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Ádám Kardos

Supervisor/Témavezető
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a fizika tudományágban
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Dr. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Dr. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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”. . . We choose to go to the moon in this decade and do the other

things, not because they are easy, but because they are hard. . . ”
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Chapter 1

Introduction

Q
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(Nc), where the choice Nc = 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 ∆++ 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, αs, 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 β-function, hence producing asymptotic freedom. If the

renormalization scale is denoted by Q, due to asymptotic freedom αs(Q2)
Q2→∞−−−−→

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-coming1 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 functions2. According

1Only when a hadron collider is considered.
2A parton distribution function, fp/H(x,Q2), 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
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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 mt = (172.9 ± 0.6 ± 0.9)GeV and width Γt = (2.0+0.7
−0.6)GeV,

obtained from recent PDG-live data [17]. The quark content of the Standard

Model is organized into generations as SU(2)L 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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t t

b̄

H

H

Z W+

Z/W±

Z/W±

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]

mt = (162 ± 15+25
−5 )GeV, while from the latest TeVatron direct measurements

mt = (173.2 ± 0.9)GeV [24]. The same indirect analysis predicts the SM Higgs

mass to be mH = (390+750
−280)GeV. The large uncertainty band is a consequence of

the logarithmic dependence of mW on mH.

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].

(
u

d ′

) (
c

s ′

) (
t

b′

)

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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q

q̄

b

H+

W−

b̄

Figure 1.2: This figure shows a top quark-pair decaying into a charged Higgs and

a W−.

the top quark has the highest one. Naively this feature could make the t t̄ + 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 t t̄ + 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 t t̄ + j and t t̄ + 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

V =



Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb


 , (1.1)
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using the CKM matrix elements the probability of the t→ b W+ decay is |Vtb|2,

the conservation of probability is satisfied by
∑

qi∈{d,s,b}

|Vtqi |2 = 1 . (1.2)

The experimental value for |Vtb|2 is close to one, thus rendering the t→ b W+

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 D0 collaboration

at the TeVatron in single top and top-pair production: Γt = (1.99+0.69
−0.55)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]:

AFB =
Nt(cos θ ≥ 0)− Nt̄(cos θ ≥ 0)

Nt(cos θ ≥ 0) + Nt̄(cos θ ≥ 0)
, (1.3)

where Nt(̄t)(cos θ ≥ 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 AFB 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

I
n perturbative QCD we consider the cross section as an expansion in the strong

coupling1. Hence the cross section can be written as

σ = σLO + σNLO + σNNLO + · · · , (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 (µR, µF). 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 αs, with αs =
g2
s

4π
, 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,

σAB =
∑

a,b

∫ 1

0

dxa fa/A(xa, µ
2
F )

∫ 1

0

dxb fb/B(xb, µ
2
F )σab(xapA, xbpB;µ2

F ) (2.2)

of the parton density functions (PDF’s) fp/P (xp, µ
2
F) (p ∈ {a, b} , P ∈ {A,B}),

with the partonic cross section for the collision of partons a and b, σab(pa, pb;µ2
F).

The PDF represents the probability of finding a parton type-p inside a hadron type-

P with momentum fraction xp.

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

σab(pa, pb;µ2
F ) = σLO(pa, pb) + σNLO(pa, pb;µ2

F ) ≡ σNLO(pa, pb;µ2
F ) , (2.3)

where we keep only the first two terms in the expansion. The first contribution,

the LO term,

σLO(pa, pb) =
1

2s

∫
dΦB|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 = xaxbS, where S =

(pA +pB)2 is the square of the hadronic center-of-mass energy. MB is the matrix

element, which contains all contributing Feynman-diagrams at Born-level. For

example if we consider t t̄ 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

σLO
J (pa, pb) =

1

2s

∫
dΦB|MB|2Jn(pa, pb; p1, . . . , pn) , (2.5)

where Jn 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:

lim
pi ·pj→0

Jn(pa, pb; p1, . . . , pi , . . . , pj , . . . , pn) = 0 , ∀ i , j ∈ {1, . . . , n} ,

lim
pi ·pk→0

Jn(pa, pb; p1, . . . , pi , . . . , pn) = 0 , ∀ i ∈ {1, . . . , n} , k ∈ {a, b} , (2.6)
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Figure 2.1: Born-level contributions to t t̄ 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 EgEq(1−cos θgq), where Eg and Eq are the energies

of the gluon and quark respectively, while θgq is the enclosed angle. As Eg → 0

and/or cos θgq → 0 the propagator factor diverges2. 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 introduced3. The dependence of the cross

section on these unphysical parameters turns out to be large, returning to the

example of t t̄ production, we plotted the Born-level (LO level) cross section on

2As can be shown, when Eq → 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 (µR), which enters the strong coupling, while the other one is the factorization

scale (µF), which enters the parton distribution functions, hence only present at hadron colliders.

In this thesis we use µR = µF = µ.
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Figure 2.2: The t t̄ production inclusive cross section as a function of the un-

physical µ 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 µ 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:

σNLO(pa, pb) =
1

2s

∫
dΦB

{∫
dΦrad|MR|2 + 2Re(M∗

V · MB)

}
+ σcount(pa, pb) ,

(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 dΦrad, the real emission phase space is constructed from Φrad and ΦB,

ΦR = ΦR(ΦB,Φrad). 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

t t̄ production at NLO.

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

In the case of t t̄ 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 4 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 t t̄ 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/ε and 1/ε2

poles, as a consequence of performing the integration over the loop momentum in

d = 4−2ε 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/ε poles are partially removed by the renormalization

procedure, while the remaining 1/ε and 1/ε2 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

I = lim
ε→0

[∫ 1

0

dx

x1−εF (x)−
1

ε
F (0)

]
, (2.8)

where the first term has the resemblance of the real-emission part, while the

second term has an explicit ε 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−ε)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

I = lim
ε→0

[∫ 1

0

dx

x1−ε (F (x)− F (0)) +

∫ 1

0

dx

x1−εF (0)−
1

ε
F (0)

]
. (2.9)

With this subtraction the first and last two terms become separately finite, thus

the ε → 0 operation can be carried out before the integration, and the resulting

integral become finite:

I =

∫ 1

0

dx

x
(F (x)− F (0)) . (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

σNLO(pa, pb;µ2
F) = σNLO{R}(pa, pb) + σNLO{V }(pa, pb)+

+

∫ 1

0

dx
[
σNLO{C}(x ; xpa, pb;µ2

F) + σNLO{C}(x ; pa, xpb;µ2
F)
]
, (2.11)

where σNLO{R} is the real-emission part minus the subtraction terms, σNLO{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]:

σNLO{V }(pa, pb) =

∫
dΦBV (ΦB) , σNLO{R}(pa, pb) =

∫
dΦRR̂(ΦR) ,

(2.12)

where ΦR is used for the real-emission phase space, while the last term of Eq. (2.11)

can be written as

σNLO{C}(x ; xpa, pb;µ2
F) =

∫
dΦB

1

x
G⊕(ΦB) ,

σNLO{C}(x ; pa, xpb;µ2
F) =

∫
dΦB

1

x
G	(ΦB) , (2.13)
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where x is the parton-in-parton momentum fraction, the reader should note that

σNLO{C} has an explicit dependence on x , and the integration of it is performed for

σNLO{C}. 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 pi , such that pi = (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 t t̄ 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
pi ·pj→0

Jn+1(pa, pb; p1, . . . , pi , . . . , pj , . . . , pn+1) =

= Jn(pa, pb; p1, . . . , pi + pj , . . . , pn+1) ,

lim
pi→(1−x)pk

Jn+1(pa, pb; p1, . . . , pi , . . . , pn+1) =

=

{
Jn(xpa, pb; p1, . . . , pi−1, pi+1, . . . , pn+1) , k = a

Jn(pa, xpb; p1, . . . , pi−1, pi+1, . . . , pn+1) , k = b
. (2.14)

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

σNLO
J (pa, pb, µ

2
F) =

=

∫
dΦBdΦrad

[
|MR(ΦR)|2Jn+1(ΦR)− C(ΦB,Φrad)Jn(ΦB)

]
+

+

∫
dΦB

[
2Re(M∗

V · MB)Jn(ΦB) +

∫
dΦradC(ΦB,Φrad)Jn(ΦB)

]
+

+

∫ 1

0

dx
[
σ

NLO{C}
J (x ; xpa, pb;µ2

F) + σ
NLO{C}
J (x ; pa, xpb;µ2

F)
]
, (2.15)

where the real-emission phase space is given as a function of the Born and radiation

phase spaces, ΦR = ΦR(ΦB,Φrad), for brevity Jn+1(ΦR) and Jn(ΦB) mean the
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n + 1 and n parton jet function evaluated on the real-emission and Born phase

space, respectively, C(Φrad,ΦB) is used as a shorthand for the subtraction terms.

The finite remainders of the collinear counterterms are defined accordingly

σ
NLO{C}
J (x ; xpa, pb;µ2

F) =

∫
dΦB

1

x
G⊕(ΦB)Jn(ΦB) ,

σ
NLO{C}
J (x ; pa, xpb;µ2

F) =

∫
dΦB

1

x
G	(ΦB)Jn(ΦB) . (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 (αs). 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

σR 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

p⊥,W � mW. 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
αs

p2
⊥,W

log
p2
⊥,W
m2

W
as compared to the LO. In the region of p⊥,W � mW 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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Pq→qg(z) CF
1+z2

1−z

Pg→gg(z) Nc
(1−z(1−z))2

z(1−z)

Pg→qq̄(z) TR(z2 + (1− z)2)

Table 2.1: Angular averaged splitting kernels for QCD. Nc, CF and TR are related

to the SU(Nc) group, such as Nc is the number of color charges, while CF =
N2

c−1
2Nc

and TR = 1/2.

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

dσn+1(Φn+1) ≈ dσn(Φn)P(Φrad) , (2.17)

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:

dΦrad = dtdz
dφ

2π
, (2.18)

where t is called the virtuality, t = (pi + pn+1)2, if the splitting occurs on the ith

parton line, with i ∈ {1, . . . , n} and z = En+1/Ei . This form for the phase space

enables us to write the radiation probability in the form,

P(Φrad) =
αs

2π
P (z, φ)

dt

t
dz

dφ

2π
, (2.19)

where P (z, φ) 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

∆(t1, t2) = exp

[
−
∫ t1

t2

dt

t

∫ 1−z0

z0

dz
αs(t)

2π
P (z)

]
, (2.20)

which expresses the probability of no emission between t1 and t2 virtualities (t2 <

t1). A minimal virtuality (t0) has to be defined, below t0 resolvable emission is

not allowed. The minimal energy fraction z0 is determined through t0, z0 = t0

E2
i

.
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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, θ. These variables can be equally used in the collinear region provided

by

dt

t
=

dk2
⊥

k2
⊥

=
dθ2

θ2
, (2.21)

these ordering variables in the collinear region are equivalent to each other, but

outside it they give different finite contributions. z0 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 t0 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 t1, that of the second branching can be obtained

by solving the following equation

∆(t0, t2)

∆(t0, t1)
= R . (2.22)

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 mW the

p⊥,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

dσ = dΦBB

[
∆(p⊥ ,min) + ∆(p⊥)

R

B
dΦrad

]
. (2.23)

In the parton shower approximation p⊥ → 0 and

dΦrad
R

B

p⊥→0−−−→
αs

2π
dz

dt

t

dφ

2π
P (z, φ) . (2.24)

By using the R
B factor in the first emission instead of its approximation in the

p⊥ → 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,

∆(p⊥) = exp

{
−
∫

dΦrad
R

B
Θ(p⊥(Φrad)− p⊥ ,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 B̄ in Eq. (2.23).

Hence the differential cross section reads

dσLHE = dΦBB̄

[
∆(p⊥ ,min) + ∆(p⊥)

R

B
dΦrad

]
, (2.26)
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where ΦB is used for the Born and Φrad for the extra radiation phase space, with

∆(p⊥) 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 B̄ is given by

B̄(ΦB) = B(ΦB) + V (ΦB) +

∫
dΦradR̂(ΦR(ΦB,Φrad)) , (2.27)

where V is the virtual part also including the integrated subtraction terms and R̂

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 ΦR = ΦR(ΦB,Φrad). By construction

σNLO =

∫
dΦBB̄(ΦB) . (2.28)

Furthermore, the NLO Sudakov form factor satisfies

d∆(p⊥)

dp⊥
= ∆(p⊥)

∫
dΦrad

R

B
δ[p⊥(Φrad)− p⊥] =

R

B
∆(p⊥) , (2.29)

by which one can prove the unitarity relation,

∫ ∞

p⊥ ,min

dp⊥

[
∆(p⊥ ,min)δ(p⊥ − p⊥ ,min) +

R

B
∆(p⊥)

]
=

= ∆(p⊥ ,min) +

∫ ∞

p⊥ ,min

d∆(p⊥)

dp⊥
dp⊥ = ∆(∞) = 1 , (2.30)

hence
∫

dσLHE = σNLO . (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

dσNLO

dO
=

∫
dΦBB̄δ(O(ΦB)−O) . (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

dσLHE

dO
=

∫
dΦBB̄(ΦB)

{
∆(p⊥ ,min)δ(O(ΦB)−O) +

+

∫
dΦrad∆(p⊥)

R

B
Θ(p⊥ − p⊥ ,min)δ(O(ΦR)−O)

}
, (2.33)

to exploit unitarity of the first-emission formula (Eq. (2.30)) we add and subtract

the same term:

dσLHE

dO
=

∫
dΦBB̄(ΦB)δ(O(ΦB)−O)·

·
{

∆(p⊥ ,min) +

∫
dΦrad∆(p⊥)

R

B
Θ(p⊥ − p⊥ ,min)

}

︸ ︷︷ ︸
1

+

+

∫
dΦR∆(p⊥)R

B̄

B
Θ(p⊥ − p⊥ ,min)

(
δ(O(ΦR)−O)− δ(O(ΦB)−O)

)
,

(2.34)

by using the following expansion in αs

∆(p⊥)
B̄

B
= 1 +O(αs) , (2.35)

the differential distribution is

dσLHE

dO
=

∫
dΦBB̄(ΦB)δ(O(ΦB)−O)+

+ (1 +O(αs))

∫
dΦR∆(p⊥)R

B̄

B

(
δ(O(ΦR)−O)− δ(O(ΦB)−O)

)
·

·Θ(p⊥ − p⊥ ,min) . (2.36)

By dropping the Θ(p⊥−p⊥ ,min) function, which effect is suppressed by p⊥ ,min [64],

we can arrive at

dσLHE

dO
=

dσNLO

dO
+O(αs)

∫
dΦRR

(
δ(O(ΦR)−O)− δ(O(ΦB)−O)

)
. (2.37)
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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 t t̄ + W± production is considered [69] the p⊥, t t̄-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 , Rf = (1−F)R , (2.38)

and instead of R
B , only Rs

B 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 B̄ function, the differential cross section for the LHE’s and the differential

distribution for an observable can be written in the following form:

∆(p⊥) = exp

{
−
∫

dΦrad
Rs

B
Θ(p⊥(Φrad)− p⊥ ,min)

}
,

B̄(ΦB) = B(ΦB) + V (ΦB) +

∫
dΦradR̂

s(ΦR(ΦB,Φrad)) ,

dσLHE = dΦBB̄

[
∆(p⊥ ,min) + ∆(p⊥)

Rs

B
dΦrad

]
+ dΦradR

f ,

dσLHE

dO
=

dσNLO

dO
+O(αs)

∫
dΦRR

s
(
δ(O(ΦR)−O)− δ(O(ΦB)−O)

)
,

(2.39)

where R̂s is obtained from R̂ by replacing R with Rs .

In this subsection we only considered the POWHEG method to match NLO

calculations with parton showers. There exists yet another matching technique,

MC@NLO, details on this method can be found in Ref. [67].



26 CHAPTER 2. METHODS



Part II

Applications

27





Chapter 3

t t̄ + j production

I
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 t t̄ + 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, t t̄ 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 t t̄ + 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 t t̄ 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 → t̄tq gq → t̄tq q̄g → t̄tq̄ gq̄→ t̄tq̄

gg → t̄tg qq̄→ t̄tg q̄q → t̄tg

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

qg → t̄tqg qq → t̄tqq qq̄→ t̄tqq̄

gq → t̄tqg q̄q̄→ t̄tq̄q̄ q̄q → t̄tqq̄

q̄g → tt̄q̄g qq̄→ t̄tgg qq̄→ t̄tq′q̄′

gq̄→ t̄tq̄g q̄q → t̄tgg q̄q → t̄tq′q̄′

qq′ → t̄tqq′ qq̄′ → t̄tqq̄′ gg → t̄tgg

q̄q′ → t̄tq̄q′ q̄q̄′ → t̄tq̄q̄′ gg → t̄tqq̄

Table 3.2: Flavour structures of the real-emission processes, q, q′ = u, d, c, 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 t t̄ g g g → 0,

t t̄ q q̄ g → 0 and to the real-emission-level t t̄ q q̄ q′ q̄′ → 0, t t̄ g g g g → 0 and

t t̄ q q̄ g g → 0. All other amplitudes are obtained from these by the method of

crossing1. 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:

• Compared the cross section at LO to the prediction of the public code

MADGRAPH [85] and found complete agreement.

• 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.

• 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 t t̄ + 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 t t̄ + 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, σNLO = (1.78 ± 0.01)pb is in agreement with the cross section quoted in

Ref. [89], σNLO = (1.791 ± 0.001)pb, within the uncertainty of our integration.

Our prediction is independent of the technical cut below pt.c.
⊥ . 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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pt.c.
⊥ [GeV] σLO [pb] σNLO [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 pt.c.
⊥ .

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 t t̄ + 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 mt = 172GeV; all other Standard Model
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parameters as implemented in the PS programs, (ii) CTEQ6M parton distribution

functions, (iii) k⊥-clustering algorithm with R = 0.5 and four-momentum recom-

bination scheme [93], (iv) µR = µF = mt, (v) p`
+

⊥ > 20GeV, (vi) /E⊥ > 20GeV,

(vii) pj⊥ > 20GeV, (viii) |yj | < 2, (ix) minimum five jets, (x) H⊥ > 220GeV, where

H⊥ is the scalar sum of transverse momenta in the event,

H⊥ = p`
+

⊥ + /E⊥ +
∑

j

pj⊥ . (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 pt.c.
⊥ = 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

σPowHel+HERWIG = 146.9fb and σPowHel+PYTHIA = 143.2fb, while without the negative

weight events, we obtain σPowHel+PYTHIA = 147fb. The corresponding value for the

PowHel+decay case is σPowHel+decay = 144.2fb (with negative weight events in-

cluded). These numbers cannot be compared directly to the fixed-order prediction

σNLO = 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 predictions2 with r = σPowHel+decay/σNLO = 4.29

(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 t t̄ + 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) pj⊥ > 30GeV, (iii) |yj | < 2.5, (iv)
/E⊥ > 30GeV for e+e− and µ+µ− pairs, while /E⊥ > 20GeV for e±µ∓ pairs, (v)

p`
−

⊥ , p`
+

⊥ > 20GeV for exactly one `+ and one `−.

For default scales we used two different choices: (i) the mass of the t-quark,

mt, and (ii) the transverse mass of the harder top, µR = µF = m⊥, where m⊥ =√
m2

t + max{p2
⊥, t, p

2
⊥, t̄}. 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 p⊥, 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 `+`− 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 (α), 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⊥ ,`+ in Fig. 3.6 can be accounted for leptons

coming from low-lying meson decays.

Mass(MeV) cτ Stability

π0 135 25nm unstable

K0
S 498 2.7cm unstable

K0
L 498 15.3m stable

K0 , K0 498 NDL unstable

η 548 0.2nm unstable

ρ 776 1.4fm unstable

η′ 958 1pm unstable

φ 1020 48fm unstable

ω 1400 20fm unstable

D0 1865 0.1mm unstable

B0 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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also includes the ratio of the cross section obtained with µ = µR = µF = mt to

that obtained with µ = µR = µF = m⊥ (PowHel+PYTHIA).
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plot also includes the ratio of the cross section obtained with µ = µR = µFmt to

that obtained with µ = µR = µF = m⊥ (PowHel+PYTHIA).
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Chapter 4

t t̄ + H production

T
he Standard Model of particle physics is a Quantum Field Theory (QFT)

of fermions and gauge groups of SUL(2) × Uγ(1) × SUC(3). Introducing

masses into the SUL(2)×Uγ(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

the γ γ, τ τ , b b̄, W W and Z Z–production. The t t̄ + 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 t t̄ + 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-1LOOP [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 αs taken

from LHAPDF, the other needed parameters were as listed: mH = 120GeV, mt =

174GeV, mW = 80.45GeV, mZ = 91.18GeV and GF = 1.16639 · 10−5GeV−2.

The renormalization and factorization scale were chosen to coincide with µ, where

µ was varied between 2(2mt + mH) and (2mt + mH)/8. The calculations were

performed at the planned LHC energy of
√
s = 14TeV. For later convenience

we defined a scale-related parameter as µ0 = 2mt + mH. The results for this

comparison are given in Table 4.1.

µ σLO
MAD, fb σLO

PH, fb

µ0/8 1041.0± 1.7 1042.5± 1.5

µ0/4 764.1± 2.3 765.6± 1.0

µ0/2 576.8± 1.7 577.5± 0.7

µ0 445.3± 1.6 445.6± 0.5

2µ0 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

µR = µF = µ0/2 and we varied the Higgs mass instead. The original and our

results can be seen on Table 4.2.

mH, GeV σLO
lit , fb σLO

PH, fb

TeVatron

120 5.846(2) 5.840(4)

140 3.551(1) 3.547(2)

160 2.205(1) 2.203(2)

180 1.393(1) 1.393(1)

LHC

120 577.3(4) 577.5(7)

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 αs with ΛMS
5 = 239MeV, mt = 174GeV,

GF = 1.16639·10−5GeV−2, and finally the renormalization and factorization scales

were set to µ = mt +mH/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
√

2TeV, and at the planned LHC

energy
√
s = 14TeV).

The second comparison was performed against [111]. This time we used the

CTEQ5M PDF set, 2-loop running αs with αs(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,
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mH, GeV σNLO
lit. , fb σNLO

PH , fb

TeVatron

120 4.857(8) 4.851(3)

140 2.925(4) 2.918(2)

160 1.806(2) 1.797(2)

180 1.132(1) 1.128(1)

LHC

120 701.5(18) 701.3(8)

140 452.3(12) 452.8(5)

160 305.6(8) 305.0(4)

180 214.0(6) 213.9(3)

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

mH, GeV µ σNLO
lit. , fb σNLO

PH , fb

120

mt 718.6± 3.7 718.2± 0.3

2mt 662.7± 3.2 660.8± 1.5

mt +mH/2 697.3± 3.2 695.2± 1.5

2mt +mH 634.4± 2.4 632.5± 1.4

150

mt 381.0± 1.8 381.5± 0.7

2mt 352.7± 1.4 353.3± 1.1

mt +mH/2 367.4± 1.5 368.9± 0.6

2mt +mH 334.5± 1.2 334.9± 0.5

180

mt 221.6± 1.0 222.3± 0.5

2mt 206.6± 0.8 206.7± 0.4

mt +mH/2 214.1± 0.9 214.4± 0.4

2mt +mH 194.4± 0.7 194.3± 0.4

Table 4.4: NLO cross sections of [111] compared to our predictions, The

renormalization and factorization scales equal to µ at the planned LHC energy√
s = 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 τ 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 αs, 5 light flavors and

ΛMS
5 = 226MeV, mt = 172GeV, mH = 120GeV , GF = 1.16639 · 10−5GeV−2.

The renormalization and factorization scales were chosen equal to µ0 = mt+mH/2.

We decided to switch on all possible decay channels of the Higgs boson, imple-
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mented in the SMC programs.1 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 σPowHel = σPowHel+DECAY = σPowHel+SMC = 95.872 ±
0.007 fb (here and in all following σ 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, p⊥, j1 , yj1 , the H⊥ and the

antilepton p⊥-distribution on Fig. 4.2. For the H⊥-distribution, the definition of

Eq. (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

p⊥, j1 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 yj1 -distribution, the tails are dominated by jets of the

(iv), (i) and (iii) classes.

In Ref. [107] the invariant mass, mBB, and the separation in the rapidity–

azimuthal-angle plane of the two hardest lowest-lying B-hadrons, ∆RBB, were

studied, by choosing a dynamical scale for the generation of the hard-scattering

events and by taking into account only the H → bb̄ decay channel. In that calcu-

lation the renormalization and factorization scales were chosen equal to

µ = (m⊥ ,t ·m⊥ ,̄t ·m⊥ ,H)
1
3 , (4.1)

1In 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 (p⊥) of the particle as m⊥ =
√
m2 + 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 → bb̄ 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 mBB spectrum and only for large ∆RBB, 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 mBB spectrum below mH. The region above mH

is instead dominated by pairs with at least one B-hadron that can be traced back

to a (anti)top decay.
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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→ bb̄ 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:

• (i) For each jet pj
⊥ > 20GeV.

• (ii) We demand on our jets to situate in the central region: |y j| ≤ 2.5.

• (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,

H⊥ 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 σPowHel+DECAY = 92.29 ± 0.01

fb, σPowHel+PYTHIA = 90.46 ± 0.01 fb and σPowHel+HERWIG = 90.99 ± 0.01 fb.

In the following we present further predictions for t t̄ + 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 variables2: (iv)

we focused on the dileptonic channel, with exactly one `+ and one `− in the final

state with p⊥ greater than (v) p`
±

⊥,min = 20GeV and (vi) |y `± | ≤ 2.5, whereas the

transverse missing energy of the event was constrained to (vii) /E⊥,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 σPowHel+PYTHIA = 5.376 ± 0.010 fb

and σPowHel+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

t t̄ + Z production

I
n this chapter we discuss t t̄ + 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 γ mediates the electroweak interactions (along with W±), but along with the

γ, 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-sign1 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 t t̄ + Z in the dileptonic top

decay-channel two opposite signed leptons are produced, the charge of one of the

leptons can be misreconstructed2 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-

1Same-sign.
2In the literature this case are also called q-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 ε. For the O(ε0) term the agreement was at least 6 digits for each phase space

point. We made an additional check by implementing the t t̄ + γ 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 σNLO = (1.121 ±
0.002)pb, while in their calculation they found σNLO = 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 Kinc = 1.39, instead of Kinc = 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 αs, with ΛMS
5 = 226MeV, mt = 172.9GeV,

mZ = 91.1876GeV, mW = 80.399GeV, GF = 1.16639·10−5GeV−2, the renormal-

ization and factorization scales were chosen equal to µ0 = mt +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 (µR) and factorization

scale (µF) between µ0/2 and 2µ0 with µF = µR 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 ∆R and the rapidity separations are depicted. For the ∆R separa-

tion the following definition was used

∆Ri j =
√

∆φ2
i j + ∆y2

i j , (5.1)

where ∆Ri j is the ∆R separation between particle i and j , ∆φi j is the azimuthal

angle difference, and ∆yi j 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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√
s σLO(fb) σNLO(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 747.5± 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 |yt| = 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 ∆RtZ 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 t t̄ + 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 O(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 αs, 5 light flavors and

ΛMS
5 = 226MeV, mt = 172.9GeV, mZ = 91.1876GeV, GF = 1.16639×10−5GeV−2,

the renormalization and factorization scale were chosen to the default µ0 =

mt +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 |yt ,Z | ≈ 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 (p⊥,j1 ) 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:

H⊥ =
∑

j

pj
⊥ + p`

+

⊥ + p`
−

⊥ + /p⊥ , (5.2)
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where the first term sums the transverse momenta of jets, p`
−

⊥ (p`
+

⊥ ) is the p⊥ of

the (anti)lepton, while /p⊥ 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 αs, 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 t t̄ + Z hadroproduction as a signal process a large background

comes from the t t̄ + 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 → ν ν̄ 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 |yj | < 2.5.

2. Among the reconstructed jets a b and an b̄ jet are demanded.

3. For b and b̄ jets pb
⊥ > 20GeV.

4. For the non-b jets pnon−b
⊥ > 30GeV.

5. For at least three jets (b or non-b) pj⊥ > 50GeV.

6. For jet reconstruction ∆R(j, j) > 0.4, where ∆R =
√

∆φ2 + ∆y2, where ∆φ

is the azimuth angle separation and ∆y is the rapidity separation.

7. ∆φ(/p⊥, p⊥ ,j) > 100◦, where p⊥ ,j = p⊥(b̂1) + p⊥(ˆ̄b2) for an explanation on

b̂1,
ˆ̄b2 see the text below.

8. ∆φ(/p⊥, p⊥ ,j) > 100◦, where p⊥ ,j = p⊥(̂j1) + p⊥(̂j2) + p⊥(̂j3) + p⊥(̂j4), for

an explanation on ĵ1, ĵ2, ĵ3, ĵ4 see the next paragraph.

This set of cuts are created to enhance the Z → ν ν̄ decay-channel with

hadronically decaying top and antitop. Hence we should have a b-, an b̄- and four

additional jets, which allow for the best t → bW+ → b j j and t̄ → b̄W− → b̄ j j

reconstruction. These jets are labeled as b̂1,
ˆ̄b2, ĵ1, ĵ2, ĵ3, ĵ4. This reconstruction is
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done by minimizing

χ2(b1 j1 j2; b̄2 j3 j4) =
(mj1 j2 −mW)2

σ2
W

+
(mj3 j4 −mW)2

σ2
W

+

+
(mb1 j1 j2 −mt)2

σ2
t

+
(mb̄2 j3 j4 −mt)2

σ2
t

, (5.3)

where mjk jl and mbi jk jl are the invariant masses corresponding to jet combinations

jk , jl and bi , jk , jl 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 σW = 7.8GeV and σt = 13.4GeV taken from

Ref. [126]. In our analysis we select the b and b̄ jets by means of MCTRUTH,

although in an experiment a b jet cannot be distinguished from an b̄ jet, hence in

an experimental analysis the demand of a b and an b̄ 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 , W+ and W− decays by minimizing the

χ2 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 j 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 → ν ν̄ channel.

We would like to measure the coupling of the Z to the top quark in the

Z → ν ν̄ channel, although several other processes can contribute as background

such a process is the t t̄ + j 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 mb j j invariant mass again for signal and for one important

background process, t t̄ + 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:

• Cut on the missing transverse momentum: /p⊥ > 5GeV1/2
√∑

j p
j
⊥. 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.

• To accept an event we impose χ2
min < 3, where χ2

min is the minimal value of

χ2 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



72 CHAPTER 5. T T̄ + Z PRODUCTION

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 t t̄ + j isn’t so steep as in

the decay case.



5.3. PHENOMENOLOGY 73

10
-225

10
-12512

0.
9

0.
951.
0

1.
051.

1

0
50

10
0

15
0

20
0

25
0

30
0

35
0

40
0

45
0

50
0

dσ
dp⊥,Z[fb/GeV]

√
s
=

7T
eV

m
t
=

17
2.
9G

eV
m

Z
=

91
.1
87
6G

eV
µ
0
=
m

t
+
m

Z
/2

C
T
E
Q
6
.
6
M

(a
)

P
ow

H
el
-N

L
O

P
ow

H
el

LHEF/NLO

p ⊥
,Z
[G
eV

]

10
-225

10
-1251

0.
9

0.
951.
0

1.
051.

1

0
50

10
0

15
0

20
0

25
0

30
0

35
0

40
0

45
0

50
0

dσ
dp⊥,t[fb/GeV]

√
s
=

7T
eV

m
t
=

17
2.
9G

eV
m

Z
=

91
.1
87
6G

eV
µ
0
=
m

t
+
m

Z
/2

C
T
E
Q
6
.
6
M

(b
)

P
ow

H
el
-N

L
O

P
ow

H
el

LHEF/NLO

p ⊥
,t
[G
eV

]

0102030405060 0.
9

0.
951.
0

1.
051.

1 -2
.5

-2
.0

-1
.5

-1
.0

-0
.5

0.
0

0.
5

1.
0

1.
5

2.
0

2.
5

dσ
dyZ[fb]

√
s
=

7T
eV

m
t
=

17
2.
9G

eV
m

Z
=

91
.1
87
6G

eV
µ
0
=
m

t
+
m

Z
/2

C
T
E
Q
6
.
6
M

(c
)

P
ow

H
el
-N

L
O

P
ow

H
el

LHEF/NLO

y Z

0102030405060 0.
9

0.
951.
0

1.
051.

1 -2
.5

-2
.0

-1
.5

-1
.0

-0
.5

0.
0

0.
5

1.
0

1.
5

2.
0

2.
5

dσ
dyt[fb]

√
s
=

7T
eV

m
t
=

17
2.
9G

eV
m

Z
=

91
.1
87
6G

eV
µ
0
=
m

t
+
m

Z
/2

C
T
E
Q
6
.
6
M

(d
)

P
ow

H
el
-N

L
O

P
ow

H
el

LHEF/NLO

y t

F
ig

u
re

5
.7

:
T

h
is

fi
g

u
re

sh
o

w
s

th
e

co
m

p
ar

is
o

n
o

f
th

e
ex

a
ct

N
L

O
ca

lc
u

la
ti

o
n

to
g

en
er

a
te

d
ev

en
ts

a
t
√
s

=
7

T
eV

a
t

th
e

L
H

C
.

T
h

e
p
⊥

a
n

d
ra

p
id

it
y

ar
e

sh
o

w
n

fo
r

th
e
Z

-b
o

so
n

a
n

d
fo

r
th

e
to

p
q

u
ar

k
.



74 CHAPTER 5. T T̄ + Z PRODUCTION

5
10

-225
10

-12512

0.
5

0.
751.
0

1.
25

0
10

0
20

0
30

0
40

0
50

0
60

0

dσ
dp⊥,j1[fb/GeV]

√
s
=

7T
eV

m
t
=

17
2.
9G

eV
µ
=
m

t
+
m

Z
/2

C
T
E
Q
6
.
6
M

(a
)

P
ow

H
el
+
D
ec
ay

P
ow

H
el
+
S
M
C
(P

Y
)

P
ow

H
el
+
S
M
C
(H

W
)

Ratio

p ⊥
,j
1
[G
eV

]

010203040506070

0.
951.
0

1.
05

-3
-2

-1
0

1
2

3

dσ
dyj1[fb]

√
s
=

7T
eV

m
t
=

17
2.
9G

eV
µ
=
m

t
+
m

Z
/2

C
T
E
Q
6
.
6
M

(b
)

P
ow

H
el
+
S
M
C
(P

Y
)

P
ow

H
el
+
S
M
C
(H

W
)

P
ow

H
el
+
D
ec
ay

Ratio

y j
1

5

10
-225

10
-1251

0.
0

0.
5

1.
0

1.
5

40
0

60
0

80
0

10
00

12
00

14
00

dσ
dH⊥

[fb/GeV]

√
s
=

7T
eV

m
t
=

17
2.
9G

eV
µ
=
m

t
+
m

Z
/2

C
T
E
Q
6
.
6
M

(c
)

P
ow

H
el
+
S
M
C
(P

Y
)

P
ow

H
el
+
S
M
C
(H

W
)

P
ow

H
el
+
D
ec
ay

Ratio

H
⊥
[G
eV

]

10
-5

10
-4

10
-3

10
-2

10
-11

10

0.
751.
0

1.
25

0
50

10
0

15
0

20
0

25
0

30
0

35
0

40
0

45
0

50
0

dσ
dp⊥,`−[fb/GeV]

√
s
=

7T
eV

m
t
=

17
2.
9G

eV
µ
=
m

t
+
m

Z
/2

C
T
E
Q
6
.
6
M

(d
)

P
ow

H
el
+
D
ec
ay

P
ow

H
el
+
S
M
C
(P

Y
)

P
ow

H
el
+
S
M
C
(H

W
)

Ratio

p ⊥
,`
−
[G
eV

]

F
ig

u
re

5
.8

:
D

is
tr

ib
u

ti
o

n
s

o
b

ta
in

ed
fo

r
th

e
7

T
eV

L
H

C
in

th
e

ca
se

w
h

en
o

n
ly

je
t

re
co

n
st

ru
ct

io
n

w
a

s
a

p
p

lie
d

.

O
n

th
e

lo
w

er
p

a
n

el
th

e
fo

llo
w

in
g

ra
ti

o
s

ar
e

sh
o

w
n

:
D

ec
ay

/
S

M
C

(P
Y

)
a

n
d

S
M

C
(H

W
)/

S
M

C
(P

Y
).



5.3. PHENOMENOLOGY 75

25
10

-225
10

-12512

0.
751.
0

1.
25

0
10

0
20

0
30

0
40

0
50

0
60

0

dσ
dp⊥,j1[fb/GeV]

#
j
≥

6,
w

it
h
in

2
b-

je
ts

|y
|<

2.
5

pb
1 ⊥
,p

b̄
1 ⊥
>

20
G

eV

pj ⊥
>

30
G

eV

pj
i ⊥
>

50
G

eV
,i
∈
{1
,2
,3
}

∆
R

(j
,j

)
>

0.
4

∆
φ

( /p
⊥
,p
⊥
,j

)
>

10
0◦

(a
)
√
s

=
14

T
eV

P
o
w
H
e
l
+

D
e.

P
o
w
H
e
l
+

S
M

C
µ

=
m

t
+
m

Z
/2

C
T
E
Q
6
.
6
M

Ratio

p ⊥
,j

1
[G
eV

]

051015202530

0.
751.
0

1.
25

-2
.5

-2
.0

-1
.5

-1
.0

-0
.5

0.
0

0.
5

1.
0

1.
5

2.
0

2.
5

dσ
dyj1[fb]

#
j
≥

6,
w

it
h
in

2
b-

je
ts

|y
|<

2.
5

pb
1 ⊥
,p

b̄
1 ⊥
>

20
G

eV
,p

j ⊥
>

30
G

eV

pj
i ⊥
>

50
G

eV
,i
∈
{1
,2
,3
}

∆
R

(j
,j

)
>

0.
4
,∆
φ

( /p
⊥
,p
⊥
,j

)
>

10
0◦

(b
)
√
s

=
14

T
eV

m
t

=
17

2.
9G

eV
C
T
E
Q
6
.
6
M

P
o
w
H
e
l
+

D
e.

P
o
w
H
e
l
+

S
M

C
µ

=
m

t
+
m

Z
/2

Ratio

y j
1

5

10
-125125

0.
5

1.
0

1.
5 12

0
13

0
14

0
15

0
16

0
17

0
18

0
19

0
20

0
21

0
22

0

dσ
dmbjj

[fb/GeV]

pb
1 ⊥
,p

b̄
1 ⊥
>

20
G

eV
,p

j ⊥
>

30
G

eV

pj
i ⊥
>

50
G

eV
,i
∈
{1
,2
,3
}

∆
R

(j
,j

)
>

0.
4
,∆
φ

( /p
⊥
,p
⊥
,j

)
>

10
0◦

(c
)
√
s

=
14

T
eV

m
t

=
17

2.
9G

eV
#

j
≥

6,
w

it
h
in

2
b-

je
ts

|y
|<

2.
5

P
o
w
H
e
l
+

D
e.

P
o
w
H
e
l
+

S
M

C
µ

=
m

t
+
m

Z
/2

C
T
E
Q
6
.
6
M

Ratio

m
b

jj
[G
eV

]

5

10
-125125

10 0.
5

1.
0

1.
5

2.
0

2.
5

40
50

60
70

80
90

10
0

11
0

12
0

dσ
dmjj(W+)[fb/GeV]

pb
1 ⊥
,p

b̄
1 ⊥
>

20
G

eV
,p

j ⊥
>

30
G

eV

pj
i ⊥
>

50
G

eV
,i
∈
{1
,2
,3
}

∆
R

(j
,j

)
>

0.
4
,∆
φ

( /p
⊥
,p
⊥
,j

)
>

10
0◦

(d
)
√
s

=
14

T
eV

m
t

=
17

2.
9G

eV
#

j
≥

6,
w

it
h

in
2
b-

je
ts

C
T
E
Q
6
.
6
M

|y
|<

2.
5

P
o
w
H
e
l
+

D
e.

P
o
w
H
e
l
+

S
M

C
µ

=
m

t
+
m

Z
/2

Ratio

m
j
j(
W

+
)
[G
eV

]

F
ig

u
re

5
.9

:
S

a
m

p
le

d
is

tr
ib

u
ti

o
n

s
o

b
ta

in
ed

fo
r

th
e

1
4

T
eV

L
H

C
w

it
h

th
e

re
st

ri
ct

ed
se

t
o

f
cu

ts
.



76 CHAPTER 5. T T̄ + Z PRODUCTION

10
-21

10
2 12

0
13

0
14

0
15

0
16

0
17

0
18

0
19

0
20

0
21

0
22

0

dσ
dmbjj

[fb/GeV]

m
b
j
j
[G
eV

]

√
s

=
14

T
eV

m
t

=
17

2.
9G

eV
µ

=
m

t
+
m

Z
/2

C
T
E
Q
6
.
6
M

tt̄
+

je
t:

P
ow

H
el

+
D

ec
.

tt̄
+
Z

:
P

ow
H

el
+

D
ec

.
P

ow
H

el
+

S
M

C
#
j
≥

6
,

w
it

h
in

2
b-

je
ts

|y
|<

2.
5

pb
1 ⊥
,p

b̄ 1 ⊥
>

20
G

eV

pj ⊥
>

30
G

eV

pj
i ⊥
>

50
G

eV
i

=
1,

2,
3

∆
φ

( /p
⊥
,p
⊥
,j

)
>

10
0◦

∆
R

(j
,j

)
>

0.
4

χ
2
<

3

/p ⊥
>

5√
∑
pj ⊥

F
ig

u
re

5
.1

0
:

In
va

ri
a

n
t

m
a

ss
d

is
tr

ib
u

ti
o

n
fo

r
th

e

re
co

n
st

ru
ct

ed
to

p
q

u
ar

k
a

t
th

e
d

ec
ay

(b
lu

e
d

a
sh

-

d
o

tt
ed

lin
es

)
a

n
d

th
e

fu
ll

S
M

C
le

ve
l

(s
o

lid
re

d

lin
es

)
fo

r
th

e
t

t̄
+

Z
pr

o
d

u
ct

io
n

,
a

n
d

a
t

th
e

d
e-

ca
y

le
ve

l
fo

r
th

e
t

t̄
+

j
b

a
ck

g
ro

u
n

d
(g

re
en

d
a

sh
ed

lin
es

)
w

it
h

th
e

re
d

u
ce

d
se

t
o

f
cu

ts
(d

is
tr

ib
u

ti
o

n
s

sp
a

n
s

o
ve

r
th

e
w

h
o

le
a

b
sc

is
sa

ra
n

g
e)

a
n

d
w

it
h

th
e

fu
ll

se
t

o
f

cu
ts

(d
is

tr
ib

u
ti

o
n

s
sp

a
n

s
o

n
ly

o
ve

r
a

lim
-

it
ed

a
b

sc
is

sa
ra

n
g

e)
.

25

10
-325

10
-225

10
-12

0
10

0
20

0
30

0
40

0
50

0
60

0

dσ
d/p⊥[fb/GeV]

/p ⊥
[G
eV

]

√
s

=
14

T
eV

P
ow

H
el

+
D

ec
ay

tt̄
+

je
t

tt̄
+
Z

m
t

=
17

2.
9G

eV
µ

=
m

t
+
m

Z
/2

C
T
E
Q
6
.
6
M

#
j
≥

6
,

w
it

h
in

2
b-

je
ts

|y
|<

2.
5
,
pj ⊥

>
30

G
eV

pb
1 ⊥
,p

b̄ 1 ⊥
>

20
G

eV

pj
i ⊥
>

50
G

eV
,
i

=
1,

2,
3

∆
φ

( /p
⊥
,p
⊥
,j

)
>

10
0◦

∆
R

(j
,j

)
>

0.
4

χ
2
<

3

/p ⊥
>

5√
∑
pj ⊥

F
ig

u
re

5
.1

1
:

M
is

si
n

g
tr

a
n

sv
er

se
m

o
m

en
tu

m
d

is
tr

i-

b
u

ti
o

n
fo

r
th

e
si

g
n

a
l

(t
t̄

+
Z

,
so

lid
lin

e)
a

n
d

o
n

e

p
o

ss
ib

le
b

a
ck

g
ro

u
n

d
(t

t̄
+

j,
d

a
sh

-d
o

tt
ed

lin
e)

a
f-

te
r

d
ec

ay
w

it
h

th
e

fu
ll

se
t

o
f

cu
ts

.



Chapter 6

t t̄ + W± production

T
he hadroproduction of t t̄-pairs in association with vector bosons is an im-

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 t t̄ + 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 t t̄ + 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

77
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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 t t̄ + 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 t t̄ + W± hadroproduction, and we

concentrate on the (semi)leptonic decay channels of t t̄ + 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 t t̄ + 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 t t̄ + 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 t t̄ + Z in

this framework were introduced in the previous chapter. The following ingredients,

needed by POWHEG-BOX, were provided in case of t t̄ + W± hadroproduction:

• The phase space corresponding to three massive particles in the final state

was provided in full analogy with our previous computations of the t t̄ + Z

and t t̄ + H processes at the same accuracy [105, 132].

• The Born and real-emission matrix elements corresponding to the q q̄′ t t̄ W± →
0 and q q̄′ t t̄ W± g → 0 processes, respectively, with q, q′ ∈ {u, d, c, s},
were provided by HELAC-NLO [130].

• The finite part of the virtual amplitudes was computed by HELAC-1LOOP [71]

for the q q̄′ t t̄ W± → 0 processes.

• At both tree- and one-loop-level the remaining matrix elements were ob-

tained by crossing.
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• 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 t t̄ + W+ and t t̄ + 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. We 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 sin2 θC .

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-1LOOP in various randomly chosen

phase space points. As for t t̄ + 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 sin2 θC = 4.9284 · 10−2, as in

the default version of MCFM. In all cases we found full agreement.

We also compute NLO t t̄ + W± cross-sections at the LHC for a different

static central scale choice, by considering the interval [µ0/2, 2µ0] centered around

µ0 = mt + mV /2, and the following set of parameters:
√
s = 7 and 8 TeV, the

CTEQ6.6M PDF set with a 2-loop running αs and 5 active flavors, taken from

LHAPDF [110], mb = 0, whereas as for heavy particle masses, the latest available

values provided by the PDG [96], i.e. mt = 173.5 GeV, mW = 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 sin2 θC = 4.9284 · 10−2.

The renormalization and factorization scales were fixed to µ0. The predictions

for the total NLO cross-sections in these conditions are shown in Table 6.1. The
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considered scale choice turned out to provide a flatter scale dependence with

respect to the case µ0 = mt, 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 t t̄ + 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 t t̄-pair are shown in case of t t̄ + W+

and t t̄ + 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

µ0/2 and 2µ0. 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⊥, t tail is within

the increased statistical uncertainty in that region, also plotted in the lower inset

of each panel. For the p⊥, t t̄-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 [µ0/2, 2µ0] interval, is shown as well.
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√
s (TeV) µ σLO (fb) σNLO (fb) K-fact.

t t̄ + W+

7
µ0/2 121.8(1) 114.3(1)

1.13
µ0 93.1(1) 104.7(1)

2µ0 72.7(1) 93.8(1)

8
µ0/2 159.3(1) 156.2(2)

1.16
µ0 122.9(1) 142.6(2)

2µ0 96.7(1) 127.5(1)

t t̄ + W−

7
µ0/2 46.7(1) 46.9(1)

1.20
µ0 35.6(1) 42.6(1)

2µ0 27.8(1) 38.0(1)

8
µ0/2 64.1(1) 67.1(1)

1.23
µ0 49.4(1) 60.5(1)

2µ0 38.9(1) 53.9(1)

t t̄ + Z

7
µ0/2 141.6(1) 149.4(2)

1.32
µ0 103.5(1) 136.9(1)

2µ0 77.8(1) 120.8(1)

8
µ0/2 209.5(1) 224.9(4)

1.34
µ0 153.9(1) 205.7(2)

2µ0 116.2(1) 181.7(2)

Table 6.1: PowHel predictions for the inclusive t t̄ + W+, t t̄ + W− and t t̄ + Z

cross-sections at LO and NLO QCD accuracy at LHC for
√
s = 7 and 8 TeV, for

various static scale choices, centered around µ0 = mt + mV /2, with V = W for

the t t̄ + W± cases and Z for the t t̄ + 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 t t̄ + 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 αs, mt = 172.5 GeV, mW =

80.385 GeV, mZ = 91.1876 GeV, sin2 θC = 4.9284 · 10−2. The renormalization

and factorization scales were fixed to µR = µF = mt +mV /2. Although the value

of mt 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 t t̄ 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 Γt = 1.45775 GeV, ΓW = 2.085 GeV and ΓZ = 2.4952 GeV. Decays

of heavy bosons into electrons were assumed to have the same branching ratio

as into muons. π0’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 γ’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 t t̄ + W+, t t̄ + W− and t t̄ + 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. σLHE = σNLO. We found that σt t̄+Z >

σt t̄+W+ > σt t̄+W− , with σt t̄+Z = 137.21 ± 0.01 fb, σt t̄+W+ = 106.74 ± 0.01 fb

and σt t̄+W− = 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 (`+, `−) pairs in all events is plotted in

Fig. 6.3.a. Even in absence of cuts, a peak is well visible in the t t̄ + Z distribution,

around the Z pole mass, due to Z → `+`− decays. The e+e− and µ+µ− channels

both contribute with a similar shape to this distribution. The presence of this peak,

absent in the t t̄ + W+ and t t̄ + 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 t t̄ + W+

and t t̄ + W− distributions, with the t t̄ + W− becoming larger than the t t̄ + W+

one for p⊥ > 260 GeV, as expected because the high p⊥ tail is populated by

prompt leptons emitted from primary W− → ` ν` 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 t t̄ + 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 t t̄ + W+ distribution is similar to

the t t̄ + W− one, with a rescaling factor just due to the different cross-section,

whereas the shape of the t t̄ + 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 t t̄ + W± cases. The region around 50 GeV, where the t t̄ + W+

and t t̄ + Z distributions are closer together, is filled by neutrinos from prompt

W+ decays, absent in case of t t̄ + 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 t t̄ + 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 (`+, `−) 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 t t̄ + Z, t t̄ + W+, and t t̄ + 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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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 t t̄ + Z, t t̄ + W+, and t t̄ + 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 t t̄ + Z

events, with Z decaying in two opposite-sign charged leptons, and one of the

quarks of the t t̄-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 (|η`| < 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

< |η`| < 1.566),

2. constrain the invariant mass of the dilepton system (“reconstructed Z”)

within the 81 GeV/c2 < m`+`− < 101 GeV/c2 interval,

3. p⊥, `+`− > 35 GeV, where p⊥, `+`− is the transverse momentum of the recon-

structed Z,

4. at least a third lepton in the event with p⊥, `3 > 10 GeV and obeying the

same pseudorapidity requirements as the other two leptons,

5. at least three jets with p⊥, j > 20 GeV and |ηj | < 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⊥, j > 20 GeV and |ηj | < 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 b̄ 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−1, 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, t t̄ 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 = 4.98 fb−1. The contribution in the (e, e) e, (e, e) µ, (µ, µ) e and (µ,

µ) µ channels are shown separately, as well as their sum in the last bin. The

contributions due to t t̄ + Z, t t̄ + W+ and t t̄ + 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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t t̄ + W± processes are highly suppressed. We estimate a suppression factor of

about 10 between the cross-sections after the cuts for the processes (t t̄ + W++

t t̄ + W−) and t t̄ + 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 t t̄ + Z process is due to the peak around

mZ , completely absent in case of both t t̄ + W+ and t t̄ + 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 t t̄ + Z, t t̄ + W+ and

t t̄ + W−, in case of
√
s = 7 TeV LHC, are as follows: σ(e,e),e = 0.516 fb,

σ(e,e),µ = 0.255 fb, σ(µ,µ),e = 0.273 fb, σ(µ,µ),µ = 0.613 fb, σ∑ = 1.658 fb, all

with a statistical uncertainty below 10−5 fb.

The transverse momentum distributions of the leading and subleading (anti-

)lepton of the (`+, `−) 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 t t̄ + Z,

t t̄ + W+ and t t̄ + W− while those belonging to the subleading lepton decrease
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monotonically just above the p⊥,` > 20 GeV 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 t t̄ + Z,

t t̄ + W+ and t t̄ + W− at
√
s = 8 TeV: σ(e,e),e = 0.782 fb, σ(e,e),µ = 0.388 fb,

σ(µ,µ),e = 0.420 fb, σ(µ,µ),µ = 0.934 fb, σ∑ = 2.524 fb, all with a statistical uncer-

tainty below 5 ·10−5 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 (`+, `−) pairs

after the trilepton analysis, as obtained by PowHel+ PYTHIA at the
√
s = 7 TeV

LHC. a) Predictions corresponding to the different processes t t̄ + Z, t t̄ + W+ and

t t̄ + 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 t t̄ + 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 (`+, `−) pair corresponding to a reconstructed Z

boson. Predictions by PowHel + PYTHIA, corresponding to the different t t̄ + Z,

t t̄ + W+and t t̄ + W− processes are shown separately. 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/PY0) are also shown.
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6.2.3 Dilepton-channel analysis

As mentioned in the beginning of this chapter, studies of t t̄ + 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, t t̄ + 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 = 4.98 fb−1 . This way the relatively small number of t t̄ + 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 t̄-

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 t t̄ + W+-production this means that we are looking for

W+ → `+ ν`, accompanied by the leptonic decay of the t-quark, whereas, in case

of t t̄ + W−-production we aim to select events with W− → `− ν̄`, accompanied

by the leptonic decay of the t̄-quark. In case of t t̄ + Z-production Z → `+`−, and

thus it is sufficient that either the t- or the t̄-quark decays leptonically.

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

1. two same-sign isolated leptons with p⊥, `1 > 55 GeV and p⊥, `2 > 30 GeV,

respectively, within CMS acceptance (|η`| < 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 m`1,`2 > 8 GeV,

3. at least 3 jets with p⊥, j > 20 GeV and |ηj | < 2.4, satisfying the additional

cut ∆R(j, `) > 0.4 on the distance in the pseudorapidity-azimuthal angle

plane, for both ` = `1, `2,

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 Irel > 0.15, where Irel is computed as the ratio

between the scalar sum of the transverse momenta of all tracks within a distance

∆R < 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 t t̄ + Z process.

Differences between our theoretical analysis framework and the experimental

conditions are listed in the following:

• 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.

• 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 b̄ quarks

from t t̄-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 t t̄ + W+

process, followed by the t t̄ + Z and the t t̄ + W− ones. The contribution of the

t t̄ + W+ process is larger than the t t̄ + 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 = 4.98 fb−1. The

contribution in the (e, e), (µ, µ), (e, µ) channels are shown separately, as well as

their sum in the last bin. The contributions due to t t̄ + Z, t t̄ + W+ and t t̄ + W−

are cumulated one over the other. 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/PY0) are also shown.

of t t̄ + W+ is enhanced with respect to that of t t̄ + Z after cuts is an effect

of the selection cuts and of the trilepton veto. For the t t̄ + W± processes, the

contribution in the (e, µ) channel turns out to be almost twice the average of the

(e, e) and (µ, µ) 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 t t̄ + Z process, the

contribution in the (e, µ) channel turns out to be ' 3.5 times the average of the

(e, e) and (µ, µ) 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 (µ, µ) µ combinations are larger than those in the (e, e) µ and (µ, µ) e

bins. The former affects the (e, e) and (µ, µ) bins of the dilepton analysis, while
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the latter affects the (e, µ) bins of the dilepton analysis. As a consequence, the

contribution to the (e, µ) channel of the dilepton analysis is less suppressed than

those in the (e, e) and (µ, µ) 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 (PY0), 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 t t̄ + Z, t t̄ + W+ and

t t̄ + W−, in case of
√
s = 7 TeV LHC are listed in the following, together with

their sum: σ(e,e) = 0.631 fb, σ(e,µ) = 0.694 fb, σ(µ,µ) = 1.569 fb, σ∑ = 2.894 fb,

all with a statistical uncertainty below 3 · 10−5 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 t t̄ + 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 t t̄ + W− it has a minimum p⊥ of 30 GeV without a peak. In case of

the hardest isolated lepton, instead, the behavior of t t̄ + W+ and t t̄ + 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 (`+, `+) pair in case of t t̄ + W− decay, or of (`−, `−) pair in

the t t̄ + 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 t t̄ + Z decays, two opposite-charge leptons are produced by Z-decays,

so both (`+, `+) and (`−, `−) 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

p⊥ the sum is dominated by the t t̄ + 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 t t̄ + Z and t t̄ + 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 t t̄ + V processes. The distribu-

tion for t t̄ + Z is peaked around 30 GeV, while that for t t̄ + W± is peaked around

50 GeV. This difference is related to the W → ` ν` 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

t̄-quark should decay leptonically, leading to a non-zero /p⊥. As expected, including

further cuts on /p⊥, will enhance the relative contribution of the t t̄ + W± process

with respect to the t t̄ + Z one, and will reduce the number of observed t t̄ + 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 σ(e,e) = 0.907 fb, σ(e,µ) =

0.991 fb, σ(µ,µ) = 2.289 fb, σ∑ = 4.187 fb, all with a statistical uncertainty <

5 · 10−5. 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.



100 CHAPTER 6. T T̄ + W± PRODUCTION

10
-5

10
-4

10
-3

10
-2

10
-1

0.9
1.0
1.1

0 50 100 150 200 250

d
σ

d
p> ⊥

,`
+
[f
b
/G

eV
]

√
s = 7 TeV

(` `)

(a) t t̄Z
t t̄W+

t t̄W−

R
at
io

p>⊥ ,`+ [GeV]

PY1/PY0 HW/PY0

10
-5

10
-4

10
-3

10
-2

10
-1

0.9
1.0
1.1

0 50 100 150 200 250

d
σ

d
p> ⊥

,`
−
[f
b
/G

eV
]

√
s = 7 TeV

(` `)

(b) t t̄Z
t t̄W+

t t̄W−

R
at
io

p>⊥ ,`− [GeV]

PY1/PY0 HW/PY0

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 t t̄ + Z, t t̄ + W+

and t t̄ + 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/PY0) 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

t t̄ + Z, t t̄ + W+and t t̄ + W− processes are shown separately. 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/PY0) are also shown.



102 CHAPTER 6. T T̄ + W± PRODUCTION

10
-4

2

5

10
-3

2

5

10
-2

2

0 50 100 150 200 250

d
σ

d
/p ⊥

[f
b
/G

eV
]

/p⊥ [GeV]

√
s = 7 TeV

(` `)

(a) t t̄Z
t t̄W+

t t̄W−

10
-4

2

5
10

-3

2

5
10

-2

2

5

0.9
1.0
1.1

0 50 100 150 200 250

d
σ

d
/p ⊥

[f
b
/G

eV
]

√
s = 7 TeV

(` `)

(b) t t̄Z
t t̄W+

t t̄W−

R
at
io

/p⊥ [GeV]

PY1/PY0 HW/PY0

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 t t̄ + Z (red), t t̄ + W+ (dotted) and t t̄ + 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/PY0) are also shown.



Chapter 7

Summary and outlook

T
he top quark has an important role in QCD, in Standard Model and in BSM

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 I 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.

I used the POWHEG method to match NLO QCD calculations with parton

showers, as implemented in the POWHEG-BOX. I created a universal interface be-

tween the POWHEG-BOX and the HELAC-NLO programs, we called this framework

PowHel. With the help of this I 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 I analyzed the effect of the parton shower and hadronization

for several processes. In all cases I found a softening in the H⊥-distributions

which was accompanied by a minute distortion in a few occasions. This softening

103
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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. I 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. I 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 t t̄ + Z production I 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.

I demonstrated the usefulness of event generation by performing an analysis

first done by the CMS collaboration in t t̄ + V (V = W±, Z) production and finding

agreement with the experimental results.

This work, though extensive, cannot be considered complete. I 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 t t̄ + b b̄ production which

provides a non-negligible background to t t̄ + 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 I 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 I would

like to include spin correlated decays into these processes and analyze the effect

of these correlations on various distributions.



Chapter 8

Magyar nyelvű összefoglaló

A
kvantum-sźındinamika (QCD) az erős kölcsönhatás kvantum térelméleti mod-

ellje. Az elmélet anyagterei az SU(Nc) csoport lokális transzformációival

szembeni invarianciájuk folytán egy nem-Ábeli mértéktérrel hatnak kölcsön. A

renormálási csoport egyenlet szerint az elmélet aszimptotikusan szabad, azaz meg-

felelően nagy energián az anyagtér (kvarktér) nem kölcsönható, ami lehetővé teszi

a perturbációszáḿıtás alkalmazhatóságát megfelelően nagy energián. Habár az

aszimptotikus szabadság lehetővé teszi a perturbációs megközeĺıtést, a számolás

bonyolultsága gyorsan nő. Magasabb rendű korrekciók kiszáḿıtása azonban el-

kerülhetetlen, hiszen a perturbat́ıv sorfejtés csonkolása nem-fizikai paraméterek

megjelenéséhez vezet az elméletben, az ezektől való függés pedig csak egyre több

és több tag figyelembevételével csökkenthető.

A természetben eddig még nem figyeltek meg szabad kvarkokat, csak kötött

állapotaikat, a hadronokat. Ezek szerint a kvarkok nem pusztán aszimptotikus

szabadságot, de alacsony energián bezárást is mutatnak. Ḿıg nagy energián

lehetséges a kvarkok és gluonok (összefoglaló néven partonok) szintjén a pertur-

bat́ıv számolás, addig a bezárás prećız elméleti léırása még várat magára, léırására

pusztán modellek állnak rendelkezésre. A nagyenergiájú szórásḱısérletekben nem

hadronok, hanem azok kollimált pászmái, jetjei, figyelhetőek meg, amelyek ki-

alakulása a QCD sugárzással magyarázható. A kezdetben jelenlevő partonok

sźıntöltésüknél fogva további partonokat emittálnak, ami egészen addig folyik,

ḿıg minden parton energiája megfelelően alacsony nem lesz, ahol a hadronizáció

megtörténik.

A perturbációszáḿıtás valamelyik rögźıtett rendjében a jeteket partonokkal
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közeĺıtjük, de ezek számban meg sem közeĺıtik a ḱısérletekben a jetek belsejében

észlelt hadronokét. A perturbációszáḿıtás legalacsonyabb rendjében ugyanis egy

jetnek pontosan egy parton felel meg. A perturbációs sorban minden további tag

bevétele pusztán eggyel növeli meg a jeteket alkotható partonok számát. Továbbá

a jetek léırása partonokkal történik, ḿıg a detektor hadronokat érzékel. Egy

elméleti számolásban jóslat pusztán ún. infravörös véges mennyiségekre tehető,

tehát olyanokra, melyek invariánsak, ha a végállapotban további lágy és/vagy

kollineáris részecskék jelennek meg. Mindazonáltal még ezek a mennyiségek is

kaphatnak korrekciókat az általános QCD sugárzástól, vagy akár a hadronizációtól.

Noha nem várunk nagy járulékot ezektől az effektusoktól, a nagy pontosságú

megfigyelések nagy pontosságú jóslatokat igényelnek, melyekhez ezen járulékok

figyelembevétele elkerülhetetlen.

A QCD elméletében hat különböző kvark t́ıpus (zamat) létezik. A számolások

során pusztán a legnehezebb, a top kvark, van tömegesként kezelve. A top nem

pusztán a kvarkok, de az összes eddig észlelt elemi részecske közül a legnehezebb.

Tömege megközeĺıti egy aranyatom tömegét. Köszönhetően nagy tömegének

bomlása hamarabb megtörténik, minthogy hadronizálódni tudna. A Standard

Modellbeli domináns bomlása a b kvarkba történik, ez előseǵıti detektálását. A

top kvark-pár keletkezés hatáskeresztmetszete elegendően nagy a várható LHC

energiákon, ahhoz, hogy a top-pár és top-párhoz köthető további folyamatok nem

elhanyagolható hátteret és izgalmas lehetséges jelcsatornákat jelentenek. Így a

ḱısérleti eredmények kiértékeléséhez pontos elméleti jóslatok szükségesek.

A top kvark nem pusztán a QCD-ben tölt be fontos szerepet, de az elemi részek

Standard Modelljében is, hiszen csatolásainál fogva alkalmas a Standard Modell

ellenőrzésére is. A top lehetséges egzotikus bomlási csatornái pedig lehetőséget

adhatnak a jövőben a Standard Modellen túli fizika megfigyelésére is. Számtalan

modell számol ugyanis a top különböző egzotikus bomlásaival, továbbá top kvark

párok keletkezésével egzotikus közvet́ıtő részecskék által.

Az előbb elmondottakból kiviláglik, hogy a top kvark lényeges szerepet tölt

be nem pusztán a QCD-ben, de a Standard Modellben és az azon túli fizikában

is. Így aztán elengedhetetlen, hogy nagy pontosságú jóslatok álljanak a ḱısérletek

rendelkezésére az adatok megb́ızható kiértékelése végett. Mainapság nagy pon-

tosságú jóslat NLO-n (Next-to-Leading-Order, első sugárzási korrekciók figyelem-

bevétele) túli pontosságot jelent. Dolgozatomban összefoglaltam munkámat,

amelyet az NLO QCD számolások és a parton zápor programok egymással való

egyeśıtése céljából végeztem. Olyan folyamatokat vizsgáltam melyek végállapotában

egy top kvark pár mellett egy további nehéz részecske volt megtalálható.
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Munkám során a POWHEG eljárást használtam fel NLO QCD számolások és

a parton záporok illesztéséhez, ehhez a POWHEG-BOX nevű programot használtam

fel, mely eme eljárás numerikus implementációja. Egy univerzális interfészt hoz-

tam létre a POWHEG-BOX és a HELAC-NLO programok között, melynek a PowHel

nevet adtuk. Az interfész felhasználásával öt top kvark párhoz köthető hadropro-

dukciót implementáltam a POWHEG-BOX programban. Az egyik legnagyobb előnye

ennek a programnak a súly nélküli események generálásában rejlik, melyeket a

Les Houches standard szerint tárol el. Ezek a Les Houches Események (LHE)

szolgálnak bemenet gyanánt a parton zápor programokhoz, viszont emellett vál-

tozatos összehasonĺıtásokra adnak lehetőséget az eseménygenerálás különböző

fázisaiban. Az implementáció és annak pontossága is leellenőrizhető az NLO és

a LHE-kből származó eloszlások összehasonĺıtása által. A nehéz részecskék el-

bomlasztathatóak a parton zápor és a hadronizáció figyelembevétele nélkül is, ı́gy

lehetőség nýılik a bomlás hatásainak vizsgálatára. A parton zápor és hadronizáció

bevétele pedig lehetővé teszi ezen hatások kvantitat́ıv számolását. A LHE-ek

eltárolhatóak és újra felhasználhatóak az anaĺızis megismétlésére, vagy pedig egy

új anaĺızis elvégzésére is akár.

Vizsgálódásaimban tanulmányoztam a parton zápor és a hadronizáció hatását

több folyamatnál. Minden esetben aH⊥-eloszlások lágyulását találtam, ami néhány

esetben együtt járt az eloszlás torzulásával is. A lágyulás a végállapotban megje-

lenő lágy részecskék következménye, melyek csökkentik a jetek energiáját, amenny-

iben kibocsátásuk a jeten ḱıvülre történik. Továbbá rámutattam, hogy az esetleges

rezonanciacsúcsok, köszönhetően a jetek lágyulásának, kiszélesednek. Lényeges

előnye a parton zápor programokhoz való illesztésnek, hogy jóslatok tehetőek

leptonokra, mivel a parton zápor program seǵıtségével a top kvarkok elbom-

laszthatóak. Megmutattam, hogy a parton zápor elhanyagolható mértékben vál-

toztatja meg a lepton rapiditás eloszlásokat, addig a lepton transzverz impulzus

eloszlások esetében pedig csak az alacsony-p⊥ tartományában történik változás.

Az alacsony-p⊥ tartományában megjelenő többletet kis p⊥-jü lepton-párok okozzák,

melyek kis tömegű semleges mezonok elektromágneses bomlásából, továbbá fo-

tonkonverzióból származnak.

A POWHEG-BOX rendszer felhasználható NLO száḿıtások végzésére is. A t t̄ + Z

keletkezés minden részletre kiterjedő NLO vizsgálata során megmutattam az NLO

számolás fontosságát számos eloszlás differenciális K-faktorának kiszáḿıtása se-

ǵıtségével, melyek nagynak és nem-állandónak adódtak, sugallva az NLO számo-

lások elkerülhetetlenségét.

Megmutattam az eseménygenerálás hasznosságát egy olyan anaĺızisen, melyet
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a CMS kollaboráció végzett el elsőnek t t̄ + V (V = W±, Z) keletkezésen. A

kapott jóslataim megegyeztek a ḱısérleti eredményekkel.

Ez a munka, noha terjedelmes, korántsem tekinthető teljesnek. Pusztán néhány

olyan folyamatot vizsgáltam a sok közül, melynek végállapotában egy top kvark

pár is megjelenik. Számos olyan folyamat ismeretes, ahol a végállapotban négy

részecske, egy top pár és két további részecske, keletkezik, amelyekhez nagyobb

pontosságú jóslatok szükségesek, mint amilyenek a szakirodalomban fellelhetőek.

Ezek között találjuk a t t̄ + b b̄ keletkezést is, mely nem elhanyagolható hátteret

jelent a t t̄ + H keletkezéshez, tehát felmerül az igény egy olyan anaĺızisre, mely

hatékonyan nyomja el ezt a hátteret. Ezen folyamatok implementálása előseǵıtené

a hátterek pontosabb meghatározását.

Az NLO korrekciók figyelembevétele csökkenti, de nem tünteti el a nem-

fizikai skáláktól való függést. Minden folyamathoz számtalan skálaválasztással

lehet élni, amelyek tanulmányozása fényt vethet olyan optimális skálákra, melyek

minimalizálhatják a fennmaradó skála bizonytalanságot, ezáltal hozzájárulhatnak

pontosabb eredményekhez.

Jóslataim megtételéhez a parton zápor programokat használtam a nehéz töltött

részecskék bomlásához. Ez a megközeĺıtés csak akkor helytálló, ha a spin-korrelációk

elhanyagolhatóak, mivel ezek nincsenek jelen a parton zápor által elvégzett bom-

lásokban. Egy lehetséges továbblépésként szeretném figyelembe venni a spin kor-

relációkat, hogy azok hatásait is tanulmányozhassam különféle eloszlásokon.
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