; ordered shower the ordering variable is the relative k; of the
splitting parton pair. The effect of this tune was visible in the rate, since the
showered results produced by PYTHIA show an increase of about 10% compared
to the original HERWIG, which is an angular ordered shower algorithm.

Considering the tt + Z hadroproduction as a signal process a large background
comes from the tt + j process. As it is stated in [72] the missing energy can be
used on events having missing transverse momentum, a b- and an antib-jet and
4 ordinary jets to isolate the signal from the background. As we will see below
the proposed cuts are exclusive and aim to select the Z — v U decay-channel with
hadronically decaying top and antitop. This set of cuts was originally proposed for
measuring the Z coupling to the top and tested at LO without the effect of parton
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showering, hadronization and higher order effects. It is a useful task to test its
viability to be used with higher order corrections including parton showering and
hadronization. When this original set of cuts was proposed only the 14TeV LHC
was considered, hence it is interesting to analyze the behavior of these cuts with
a presently available LHC energy.

In the 7TeV LHC case the cross section obtained after cuts decreased almost
one order of magnitude, hence to reach reasonable results it would demand really
large statistics from the experiments.

Since in this calculation several cuts are used, which can strongly affect the
cross section, we considered two sets, one is the complete set of cuts used by
Ref. [72], while the other is a less restrictive one. When we constructed the less
restrictive set of cuts we tried to isolate those ones, which significantly decrease
the cross section and only keep the remaining ones. The subset of cuts is the
following:

1. At least six jets are demanded with |y;| < 2.5.

2. Among the reconstructed jets a b and an b jet are demanded.
3. For b and b jets p? > 20GeV.

4. For the non-b jets p°"® > 30GeV.

5. For at least three jets (b or non-b) p/, > 50GeV.

6. For jet reconstruction AR(j, ) > 0.4, where AR = \/A¢? + Ay?, where A¢
is the azimuth angle separation and Ay is the rapidity separation.

7. Dp(p . pyj) > 100°, where p; ; = pL(b) + pl(zz) for an explanation on
by, by see the text below.

8. A¢(p,.pL ) > 100°, where p; ; = pi (1) + pi(2) + pL(s) + pi(a), for
an explanation on Ji, j», J3, J4 See the next paragraph.

This set of cuts are created to enhance the Z — v decay-channel with
hadronically decaying top and antitop. Hence we should have a b-, an b- and four
additional jets, which allow for the best t — bW™ — bjjand T — bW~ — bjj
reconstruction. These jets are labeled as Bl, l_)z,jl,jg,j3,j4. This reconstruction is
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done by minimizing

o (mjljz — mW)2 (mj3j4 — mW)2

X (byfijai Do s a) = =
W w
Mp. i . — M 2 mg, i, — M 2
+ ( b1J1J22 ) + ( b213/42 2 . (5.3)
0% 0%

where mj, ; and my, , ; are the invariant masses corresponding to jet combinations
Jk.Ji and bi, jk,J; respectively. To identify the jets coming from the top and
antitop decays the resolution of the reconstruction should be defined. During
this calculation we used the values oy = 7.8GeV and o; = 13.4GeV taken from
Ref. [126]. In our analysis we select the b and b jets by means of MCTRUTH,
although in an experiment a b jet cannot be distinguished from an b jet, hence in
an experimental analysis the demand of a b and an b jet has to be changed to two
b jets.

On Fig. 5.9 we depicted four sample distributions for the restricted set of cuts.
On these plots we compared the result after parton showering and hadronization
(full SMC) to the result obtained by only performing the top and antitop decays.
The p,-distribution for the hardest jet shows a softening and a decrease in the
total rate due to the presence of parton showering. The decrease of the total rate
can be seen on its rapidity distribution too, though the decrease looks uniform.
The uniform decrease can be accounted for the parton showering not changing
the rapidity of the jet only it's particle content and energy is affected. We also
tried to reconstruct the top and W™ mass. To do so we tried to identify those
jets that come from the top, antitop , WT and W™~ decays by minimizing the
x? in Eq.(5.3). On Fig.5.9.(c) we plotted the invariant mass of those three
jets which are identified as the top decay products. When only decay is used
without any further hadronization or parton showering a clear peak is visible, but
this is completely washed away by the parton shower. The parton shower can put
partons outside of the jet cone. Hence it can push the invariant mass of the three
candidate jets away from the top quark mass. Furthermore the R parameter used
for jet reconstruction is small. Hence the parton shower can introduce further jets,
thus the decay products of the top quark, considering a hadronic decay, can tend
to resemble more than three jets. This makes impossible to reconstruct the top
mass out of three jets. By taking a look at Fig.5.9.(d) we can conclude that the
efficiency of the reduced set of cuts is low because we not only select those two
jets that are the decay products of the W™ (or W) decay, but also those that
come from the hadronic decay of the Z. The result obtained with full SMC shows
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exactly the same behavior as already seen in the case of the three-jet invariant
mass. The parton shower smears the peaks. As apparent from the presence of the
Z-peak in mj; the used subset of cuts is not efficient enough in selecting events
with Z decaying into a neutrino-pair. Thus further cuts are needed to enhance
the selection of the Z — v U channel.

We would like to measure the coupling of the Z to the top quark in the
Z — v channel, although several other processes can contribute as background
such a process is the tt+ ] production, (for the full list of possible background
processes see Ref. [72]). To illustrate the size of the background contribution on
Fig. 5.10 we showed the my;; invariant mass again for signal and for one important
background process, tt+j production, at various levels with two different cut
setups. As we can see from the green dashed line, which spans over the whole
abscissa range the background overwhelms the signal by more than two orders of
magnitude. Thus further cuts should be applied to decrease the background well
below the signal. Following the footsteps of Ref. [72] we introduced the following
two cuts:

e Cut on the missing transverse momentum: g, > SGevl/Q./ZJ pi. This,
together with the cut on the minimal number of jets, can more efficiently
select those events where the Z decays into a neutrino and antineutrino pair.

e To accept an event we impose X2, < 3, where x2,  is the minimal value of
x? defined in Eq. (5.3).

Since in an experiment individual neutrinos cannot be detected, the missing trans-
verse momentum is calculated from the visible objects, e.g. jets, leptons and
antileptons. Considering the momenta of all final state particles, the transverse
component of the vectorial sum of these momenta should be zero, hence due
to momentum conservation the transverse momentum of the system of invisible
particles should coincide with the transverse momentum of the remaining ones,
which can be detected. In an experiment, or at the full SMC level, determination of
missing transverse momentum is hampered by the possible contribution from the
decay of B hadrons. Furthermore the event can have several jets with low energy,
hence not contributing to the visible sum of momenta. At the decay-level or at
the parton-level of Ref. [72] there was no such a problem since no hadronization
took place in these cases.

On Fig.5.10 we also listed the plots obtained with the additional two cuts.
These distributions span only in a limited abscissa range. On this figure the full
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SMC prediction is depicted as well for the signal process with the full set of cuts
applied. As apparent when the parton showering is turned on, the reconstructed
top peak is completely smeared away. On the other hand the efficiency of selecting
those events where the Z decays into a neutrino-pair is raised. By only judging
from this figure, although the efficiency is increased to select the certain decay
mode of the Z, the background is still overwhelming it. By having a look at
the missing transverse momentum plot on Fig.5.11 it seems that the background
overwhelms the signal at low and moderate p  values, but the background is
steeper, hence at around 300GeV the signal overcomes it providing the possibility
of measurement. On Fig.5.11 we only listed the case where decay was employed
only, but the same effect can be seen also when the full SMC is applied to the
background and signal, although the p  -distribution for tt+jisn't so steep as in
the decay case.



73

5.3. PHENOMENOLOGY

"ysenb doj ay3 Joj pue uosog-z ay3 Jo4 umoys aJe Ayipides pue Td ay ] "DHT 2yl 3e
A9/ = S/M 18 S1USAS pajessusb 0] uoiended QTN 39exs 2yl JO uosLedwod ay3 smoys a4nbiy siy | :/°G aunbi4

"

G¢ 02 ST 0T S0 00 S0-0T-ST-0¢-S¢C
=0 LI LI DL L LR LI DL L B
= I T T T I T A O
L L L LI L LI L LI LA

W9 " 9bALD

¢/ %+ = onf
L APDILIT'16 = Zw —
B AODGTLT = "t -
— ARLL = s/ —
— MQEBCL,.I -
[ OIN-PHMOd — )]

P I AT O A A AN A A

[Aop] ¥Td
00S 0S¥ 00F 0SE 00E 0S¢ 00C 0ST 00T 0S O
=R L L LA L LR LA DL DL B
= I T A I N T A I

LI I I I O I

= W9 9bALd _|
» ¢/7w+ =0 |
- AODOLST'T6 = 7w
= APDETLT = o
= ASLL =5/ 3
m PHMOJ « -m m
E OIN-PHAO] — ) 3
= A B O B OO I B T T T Y =

O'IN/JAHHT

¥Tdp
op

[A°D/ 4]

Zfi

G¢ 0¢ ST 0T S0 00 S§0-07T-ST-0¢ G¢-

W9 " 90dLD

¢/ Zw + = orf
APDYLST'T6 = Zw
APDETLT = "
AdLL =/

— PHMOJ - —

[ OIN-PHMOd — )
[ T IR O I I N O A

[A9D] ZTd

00S 0Sv 00y 0SE 00€ 0S¢ 00¢ OST 00T 0S
LI L LI L L L L L L

=7 T

W9 " 9bdLd
/7w + = onf
A9DYLST'T6 = Zw
APDETLT = "w
ARLL = s/

|11||||| T

PHMOJ - -—
O'IN-PHMO] ——

_|'I1||||| T

°08383
O'IN/JddHT

O'IN/JHHT

Z'Tdp
op

[AoD/q]



CHAPTER 5. TT +Z PRODUCTION

74

(AD)DINS/(MH)DINS Pue (Ad)DINS/AedaQ :umoys aie soljel Buimo|jo oy [pued Jomol ay3 uQ

[AoD] T
00S 0S¥ 00% 0SE 00E 0S¢ 00C 0ST 00T 0S O
|_________________:|__|
“IH_._._._. 1Tl Togeral =1 =
iR DRI S
mil W I A O O A A T T
I N I I I I
W9 " 90ALD
o/ %+ M =1 ]
AODETLL = " _|
ARLL = s/

[~ (MH)OINSHOHMOJ ==
(AD)OWS+HPHMOJ —
AROO([+H[OHMOJ ==

W9 90ALD
o/ %+ =1l

APDE'TLL =W

?Evozmiom%m —

(@) (Xd)DINSHPHAOL — ]
TR NN TN NN O N T N WO O N |

‘parjdde sem uolonJisuodal 18l AjUo usym 9sed ayl ul DHT ASL L 2Y3 JO4 pauleiqo suoiinqguisiq :g'g 24nbi4

[A9D] TH
00FT 00T  000T 008 009 (00,4
00
) LN L L LI L .
SL0 R e 1.11.m S0 =
0T £ e — e e — 0T £
ST © ST o
) ST [T N ST N s
W9 obaLo H 0T
?o._” = o/%w + =1l N ¢ o
or £ |§ C a6z ="u i e Sg
A - Aoz =sME -
ol = = >
= Z E 0T
o Q . &
T @ - AeOd([+[OHMO] —— z =
I = - (MH)DINSHPHMOJ == —
= (Ad)DINSHPHMOJ —— S
ot E o+ 1 ¢+ 1 ¢ 1 3 1
[Aop] T
009 00S (00,4 00 00¢ 00T 0 )
1T [ T 1 T 1 T 1 T [T S0
860 =3 — i SLO =
0T % Eed _1_ gl 0T
S0T © T 6T O
0 mae I T T i I
= _ 1 _ 1 _ 1 _ 1 _ 1
oT 3 Ho-obaLo (g S
g/ Pw + = \_ AL
0z AepgELI =4z Sle
e &k AL = s/ . =
(02 Iﬂ 0T m
=, 2 o
0S (MH)OINS+HPHMOJ == M
(Ad)DINSHPHMOJ — S —
Ow KeO([+HPHMOJ = T
oL [ N T I A z



75

5.3. PHENOMENOLOGY

"SIND JO 39S Pa31dIIsad 9yl YIM DHT ASL T 2yl Joj paulelqo suoinguisip sjdwes :6'G 2.nbi4

[AoD] (M)
O¢T OIT 00T 06 08 0L 09 0S5 OF
T

=L UL (L UL N OV L N L LI e
SRS S e S =31
= T EHE
— I —0¢ 5
= _ 62 °
= “ln_ _||_ P I R B 14
N B S S B S R N N N S e [
E 001 < (“Td "oy vo < (L0 oT =
{e°2°1} 21 Aopog < 1 r—1 b g
APDOE < 1 AD0T < il == 4z <l
Iy S r— N =5
= Js
ce> AT =
[ I W9 9baIo | ~
g/t w =1l Faalq 7 unpig < 4 i
OINS+T8HMOd — ADGTLT =" wd g =
O +TeHACd —— ALY = s/ (D), —
P I I S NI R R e L
ﬂ\M
G¢ 0¢ 9T 0T S0 00 90-0T-ST-0¢ S¢
1 _ 1 _ 1 _ 1 _ 1 _ 1 _ 1 _ 1 _ 1 _ ]
n 380 o
~ 40T £
e = e r e ——— L T T o
I~ =4 G2T ©
i T N A I NN T A I 0
I I I I I O
= 001 < (“TdThow 10 < (C0uv
— {e°2°1} 22 AoD0g < Jd S
B APDOE < 1 APD0E < 1l d b
— 52> |f T o
~ s10l-q g unmg < (# -1 = T
- i — ST
; o 1. Z
— o/ 4w = e =T n9-obaro —| 02
[ Ois+Tennod — AopeaLt = tw 7
[ og+Tenmod —— ASLVT = s/ () ]
T I A R A A R I T 08

[Aop]

0¢¢ 0T¢ 00C 06T 08T OLT 09T OST OvT OET 0CT

———

{ec 1} 22 o006 < -
APDOE < 5 APD0E < gl g d

9" 9bALO L ¢z > |ff

o/ + =1l _ “ sj00-q g Mg 2 (4

DINS+TORMOd —— | APDGZLT = A

9(+TeHMOd —— |_ AOLYT = s/ (0)

PO I I I A I I I A

I
[Aop] T

009 00S OOy 00E 00C 00T 0
C T 1 T 1T T 1 1 1T 7' 71T 43
. 1 —
C I
N o Wy T 4
= | I T =]
~ " N A TR AN TR N T N M
001 < (“Td "oy {eT 1} 31 Aep0s < Jd
70 < (C0uv APDOE < i E
B APD0T < gl g d i
L 6 > |f] -
= s3l-q g ungya‘y < (7 3

W9 " 90ALD
o/ 2w+ =1l

E  DINS+TeHMOod —— 3
W O(I+ToHMOd —— ASLIT = s/ Em
TN I TR N TR N S A Y




CHAPTER 5. TT +Z PRODUCTION

76

"SIND JO 135 [N} Y3 YHm Aedap 4o}
-je (sul] pajjop-ysep I+ 11) punoibyoeq s|qissod
suo pue (sul] pijos ‘Z +11) |eubis syl Joj uoing
-143SIp WN3USWOW 3SJaAsuel} buIssI| TT°G 24nbi4

oo
0og 002 00T

1 _ 1 1 T
V0 <(£0y
001 < (“Td* T dypy
€71 =1 ND0G <
i APD0T < 1 d
1

AoD0g < | ‘¢ > Al
ol g urpim 9 < [

W9 " 9bALD
¢/ %+ =1l |
APDGTLT =T it
Z4n— S il
EEY SR p— g !
fwooqHopmod ALK =5/ T
PR N TR A T N T AN |

[I'I1|||||

_|'I1|||||

‘(ebue. essiosqe pall
-Wi| B J9A0 AjUO Ssueds suoiINquIISIp) SIND 4O 39S ||}
9Y1 yHm pue (sbued essiosge ajoym ay3 JaAo sueds
SUOIINQUIISIP) SIND JO 19S5 PadnpaJ dy} Yum (saull
paysep uaaiB) punoibyoeq [+ 13 ay3 o} [9A3] Aed
-9p a3 1e pue ‘uoiponpoid 7 411 ayi Joj (saul|
Pal PI|OS) [9A3] DINS [IN} @Y1 pue (saulj pa1iop
-ysep an|q) Aedsp ay3 1e yienb dol pajoniisuodal
9Y1 JOj UOIINQLIISIP SSBW JueLeAu| :QT'G 24nbi-

[AoD)] i
0¢¢ 0TZ 00C 06T 08T OLT 09T OST O¥T OET 0T
L LI L L L L L=
TAZ N < gT =1

. A2D0G <
€> X ‘ —
© b ae0g< 20T
APDoe < _M%hwi

—

s> il 1
spl-q g upm 19 < (7
R

=
-~
P>
n 7+ N i 7]
........ - ' W9 9bALd M
o/ + =1l _] —
DO+PHMOJ == APDETLT = hw
- ol+93 i AOLYL =50 4
P AT I T I T B A Y




Chapter 6

tt + W= production

he hadroproduction of tt-pairs in association with vector bosons is an im-
T portant process for measuring top couplings, and detecting if anomalies,
possibly related to physics beyond the Standard Model (SM), can manifest them-
selves. Furthermore, it can be considered a background process for new physics
searches. In particular, the dilepton decay channel with two same-sign leptons,
accompanied by missing energy and jets, is a relatively rare channel in the SM, but
largely exploited in recent supersymmetry searches [127]. From the experimental
point of view, these studies are becoming feasible thanks to the increasing amount
of data collected at the LHC, that has already reached an integrated luminosity
large enough to permit the disentangling of tt + V signals over other SM back-
grounds [128]. Such an investigation can certainly benefit from high accuracy
theoretical tools, involving the inclusion of radiative corrections, at least in QCD,
and the matching to Parton Shower (PS) approaches.

The aim of this chapter is to provide predictions for tt + V production (with V
=W, W™, Z) at LHC at both NLO and NLO + PS accuracy. In case of NLO we
also include uncertainties due to factorization and renormalization scale variation,
always assumed being equal to each other for this process. This is achieved by
PowHel, our event generator relying on the POWHEG-BOX [68] computer framework
designed for matching predictions at NLO accuracy in QCD to a PS evolution,
according to the POWHEG method [64, 129]. As we saw in earlier chapters the
input matrix elements are obtained from the HELAC-NLO package [130]. With such
an input, the POWHEG-BOX is capable of making predictions at both NLO accuracy,
and at NLO accuracy matched to a PS evolution. We especially concentrate

7
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on the /s = 7 and 8 TeV energies, but the approach can easily be extended
to other ones (and to other colliders). So far, in an earlier chapter, we also
presented some theoretical results on tt + Z production itself, at NLO accuracy,
and a phenomenological study limited to its decay channel in six jets plus missing
energy, at NLO + PS accuracy.

In this chapter we produce predictions for tt + W* hadroproduction, and we
concentrate on the (semi)leptonic decay channels of tt 4+ Z, the same channels
that are nowadays preferred by the experimental collaborations, as much cleaner
signals can be obtained with respect to the fully hadronic decay one. The tt + W=
hadroproduction has already been recently investigated by MCFM at the NLO accu-
racy in QCD [131]. Our study provides a completely independent confirmation of
their results at the parton level, with which we found agreement within the quoted
uncertainties. Furthermore, we give predictions for this process at the hadron level,
by the matching the NLO predictions to the PYTHIA [91] and HERWIG [92] Shower
Monte Carlo (SMC) programs, describing PS emissions, hadronization and hadron
decays.

6.1 Implementation and checks

We address the problem of matching tT+V (V = Z, W¥) production at NLO
level to PS programs. To this end the POWHEG approach [64, 129] was chosen
as implemented in POWHEG-BOX [68]. Details on the implementation of tt+ Z in
this framework were introduced in the previous chapter. The following ingredients,
needed by POWHEG-BOX, were provided in case of tt 4+ W hadroproduction:

e The phase space corresponding to three massive particles in the final state
was provided in full analogy with our previous computations of the tt+ Z
and tt+ H processes at the same accuracy [105, 132].

e The Born and real-emission matrix elements corresponding to the q §’ t t W+ —
0and q @ t T W* g — 0 processes, respectively, with q, ¢’ € {u, d, c, s},
were provided by HELAC-NLO [130].

e The finite part of the virtual amplitudes was computed by HELAC-1L0OP [71]
for the q § t T W* — 0 processes.

e At both tree- and one-loop-level the remaining matrix elements were ob-
tained by crossing.
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e The spin- and color-correlated Born squared matrix elements were also pro-
vided by HELAC-NLO.

The PowHel (= POWHEG-BOX + HELAC-NLO) code implemented this way is capable
of generating Les Houches Events (LHE's), including up to first radiation emission,
for both tT+ W™ and tT+ W™. A selection between these two cases can simply
be achieved by setting the Wmode keyword in the input card to +1.

In order to make comparison with the available NLO predictions [131], we
had to use a non-diagonal CKM matrix in the calculation. We thus extended
HELAC-1LOOP in this respect. This process can then be considered the first one,
among those computed with HELAC-1LOOP, where a non-diagonal CKM matrix
was used. A check of the correctness of the implementation was provided by
comparing our results with those already available in the literature (see the next
paragraph), obtained in the same non-diagonal conditions. WWe make available the
PowHel implementation, where the user has the possibility of switching from the
diagonal CKM matrix to a non-diagonal one by specifying a positive value of the
sin2cabibbo keyword in the input card, which declares sin® 6c.

In order to assess the correctness of the implementation, the standard set of
checks was performed also in this case. The consistency between the real emission
matrix elements, the Born part, and the real counterterms automatically computed
according to the FKS subtraction scheme [56], was checked by investigating the
behavior of these terms in all kinematically singular regions of phase space. The
original and crossed matrix elements computed by PowHel were checked against
those provided by HELAC-PHEGAS and HELAC-1L0OOP in various randomly chosen
phase space points. As for tT + W™, the Born results were checked against MCFM
[133,134], and the NLO ones against the predictions quoted in Ref. [131], using
the same set of parameters mentioned therein and sin® Oc = 4.9284-1072, as in
the default version of MCFM. In all cases we found full agreement.

We also compute NLO tt+ W? cross-sections at the LHC for a different
static central scale choice, by considering the interval [uo/2, 2u0] centered around
o = my + my/2, and the following set of parameters: /s = 7 and 8 TeV, the
CTEQ6.6M PDF set with a 2-loop running o and 5 active flavors, taken from
LHAPDF [110], my, = 0, whereas as for heavy particle masses, the latest available
values provided by the PDG [96], i.e. mx = 173.5GeV, myw = 80.385 GeV and
mz = 91.1876 GeV, were adopted. For the whole calculation a non-diagonal
CKM-matrix was used, in the first two families, with sin? Oc = 4.9284 - 1072
The renormalization and factorization scales were fixed to ug. The predictions
for the total NLO cross-sections in these conditions are shown in Table 6.1. The



80 CHAPTER 6. TT + W% PRODUCTION

considered scale choice turned out to provide a flatter scale dependence with
respect to the case ug = nmy, as can be understood by comparing the results
quoted in Table 6.1 to those provided in Ref. [131].

Although the K-factor associated to the tt + W% process is close to one, it
is also informative to compare NLO differential cross-sections to those obtained
from the LHE's, which checks the correctness of the matching procedure. Sample
distributions can be found in Figs. 6.1 and 6.2, where the transverse momenta and
the rapidities of both the t-quark and the tt-pair are shown in case of tt4+ W+
and tt+ W™, respectively, together with the ratio of the predictions from the
LHE’s to the NLO ones. In the figures in the lower panels the red dash-dotted line
corresponds to the LHE/NLO ratio, whereas the differential K-factor (NLO/LO)
is depicted with a dotted line. The error-bars refer to the statistical uncertainties
on the LHE/NLO ratio. In case of p_-distributions, the scale dependence is also
superimposed as a light-blue band, which represents a scale variation between
o/2 and 2ug. The agreement between the NLO and the LHE distributions is
quite remarkable, as can be seen from the two rapidity plots and from the p, -
distribution of the t-quark. The small deviation visible in the p;  tail is within
the increased statistical uncertainty in that region, also plotted in the lower inset
of each panel. For the p, (s-distribution the agreement is within 5% up to ~
220 GeV, but worsens in the high momentum tail. We attribute this increasing
difference to the increasing K-factor that reaches 2 around 400 GeV (also depicted
in the lower panel of the plot). This 10 % deviation however, is well within the
NLO scale dependence, as seen from the upper panel, where the uncertainty band,
corresponding to a scale-variation in the [uo/2, 2] interval, is shown as well.
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Vs (TeV) | wu | oC (fb) | oNW© (fb) | K-fact.
wo/2 | 121.8(1) | 114.3(1)
7 1.13
) po | 93.1(1) | 104.7(1)
tt4+ W
ouo | 727(1) | 93.8(1)
o/2 | 159.3(1) | 156.2(2)
8 1.16
wo | 122.9(1) | 142.6(2)
ouo | 96.7(1) | 127.5(1)
wo/2 | 46.7(1) | 46.9(1)
7 1.20
i Lo | 35.6(1) | 42.6(1)
tt+W-
ouo | 27.8(1) | 38.0(1)
no/2 | 64.1(1) | 67.1(1)
8 1.23
wo | 49.4(1) | 60.5(1)
uo | 38.9(1) | 53.9(1)
wo/2 | 141.6(1) | 149.4(2)
7 1.32
i Lo | 1035(1) | 136.9(1)
tt+Z
ouo | 77.8(1) | 120.8(1)
wo/2 | 209.5(1) | 224.9(4)
8 1.34
wo | 153.9(1) | 205.7(2)
ouo | 116.2(1) | 181.7(2)

Table 6.1: PowHel predictions for the inclusive tt+W™, tt+W~ and tt+Z
cross-sections at LO and NLO QCD accuracy at LHC for /s = 7 and 8 TeV, for
various static scale choices, centered around uo = my + my /2, with V.= W for
the tT + W= cases and Z for the tT + Z one. The statistical uncertainties of our

simulations are shown in parentheses.
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Differential K-factors and the comparison between NLO and LHE distributions
in case of the tt + Z process can be found in the previous chapter and also in
Ref. [132,135]

6.2 Phenomenology

For our phenomenological studies the following parameters were adopted in PowHel:
the CTEQ6.6M PDF set, with a 2-loop running as, my = 172.5GeV, my =
80.385 GeV, my = 91.1876 GeV, sin®6c = 4.9284 - 1072. The renormalization
and factorization scales were fixed to ugr = ug = my + my/ /2. Although the value
of my is different from the most recent measurements at the LHC and also from
that used in our NLO comparisons, it was also used in Ref. [131] and in several
measurements performed by the LHC experiments so far.

The PowHel code generates LHE's of two kinds: Born-like events, and events
including first radiation emission. Further emissions can be simulated by simply
showering the events by SMC programs, under the condition that the first emission
remains the hardest. We consider the last fortran version of both the PYTHIA and
HERWIG SMC, providing a virtuality-ordered and an angular-ordered PS, respec-
tively. As the ordering variable in the POWHEG method is the relative transverse
momentum, in case of an angular-ordered PS parton emissions with larger trans-
verse momentum than the first one have to be vetoed explicitly (done in HERWIG
automatically). Furthermore, a truncated shower, simulating wide-angle soft emis-
sion before the hardest one ought to be included, too. However, the effect of the
truncated shower in general turns out to be small, as shown e.g. in Ref. [136] and
as we already verified in case of many different multiparticle production processes
including a tt pair, where the predictions of PYTHIA and HERWIG turn out to agree
one with each other within a few percent. Thus, we neglect truncated shower
contributions in this analysis, as we already did in our previous ones.

These SMC codes were also used to generate t-quark and heavy boson decays
(neglecting spin correlations), as well as hadronization and hadron decays. For
consistency, heavy particle masses in the SMC setup were set to the same values
used in the PowHel computation, whereas the light quark masses in HERWIG were
set to the default values implemented in PYTHIA. Heavy particle decay widths
were fixed to [} = 1.45775 GeV, [y = 2.085 GeV and [ = 2.4952 GeV. Decays
of heavy bosons into electrons were assumed to have the same branching ratio
as into muons. 7°%'s were enforced to be stable in both SMC's, as they can be
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easily reconstructed in the experiments from their decay products (2 's), and
muon stability is enforced in HERWIG, as in PYTHIA default configuration. All other
particles and hadrons were assumed to be stable or to decay according to the
default implementation of each SMC. Multiple interactions were neglected in both
SMC'’s.

6.2.1 Inclusive analysis

We now present predictions at the SMC level, i.e. after PS, hadronization and
hadron decay, in case of tt+ W™, tt+ W™ and tt+ Z in the most general case,
i.e. without applying any selection cut. This is possible since these processes
are finite at the Born level, so we did not have to introduce any technical cut
in the PowHel generation of LHE's. It is useful and instructive to present some
theoretical distributions at this level, to better understand how the selection cuts
that we will discuss in the following will modify these predictions. In particular, we
focus on a few selected distributions that will also be shown again, in presence of
cuts, in the following Subsections.

The inclusive cross-sections at the SMC level are the same as at the NLO
level, since the POWHEG method ensures that the cross-sections from LHE's
coincide with the exact NLO ones, i.e. oLpe = onLo. We found that ovzyz >
Orirw+ > Oriaw-, With oyzyz = 137.21 £ 0.01 fb, opzw+ = 106.74 £ 0.01 fb
and oygyw- = 43.472 £ 0.005 fb, respectively (uncertainties are statistical only).
These values are slightly larger than those quoted in Table 6.1, due to the slightly
smaller value of the t-quark mass (see the beginning of the previous subsection).

The invariant mass of all same-flavor (£*, £7) pairs in all events is plotted in
Fig. 6.3.a. Even in absence of cuts, a peak is well visible in the tt + Z distribution,
around the Z pole mass, due to Z — £74~ decays. The ee™ and u" ™ channels
both contribute with a similar shape to this distribution. The presence of this peak,
absent in the tT + W™ and tt + W™ distributions also plotted in Fig. 6.3.a, will be
exploited in the trilepton analysis discussed in Sect. 6.2.2. In the inclusive analysis
we turned off photon radiation in PYTHIA, hence the Z peak visible in Fig.6.3.a
is well articulated at both sides. The rise in the beginning of all contributions
in Fig.6.3.a is coming from the decay of low-lying neutral mesons, for further
discussion the reader is referred to Sect. 3.3. Looking at the invariant mass of all
same-flavor same-sign (anti-)lepton pairs in all events, plotted in Fig. 6.3.b, an
almost monotonically decreasing distribution is found. These lepton combinations
can come from several possible sources: one from the (anti-)t-quark and the
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other from the W or Z, a prompt and a secondary (anti-)leptons, two secondary
(anti-)leptons.

The predictions using HERWIG as SMC, instead of PYTHIA, agree with the
PYTHIA ones well below 5% in all the dilepton mass range considered (see the
ratios plotted in both lower panels of Fig. 6.3).

In Fig. 6.4.a, the transverse momentum distribution of the hardest lepton of
each event is shown. Here it is worth noting the different shapes of the tT + W™
and tT+ W~ distributions, with the tt + W~ becoming larger than the tT + W+
one for p; > 260 GeV, as expected because the high p; tail is populated by
prompt leptons emitted from primary W~ — £ v, decays, that are absent in case
of W™ decays. Leptons originated by primary Z decays can have even larger p;
as seen from the shape of the tail of the tt + Z distribution, with a slope flatter
than previous ones.

Finally, the missing transverse momentum distribution due to all neutrinos
is plotted in Fig. 6.4.b. The shape of the tt-+ W™ distribution is similar to
the tt + W™ one, with a rescaling factor just due to the different cross-section,
whereas the shape of the tt + Z distributions differs from the previous ones, with
a larger contribution in the first two bins, due to events without neutrinos or with
neutrinos from secondary decays with very small transverse energy and a flatter
slope than the tT 4+ W% cases. The region around 50 GeV, where the tT 4+ W™
and tt + Z distributions are closer together, is filled by neutrinos from prompt
W decays, absent in case of tT 4 Z. The first bin is enhanced in all distributions
due to the possibility of events without neutrinos (W decays in two light jets are
indeed possible and not ruled out by any selection cut in this analysis).

For both distributions plotted in Fig. 6.4 we found that the differences between
the cumulative predictions by PYTHIA and HERWIG, obtained by summing over the
three tt + V processes, are within 5 % (see the lower panels), with a slightly better
agreement in case of the p -distribution.
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Figure 6.3: Invariant mass of a) all (£, £7) same-flavor lepton-antilepton pairs and
b) all (£, £) same-sign lepton and anti-lepton pairs from all events in the inclusive
analysis, as obtained by PowHel + PYTHIA at the /s = 7 TeV LHC. Predictions
for the three processes tt+ Z, tt+ W™, and tT+ W™ are shown separately. In
the lower panel, the ratio between the cumulative predictions of PowHel 4+ HERWIG
and PowHel + PYTHIA is also shown.
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Figure 6.4: Distributions of a) the transverse momentum of the hardest lepton
and b) the missing transverse momentum due to all neutrinos from all events in
the no-cut analysis, as obtained by PowHel + PYTHIA at the /s = 7 TeV LHC.
Predictions for the three processes tt+Z, tt+W™, and tt+ W™ are shown
separately. In the lower panel, the ratio between the cumulative predictions of
PowHel + HERWIG and PowHel + PYTHIA is also shown.
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6.2.2 Trilepton-channel analysis

The aim of the trilepton channel analysis proposed in Ref. [128] is selecting tt 4+ Z
events, with Z decaying in two opposite-sign charged leptons, and one of the
quarks of the tt-pair decaying leptonically, whereas the other one hadronically. In
particular, we considered the following set of cuts:

1. at least two opposite-charge, same-flavor leptons with p, , > 20 GeV and
within CMS acceptance (|| < 2.4, with an additional cut on the electrons
impinging on the barrel/endcap transition region of the electromagnetic
calorimeter (ECAL), corresponding to the pseudorapidity interval 1.4442
< |me| < 1.566),

2. constrain the invariant mass of the dilepton system (“reconstructed Z")
within the 81 GeV/c? < my+g- < 101 GeV/c? interval,

3. p1 g+~ > 35GeV, where p; 4+p- is the transverse momentum of the recon-
structed Z,

4. at least a third lepton in the event with py g, > 10 GeV and obeying the
same pseudorapidity requirements as the other two leptons,

5. at least three jets with p; ; > 20 GeV and |n;| < 2.4, of which two positively
b-tagged,

6. Ht > 120 GeV, defined as the scalar sum of the transverse momenta of all
jets with p; ; > 20GeV and |n;| < 2.4.

In our simulation, jets were reconstructed using the anti-k, algorithm, with
R = 0.5, using FASTJET [124]. b-tagging was done by means of the MCTRUTH
parameter, allowing to trace back the origin of a jet to a b or a b quark. In case
of multiple dilepton pairs with opposite charge and same flavor satisfying cuts 1),
2) and 3), the pair with the invariant mass closest to the nominal Z mass was
selected.

Predictions for the expected number of events after cuts at the /s =7 TeV
LHC, corresponding to an integrated luminosity L = 4.98 fb—!, as obtained by our
PowHel+ PYTHIA simulations, are shown in Fig. 6.5, distinguishing the possible
decay channels, labelled by the flavors of the two leptons entering the dilepton
system plus the third lepton mentioned in cut 4). When more than one additional
lepton satisfies cut 4), we choose that with the largest p;. The sum of the
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results in all channels is plotted in the last bin of the figure, as well. These
predictions can be compared to the experimental results, presented in Ref. [128]
for the same luminosity, with the caveat that we still do not include the predictions
for background processes (like Z + jets, tt and diboson production) at the same
accuracy. For an estimate of these background contributions at a lower accuracy,
one can rely on Ref. [128]. One has also to take into account that the CMS
Collaboration used an experimental b-jet tagging algorithm, instead of a purely
theoretical one, as we did.
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Figure 6.5: Number of events in the trilepton channels at the /s = 7 TeV LHC,
as predicted by PowHel + PYTHIA, for an integrated luminosity amounting to
L = 4.98fb~1. The contribution in the (e, €) e, (e, €) u, (4, 1) e and (u,
W) W channels are shown separately, as well as their sum in the last bin. The
contributions due to ttT+Z, tT+ W™ and tt+ W™ are cumulated one over the
other. To be compared with the experimental data in Fig. 4 of the CMS technical
report [128]. In the lower inset the ratios between cumulative results using different
SMC (HERWIG/PYTHIA) and between cumulative results obtained by neglecting and
including photon radiation off leptons (PYTHIA-no-brem/PYTHIA) are also shown.

As expected, as a result of the selection cuts, and in particular of the cut
on the invariant mass of the dilepton system, both in the experiment and in our
theoretical predictions the contributions to the total number of events due to the
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tt + W™ processes are highly suppressed. We estimate a suppression factor of
about 10 between the cross-sections after the cuts for the processes (tt+ W™+
tt+ W) and tt + Z, from our theoretical simulations. The invariant mass of the
reconstructed Z is plotted for these three processes in Fig. 6.6.a, from where it is
clear that the largest contribution of the tT + Z process is due to the peak around
mz, completely absent in case of both ttT+W™* and tt +W~.

In the lower inset of Fig. 6.6 the ratios of the results using different SMC's
are plotted. In particular, using HERWIG instead of PYTHIA as SMC, leads to a
larger number of events. This is due to the different physics implemented in the
two SMC's. PYTHIA includes by default photon radiation off leptons, the stand-
alone fortran version of HERWIG does not include it (unless one interfaces it with
external packages). This photon radiation affects the dilepton invariant mass after
SMC: as shown in Fig. 6.6.b, (that is the analogous of Fig. 6.3.a after cuts), the
very narrow peak evident in case of HERWIG simulations is smeared by the default
PYTHIA simulations (denoted by PY0). As a further check, we switched off this
kind of emissions even in PYTHIA(denoted by PY1). The predictions of PYTHIA
without photon radiation are superimposed on the same plot and look to be closer
to the HERWIG ones. The modification on the number of events after cuts in the
different channels, one gets by switching off this effect in PYTHIA, is also shown
in the lower panel of Fig. 6.5.

The predictions presented in Fig. 6.5 are compatible with the experimental
data of Ref. [128] within the error-bars of the latter. In our prediction a slight
asymmetry can be seen comparing electron and muon final states. Our PYTHIA
prediction contains QED radiation, which affects electron final states more, since
electrons can radiate more photons compared to muons, due to the fact that the
dead-cone of the muon is much larger than the one of the electron. The electrons
in the final state are affected by one additional cut (see cut 1).

Our predictions for the cross-section contributions in the different trilepton
channels (see Fig. 6.5), summing over the three processes tt + Z, tt+ W™ and
tt+ W™, in case of /s = 7TeV LHC, are as follows: 0(ce)e = 0.516fb,
U(e,e),u = 0255fb, O'(M'M)'e = 0273fb, U(u,u),u = O6l3fb, Oy = 1658fb, all
with a statistical uncertainty below 107> fb.

The transverse momentum distributions of the leading and subleading (anti-
)lepton of the (£7,£7) pairs selected by the considered system of cuts are shown
separately in Fig. 6.7. These distributions have different shapes, as expected:
those belonging to the leading lepton are peaked at ~ 65 GeV for both tt+ Z,
tt+WT and tt+ W~ while those belonging to the subleading lepton decrease



92 CHAPTER 6. TT + W% PRODUCTION

monotonically just above the p; , > 20GeV cut. When considered together,
the lepton and the anti-lepton give rise to a “reconstructed Z"”, whose p, has a
shape characterized by a smooth peak in the 50 GeV region. We also repeated the
analysis in the trilepton channel in case of an LHC /s = 8 TeV center-of-mass
energy, that can be useful in view of future data analysis on the basis of the events
recorded in the present run. For future reference, we report here our cumula-
tive predictions for the cross-section contributions of the three processes tt + Z,
tt+W™* and tt+ W™ at /s = 8TeV: 0(ce)e = 0.782fb, 0(ce) = 0.388fb,
O(up)e = 0.420fb, 0y uy.u = 0.934fb, o5 = 2.524 fb, all with a statistical uncer-
tainty below 5-107° fb. Furthermore, predictions for the same differential distribu-
tions already discussed in the /s = 7 TeV case, were produced in the 8 TeV case,
and we have found very similar results, except for a rescaling factor just given by the
ratio of the cross-sections at 8 and 7 TeV. The LHE's are freely available at our web
repository: http://www.grid.kfki.hu/twiki/bin/view/DbTheory/WebHome.
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Figure 6.6: Invariant mass of the Z reconstructed from same-flavor (4%, £7) pairs
after the trilepton analysis, as obtained by PowHel+ PYTHIA at the /s = 7 TeV
LHC. a) Predictions corresponding to the different processes tt + Z, tt + W™ and
tt + W~ cumulated one over the other, b) distributions obtained by using different
SMC (PYTHIA, HERWIG and PYTHIA without photon radiation off leptons) are also
shown, limited to tt + Z-production.
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Figure 6.7: Transverse momentum distributions of a) the leading and b) the sub-
leading (anti-)lepton of each (¢*, £7) pair corresponding to a reconstructed Z
boson. Predictions by PowHel -+ PYTHIA, corresponding to the different tt + Z,
tT+WTand tT 4+ W™ processes are shown separately. In the lower inset the ratios
between cumulative results using different SMC HERWIG and PYTHIA (HW/PYOQ) and
between cumulative results obtained by neglecting and including photon radiation
off leptons in PYTHIA (PY1/PY0) are also shown.
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6.2.3 Dilepton-channel analysis

As mentioned in the beginning of this chapter, studies of tt +V decays in the
dilepton channel, with two same-sign leptons plus jets, have their original motiva-
tion that this kind of signature is hardly produced by SM processes, and can thus
be used in searches for supersymmetry. In this case, tt+V can be considered
as a background with respect to possible new physics processes. Other sizable
backgrounds involve many different diboson and triboson production processes.
An exhaustive list of backgrounds in this context can be found in Ref. [131]. New
physics searches usually also involve a cut on missing energy. We explore the
dilepton channel, without imposing any missing energy cut, as also done in the
very recent CMS technical report [128], where the analysis was optimized on the
basis of data collected at LHC at /s = 7 TeV corresponding to an integrated
luminosity L = 4.98fb~! . This way the relatively small number of tT + V events
does not suffer any further suppression due to this cut.

The aim of this analysis is to select the events where one of the quarks of the t t-
pair decays leptonically and the other one hadronically, and the vector boson decays
leptonically giving rise to a lepton with the same sign of the lepton coming from
the (anti-)quark. In case of tt + W -production this means that we are looking for
W — £% v, accompanied by the leptonic decay of the t-quark, whereas, in case
of tt + W™ -production we aim to select events with W~ — £~ I,, accompanied
by the leptonic decay of the t-quark. In case of tt + Z-production Z — £7£4~, and
thus it is sufficient that either the t- or the t-quark decays leptonically.

Following the CMS Collaboration, we considered the following set of cuts:

1. two same-sign isolated leptons with p; o > 55GeV and py g, > 30 GeV,
respectively, within CMS acceptance (|n| < 2.4, plus a further removal of
the [1.4442, 1.566] pseudorapidity range corresponding to the ECAL bar-
rel/endcap transition region, applied in case of electrons),

2. dilepton invariant mass my, 4, > 8 GeV,

3. at least 3 jets with py ; > 20GeV and |n;| < 2.4, satisfying the additional
cut AR(j,£) > 0.4 on the distance in the pseudorapidity-azimuthal angle
plane, for both £ = 41, 45,

4. at least one of the previous 3 jets must be b-tagged,

5. Ht > 100 GeV, where Ht is computed as the scalar sum of the transverse
momenta of all jets satisfying cut 3).
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Jets were constructed using the anti-k; algorithm, with R = 0.5, as imple-
mented in FASTJET [124]. Lepton isolation was computed by making use of the
standard isolation criterion mentioned in the CMS technical report [127]: we re-
quire a lepton relative isolation /,o; > 0.15, where /,¢; is computed as the ratio
between the scalar sum of the transverse momenta of all tracks within a distance
AR < 0.3 with respect to the selected lepton and the transverse momentum of the
lepton itself (excluded from the sum at the numerator). Furthermore, in case of
multiple dilepton pairs satisfying the cuts mentioned above, the pair was selected
with the largest combined transverse momentum.

As also done in the CMS analysis [128], we explicitly exclude from this analysis
all events that are selected in the trilepton channel analysis, in order to obtain two
statistical independent samples (trilepton veto). As we will see in the following,
the final predictions in the dilepton channel, for both the number of events and
the shape of the distributions, will indeed be affected by this choice, especially as
for the tt + Z process.

Differences between our theoretical analysis framework and the experimental
conditions are listed in the following:

e Contrary to experimental reconstruction of the events, electron and muon
detection efficiencies in our theoretical simulations were assumed to be
100 % and charge misidentification effects neglected.

e Also, while in the experiment b-jets were reconstructed as displaced vertices,
making use of spatial tracking information, and a b-tagging algorithm was
applied, ensuring a limited efficiency in the reconstruction of b-jets, accom-
panied by a non-negligible fake rate, in our simulations we identified b-jets
using the MCTRUTH parameter which allows for tracking back b and b quarks
from tt-decay, but we lacked spatial information concerning the position of
displaced vertices.

Despite the differences in the analysis, and perhaps other experimental detail we
are not aware of, the theoretical predictions, shown in Fig. 6.8, are compatible
with the experimental results.

The largest contribution to the total number of events is from the tt+ W™
process, followed by the tt + Z and the tt + W™ ones. The contribution of the
tt+ W™ process is larger than the tt+ W™ one already at the inclusive level
(see Sect. 6.2.2), with the ratio between the two remaining almost the same after
cuts (2.45 for the inclusive predictions and 2.42 after cuts). The contribution
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Figure 6.8: Number of events in the dilepton channel at /s = 7 TeV LHC, as
predicted by PowHel + PYTHIA, for an integrated luminosity L = 4.98fb~1. The
contribution in the (e, e), (i, &), (e, ) channels are shown separately, as well as
their sum in the last bin. The contributions due tott+Z, tt+ WT and tt + W~
are cumulated one over the other. In the lower inset the ratios between cumulative
results using different SMC HERWIG and PYTHIA (HW/PYO) and between cumulative
results obtained by neglecting and including photon radiation off leptons in PYTHIA
(PY1/PYO) are also shown.

of tt+ W™ is enhanced with respect to that of tT + Z after cuts is an effect
of the selection cuts and of the trilepton veto. For the tt + W= processes, the
contribution in the (e, i) channel turns out to be almost twice the average of the
(e, e) and (u, W) ones, as naively expected on the basis of the possible charge
and flavor combinations. (An electron can come from the W and a muon with the
same sign from one of the t-quarks, or vice versa.) For the tt+ Z process, the
contribution in the (e, 1) channel turns out to be ~ 3.5 times the average of the
(e, e) and (u, @) ones, i.e. larger than expected on the basis of the charge and
flavor combinatorics. The reason has to be attributed to the trilepton veto. As
seen in Fig. 6.5, the number of events in the trilepton channel in case of the (e,
e) e and (u, u) w combinations are larger than those in the (e, €) w and (u, 1) e
bins. The former affects the (e, e) and (u, ) bins of the dilepton analysis, while
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the latter affects the (e, w) bins of the dilepton analysis. As a consequence, the
contribution to the (e, u) channel of the dilepton analysis is less suppressed than
those in the (e, €) and (u, w) channels due to the trilepton veto. The predictions
by different SMC programs, i.e. HERWIG and PYTHIA (PY1) are up to 8% and
5% larger than those of default PYTHIA (PYO0), as seen from the lower panel of
Fig. 6.8. These differences have the same sign, but are smaller, than those found
in case of the trilepton analysis (see the lower panel of Fig. 6.5 for comparison).

The PowHel + PYTHIA predictions for the cross-section contributions in the
different dilepton channels (see Fig. 6.8), summing over tt+Z, tt+W™" and
tt+ W™, in case of /s = 7TeV LHC are listed in the following, together with
their sum: o(ee) = 0.6311b, 0(c ) = 0.6941b, o(, ) = 1.569fb, 0. = 2.8941b,
all with a statistical uncertainty below 3 - 107> fb.

As for the comparison with the experimental data, we note that in the CMS
technical report [128] a contribution to the number of events was assigned to the
effect of charge misidentification for the leptons, in particular the electrons, and
another additional contribution to the effect of non-prompt leptons, i.e. leptons
not coming directly from heavy boson decays. In our theoretical simulations the
background due to charge misidentification vanishes, whereas a possible contribu-
tion of non-prompt leptons to our final results relies on the effectiveness of the
isolation criteria we adopted. In this respect, even if we lack a precise estimate, it
can be interesting to observe the differential distributions of the hardest isolated
(anti-)leptons of each event after cuts, plotted in Fig. 6.9.

We see from Fig. 6.9.a, in case of tT+ W™ the hardest isolated anti-lepton
after cuts has a minimum p; of 50 GeV and a peak slightly above it, whereas
in case of tt 4+ W™ it has a minimum p; of 30 GeV without a peak. In case of
the hardest isolated lepton, instead, the behavior of tt+W™ and tt+ W™ is the
opposite, as can be seen in Fig. 6.9.b. This behaviour is compatible with cut 1) and
means that the system of proposed cuts is effective in selecting prompt leptons,
i.e. the selection of (£, £7) pair in case of tT+ W™ decay, or of ({7, £7) pair in
the tT + W™ decay are actually suppressed by orders of magnitude, even if several
leptons and anti-leptons can be present after PS, hadronization and hadron decays.
In case of tt + Z decays, two opposite-charge leptons are produced by Z-decays,
so both (¢%, £7) and (£7, £7) pairs of prompt leptons could be selected. Thus a
peak above 50 GeV is present in both the lepton and the anti-lepton distributions.
In all cases, the peaks slightly above 50 GeV are related to the request of having
at least one (anti-)lepton with p; > 55 GeV in the selection cuts.

As examples of further distributions that can be measured in the experiment,
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the cumulative transverse momentum distributions of the leading and subleading
lepton or anti-lepton of the (¢, £) selected pairs are plotted in Fig. 6.10. At low
p1 the sum is dominated by the tT + W™ contribution, whereas in the high p, tail
(i.e. above ~ 300 GeV in case of the leading lepton and above ~ 150 GeV in case
of the subleading one), the contributions of tT + Z and tt + W™ become almost
equal.

In view of the searches for new physics in the dilepton channel another inter-
esting distribution is that of the missing transverse energy, plotted in Fig. 6.11. In
Fig. 6.11.a, different shapes characterize the three tt + V processes. The distribu-
tion for tt + Z is peaked around 30 GeV, while that for tt + W= is peaked around
50 GeV. This difference is related to the W — £v, decay events selected in the
dilepton analysis, that populate the peak region. The suppression in the first few
bins, not present in the analogous inclusive p  -distribution plotted in Fig. 6.4.b,
is an effect of the set of cuts, aiming at the selection of two same-sign prompt
(anti-)leptons. With this selection both the primary boson and either the t- or the
t-quark should decay leptonically, leading to a non-zero p, - Asexpected, including
further cuts on P will enhance the relative contribution of the tT + W+ process
with respect to the tt+ Z one, and will reduce the number of observed tt+V
events. In particular, integrating over the cumulative p -distribution, plotted in
Fig. 6.11.b, we find that a cut of p, > 50 GeV corresponds to a reduction on
the total number of events, plotted in Fig. 6.8, by a factor of ~ 4 and a cut of
p, > 100 GeV to a further reduction by a similar factor.

Looking forward to an analysis of data collected in the recent LHC energy
upgrade, we repeated the whole analysis at /s = 8 TeV LHC. For future reference,
we list our predictions for the cross-sections after cuts at this energy for each
dilepton channel, together with their sum. We found o ¢) = 0.907fb, 0(c ) =
0.9911b, o(,u = 2.289fb, o = 4.187fb, all with a statistical uncertainty <
5. 1075, As for differential distributions at 8 TeV, we found that their general
qualitative behaviour and their shapes are similar to those already shown at 7 TeV,
thus we do not present them again here. These can just be obtained by a proper
rescaling factor given by the ratio of the cross-sections at 8 and 7 TeV. The LHE's
are freely available at our web repository.
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Figure 6.9: Transverse momentum distributions of a) the hardest anti-lepton and
b) the hardest lepton of each event at /s =7 TeV LHC, as predicted by PowHel
+ PYTHIA after the dilepton analysis. The distributions for tt+Z, tt+ W
and tt+ W~ are shown by solid (red), dotted (blue) and dashed (green) lines,
respectively. In the lower inset the ratios between cumulative results using different
SMC HERWIG and PYTHIA (HW/PY0) and between cumulative results obtained by
neglecting and including photon radiation off leptons in PYTHIA (PY1/PYO) are
also shown.
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Figure 6.10: Transverse momentum distribution of a) the leading and b) the sub-
leading (anti)-lepton of each same-sign (£, £) pair after the dilepton analysis. Pre-
dictions by PowHel + PYTHIA at /s = 7 TeV LHC corresponding to the different
tt+Z, tt+WTand tT+ W™ processes are shown separately. In the lower inset
the ratios between cumulative results using different SMC HERWIG and PYTHIA
(HW/PYO0) and between cumulative results obtained by neglecting and including

photon radiation off leptons in PYTHIA (PY1/PYO0) are also shown.
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Figure 6.11: Missing transverse momentum distribution at /s = 7 TeV LHC, as
predicted by PowHel + PYTHIA after the dilepton analysis. a) distributions for the
processes tt+ Z (red), tt+ W™ (dotted) and tt+ W~ (dashed) (red), dotted
(blue) and slashed (green) lines. b) these different contributions are added one
over the other in a cumulative way. In the lower inset the ratios between cumulative
results using different SMC HERWIG and PYTHIA (HW/PY0) and between cumulative
results obtained by neglecting and including photon radiation off leptons in PYTHIA
(PY1/PYO0) are also shown.



Chapter 7

Summary and outlook

he top quark has an important role in QCD, in Standard Model and in BSM
T physics. Thus predictions for top quark related processes at high precision
are highly welcomed. Nowadays high precision means predictions beyond NLO
accuracy. In this thesis | summarized my work on matching NLO QCD calculations
with parton shower programs for processes with a top pair and one hard object in
the final state.

| used the POWHEG method to match NLO QCD calculations with parton
showers, as implemented in the POWHEG-BOX. | created a universal interface be-
tween the POWHEG-BOX and the HELAC-NLO programs, we called this framework
PowHel. With the help of this | implemented five associated top quark pair
hadroproduction processes in the POWHEG-BOX program. One important benefit
of this program is the generation of unweighted events in standard Les Houches
format, or in short Les Houches events (LHE's). Although these events are used as
input to the parton shower programs, these can also be used to make comparisons
at various stages of event evolution. The implementation and the accuracy can
be checked comparing the predictions from LHE's against the NLO distributions.
Decay can be performed on the heavy particles without showering or hadroniza-
tion, hence the effect of decay can be analyzed too. By adding parton shower with
hadronization we can clearly quantify the effect of those. The LHE's can also be
used to reproduce my analysis or to implement a new one.

In my studies | analyzed the effect of the parton shower and hadronization
for several processes. In all cases | found a softening in the H-distributions
which was accompanied by a minute distortion in a few occasions. This softening
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can be understood by the emission of soft particles which decrease the energy
of the jets, if the emitted particles are outside of the jet-cone. | pointed out
also that peaks are smeared due to the softening of jets. One important point
of matching to parton showers is the possibility of making predictions for leptons
since tops can be decayed by the parton shower program. | showed that the parton
shower influences the lepton rapidity distributions negligibly, while the lepton p, -
distribution is only affected at low-p,. In the low-p; range the lepton transverse
momentum is changed due to lepton-pairs of low transverse momentum created in
the electromagnetic decay of low-lying neutral mesons and in photon conversion.

The POWHEG-BOX framework can be used for NLO calculations as well. By a
fully detailed NLO analysis of tt + Z production | showed the importance of making
NLO predictions by calculating differential K-factors for various distributions. In
all cases the differential K-factors turned out to be non-uniform and in general
sizable, hence making NLO predictions inevitable.

| demonstrated the usefulness of event generation by performing an analysis
first done by the CMS collaboration in tt+ V (V = W, Z) production and finding
agreement with the experimental results.

This work, though extensive, cannot be considered complete. | only considered
several, but not all three particle final states with a top quark-pair involved. There
are several processes with four particles in the final state, a top pair and two
additional particles, for which predictions would be desirable at higher precision
than available in the literature. Among these we can find tt + b b production which
provides a non-negligible background to tt + H production, thus the investigation
of both the signal and background can be fruitful to define an analysis which
efficiently suppresses the background. The implementation of these processes
could be useful, since they would allow a much more precise determination of
background.

When NLO corrections are added the scale uncertainties are reduced, but not
vanished from the calculation. For each process several possible scale definitions
can be defined, these can result in different dependence upon the scales. The
analysis of scale choices may shed light on particular definitions which minimize
the dependence, hence result in more precise results.

To obtain my predictions | used the SMC programs to perform the decay of
heavy particles. This approach works well when spin correlations can be neglected,
because it is not included in the SMC program. As a possible extension | would
like to include spin correlated decays into these processes and analyze the effect
of these correlations on various distributions.



Chapter 8

Magyar nyelvii osszefoglalo

kvantum-szindinamika (QCD) az er6s kolcsonhatas kvantum térelméleti mod-
A ellje. Az elmélet anyagterei az SU(N.) csoport lokalis transzformacidival
szembeni invariancidjuk folytan egy nem-Abeli mértéktérrel hatnak kolcson. A
renormaldsi csoport egyenlet szerint az elmélet aszimptotikusan szabad, azaz meg-
felel6en nagy energidn az anyagtér (kvarktér) nem kélcsonhatd, ami lehetdvé teszi
a perturbaciészamitds alkalmazhatdsagat megfelel6en nagy energian. Habar az
aszimptotikus szabadsdg lehetdvé teszi a perturbacidés megkozelitést, a szamolas
bonyolultsdga gyorsan né. Magasabb rend({ korrekcidk kiszamitdsa azonban el-
keriilhetetlen, hiszen a perturbativ sorfejtés csonkoldsa nem-fizikai paraméterek
megjelenéséhez vezet az elméletben, az ezektdl vald fiiggés pedig csak egyre tobb
és tobb tag figyelembevételével csokkenthetd.

A természetben eddig még nem figyeltek meg szabad kvarkokat, csak kotott
dllapotaikat, a hadronokat. Ezek szerint a kvarkok nem pusztan aszimptotikus
szabadsagot, de alacsony energian bezardst is mutatnak. Mig nagy energian
lehetséges a kvarkok és gluonok (0sszefoglalé néven partonok) szintjén a pertur-
bativ szamolds, addig a bezaras preciz elméleti leirdsa még varat magara, leirdsdra
pusztdn modellek allnak rendelkezésre. A nagyenergidju szdraskisérletekben nem
hadronok, hanem azok kollimdlt paszmdi, jetjei, figyelhetéek meg, amelyek ki-
alakuldsa a QCD sugdrzdssal magyardzhaté. A kezdetben jelenlevé partonok
szintoltésiiknél fogva tovdbbi partonokat emittdlnak, ami egészen addig folyik,
mig minden parton energidja megfeleléen alacsony nem lesz, ahol a hadronizacié
megtorténik.

A perturbaciészamitds valamelyik rogzitett rendjében a jeteket partonokkal
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kozelitjik, de ezek szamban meg sem kozelitik a kisérletekben a jetek belsejében
észlelt hadronokét. A perturbaciészamitas legalacsonyabb rendjében ugyanis egy
jetnek pontosan egy parton felel meg. A perturbaciés sorban minden tovabbi tag
bevétele pusztan eggyel noveli meg a jeteket alkothaté partonok szamat. Tovabba
a jetek leirdsa partonokkal torténik, mig a detektor hadronokat érzékel. Egy
elméleti szamolasban jéslat pusztan Un. infravords véges mennyiségekre tehetd,
tehat olyanokra, melyek invariansak, ha a végallapotban tovabbi lagy és/vagy
kollinedris részecskék jelennek meg. Mindazonaltal még ezek a mennyiségek is
kaphatnak korrekcidkat az dltalanos QCD sugdrzastdl, vagy akar a hadronizaciotal.
Noha nem varunk nagy jarulékot ezektdl az effektusoktdl, a nagy pontossagu
megfigyelések nagy pontossagu joslatokat igényelnek, melyekhez ezen jarulékok
figyelembevétele elkeriilhetetlen.

A QCD elméletében hat kiilonbozd kvark tipus (zamat) Iétezik. A szédmoldsok
sordn pusztan a legnehezebb, a top kvark, van tomegesként kezelve. A top nem
pusztan a kvarkok, de az 0sszes eddig észlelt elemi részecske koziil a legnehezebb.
Tomege megkozeliti egy aranyatom tomegét. Koszonhetéen nagy tomegének
bomldsa hamarabb megtorténik, minthogy hadronizalédni tudna. A Standard
Modellbeli domindns bomldsa a b kvarkba torténik, ez elGsegiti detektalasat. A
top kvark-pdr keletkezés hatdskeresztmetszete elegendden nagy a varhaté LHC
energidkon, ahhoz, hogy a top-par és top-parhoz kothetd tovabbi folyamatok nem
elhanyagolhaté hatteret és izgalmas lehetséges jelcsatorndkat jelentenek. Igy a
kisérleti eredmények kiértékeléséhez pontos elméleti joslatok sziikségesek.

A top kvark nem pusztan a QCD-ben tolt be fontos szerepet, de az elemi részek
Standard Modelljében is, hiszen csatoldsaindl fogva alkalmas a Standard Modell
ellendrzésére is. A top lehetséges egzotikus bomlasi csatorndi pedig lehet6séget
adhatnak a jovében a Standard Modellen tdli fizika megfigyelésére is. Szamtalan
modell szamol ugyanis a top kiilonbozd egzotikus bomlasaival, tovabbd top kvark
parok keletkezésével egzotikus kozvetitd részecskék altal.

Az el6bb elmondottakbdl kivilaglik, hogy a top kvark lényeges szerepet tolt
be nem pusztdn a QCD-ben, de a Standard Modellben és az azon tdli fizikdban
is. gy aztan elengedhetetlen, hogy nagy pontossagu jéslatok &lljanak a kisérletek
rendelkezésére az adatok megbizhaté kiértékelése végett. Mainapsdg nagy pon-
tossagu joslat NLO-n (Next-to-Leading-Order, elsé sugdrzasi korrekciok figyelem-
bevétele) tili pontossagot jelent. Dolgozatomban &sszefoglaltam munkdmat,
amelyet az NLO QCD szamoldsok és a parton zapor programok egymadssal vald
egyesitése céljabol végeztem. Olyan folyamatokat vizsgaltam melyek végallapotaban
egy top kvark par mellett egy tovabbi nehéz részecske volt megtaldlhato.
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Munkam sordn a POWHEG eljarast hasznaltam fel NLO QCD szamolasok és
a parton zaporok illesztéséhez, ehhez a POWHEG-BOX nev(i programot haszndaltam
fel, mely eme eljdrds numerikus implementacidja. Egy univerzalis interfészt hoz-
tam |étre a POWHEG-BOX és a HELAC-NLO programok kozott, melynek a PowHel
nevet adtuk. Az interfész felhasznalasaval ot top kvark parhoz kotheté hadropro-
dukciét implementaltam a POWHEG-BOX programban. Az egyik legnagyobb el6nye
ennek a programnak a suly nélkiili események generaldasaban rejlik, melyeket a
Les Houches standard szerint térol el. Ezek a Les Houches Események (LHE)
szolgalnak bemenet gyandnt a parton zdpor programokhoz, viszont emellett val-
tozatos 0Osszehasonlitdsokra adnak lehet8séget az eseménygeneralds kiilonbozé
fazisaiban. Az implementacié és annak pontossaga is leellenérizheté az NLO és
a LHE-kbdl szdrmazé eloszlasok 6sszehasonlitdsa altal. A nehéz részecskék el-
bomlasztathatdak a parton zdpor és a hadronizacié figyelembevétele nélkiil is, igy
lehet8ség nyilik a bomlads hatdsainak vizsgdlatara. A parton zapor és hadronizacié
bevétele pedig lehetévé teszi ezen hatdsok kvantitativ szamoldsat. A LHE-ek
eltdrolhatdak és ujra felhaszndlhatéak az analizis megismétlésére, vagy pedig egy
Uj analizis elvégzésére is akar.

Vizsgdldédasaimban tanulmanyoztam a parton zapor és a hadronizdcié hatdsat
tobb folyamatnal. Minden esetben a H | -eloszldsok |dgyuldsat taldltam, ami néhdny
esetben egyiitt jart az eloszlds torzuldsdval is. A lagyulds a végallapotban megje-
lend 1agy részecskék kovetkezménye, melyek csokkentik a jetek energidjat, amenny-
iben kibocsatasuk a jeten kiviilre torténik. Tovabba ramutattam, hogy az esetleges
rezonanciacsticsok, koszonhetéen a jetek lagyuldasanak, kiszélesednek. Lényeges
elénye a parton zdpor programokhoz vald illesztésnek, hogy joslatok tehetbek
leptonokra, mivel a parton zdpor program segitségével a top kvarkok elbom-
laszthatdak. Megmutattam, hogy a parton zapor elhanyagolhaté mértékben val-
toztatja meg a lepton rapiditds eloszlasokat, addig a lepton transzverz impulzus
eloszlasok esetében pedig csak az alacsony-p, tartomdnydban torténik valtozas.
Az alacsony-p, tartomanydban megjelend tobbletet kis p, -ji lepton-parok okozzak,
melyek kis tomegil semleges mezonok elektromagneses bomldsabdl, tovabba fo-
tonkonverziébdl szarmaznak.

A POWHEG-BOX rendszer felhasznélhaté NLO szamitdsok végzéséreis. Att+ Z
keletkezés minden részletre kiterjedé NLO vizsgalata sordan megmutattam az NLO
szamolas fontossagat szamos eloszlas differencidlis K-faktoranak kiszamitasa se-
gitségével, melyek nagynak és nem-allandénak adddtak, sugallva az NLO szdmo-
[asok elkeriilhetetlenségét.

Megmutattam az eseménygeneralds hasznossagat egy olyan analizisen, melyet
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a CMS kollabordcié végzett el elsének tt+V (V = W*, Z) keletkezésen. A
kapott jéslataim megegyeztek a kisérleti eredményekkel.

Ez a munka, noha terjedelmes, kordntsem tekinthetd teljesnek. Pusztan néhany
olyan folyamatot vizsgaltam a sok koziil, melynek végallapotdban egy top kvark
par is megjelenik. Szamos olyan folyamat ismeretes, ahol a végdllapotban négy
részecske, egy top par és két tovabbi részecske, keletkezik, amelyekhez nagyobb
pontossdgl jéslatok sziikségesek, mint amilyenek a szakirodalomban fellelhetdek.
Ezek kozott taldljuk a tt+ bb keletkezést is, mely nem elhanyagolhaté hatteret
jelent a tt + H keletkezéshez, tehat felmeril az igény egy olyan analizisre, mely
hatékonyan nyomja el ezt a hatteret. Ezen folyamatok implementaldsa el6segitené
a hatterek pontosabb meghatdrozasat.

Az NLO korrekcidk figyelembevétele csokkenti, de nem tiinteti el a nem-
fizikai skdlaktdl valé fliggést. Minden folyamathoz szédmtalan skdalavalasztdssal
lehet élni, amelyek tanulmdanyozdsa fényt vethet olyan optimalis skaldkra, melyek
minimalizalhatjak a fennmaradé skdla bizonytalansdgot, ezdltal hozzédjarulhatnak
pontosabb eredményekhez.

Jéslataim megtételéhez a parton zapor programokat hasznaltam a nehéz toltott
részecskék bomldsahoz. Ez a megkdzelités csak akkor helytalld, ha a spin-korrelacidk
elhanyagolhatdak, mivel ezek nincsenek jelen a parton zapor altal elvégzett bom-
lasokban. Egy lehetséges tovabblépésként szeretném figyelembe venni a spin kor-
relacidkat, hogy azok hatdsait is tanulmanyozhassam kiilonféle eloszlasokon.
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