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Abstract

This thesis presents the first global interpretation of the measurements of double-

differential cross sections of inclusive jet and top quark-antiquark pair (tt) produc-

tion in proton-proton collisions at the Large Hadron Collider (LHC) at the center of

mass energy of
√
s = 13 TeV, together with inclusive measurements in Deep Inelas-

tic electron-proton Scattering (DIS) at HERA. The LHC data have been recorded

by the Compact Muon Solenoid (CMS) experiment in 2016, and correspond to the

integrated luminosity of 33.5 fb−1 for inclusive jet measurement or 35.9 fb−1 for the tt

measurement.

This novel analysis is performed at next-to-leading order (NLO) of perturbative quan-

tum chromodynamics (QCD), where the inclusive neutral and charged current DIS

measurements at HERA, the CMS jet measurements and the normalized triple-dif-

ferential cross sections of tt production are used together to constrain the param-

eters of QCD and impose constraints on new physics. In particular, the Standard

Model Lagrangian is extended to incorporate effective contributions from quark con-

tact interactions (CI). In this analysis, the constraints on the parton distributions,

the strong coupling constant αS(mZ) and the top quark pole mass mpole
t are obtained

and, simultaneously, limits on the scale Λ of the CI are imposed. This results in

αS(mZ) = 0.1188± 0.0031, mpole
t = 170.4± 0.7 GeV and the 95% confidence level lim-

its of Λ > 24 TeV for purely left-handed, Λ > 32 TeV for vector-like and Λ > 31 TeV

for axial vector-like exchanges. For the first time, the LHC data are used for extract-

ing the Wilson coefficient of the CI, unbiased from the assumptions on the Standard

Model parameters.

The jet and top quark production at the LHC are further investigated individually,

to determine the QCD parameters at highest precision. A Standard Model analysis

is performed at next-to-next-to-leading order (NNLO) of perturbative QCD using

the CMS jet cross section measurements together with the HERA DIS data. The

parton distribution functions in the proton are extracted simultaneously with the

strong coupling constant αS(mZ) = 0.1166 ± 0.0017. This the most precise single

measurement of the strong coupling constant at the LHC, to date.

Further, the CMS measurements of the tt cross sections are used to extract the top

quark mass in the MSR renormalisation scheme. In this scheme, the mass dependence
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in the difference of the pole and modified minimal subtraction (MS) masses is replaced

by a scale parameter R. The first study of the behaviour of the R scale is presented.

The exctracted top quark MSR mass obtained using CMS measurements results in

mMSRn
t (R = 80 GeV) = 169.3+0.6

−0.7 GeV, which is up to now the most precise value of

the top quark MSRn mass extracted from experimental data.

The presented investigations of the fundamental couplings of the Standard Model, and

of new physics, are at the edge of precision in experimental physics and high-energy

phenomenology, paving the road towards a global interpretation of LHC data.



Zusammenfassung

Diese Dissertation beschreibt die erste globale Interpretation von Messungen der dop-

peldifferenziellen Wirkungsquerschnitte für inklusive Jetproduktion und Top Quark-

Antiquark (tt) Paarproduktion in Proton-Proton Kollisionen am Large Hadron Col-

lider (LHC) bei einer Schwerpunktsenergie von
√
s = 13 TeV, zusammen mit den inklu-

siven Messungen von tiefinelastischer Elektron-Proton Streuung (DIS) bei HERA. Die

LHC Daten wurden im Jahr 2016 von dem Compact Muon Solenoid (CMS) Experi-

ment aufgezeichnet, und entsprechen einer integrierten Luminosität von 33.5 fb−1 für

inklusive Jetproduktion Messungen oder 35.9 fb−1 für die tt Messungen.

Die neue Analyse ist zu nächst-führender Ordnung (NLO) in störungstheoretischer

Quantenchromodynamik (QCD) durchgeführt und es werden die HERA DIS Messun-

gen von inklusiven neutralen und geladenen Strömen, die CMS Jet Messungen und

die normierten dreifachdifferenziellen Wirkungsquerschnitte für tt Produktion benutzt

um die Parameter der QCD einzuschränken und Ausschlussgrenzen für neue Physik

zu bestimmen. Die Lagrangedichte des Standardmodells wird dabei um Terme erweit-

ert die effektive Korrekturen für Quark Kontaktwechselwirkungen (CI) beschreiben.

In der präsentierten Analyse werden Einschränkungen an die Partondichtefunktionen,

die starke Kopplungskonstante αS(mZ) und die Polmasse des Top Quarks mpole
t bes-

timmt. Gleichzeitig werden Auschlussgrenzen an die Skala Λ der CI bestimmt. Die

Analyse ergibt die Werte von αS(mZ) = 0.1188 ± 0.0031, mpole
t = 170.4 ± 0.7 GeV

und die Ausschlussgrenzen von Λ > 24 TeV für rein linkshändige, Λ > 32 TeV für

vektorartige und Λ > 31 TeV für axialvektorartige Wechselwirkungen fuer ein 95%

Konfidenzintervall. Zum ersten Mal werden hier die LHC Daten in einer Extraktion

von CI Wilsonkoeffizienten benutzt ohne Annahmen an Standardmodellparameter zu

treffen.

Es werden außerdem weitere Untersuchungen von den Jet und Top Quark Produktions

Messungen bei LHC individuell durchgeführt, um die QCD Parametern mit höchsten

Präzision zu extrahieren. Eine Analyse des Standardmodells wird bei nächst-nächst-

führender Ordnung (NNLO) in störungstheoretischer QCD durchgeführt, bei der die

CMS Jet Wirkungsquerschnitte zusammen mit den HERA DIS Daten benutzt werden.

Die Partondichtefunktionen des Protons werden gleichzeitig mit der starke Kopplung

αS(mZ) = 0.1166±0.0017 extrahiert. Dies ist die bisher präziseste Einzelmessung der

starken Kopplungskonstante bei LHC.
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Zusätzlich, die CMS Messungen des tt Wirkungsquerschnitts werden in der Extraktion

der Top Quark Masse im MSR Renormierungsschema benutzt. In diesem Schema wird

die Massenabhängigkeit im Unterschied zu der Masse im Pol- und modifizierten min-

imalen Subtraktions (MS)-Schema mit einem Skalenparameter R ersetzt. Es wird die

erste Untersuchung des Verhaltens der R Skala durchgeführt. Die aus den CMS Mes-

sungen extrahierte Top Quark MSR Masse ist mMSRn
t (R = 80 GeV) = 169.3+0.6

−0.7 GeV,

der bisher der Präziseste Ergebnis einer Extraktion aus experimentellen Daten ist.

Die beschriebenen Untersuchungen der fundamentalen Kopplungen des Standardmod-

ells sowie der neuen Physik liegen an der Obergrenze der Präzision der Experimentellen

Physik und Hochenergie-Phänomenologie und bilden die ersten Schritte in Richtung

einer globalen Interpretation von LHC Daten.



Thus ought man to be an impersonation of the
divine process of nature, and to show forth

the union of the infinite with the finite.

James Clerk Maxwell
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Chapter 1

Introduction

The current understanding of the dynamics between elementary particles is encoded

into a quantum field theory (QFT) known as the Standard Model (SM) of particle

physics. So far, the SM has described the observations in particle physics experiments

with great success. However, it is not anticipated to remain the final theory of particle

physics due to its well-known shortcomings. While the SM predicts the relations

of its parameters, which include the couplings of the interactions and the masses of

elementary particles, their values need to be determined experimentally. Furthermore,

it is unexplained why the SM operates with 3 fermion families, although only one is

needed for building stable matter, or why there are large differences in the masses of the

particles within a family. It is also possible that the electroweak vacuum is not stable in

the SM, but resolving whether or not this is the case requires increasing precision in the

measurements of the top quark mass mt and the value of the strong coupling constant

αS . Both αS and mt are measured with extreme precision in the context of this

thesis, along with investigating the phenomenological aspects of their determination

– individually, using cutting-edge phenomenology for jet and tt production, but also

together, exploring the sensitivity of both processes to the gluon distribution and αS

in proton-proton collisions.

There is an abundance of theories beyond the Standard Model (BSM), but so far none

have been confirmed experimentally. The extensive searches carried out at collider

experiments have lead to increasing exclusion limits for the scale of new physics,

particularly in proton-proton collisions at the Large Hadron Collider (LHC) at CERN.

With the most recently accomplished Run 2 at a center-of mass-energy of 13 TeV,

1
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LHC is the facility at the very frontier of collision energy.

The aim of a direct search for new physics is the observation of a resonance peak in

the spectrum of an observable, such as a cross section. However, there are hints that a

direct observation of new physics, a yet unknown very massive elementary particle or

a fundamentally new interaction, is out of reach even at the LHC. Moreover, the SM

assumes elementary particles to be pointlike, and experimental limits of O(10−17) cm

have been set for the quark radii. If the radii are fundamentally finite, resulting

for instance from more elementary particles constituting the quarks as composite

particles, it would appear as a deviation from the SM cross section spectra [1, 2]. If

the BSM effects are not expected to be seen as resonance peaks, but as a continuously

increasing deviation from the SM prediction as a function of energy, the search is

referred to as indirect. A historical example of a successful indirect search is provided

by the observation of the continous energy spectrum in beta decay, which led to the

formulation of the electroweak theory.

The contributions of new physics are mostly approximated by the Standard Model

effective field theory (SMEFT), which extends the SM by operators that describe new

interactions between SM particles. The cause of the interaction, e.g. the exchange

of new particles or substructure of SM particles, is integrated out, and predictions

at energies below the BSM scale are obtained without the need to resolve the ex-

act mechanism. However, achieving sensitivity to minute differences in the spectra

of physical observables requires both the measurements and the predictions to be

extremely precise.

In the SM, the dominant processes in the proton-proton collisions at the LHC are

described by quantum chromodynamics (QCD), and the most fundamental process

for studying QCD is the production of jets : since quarks or gluons (together called

partons) cannot be observed as free particles due to the confinement in QCD, the

partons kicked out of a proton in a pp collision form collimated sprays of color-neutral

hadrons, so-called jets, which preserve the momentum and direction of the original

parton. Jet production thus sheds light on the parton distribution functions (PDFs)

in the proton, is directly sensitive to the value of the strong coupling constant αS ,

and at the same time probes the scale of new physics at high transverse momenta. In

particular, the PDFs and the value of αS play a central role in the interpretation of

the LHC measurements.
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The PDFs are functions of the energy scale at which the proton structure is probed

and of the partonic fraction x of the proton momentum. While the energy scale

dependence of the PDFs is known in perturbative QCD, the x-dependence cannot yet

be calculated. Therefore, the PDFs need to be extracted using experimental data. The

PDF determination assumes the validity of the SM also at high transverse momenta

where new physics can emerge, possibly absorbing the new physics inside the proton

structure and therefore causing a bias in the interpretation of the masurements in

an indirect search. This problem is assessed in this thesis by following an unbiased

analysis strategy in a search for 4-quark contact interactions (CI).

The main focus of the thesis is the comprehensive QCD analysis of the double-

differential inclusive jet data measured by the CMS Collaboration in pp collisions

at
√
s = 13 TeV, corresponding to an integrated luminosity of 33.5 fb−1. The jets

are reconstructed using the anti-kT algorithm with the distance parameter 0.7. In an

analysis at next-to-next-to-leading order (NNLO) in SM QCD, these data are used

together with the HERA inclusive deep inelastic scattering (DIS) cross sections [3],

resulting in a simultanous extraction of the PDFs and αS(mZ). The obtained NNLO

value of αS(mZ) is the most precise value extracted in a single experiment at the

LHC, to date. In an analysis performed at next-to-leading order (NLO), also the

CMS triple-differential top quark-antiquark production cross section measurements at
√
s = 13 TeV are used, giving additional sensitivity to the top quark mass. The NLO

analysis is performed using SM or, alternatively, SMEFT predictions for the jet cross

section, leading to a first-ever simultaneous extraction of the PDFs, αS(mZ), the top

quark mass and the Wilson coefficient of 4-quark CI using LHC data.

An important topic of the phenomenology of top quark physics investigated in the

thesis is the renormalization of the top quark mass. Vacuum polarization requires the

renormalization of all charges and couplings in a theory, and therefore also the masses

of quarks become dependent on the choice of renormalization scheme. Several remor-

malization schemes and in turn definitions for a top quark mass have been suggested,

and have different advantages and disadvantages with respect to the interpretation of

experimental measurements in terms of the top quark mass. For example, the differ-

ence between the values of the top quark mass in the widely used pole and modified

minimal subtraction (MS) mass mt(mt) can be of the order of several GeV [4].

The pole mass scheme is the perturbative QCD equivalent of the on-shell mass of a
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free particle. It redefines the quark mass parameter order-by-order in perturbation

theory, making it correspond to the pole of the quark propagator. However, the

quark pole masses are affected fundamentally by an infrared sensitivity known as

the renormalon ambiguity, which is of the order of the QCD scale ΛQCD [5–7]. The

MS mass is an example of a short-distance mass not suffering from such ambiguities,

and is a convenient choice for loop calculations of mass-dependent inclusive physical

observables dominated by short-distance effects [8]. However, such masses depend on

the renormalization scale at which the infinities are subtracted. This scale dependence

is known as running, and is described by a renormalization group equation (RGE).

A way to bridge the pole and MS masses is offered by the MSR scheme [9]. The MSR

mass is matched to the MS mass mt at a mass renormalization scale R = mt(mt), and

it approaches that of the pole mass scheme as R → 0. This thesis discusses the imple-

mentation of the MSR scheme into the inclusive top quark-antiquark pair production

cross section calculator Hathor [10] and the single-differential tt production cross

section computation in the MCFM Monte Carlo program version 6.8 [11–13]. These

allow the first examination of the behavior of the scale R and the properties of the

total and differential tt cross sections using the MSR scheme. In this thesis, the top

quark MSR mass is determined from the tt pair production cross section measured as

a function of the top quark-antiquark pair invariant mass mtt.

The structure of the thesis is as follows. A theoretical overview of the SM of particle

physics, renormalization and proton structure is given in Chapter 2, focusing on the

role of jets and the top quark in the SM. The approach of effective theories is dis-

cussed in Chapter 3. The LHC and the CMS Experiment are sketched in Chapter 4.

Chapter 5 contains the discussion of the implementation of the MSR renormalization

scheme to the Hathor and MCFM programs, and the studies of the mass renormal-

ization scale, independent of the QCD factorization and renormalization scales, as well

as the extraction of the top quark MSR mass from CMS data. Chapter 6 details the

xFitter open QCD analysis framework, which is used for the QCD analysis of the

CMS 13 TeV inclusive jet and tt production cross section data presented in Chapter 7.

The thesis is summarized and concluded in Chapter 8.

The Einstein summation convention is adopted throughout the thesis whenever indices

are repeated up and down, so that vµv
µ ≡ (v0)

2 −∑3
i=1(vi)

2 for a 4-vector v, and

uiu
i ≡

∑

i=1(ui)
2 when i is not a spacetime index. Natural units are employed, i.e.
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the speed of light and Planck’s reduced constant ~ are set to 1. Thus the units of

mass and energy agree, and the basic unit is the electronvolt (eV). Further quantities’

units can be obtained as powers of the unit of energy, and the power is referred to as

the quantity’s mass dimension. Greek letters are used for spacetime indices, whereas

other indices are indicated by Roman letters. The Lagrangian density L is referred

to as the Lagrangian.
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Chapter 2

The role of jets and the top

quark in the Standard Model

This chapter presents an overview of the Standard Model in Section 2.1. The issue

of the stability of the electroweak vacuum is presented in Section 2.2, before turning

to more details on quantum choromodynamics in Section 2.3. A general discussion

of the role of renormalization in quantum field theory is given in Section 2.4. The

application of renormalization group equations in Standard Model physics is discussed

using the example of the running of the strong coupling constant in Section 2.5, and

the definition and renormalization of quark masses with an emphasis on the top quark

in Section 2.6. Phenomenological aspects of jet and top quark production are covered

in Section 2.7, and the structure of the proton in Section 2.8.

2.1 Overview of the Standard Model

The Standard Model (SM) provides a quantum field theory (QFT) explanation for

electromagnetism, as well as the strong and weak forces, via a combination of quan-

tum electrodynamics (QED), the electroweak (EW) theory and quantum chromody-

namics (QCD). As a Lorentz invariant theory, the SM assumes CPT invariance: the

theory remains unchanged under a simultaneous reversal of charges (C), parity (P)

and time (T). However, no individual one or a combination of two of them are required

symmetries in the SM.

7
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Another central feature of the SM is gauge invariance under the symmetry group

SU(3) × SU(2) × U(1). Matter particles arise from excitations of fermionic fields ψ,

which change under a gauge transformation as

ψ → exp (itnθn)ψ, (2.1)

where tn are the N generators of SU(N). If the parameters θn are independent of

the space-time coordinates, the transformation is global, otherwise the transformation

is local. The gauge is not a physical quantity, but must be fixed in the process

of computing theoretical predictions for observables. The motivation for requiring

gauge invariance is that an unphysical choice should not affect physical quantities,

and failure to preserve it can lead to non-unitary evolution operators. The controlled

way of breaking gauge invariance by the introduction of covariant gauges is of key

importance in proofs of renormalizability [14].

The kinetic terms of Lagrangians involve derivatives of the fields, but these are not

invariant under local gauge transformations. This is cured by a replacement of the

form

1∂µ → 1∂µ − igtnA
n
µ, (2.2)

introducing N gauge boson fields with coupling strengths g and components An
µ, one

for each generator tn. The gauge fields then transform as [14]

An
µ → An

µ +
1

g
∂µθ

n − fnabθ
aAb

µ, (2.3)

where fnab are the structure constants of SU(N). The eight generators of SU(3)

then introduce the eight gluon fields Ga
µ, SU(2) generates the three fields W i

µ, and

U(1) induces the field Bµ. The mixing of the fields W i
µ and Bµ in the electroweak

spontaneous symmetry breaking (EWSSB) gives rise to the 3 massive electroweak

bosons W+,W−,Z and a massless photon γ. The gauge covariant derivatives needed

for the SM Lagrangian read







Dµ = ∂µ − i
2g1Y Bµ − i

2g2σiW
i
µ

D′
µ = Dµ − i

2g3λaG
a
µ

, (2.4)

where Y is the hypercharge operator, σi are the Pauli matrices and λi the Gell-Mann

matrices. The SU(3) coupling is usually rewritten in terms of the coupling constant
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αS ≡ g23/(4π), whereas the couplings g1 and g2 can be expressed in terms of other SM

parameters.

The SM Lagrangian is given by [15]

LSM = − 1

4

(
FµνF

µν

︸ ︷︷ ︸
U(1) gauge

sector

+W i
µνW

µν
i

︸ ︷︷ ︸
SU(2) gauge

sector

+ Ga
µνG

µν
a

︸ ︷︷ ︸
SU(3) gauge

sector

)

+ iL
i
Lγ

µDµLLi + iℓ
i
Rγ

µDµℓRi
︸ ︷︷ ︸

Lepton kinetic sector

+ iQ
i
Lγ

µD′
µQLi + iuiRγ

µD′
µuRi + id

i
Rγ

µD′
µdRi

︸ ︷︷ ︸

Quark kinetic sector

−
(

Qi
LY

(u)
ij HujR +Qi

LY
(d)
ij HdjR + Li

LY
(l)
ij Hℓ

j
R + h.c.

)

︸ ︷︷ ︸

Yukawa sector

+ (DµH)†(DµH)
︸ ︷︷ ︸

Higgs kinetic sector

−
(
µ2H†H + λ(H†H)2
︸ ︷︷ ︸

Higgs potential V (H)

)
, (2.5)

where h.c. stands for the Hermitian conjugate, γµ are the Dirac matrices, and the

subscripts L, R denote left- and right handed fields, respectively. H is the Higgs

doublet, and Qi
L (Li

L) are the left-handed quark (lepton) doublets, while uiR (diR) stand

for the right-handed up (down) type quarks, and ℓiL is for the left-handed leptons. The

field strength tensors for the Abelian U(1) and the non-Abelian SU(2), SU(3) read

U(1) : Fµν = ∂µBν − ∂νBµ (2.6)

SU(2) : W i
µν = ∂µW

i
ν − ∂νW

i
µ + g2ǫ

i
jkW

j
µW

k
ν , (2.7)

SU(3) : Ga
µν = ∂µG

a
ν − ∂νG

a
µ + g3f

a
bcG

b
µG

c
ν , (2.8)

where ǫijk and fabc are the structure constants of SU(2) and SU(3), respectively. The

trace of the product of a field strength tensor with itself is gauge invariant, and serves

to introduce the kinetic terms for all gauge bosons. Further, it gives the trilinear and

quartic interaction vertices for the weak bosons and gluons, but no self-interaction

vertices for the photons.

In principle, the theory also allows for the gauge sector like term

θ
g2

64π2
Ga

µνǫµνρσG
ρσ
a , (2.9)

where ǫµνρσ is the total antisymmetric tensor. The term does not necessarily vanish

for SU(3), and introducing the θ term would violate CP symmetry [16], which has
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Table 2.1: The parameters of the SM and their experimentally measured values [17].
The top quark mass corresponds to the pole mass from cross section measurements. The
strong coupling constant αS(mZ) is given instead of the SU(3) coupling. Furthermore,
the fine structure constant incorporates the elementary charge, and the couplings g1 and
g2 can be expressed in terms of the Higgs vacuum expectation value and the weak boson
masses.

Parameter Symbol Value

Electron mass me 0.51099895000± 3.1 · 10−9 MeV

Muon mass mµ 105.6583745± 0.0000024MeV

Tau mass mτ 1776.86± 0.12MeV

Up quark mass mu 2.16+0.49
−0.26 MeV

Down quark mass md 4.67+0.48
−0.17 MeV

Strange quark mass ms 93+11
−5 MeV

Charm quark mass mc 1.27± 0.02GeV

Bottom quark mass mb 4.18+0.03
−0.02 GeV

Top quark mass mt 172.4± 0.7GeV

W boson mass mW 80.379± 0.012GeV

Z boson mass mZ 91.1876± 0.0021GeV

Higgs boson mass mH 125.10± 0.14GeV

Higgs vacuum expectation value v 246.22GeV

Fine structure constant α (137.035999084± 2.1 · 10−8)−1

Strong coupling constant αS(mZ) 0.1179± 0.0010

sin of CKM mixing angle 12 s12 0.22650± 0.00048

sin of CKM mixing angle 13 s13 0.00361+0.00011
−0.00009

sin of CKM mixing angle 23 s23 0.04053+0.00083
−0.00061

CP-violation phase δ 1.196+0.045
−0.043

QCD vacuum angle θQCD . 10−10

2.2 The stability of the electroweak vacuum

It is possible that the current minimum of the Higgs potential V (H) is not stable, but

that the field configuration might eventually change into another minimum. Since this

would alter how the EW sector of the SM functions, it could have drastic cosmological

implications. The issue arises from quantum loop corrections that could change V (H),

so that its derivative becomes negative at large values of the Higgs field, hence making

the potential unbound from below [35].

Investigations of V (H) at large values of the Higgs field require an improved form of
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2.3 Quantum chromodynamics

In the SM, the strong interaction acts among quarks and is mediated by massless

gluons. The strong interaction is described by the QFT of QCD, operating with color

charge. QCD is a Yang-Mills theory [44] based on the SU(N) gauge group with N = 3.

There are eight gluon fields in QCD, corresponding to the eight generators of SU(3).

In the fundamental representation, the generators are typically written as T a ≡ 1
2λ

a.

The matter fields transform in this representation, whereas the gauge fields transform

in the adjoint representation, where the generators are given by (T a
A)bc = −ifabc,

with the structure constants normalized by facdf bcd = Nδab. The representations are

characterized in a basis-independent way by the Casimir operators. In particular, the

quadratic Casimir operator for a representation R is defined by CR1 ≡ T a
RTRa. For

the fundamental representation, it reads CF = (N2 − 1)/(2N), and CA = N for the

adjoint representation. For QCD, they are then given by CF = 4/3 and CA = 3.

Furthermore, the generators can be chosen so that Tr[T a
RT

b
R] = TRδ

ab, where TR is the

representation’s index. For the fundamental (adjoint) representation, the index reads

TF = 1/2 (TA = N) [14].

Writing the field strength tensor product in Eq. (2.5) open and including the mass

terms explicitly, the QCD Lagrangian reads

LQCD = − 1

4
(∂µG

a
ν − ∂νG

a
µ)(∂µGν

a − ∂νGµ
a)

− g3
2
f bc
a (∂µG

a
ν − ∂νG

a
µ)Gµ

bG
ν
c −

g23
4
f bc
a fadeG

µ
bG

ν
cG

d
µG

e
ν

+
∑

h∈{R,L}

(

qihγ
µ∂µqhi +

g3
2
λaq

i
hγ

µGa
µqhi

)

−mi

(
qiLqRi + qiRqLi

)

+
1

2ξ
(∂µG

µ
a)(∂νGa

ν) + (∂µχ
a)∂µχa + g3f

abc(∂µχa)Gµ
bχc, (2.15)

where the q are color triplets and the sums over i account for the quark flavors [14,

45]. In addition to the terms following directly from Eq. (2.5) after the EWSSB, the

last line of Eq. (2.15) contains a gauge fixing term dependent on the gauge parameter

ξ. Choosing the gauge is necessary for defining the gluon propagator, and e.g. ξ = 1

in the Feynman-’t Hooft gauge and ξ = 0 in the Lorenz gauge [14]. Without fixing the

gauge, the Green’s functions of the elementary gauge-variant field operators vanish
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and the spontaneous breaking of a local symmetry is impossible in a symmetrical

gauge theory without gauge fixing [46, 47]. The further additional terms on the last

line of Eq. (2.15) introduce the ghost field χ, which is a complex scalar following Fermi

statistics [48]. The ghosts do not correspond to physical particles, but are a strictly

virtual concept for canceling non-physical degrees of freedom for the gluon [49].

The reach of perturbative quantum chromodynamics (pQCD) is approached at ap-

proximately the radius of the proton. This is related to the fundamental properties of

QCD, which are confinement at large distances and asymptotic freedom at short dis-

tances. These properties arise from the underlying symmetry of QCD in the context

of renormalization, as described in the following.

2.4 Perturbation theory and renormalization

The equations of motion (EOM) for a physical system are obtained by minimizing

the dimensionless action S =
∫
d4xL . All terms in L must therefore have a total

mass dimension of four to cancel the dimension 1/4 of d4x. Masses, energy scales

and derivatives are of dimension 1, whereas fermionic (bosonic) field operators have

the dimension 3/2 (1) in 4-dimensional spacetime. Furthermore, the Lagrangian may

contain dimensionless factors. In particular, the interaction terms involving three or

more field operators contain the coupling constant of the respective interaction [14].

In perturbation theory, observables are computed by expanding them in terms of the

coupling constant αS in a region where it is small, and truncating the series at a

chosen power of αS ; the lowest possible power yields leading order (LO) results, the

second lowest gives next-to-leading order (NLO) results and so on. The amplitude

of a scattering process can then be computed using the Feynman rules derived from

the Lagrangian. However, taking a computation beyond LO increases the number of

vertices in the graphs and allows for virtual loops and additional radiated particles, as

illustrated for the case of QCD in Fig. 2.5. For instance at NNLO, the cross section

of a process then takes the form

σ = σ(0) +
αS

π
σ(1) +

(αS

π

)2
σ(2) (2.16)

where σ(0) is the LO result and the NLO term σ(1) is typically divided into virtual and

real contributions as σ
(1)
Virtual +σ

(1)
Real. Analogously, the NNLO term σ(2) is divided into
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double-virtual, real-virtual or double-real contributions depending on if the NNLO

graphs contain zero, one or two real emissions, respectively. Furthermore, the real

emission cases where the radiation is connected to either the initial or final state

particles are referred to as initial state radiation (ISR) or final state radiation (FSR),

respectively.

✁
(a)
✂

(b)
✄

(c)

Figure 2.5: Gluon splitting to a quark-antiquark pair at NLO. The convention of read-
ing the graphs from left to right is chosen, and the arrows pointing forwards (backwards)
correspond to quarks (antiquarks), whose interactions are mediated by the curly gluon
lines. Graph (a) corresponds to real emission. The loops in (b) and (c) correspond to
virtual corrections to the quark-gluon interaction vertex.

The graphs beyond LO are not necessarily finite, but can diverge when high-momentum

particles emit soft radiation, or a high-momentum particle is radiated collinear to

a low-momentum particle, or when integrating over loop momenta. Cases where

high particle momenta lead to singularities are called ultraviolet (UV) divergences,

whereas infrared (IR) divergences arise from low momentum particles. According to

the Kinoshita-Lee-Nauenberg theorem [50, 51], the IR divergences cancel in unitary

theories when summing over all possible initial and final states in a finite energy

window. Renormalizable theories are then defined as those in which all UV diver-

gences can be absorbed into a finite number of parameters, such as couplings and

masses [14]. According to the Bogoliubov-Parasiuk-Hepp-Zimmermann theorem, all

the divergences of a renormalized QFT are cancelled by counterterms corresponding

to superficially divergent one-particle irreducible (1PI) diagrams [52–54]. The process

of renormalization however makes perturbative computations dependent on a choice

of renormalization scale, and replaces the quantities used for absorbing the diver-

gences by experimentally measured values, so they can no longer be predicted from

first principles.

The diverging fields and parameters in a Lagrangian are to be considered bare quan-

tities. For example, the bare fermion mass mbare is divided into a finite renormalized
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mass m, and a factor Zm that is to be regularized, via mbare = mZm. Similarly, the

field operators for quarks, gluons and ghosts are rewritten in the renormalization of

QCD as qbare ≡ q
√
Z2, G

bare
µ ≡ Gµ

√
Z3, and χbare ≡ χ

√
Zχ, where Z2 is for the

renormalization of the quark field, Z3 for the gluons and Zχ for the ghosts. Since

the coupling appears in four types of vertices, as depicted in Fig. 2.6 [14], there are

formally four Z factors associated with it: Z1 for the quark-gluon coupling, Z1χ for

the ghost-gluon coupling, as well as ZG3 and ZG4 for the trilinear and quartic gluon

self-couplings, respectively.

☎
(a) Z1

✆
(b) Z1χ

✝
(c) ZG3

✞
(d) ZG4

Figure 2.6: The renormalization factors associated with the QCD coupling in quark-
gluon interaction vertices (a), the ghost-gluon vertex (b) and the gluon self-coupling
vertices (c-d).

Writing the bare quantities in a Lagrangian in terms of the renormalized ones and

the Z factors then results in terms that have the form of the original Lagrangian, but

written using the renormalized quantities, and new terms incorporating the Z factors,

leading to Feynman rules for counterterms [14]. For instance, the Dirac Lagrangian

for bare quarks can be rewritten as

LDirac =iqbareγµ∂µq
bare −mbareqbareqbare

=iZ2qγ
µ∂µq − ZmZ2mqq

= iqγµ∂µq −mqq
︸ ︷︷ ︸

Original form of LDirac

+ i(Z2 − 1)qγµ∂µq − (ZmZ2 − 1)mqq
︸ ︷︷ ︸

=⇒ Counterterms

. (2.17)

This has introduced new terms that have the form of quark self-interactions, and

provide the counterterms, so that a finite value for the NLO quark 2-point function

can be calculated from✟
︸ ︷︷ ︸

LO: finite

+ ✠
︸ ︷︷ ︸

NLO: finite + poles

+ ✡⋆ .

︸ ︷︷ ︸

Counterterm: (finite) - poles

(2.18)
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The Z coefficients are chosen in the course of the calculation, so that they cancel the

divergence arising from integrating over all loop momenta. However, the requirement

that the counterterms cancel the divergences does not determine their finite parts,

which are affected by the choice of renormalization prescription. E.g. in the mini-

mal subtraction (MS) scheme, the counterterms have no finite parts, only the terms

necessary for canceling all divergences.

2.4.1 Regularization and the renormalization scale

The process of regularization is to perform the divergent integrals in a way that isolates

the divergent contributions into poles depending on a regulator ε, which can be taken

to zero once the poles are identified and the counterterms are chosen suitably to

cancel them. One method for regulating the UV divergences in a gauge-invariant way

is dimensional regularization (DR) [55, 56]. It makes a replacement of the form

g2
∫

d4k

(2π)4
→ g2µ4−d

r

∫
ddk

(2π)d
(2.19)

for the integrals over loop momentum k. The 4-dimensional space-time is replaced by

a d-dimensional one, since an integral divergent in 4 dimensions may be calculable in

d = 4− 2ε dimensions, and results for non-integer ε are obtained by analytic continu-

ation [14]. However, this also changes the dimensions of the bosonic (φ) and fermionic

(ψ) fields to d/2 − 1 and (d− 1)/2, respectively, and e.g. a fermion-boson interaction

of the form gψψφ would imply the coupling constant g to have dimension 2−d/2. The

couplings of a renormalizable theory must nonetheless be dimensionless [14]. In DR

this is achieved by introducing the t’Hooft scale µr of dimension 1, which is identified

as the renormalization scale. Removing the regulator by taking the ε → 0 limit then

leads to expansions, where the divergent parts depending on ε are separated into poles

with a strength of at most 1/εL for normal UV divergences at L loops [46].

Computations are commonly carried out in the modified minimal subtraction (MS)

scheme [57], in which µr is replaced by µr exp(εγE)(4π)−ε with γE ≈ 0.577 the Euler-

Mascheroni constant. Although the scheme is unphysical, it has the advantages of

being suitable also for massless theories, and preserving complicated symmetries, with

the exception of those that cannot in general be preserved by quantization [58].

Besides DR, the MS prescription applies to other regulators as well. A common
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alternative is the Pauli-Villars regularization [59], where each particle of mass m

receives a ghost particle with mass Λ. The ghost particle has either a wrong-sign

kinetic term in the Lagrangian, or interchanged bosonic and fermionic statistics. This

way, the ghost loop contributions have the same form but different sign as the particle

loops’ UV divergences, and the process will introcude terms dependent on log(m2/Λ2)

to the result. Yet another option is lattice regularization, where continuous space-time

is replaced by a discrete lattice and the Yang-Mills action is written in terms of Wilson

loops [60].

If the sum of the operators’ mass dimensions in a term in the Lagrangian would exceed

4, it would require a factor with a negative mass dimension. A theory with such terms

is non-renormalizable. Despite the name, such theories can provide predictions also

beyond LO, and are valid for a limited spectrum of energies. One instance of a non-

renormalizable theory is discussed in Section 3.2.

2.4.2 Renormalization Group Equations

The computation of physical observables in fixed-order perturbation theory requires a

truncation of the perturbative series. Therefore, the renormalization scale enters the

calculations of physical observables in perturbation theory. The choice of scale will

then introduce a source of uncertainty in theoretical predictions, which can be viewed

as being due to missing higher order corrections.

However, if a scale µ is not a physical parameter itself, it could be demanded that a

physical observable X is independent of it. This is expressed as ∂
∂µX

bare = 0. Likewise,

theories with an UV cutoff Λ should be required to produce the same predictions at

energy scales much below Λ, regargless of the precise selection of Λ. Such differential

equations are the basic idea of renormalization group equations (RGEs). The RGE

for a quantity X generally has the form

µ
dX

dµ
= γXX (2.20)

where γX is the anomalous dimension. For instance, the µr independence of the bare

mass yields

0 = µr
dmbare

dµr
⇔ 0 = Zmm

(
µr
m

dm

dµr
+

µr
Zm

dZm

dµr

)

=⇒ γm = − µr
Zm

dZm

dµr
(2.21)
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where the mass anomalous dimension γm has been identified [14].

Solving an RGE allows for evolving the theory from one scale selection to another

so that the couplings in the theory change accordingly, while the observable stays

invariant. Strictly, the renormalization group is not a mathematical group, but refers

to a trajectory in the space of possible theories that result in the same physical ob-

servables [14].

2.5 The strong coupling constant

Although called a constant for conventional reasons, the coupling αS of the strong

interactions acquires a scale dependence in the renormalization of QCD [61]. The

strong coupling constant is conventionally renormalized by introducing the factor Z1

for the quark-gluon interaction vertex1 and accounting for the two
√
Z2 and one

√
Z3

factors from the renormalization of the fields, so that the bare coupling is written as

gbare = µ
4−d
2

r g
Z1

Z2

√
Z3

. (2.22)

At NLO, the graphs contributing to Z1 are those given in Fig. 2.5 (b–c) and the vertex

counterterm, while the factor Z2 is obtained along with Zm from the quark self-energy

graphs given in Eq. (2.18). The NLO graphs contributing to the factor Z3 are

☛ +☞ +✌ +✍ +✎⋆ .

(2.23)

In d = 4 − 2ε dimensions, the factors are given by [14, 46]

Z1 = 1 − αSSε

4πε

[
3 − ξ

4
CA + ξCF

]

+ O(α2
S),

Z2 = 1 − αSSε

4πε
ξCF + O(α2

S),

Z3 = 1 − αSSε

4πε

[(
ξ

2
− 13

6

)

CA +
4

3
TFnf

]

+ O(α2
S), (2.24)

1Renormalizing via the gluon self-interaction vertex yields the same results due to gauge
invariance. In general, the charge is universal in Yang-Mills theories [14]. In principle, the four
Z-factors in Fig. 2.6 provide the counterterms for the vertices in QCD, but computations are
simplified by the Slavnov-Taylor identities [62, 63] generalizing the Ward-Takahashi identities of
QED [64, 65] to non-Abelian theories and providing relations between different Z factors.
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where

S(ε) =
(4π)ε

Γ(1 − ε)
≈ 1 + ε [log(4π) − γE ] . (2.25)

Demanding dgbare/dµr = 0 leads to an RGE for the running QCD coupling. This

RGE is related to the QCD beta function [66], which is given by

µ2
daS
dµ2

= −
∑

n=0

βn (aS(µ))n+2 , (2.26)

with

aS ≡ αS/π, (2.27)

and the coefficients βn up to 3 loops in the MS scheme read [67–75]

β0 =
1

4

(
11

3
CA − 2

3
nf

)

,

β1 =
1

16

(
34

3
C2

A − 2CFnf −
10

3
CAnf

)

,

β2 =
1

64

(
2857

54
C3

A + C2
Fnf +

205

18
CFCAnf +

1415

54
C2

Anf +
11

9
CFn

2
f +

79

54
CAn

2
f

)

,

(2.28)

where the number of active flavors is denoted by nf . The factors of 1/4n+1 in each βn

are due to following the conventions of Ref. [76]. The coefficients βn have also been

computed at four [77, 78] and five loops [79].

Note that crossing a quark flavor threshold, i.e. evaluating αS at a quark mass mQ,

requires comparing a theory with nf flavors to one with nf + 1 flavors. In gen-

eral, this gives rise to a non-trivial matching of α
(nf )
S (mQ) to α

(nf+1)
S (mQ), although

α
(nf )
S (mQ) = α

(nf+1)
S (mQ) up to NLO in the MS scheme [80]. The effect of nf on the

running of αS(µ) is illustrated in Fig. 2.7, showing the regions where different numbers

of active flavors would be relevant. An overview of the experimental measurements of

the running of αS is shown in Fig. 2.8.

At 1-loop level, the β function has the solution

aS(µ) =
1

β0 log(µ2/Λ2
QCD)

, (2.29)

where ΛQCD is the location of the Landau pole in QCD, and perturbation theory

becomes inapplicable for µ < ΛQCD since aS(µ) diverges. For nf = 5, the pole is
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approximately at 213 MeV [14]. The divergence of aS at small scales leads to con-

finement: an attempt to separate two quarks by more than 1 fm, the typical length

scale of a hadron, will result in the energy between the quarks to become sufficient for

producing new hadrons. Hence, quarks are never observed as free particles, but al-

ways constitute composite particles. Nonetheless, this process of hadronization cannot

be predicted from first principles in QCD, but must be modeled phenomenologically.

In contrast, the negative sign in Eq. (2.26) leads to the aS(µ) getting progressively

weaker at large µ. This asymptotic freedom makes it plausible to involve quarks in

the initial and final states of perturbative calculations in the high-energy regime.

0 1 2 3 4 5 6 7 8 9
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Figure 2.7: The αS running in the ABMP16 PDF at NNLO [81]. The solid lines
represent the cases with 3, 4 and 5 active flavors in the regions where αS is evaluated
at µ < mc, mc < µ < mb and µ < mb, respectively. The flavor thresholds are indicated
by arrows. The dashed lines extrapolate the αS with different numbers of active flavors,
illustrating their deviance in the various regions.
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Figure 2.8: The strong coupling constant αS as a function of Q = pT, determined at
2 loops in Ref. [82] (black line). The band represents its total uncertainty. Values of
αS(Q) extracted by the CMS Collaboration in several ranges of Q are shown, along with
the H1, ZEUS, and D0 Collaborations’ results from HERA and Tevatron. Image taken
from Ref. [83].

At higher orders, αS can be estimated by perturbative expansions around the LO

solution. Furthermore, the value of αS at a scale µ′ can be estimated by expanding it

about a reference scale µ as [14]

aS(µ′) =aS(µ) + (aS(µ))2β0 log

(
µ2

µ′2

)

+ (aS(µ))3
[

β1 log

(
µ2

µ′2

)

+ β2
0 log2

(
µ2

µ′2

)]

+ O((aS(µ))4). (2.30)

2.6 The renormalization of quark masses

Since quarks are not observed as free particles, their masses are quantities defined

formally via renormalization. This can be done using various schemes: while the pole

mass is the pQCD equivalent of the on-shell mass of a free particle, there are various

other schemes with unique advantages and disadvantages in terms of the interpretation

of experimental results. Some definitions introduce a scale dependence, causing also
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the quark masses to run, analogous to the strong coupling constant. The running

phenomenon has been demonstrated for the mass of the b quark in Ref. [84], using

data from experiments at the LEP [85–88], SLC [89], and HERA [90] colliders. Also

the running of the c quark mass has been demonstrated experimentally using HERA

data [91]. Furthermore, the running of the mass of the top quark has been determined

recently by the CMS Collaboration [92].

2.6.1 The pole mass scheme

The pole, or on-shell, scheme is defined via the renormalization of the 2-point Green’s

function, computed from the graphs [14]

iG2(/p) =✏ +✑1PI +✒1PI 1PI + . . .

where /p = γµpµ and 1PI stands for the sum of one-particle irreducible loop graphs

✓1PI =✔ +✕ + . . .

so that

iG2(/p) =
i

/p−m+ Σ(/p)
(2.31)

where Σ(/p) is defined as the sum of all 1PI graphs. After renormalizing the Green’s

function, all 1PI diagrams are summed into it, and the location of the pole can be

identified as the physical mass mP for a free particle. For the renormalized ΣR and

mR, this implies the conditions [14]







Σ(mP ) = mR −mP

d
d/p

Σ(/p)

∣
∣
∣
∣
/p=mP

= 0
(2.32)
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However, the pole mass suffers from a linear IR sensitivity known as the renormalon

ambiguity, which is of O(ΛQCD) [5–7]. It is therefore attractive to consider the so-

called short-distance mass schemes, in particular for physical observables dominated

by short distances. These do not suffer from the renormalon ambiguity, and lead to a

scale-dependence resulting in the phenomenon of running for the mass. In this thesis,

the MS and MSR short-distance mass schemes are investigated.

2.6.2 The MS mass scheme

In computations using the MS scheme, the mass renormalization scale is often set

equal to µr. However, also a general mass scale µm can be used, in which case the

pole and MS masses are related by

mpole
t = mt(µm)

(

1 +
∑

n=1

dMS
n (µm)(aS(µm))n

)

. (2.33)

When the decoupling α
(6)
S → α

(5)
S is performed at m(µm) The decoupling coefficients

dn relevant for computations up to NNLO in QCD with SU(3) are given by

dMS
1 (µm) =

4

3
+ L,

dMS
2 (µm) =

307

32
+ 2ζ2 +

2

3
ζ2 log 2 − 1

6
ζ3 +

509

72
L+

47

24
L2

− nf

(
71

144
+

1

3
ζ2 +

13

36
L+

1

12
L2

)

, (2.34)

where L ≡ log((µm/m(µm))2), nf is the number of active light quarks and ζn is the

value of the Riemann zeta function at n. The running of the MS mass is described by

the RGE

µ2
dm

dµ2
= −m

∑

i=0

γmi (aS(µ))i+1 (2.35)

with the anomalous dimensions

γm0 = 1,

γm1 =
1

16

(
202

3
− nf

20

9

)

,

γm2 =
1

64

(

1249 − nf

[
2216

27
+

160

3
ζ3

]

− n2f
140

81

)

, (2.36)
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for QCD with SU(3) [76, 93–97]. The RGE in Eq. (2.35) has the solution

m(µ1) = m(µ0) exp

{

−2
∑

i=0

∫ µ1

µ0

dµγmi
(aS(µ))i+1

µ

}

. (2.37)

Solving Eq. (2.37) yields the MS mass at a scale µ1 via a proper evolution procedure,

when the mass is known at a given reference scale µ0. Typically the MS mass is

reported at the scale of the quark mass itself as m(m).

2.6.3 The MSR mass scheme

The MSR scheme was first introduced in Ref. [9], then discussed conceptually in

relation to the Monte Carlo masses in Ref. [98], and a detailed discussion is given in

Ref. [99]. The pole and MSR masses are related by

mpole = mMSR +R

∞∑

n=1

dMSR
n (aS(R))n, (2.38)

where the dMSR
n are decoupling coefficients and the scale R serves to make the MSR

mass approach the definition of the pole mass when R → 0, and to the MS mass m(m)

at R = m(m). A feature of evolving the scale R in the MSR scheme is that for the

difference of MSR masses at two scales, the linear renormalization scale dependence

provides an all-orders resummation of the terms in the asymptotic series associated

with the pole mass renormalon ambiguity. Since the pole mass renormalon problem

is related to self-energy corrections at the scale ΛQCD < R, the MSR mass can be

interpreted as having a mass renormalization constant containing the on-shell self-

energy corrections only for scales larger than R. While all self-energy corrections for

quantum fluctuations up to scales m are absorbed into the pole mass, mMSR(R) only

absorbs those between R and m [98, 99].

In the context of this thesis, the MSR scheme is expected to be applied for the top

quark mass primarily in the region R < mt(mt). Therefore, it is appropriate to change

the scheme from one including the top quark UV effects with 5 + 1 active flavors, to a

scheme with only nf = 5 active flavors. This can be done by either rewriting a
(nf+1)
S

in terms of a
(nf )
S , which results in the practical MSR (MSRp) mass definition, or by

integrating out the virtual loop corrections of the top quark, resulting in the natural

MSR (MSRn) mass definition [99].
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For MSRp, the values of the decoupling coefficients dMSR
n in Eq. (2.38) are 2

dMSRp
1 = 4/3

dMSRp
2 = 13.443375 − 1.04136875nf

dMSRp
3 = 190.390625 − 26.65515625nf + 0.652690625n2f , (2.39)

whereas for MSRn they read

dMSRn
1 = 4/3

dMSRn
2 = 13.3398125 − 1.04136875nf

dMSRn
3 = 188.671875 − 26.67734375nf + 0.652690625n2f , (2.40)

which are in agreement with those of the MS scheme when the number of heavy

quarks is set to zero. In the case of MSRp, the first two coefficients agree with the

MS coefficients when the number of heavy quarks is set to one. Here, only the top

quark is treated as massive and the five active light flavors are taken to be massless.

The matching of the MS mass with nf + 1 active flavors to MSRn with nf flavors is

given at R = mt by [99]

mMSRn
t (mt) = mt(mt)

[

1 + 0.103567
(

a
(nf )
S (mt)

)2
+ (1.71953 + 0.2225nf )

(

a
(nf )
S (mt)

)3

+ (1.34375 − 0.435898nf + 0.0171875n2f )
(

a
(nf )
S (mt)

)4
]

.

(2.41)

Conversely, mt(mt) is obtained from a value of mMSR
t (mMSR

t ) via [99]

mt(mt) = mMSR
t

(
mMSRn

t

)
[

1 − 0.103567
(
aS
(
mMSRn

t

))2

− (1.58141 + 0.02225nf )
(
aS
(
mMSRn

t

))3

+ (1.39453 + 0.403711nf − 0.0171875n2f )
(
aS
(
mMSRn

t

))4
]

.

(2.42)

For MSRp, the matching relation is mMSRp
t (mt) = mt(mt). The MSR mass at a scale

R is obtained by using the appropriate matching relation to take a given MS mass to

2The coefficients dMSR
n in this section correspond to the decoupling factors an given in Ref. [99],

but divided by 4n to account for a difference in the conventions of Chapter 5 and Ref. [99].
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MSRn or MSRp, and evolving the scale from mt to R. The MSR mass evolution is

governed by [99]

R
d

dR
mMSR

t (R) = −R
∑

n

γRn (aS(R))n+1. (2.43)

The anomalous dimensions needed for converting the mass at O(α3
S) read [99]

γR0 = dMSR
1 ,

γR1 = dMSR
2 − 2β0d

MSR
1 ,

γR2 = dMSR
3 − 4β0d

MSR
2 − 2β1d

MSR
1 , (2.44)

where βn are the coefficients of the QCD beta-function given in Section 2.5. The MSR

mass at R is then mMSR
t (R) = mMSR

t (mt) + ∆m, where the difference ∆m is obtained

via the solution of Eq. (2.43) as

mMSR
t (mt) −mMSR

t (R) = −
2∑

n=0

γRn

∫ mt

R

dR′ (aS(R′))
n+1

+ O(a4S) ≡ ∆m. (2.45)

In the context of this thesis, the first study of the behavior of the scale R is performed.

This serves to assess and improve the stability of tt production cross sections as a

function of the scales µf , µr and R, which is particularly important for improving the

precision in the extraction of the top quark mass from experimental data.

2.7 Phenomenology of jet and top quark physics

The quarks and gluons of QCD, altogether referred to as partons, are not observed as

free particles, but constitute baryons and mesons as hadronic bound states. To satisfy

the Pauli exclusion principle, the partons carry a degree of freedom called the color

charge [100], which cancels among the partons in a hadron. Except for the top quark,

the partons produced in high energy collisions emit further partons, and eventually

the partons form color-neutral hadrons. This results in collimated sprays of hadrons

called jets, which preserve the properties of the original parton - its flavor, momentum

and direction.

Observations of jet production were of utmost importance to establishing QCD. The

production of two jets in e−e+ collisions is consistent with the production of spin-1/2
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quarks, which subsequently hadronize and form 2 jets, showcasing the confinement

property of QCD [101]. The existence and spin of the gluon were revealed by the pro-

duction of three-jet events via the Drell-Yan process e−e+ → γ∗/Z → qqg, predicted

in Ref. [102] and observed in Ref. [103]. Experimental proof for the non-Abelian na-

ture of QCD was obtained from the production of 4 jets in e+e− collisions, as the

process is sensitive to the trilinear gluon vertex color factor CA [101]. Experimental

measurements of the ratios CA/CF and TF /CF are in agreement with the theoretical

values corresponding to SU(3) [104].

The clustering of the produced hadrons into jets can however be done in multiple

ways, and there are important properties that a suitable algorithm should account

for. In principle, the boundaries of a jet are undefined, and contributions from the

showering of a hard parton may be missed if the jet size is small. However, large jet

size may in turn lead to contamination from additional particles not belonging to the

jet. Furthermore, the algorithm should be infrared-collinear safe, ergo robust against

additional emissions of soft or collinear gluons. In contemporary analyses, the cluster-

ing is commonly performed using the infrared-collinear safe recombination algorithms,

which start by finding the minimum of the set of distances between particles i and j

as

dij ≡ min
(

k2pTi, k
2p
Tj

) ∆y2ij + ∆φ2ij
R2

, (2.46)

and between particle i and the beam B as diB ≡ k2pTi. Here kT is the transverse

momentum, p is a parameter defining the employed jet algorithm, and R is the cone

radius parameter describing the size of the jet, while ∆φ2ij and ∆y2ij are the squared

differences between the azimuthal angles φ and rapidities y of i and j, when

y =
1

2

E + pz
E − pz

. (2.47)

Here E is an object’s energy and pz the momentum along the beam. The algorithms

proceed iteratively to check if dij < diB, in which case i and j are clustered into a

jet by summing their momenta; otherwise i is labeled a jet. If all particles are not

included in a jet, the set of distances is redefined and the process repeated.

There are three common recombination algorithms, corresponding to different choices

of the parameter p in Eq. (2.46). The kT algorithm [105], obtained with the setting

p = 1, assumes that the momenta of the particles inside a jet are similar. The irregular

shapes of the jets are caused by clustering the soft particles first, and the algorithm is



2.7. Phenomenology of jet and top quark physics 31

sensitive to particles produced in the vicinity of the jet. The choice p = 0 corresponds

to the Cambridge-Aachen algorithm [106], which is also sensitive to the surrounding

effects, but conserves jet substructure. Finally, the anti-kT algorithm [107] with p =

−1 clusters the hard particles first and results in jet shapes that are stable even

with nearby activity. The jets obtained from the same event by the three different

recombination algorithms are illustrated in Fig. 2.9.

Figure 2.9: The jets reconstructed in a sample event by using different jet algorithms.
Images taken from Ref. [107].

In numerical computations, partonic scattering is calculated using perturbation the-

ory, and the emission of soft and collinear partons is simulated using parton shower

programs to approximate higher-order terms with a perturbative approach. Besides

the partonic scatterings at large-momenta, and the subsequent parton branchings, ev-

ery pp collision event gives rise to multiple parton-parton interactions leading to soft

QCD processes. This is referred to as the underlying event. Such effects cannot be

calculated perturbatively, but are simulated with phenomenological models tuned to

experimental data [108]. Further, there are color correlations between the final state
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partons, with potentially significant effects to the kinematics [109]. This is addressed

by color reconnection, for which different models have been developed [110, 111].

Fixed-order pQCD predictions for inclusive jet production cross sections are available

up to NNLO, and are discussed in Section 6.6.1. However, the pQCD predictions

contain neither hadronization nor multiparton interactions. These nonperturbative

(NP) effects are corrected with a factor

NP =
σMC(PS & MPI & HAD)

σMC(PS)
, (2.48)

where PS stands for parton shower, HAD for hadronization, and MPI for multiparton

interactions. At low pT, the NP corrections are dominated by MPI, which increase

the radiation in the jet cone by a constant offset; this is especially important for

large-radius jets. Since the effects of perturbative radiation are partially considered

in higher-order predictions, the PS simulation is included both in the numerator and

denominator of Eq. (2.48). It is stronger for smaller R, where out-of-cone radiation

plays a larger role, which next-to-leading logarithmic (NLL) corrections can account

for. Furthermore, the virtual exchange of massive weak gauge bosons W and Z requires

the QCD predictions for jet production to be corrected for EW effects. In the high-

pT region, these grow up to 11% at high pT and low y [112]. The EW and NP

corrections for inclusive jet production cross sections in pp collisions at
√
s = 13 TeV

are illustrated in Fig. 2.10.

In addition to jet production, the phenomenological investigations in this thesis ad-

dress the production of top quarks and antiquarks, with the aim of a global interpreta-

tion of the LHC data. The top quark was first observed in 1995 by the CDF [113] and

D0 [114] Collaborations at the Fermilab Tevatron in pp collisions at
√
s = 1.8 TeV.

With a pole mass of 172.4 ± 0.7 GeV obtained from cross section measurements [17],

it is the most massive elementary particle in the SM. The decay time of the top quark

is significantly below the time scale of hadronization, making it possible to study the

properties of an unconfined quark. For instance, the polarization and charge of the

top quark have been measured in Refs. [115, 116].
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Figure 2.10: Left : the values for NP corrections for inclusive jet cross sections, with
each curve corresponding to a rapidity bin [117]. Right : the EW corrections for inclusive
jet cross sections, as reported in Ref. [112], for jets clustered using the anti-kT algorithm
with R = 0.7.

In pp collisions, top quarks are mainly produced via tt pair production, and about

90% of the tt pairs at the LHC are produced via the gluon-gluon fusion process [118]

with the LO graphs

✖ +✗.

(2.49)

Details of the computation of fixed-order predictions for tt production cross sections

are given in Chapter 5. The top quark decays via the charged-current weak interaction,

and the branching ratio for the main decay channel t → Wb is obtained from the

components of the CKM matrix as

B(t → Wb) =
|Vtb|2

|Vtb|2 + |Vts|2 + |Vtd|2
. (2.50)

The tt processes are classified into different channels, based on the W boson decays.

In the fully hadronic, or all-jets channel, both W bosons decay hadronically. In the

dileptonic channel, both W bosons decay into a lepton and a corresponding neutrino.

In the semileptonic channel, one of the W bosons decays leptonically and the other

one hadronically. The respective branching ratios are illustrated in Fig. 2.11.
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Figure 2.11: The branching ratios of the various decay channels of tt. The label lep-
ton+jets stands for the semileptonic channels, and alljets for the fully hadronic channel.
Image taken from [119].

Contributions to the production cross section of single top quarks or antiquarks are

generally divided into three types: the Mandelstam t and s channels, and associated

production resulting in a W + t final state. These are illustrated at LO in Fig. 2.12.

✘bu t

W
d

(a) t-channel
✙u b

d

W

t

(b) s-channel
✚b

b t
W−

(c) W+ t final state

Figure 2.12: Examples of LO diagrams where the single quark line in the final state
can correspond to a t quark, while the antiquark has a different flavor due to the flavor
mixing in the electroweak interactions mediated by the W boson.

At the LHC, single top production is dominated by the t-channel, which is also respon-

sible for approximately 20% of all t-quark production at the LHC [120]. However, also

the contribution of the associated W + t production plays an important role at LHC

energies [121]. The contributions of the different channels are illustrated in Fig. 2.13.
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Figure 2.13: The contributions of the t and s channel and W+t associated production
to the single t-quark production cross section (a), to single t production (b) and when
accounting for both t and t (c). All cross sections are computed at NLO, for pp colli-
sions at

√
s = 13TeV, and using the Hathor default CKM matrix and EW parameter

values. The results are obtained in the MS scheme with mt = 160.68GeV and using the
ABMP16 [81] PDF set at NLO.

The measurements of mt based on the reconstruction of the invariant mass of the

decay products are known as direct measurements, and can reach extreme precision.

However, direct measurements rely on distributions derived from Monte Carlo (MC)

simulations. This makes them sensitive to the properties of the utilized generator

and parton shower, since the simulation does not only contain the fixed-order matrix

elements but also ISR, FSR, hadronization and underlying event interactions, which

are modeled by parton showers and heuristic models [122]. Particularly, mt is affected

by the presence of an infrared cutoff Q0 in the parton shower, implying that the MC

mass could be considered a Q0-dependent short-distance mass and would hence not

correspond to the pole mass [123]. Nonetheless, connecting the MC mass to well-

established short-distance schemes suffers from the insufficient accuracy of leading-

logarithmic (LL) pQCD-based parton showers to fix the scheme, as the differences

between schemes only appear at NLL accuracy [124]. The MC mass is then merely

understood as the value of the mass parameter mMC
t in the MC simulation, giving the

best description of experimental data.

Nevertheless, the MC mass can be calibrated into a QFT mass scheme. In Ref. [122],

this is done via a generic approach for measuring an observable ξ sensitive to mt

in some renormalization scheme, without assumptions on mMC
t or its relation to mt.

A simultaneous likelihood fit of mMC
t and ξ is performed, comparing an observed
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distribution in data to the prediction from MC. The value of mt is then determined

in the given renormalization scheme by comparing data to theoretical predictions for

ξ(mt), and mMC
t is calibrated by quantifying the difference ∆m = mt − mMC

t . In

Ref. [125], a calibration is made by fitting the predictions of a given MC generator

to hadron level QCD computations, for observables that are related closely to the

distributions entering the experimental analysis. It has been suggested that there

can be a difference of O(1 GeV) between mMC
t and mpole

t , and that the value of mMC
t

corresponds to that of the MSR scheme, with the scale R set close to the MC shower

cut-off scale [9, 98, 125]. In Ref. [126], a relation between mMC
t and mMSR

t (R = 1 GeV)

is found by fitting NLL predictions to the jet mass distribution obtained from particle-

level Monte Carlo samples, resulting in

mMSR
t (R = 1 GeV) = 172.42 ± 0.1 GeV, (2.51)

when powheg is interfaced with the Pythia 8 generator, and

mMSR
t (R = 1 GeV) = 172.27 ± 0.09 GeV, (2.52)

when powheg is interfaced with Herwig 7. Note that in Ref. [126], the scales are set

to µf = µr =
√

m2
t + p2T, with mt and pT the mass and transverse momentum of the

top quark. The difference between the mMC
t in the powheg + Pythia 8 simulation

and the MSR mass at the scale R = 1 GeV is then determined to be [126]

mMC
t −mMSR

t (1 GeV) = 80+350
−400 MeV. (2.53)

As an alternative to the direct measurements, a theoretically well-defined mass, such

as the pole or a short-distance mass, can be determined by comparing measured ob-

servables sensitive to mt with fixed-order predictions for e.g. the tt cross section [127–

131]. A summary of the values of the top quark mass measured using tt production

observables at the LHC is shown in Fig. 2.14.
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The structure of the proton, in particular the gluon distribution, plays an important

role in jet and top quark physics alike. This is detailed in the following.

2.8 The structure of the proton in the LHC era

With a mass of mp = 938.3 MeV [17] the proton is the lightest baryon, and generally

considered stable due to baryon number conservation in the SM [14]. Further, there is

no experimental evidence of the energetically allowed decays of the proton to lighter

particles. The current lower bound for the proton lifetime is 3.6 · 1029 years [135],

while decay modes e.g. p→ e+ π0 result in a 90% CL limit of 1.6 · 1034 years [136].

The quantum numbers of the proton arise from one d and two u valence quarks,

whose concept was suggested in [137–139]. Besides these, the quark-parton model

(QPM) [140, 141], developed in the late 1960’s contains also sea quarks with no overall

flavor, emitted and absorbed continuously within the proton. The predictions of the

QPM agreed with the deep inelastic scattering (DIS) measurements carried out at

the Stanford linear accelerator center (SLAC) [142]. However, the model could only

explain approximately half of the protons total momentum [143]. In contrast to the

QPM with non-interacting quarks, the quarks in QCD interact via gluon exchange.

Due to confinement, the structure of hadrons cannot be calculated from first prin-

ciples only, using pQCD. A connection between the observable cross sections from

hadron collisions and pQCD predictions is given by the factorization theorem [144].

The master formula for computing cross sections in hadron collisions factorizes the

perturbative partonic cross section σ̂ij from the structure of the colliding protons,

which is encoded in the parton distribution functions (PDFs) fi, fj , as

σ =

∫

dx1

∫

dx2
∑

ij

fi(x1 , µf ) fj(x2 , µf )σ̂ij (x1, x2, αS(µ), µr, µf ) . (2.55)

Here the sums over i and j account for the types and flavors of partons. The PDF

fi is related to the probability of finding the parton i, within a fraction range ∆x

of the proton momentum, inside the proton as resolved at factorization scale µf .

The PDFs are taken to be universal functions of the momentum fraction x, and the

factorization scale defining the resolution below which the physics can be absorbed into

the nonperturbative PDFs. Some features of factorization are illustrated in Fig. 2.15.
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Figure 2.15: Left : an example of factorization for jet production in a pp collision.
The hard process is surrounded by a rectangle drawn in red dashes, while the dashed
blobs correspond to the PDFs. The effects of the soft gluons connected to the S blob
cancel in factorization for inclusive cross sections [145]. Right : integrating over pT leads
to a collinear divergence related to the factorization scale µf , caused by the gluon line
indicated by an arrow [145].

The relevant RGEs for evolving the PDFs are the Dokshitzer-Gribov-Lipatov-Altarelli-

Parisi (DGLAP) equations [146–151]. For nf flavors, the 2nf − 1 scalar non-singlet

evolution equations read

µ
d

dµ
fqi(x, µ) =

∑

j

∫ 1

x

dξ

ξ
Pqiqi(x/ξ)fqi(ξ, µ), i ∈ [v,±] (2.56)

for the valence distributions qv and the non-singlet quark flavor asymmetries q±, while

the 2 × 2 singlet evolution reads

µ
d

dµ

[

fqi(x, µ)

fg(x, µ)

]

=
∑

j

∫ 1

x

dξ

ξ

[

Pqiqj (x/ξ) Pqig(x/ξ)

Pgqj (x/ξ) Pgg(x/ξ)

][

fqj (ξ, µ)

fg(ξ, µ)

]

, (2.57)

for the singlet quark distributions, for which i and j run over the quark flavors, and for

the gluon distribution denoted by the index g [14, 152]. The splitting functions Pab(z)

are expanded in terms of αS/π, and at LO they have an interpretation as the proba-

bility of obtaining a parton a, with a fraction z of the parent parton momentum, from

parton b, and into another quark or gluon (as deducible from knowing a and b) with

momentum fraction 1 − z [147]. The splitting functions are obtained perturbatively,

and the graphs for the LO splitting functions are shown in Fig. 2.16.
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Figure 2.16: A representation of LO splitting functions, with p an off-shell momentum.

At LO, due to charge conjugation invariance and flavor symmetry, the splitting func-

tions are independent of the quark flavor, and have the same forms for quarks and

antiquarks [153], so that Pqiqj = Pqiqj , Pqiqj = Pqiqj , Pqig = Pqig and Pgqi = Pgqi .

However, these relations are violated at higher orders [150]. Furthermore, interpret-

ing the splitting functions as probabilities implies that they are positive definite for

z < 1, and they satisfy the sum rules







∫ 1

0 dzP
(0)
qq (z) = 0,

∫ 1

0 dzz
(

P
(0)
qq (z) + P

(0)
gq (z)

)

= 0,
∫ 1

0 dzz
(

2nfP
(0)
qg (z) + P

(0)
gg (z)

)

= 0,

(2.58)

corresponding to the conservation of quark number and momentum [153]. Here the

quark flavor indices have been suppressed. Similarly, the PDFs obey a set of sum

rules [153, 154]. The conservation of the number of up- and down quarks in the

proton and the conservation of momentum correspond to







∫ 1

0 dx[u(x) − u(x)] = 2,
∫ 1

0 dx[d(x) − d(x)] = 1,
∑

j

∫ 1

0 dxfj(x)x = 1.

(2.59)

The DGLAP equations evolve µf while keeping x fixed. On the other hand, evolving

x and keeping µf fixed is referred to as Balitsky-Fadin-Kuraev-Lipatov evolution,

which however is closer to the perturbative region and only considered to work for

low x and high (but finite) µf [155]. Since the full x-dependence of the PDFs cannot

be predicted from first principles in pQCD, it needs to be extracted from fits to

experimentally measured cross sections. The PDFs are typically parametrized in the
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form a polynomial at a chosen starting scale Q0, and then evolved numerically by the

DGLAP equations to the kinematic region of the measurements. The parameters in

the PDF parametrization are then iterated until the fit converges.

The general shape of the gluon and quark singlet distributions is such that they

have high values at low x and decrease rapidly at high x, while the valence quark

distributions have a peak at medium x values and go to zero as x → 0 and x → 1.

The characteristic form of DGLAP evolution is such that parton distributions tend

to move towards lower x values as the PDFs are evolved to higher µf . This can be

interpreted so that high-x partons radiate other partons with lower x values, and the

parent partons drop to smaller x in the process. This can be pictured as an increase in

the amount of partons in the proton, as its structure is probed at higher scales [154].

The PDF sets provided by different phenomenology groups, such as ABMP, CTEQ,

HERAPDF and NNPDF, are referred to as global PDFs. Each group uses different

selections of data, theory assumptions and parametrizations for the functional form

of the PDFs at the starting scale. As an example, the valence quark, sea and gluon

distributions of the HERAPDF2.0 PDF are shown in Fig. 2.17.
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Figure 2.17: The valence quark (xuv, xdv), sea (xS) and gluon (xg) PDFs in the
HERAPDF2.0 at NLO [156]. The PDFs are evaluated at µ2

f = 10GeV2. The gluon and
the sea distributions are scaled down by a factor of 20. Image taken from Ref. [156].
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2.8.1 Constraining the PDFs with experimental data

The main constraints on PDFs are set by experimental fits to the DIS data measured

at HERA. The kinematics of the e−p scattering events, from which the structure

of the proton is measured, are commonly described in terms of a standard set of

variables. The virtuality Q2 ≡ −q2 = −(k − k′)2 indicates the resolution capabili-

ties of the process, so that more of the proton structure can be resolved with rising

Q. The inelasticity Y ≡ Pµq
µ/(Pνk

ν) gives the fraction of momentum transferred

from the scattering lepton to the hadronic system in the proton rest frame, and the

fraction of the momentum of the proton participating in the reaction is given by

x = Q2/(2Pµq
µ) [153]. The contributions to the e−p → e−X process are divided into

neutral current (NC) and charged current (CC) processes. as illustrated in Fig. 2.18,

and the cross sections are given in terms of three structure functions F1, F2 and F3.

The neutral current contribution is given by

d2σNC

dxdQ2
=

4πα2

xQ4

[
xY 2FNC

1 (x,Q2) + (1 − Y )FNC
2 (x,Q2) + Y (1 − Y/2)xFNC

3 (x,Q2)
]

(2.60)

where α is the EM coupling constant [153]. The charged current contribution is given

by

d2σCC

dxdQ2
=

(1 − λe)πα
2

8 sin4 θW (Q2 +m2
W)2

∑

i,j

[
|Vuidj |2ui(x) + |Vujdi |2di(x)(1 − Y )2

]
, (2.61)

where λe is the electron helicity, ui (di) refer to up (down) type quarks, Vuidj are the

CKM matrix elements and the weak mixing angle can be given in terms of the U(1)

and SU(2) couplings as θW = g1/
√

g21 + g22 [153].

✦
γ∗/Z(q)

p(P )

e−(k)

X(P ′)

e−(k′)

}

(a) NC

✧
W(q)

p(P )

e−(k)

X(P ′)

ν(k′)

}

(b) CC

Figure 2.18: Neutral current (a) and charged current (b) processes in e−p collisions.
The hadronic final state is denoted byX, and the four-momenta are indicated in brackets.
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The measurements of various processes in proton-proton collisions at the LHC provide

complementary information in different kinematic regions, and enhance the precision

of the PDFs. Instead of the momentum fraction x as in e−p, the kinematics of pp

collisions depend on two momentum fractions x1 and x2, corresponding to the two

incoming protons. The production of jets in hadron collisions is sensitive to the gluon

PDF at high-x, and top quark pair-production cross sections provide complementary

information on the gluon PDF in the medium and high-x region. The production of

EW bosons probes different bilinear combinations of light quarks, shedding light on the

valence quark distributions and the flavor separation in the sea. The charge asymmetry

in W± production improves the constraints on valence quark distributions. The shape

of the Z rapidity distribution, and the W/Z ratio are sensitive to the strange quark

PDF. Furthermore, the high-mass Drell-Yan process is sensitive to the photon PDF.

The production of EW bosons associated with c quarks provides information on the

strange quark content of the proton. The sensitivities of the cross sections measured

at the LHC to different PDFs are summarized in Table 2.2, and an illustration of the

kinematic reach of different measurements is illustrated in Fig. 2.19.

A proper understanding of the structure of the proton is of paramount importance

in the interpretation of hadron collider measurements. As a historical example, in an

analysis of Tevatron run I data at
√
s = 1.8 TeV [157], the experimental data were seen

to be significantly above the theoretical predictions at high energy scales. However,

instead of being a smoking gun for new physics, later studies of CDF run II data

at 1.96 TeV revealed the measurement to be compatible with the predictions, after

nonperturbative parton-to-hadron corrections were included [158].

Table 2.2: The sensitivity of LHC processes to different PDFs.

Process Sensitivity

Drell-Yan Flavor decomposition of the sea, uv, dv and photon PDF

W+c, W+jets Strange PDF

Vector boson + jets Medium-x gluon PDF

Jets High-x gluon and quark PDFs

Photon Medium-x gluon PDF

Top pair Medium- and high-x gluon PDF

Single top High-x u/d ratio





Chapter 3

Effective field theory

This chapter is dedicated to a discussion on the effective field theory (EFT) approach.

Effective theories provide a simplified description of the investigated system, and have

applications in investigating both SM and BSM physics. An EFT is designed to be

robust within a given region of validity, and it may contain additional symmetries not

present in the full theory [160]. They are particularly useful for multiscale problems,

where the full theory can be approximated by an effective theory at a scale where all

the features of the full theory are not necessary for providing predictions of an observ-

able. In an EFT, a complicated or unknown mechanism such as the exchange of a new

particle, is replaced by a computation requiring no detailed assumptions of the mech-

anism included in the full theory. The EFT produces approximate results that can

eventually be matched to the full theory in the regime for which the EFT is designed.

A historical example of this is given by Fermi’s 1934 theory for weak decays [161],

which is an EFT valid at low energies. This EFT was eventually UV-completed by

the SM, which described the observed decays in terms of interactions mediated by the

W boson. The power of Fermi’s EFT was then in permitting computations of weak

decays using the experimentally determined Fermi constant, without a description of

the dynamics of the weak bosons.

Fermi’s theory is an instance of the type of EFTs that correspond to removing heavy

degrees of freedom from a full theory, as the W bosons are not explicitly included in

45
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its description of the weak decay, but shrunk into a point in the Feynman diagram:

★u

e
d

W νe

︸ ︷︷ ︸

SM weak interaction

↔✩u

e

d
νe

⊗

︸ ︷︷ ︸

Fermi EFT

.

(3.1)

The Standard Model effective field theory (SMEFT) is also an EFT of this kind. It

offers a model-independent description of effective corrections to processes involving

only SM particles in the initial and final states. Another type of EFTs are those

constructed by removing only parts of the fields. One instance of such an EFT is the

soft-collinear effective theory (SCET) [162–169], which has led to novel factorization

theorems for cross section predictions. These two types of EFTs are used in this thesis,

but also other types exist; e.g. the heavy-quark effective theory [170, 171] is based on

restricting the dynamics of heavy particles.

The SMEFT is discussed in Section 3.1. Section 3.2 focuses on the 4-quark contact

interactions (CI) appearing in SMEFT at dimension-6, and details the theory behind

the CIJET calculation [172, 173] utilized in this thesis. Furthermore, the NLL-Jet

calculation used in the thesis is based on a factorization theorem in the context of

SCET, which is discussed in Section 3.3.

3.1 The Standard Model effective field theory

A theorem by Steven Weinberg states that for a given set of asymptotic states, the

most general S-matrix is obtained from a Lagrangian constructed out of all terms

allowed by the symmetries of the theory. This results in the most general matrix

elements to any order in perturbation theory. It is then consistent with the assumed

symmetries, analyticity, cluster decomposition, and perturbative unitarity [174]. For

the sake of renormalizability, the operators in the SM Lagrangian are restricted to

dimension 4. However, this requirement is dropped in SMEFT, and the idea of Wein-

berg’s theorem is applied by extending the SM Lagrangian with higher-dimensional

operators composed of the SM fields, so that the Lagrangian has the form

LSMEFT = LSM +
∑

d≥5

1

Λd−4
d

∑

n

c(d)n O(d)
n (3.2)
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where Λ is the energy scale of the new interactions, the sum over n runs over the

combinations of SM fields that result in the dimension-d composite operators O re-

specting the symmetries of the SM, and the Wilson coefficient cn is analogous to a

coupling [160].

If the scale of new physics is close to the EW scale of v ≈ 246 GeV, it can be probed by

direct searches at LHC energies. In this case, the standard SMEFT approach could be

suboptimal since an expansion parameter of ∼ v/Λ may lead to large contributions.

The formalism of SMEFT can however be used also in this case, if also exotic fields

are included in the non-renormalizable operators. This can parametrize for instance

the interactions between the SM fields and weakly-interacting massive particles rep-

resenting dark matter, even if the exotic particles’ masses would be close to the EW

scale [175–177]. Moreover, there are also low-energy effective field theories for physics

below the EW scale, formed by integrating out heavy SM degrees of freedom [178].

Furthermore, if Λ is beyond the energy scale of the experiment, the effects of new

physics can be visible in an indirect search looking for deviations in the continuous

spectra from the SM predictions. However, an indirect signal has an ambiguity aris-

ing from the model dependencies. When matching onto an effective theory at lower

energies, the non-analytic structure of correlation functions due to heavy states is

projected out as formalized by the decoupling theorem [179]. The description of such

physics is then a well-suited task for SMEFT: in the regime where the BSM exchanges

only appear in virtual loops, they can be integrated out in the path integral. As an

illustration, if a full theory has the heavy field ψh and the light fields ψl, the effective

Lagrangian LEFT is obtained from the effective action SEFT via [180, 181]

eiSEFT =

∫

(Dψh)(Dψ†
h) exp

(

i

∫

d4xL (ψl, ψh)

)

= exp

(

i

∫

d4x (L (ψl, 0) +O(ψl))

)

= exp

(

i

∫

d4xLEFT(ψl)

)

(3.3)

where O(ψl) is an effective composite operator constructed out of the light fields. The

mass dimension of O may well be higher than 4, making it nonrenormalizable.

As a consequence of allowing for nonrenormalizable operators, a Feynman diagram’s

superficial degree of divergence in 4-dimensional spacetime becomes [14]

D = 4 − 3

2
nF − nB −

∑

d≥5

n
(d)
V [Λ4−d] (3.4)
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where nF (nB) is the number of fermions (bosons) and n
(d)
V the number of vertices

corresponding to the nonrenormalizable operator with a coupling of dimension [Λd−4].

Therefore, including operators with [Λ4−d] < 0 and not constraining n
(d)
V would lead to

infinite numbers of possible values for nF and nB, and consequently infinitely many

Green’s functions for which some 1PI graphs have positive degrees of divergence.

Therefore, the full renormalization of such a theory would require an infinite number

of counterterms [14]. However, nonrenormalizable theories can be renormalized at

a given order by adding all the possible terms consistent with the symmetries of

the theory [14]. Counterterms are then determined by computing sufficiently many

physical quantities, and fixing them to external data, or by matching the computations

to some other theory in a given limit. Once the effective coefficients are known at a

high scale, their values at lower scales are determined via an expansion in terms of

the relevant SM coupling constant, or by RGE evolution [160].

At dimension 5, the only operator satisfying the symmetry requirements of the SM is

the Weinberg operator [177, 182]

O(5) = ǫijǫkmH
iHkLjCLm (3.5)

where ǫ is the antisymmetric tensor, C is the charge conjugation operator and H and

L are the Higgs and lepton doublets, respectively. Such an operator can be used for

introducing (Majorana) neutrino mass terms, and results in lepton number violation

at a scale Λ5. However, this does not need to equal the scale of higher-dimensional

operators in the SMEFT Lagrangian. If the Wilson coefficient was assumed one, the

generation of neutrino masses below 1 eV would imply Λ5 > 1014 GeV [160]. There is

no lepton number violation in the SM, and it is not required to be a part of SMEFT,

either: if Λ6 ≪ Λ5, dimension six operators dominate over dimension five [178]. Many

BSM effects are therefore parametrized using dimension six operators [160].

The first attempts to collect a complete set of all possible SU(3) × SU(2) × U(1)

invariant dimension-6 operators were carried out in Refs. [183, 184]. However, there

are several alternative ways to define the complete set of non-redundant operators,

giving rise to the choice of an operator basis [185, 186]. It was noticed in Ref. [185],

that some of the operators in Ref. [184] vanish via EOMs, and the authors present a

list of the operators whose linear combinations do not vanish due to EOMs, thereby

introducing the widely-used Warsaw basis. A full renormalization of the dimension-6

Warsaw basis has been performed at 1-loop using DR and the MS scheme, leading
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to the determination of the full 2499 × 2499 anomalous dimension matrix [187–192].

Moreover, dimension 7 operators have been collected e.g. in [193], and dimension 8

operators in [194]. However, the question of which operators to choose for a given

problem depends on the SM process to which the effective corrections are to be com-

puted.

3.2 Models of quark substructure and 4-quark

contact interactions

In the SM, the quarks and leptons are assumed fundamental point-like particles. How-

ever, there is no evident explanation why three fermion generations exist, with very

similar properties except for the particle masses. Attempts to economize the amount of

fundamental particles have lead to theories where the SM fermions are not elementary

but composite particles with hypothetical constituents referred to as preons. Theories

describing quarks as composite particles [195–197] postulate interpreon interactions

at scales much higher than the masses of the SM quarks, whereas at energies well

below Λ the interactions are approximated by contact interactions (CI) connecting

four fermion legs to the same vertex. As done in this thesis, the CI can be described

via dimension-6 SMEFT operators.

Analogous to QCD, where quarks are confined within a hadron’s radius proportional

to 1/ΛQCD, the preons are postulated to carry a hypercolor (HC) leading to non-

Abelian interactions and confining them to within the radii of the leptons and quarks.

In this case, the scale of hypercharge ΛHC could be much greater than the QCD scale

ΛQCD, even if the masses of the individual preons were small [198].

If the quarks and leptons are composite fermions, they could be constituted by various

combinations of bosonic and leptonic preons [198]. The simplest model, the Haplon

model [199], postulates a colorless fermion doublet (α, β), and a quartet of scalars

(xi, y) where i runs over color. The first generation of SM fermions is then constructed

as d = βx, u = αx, e− = αy and ν = αy. Several variations of the Haplon model

can be achieved by describing more than one of the preon types as color triplets.

The Haplon models also contain hypercolor- and color singlet bosons, which could

possibly be identified as Higgs scalars or the weak vector bosons [198, 200]. The

fundamental bosons of the theory are then taken to be the massless bosons and the
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possible hypergluons [198]. The higher-mass fermion generations are then explained as

excitations of the first generation or as composites containing the same valence preons

as the first generation with additional hypercolorless preon-antipreon pairs [198].

Alternatively, the Rishon models [201, 202] postulate only fermionic preons called ris-

hons. The simplest such model involves only two rishons labeled T and V , carrying

electrical charges of e/3 and 0, respectively. The first generation SM fermions would

then be constituted as d = TV V , u = TTV , e+ = TTT and ν = V V V . Further vari-

ations of the Rishon model make different assumptions on the amount of preons. For

instance, Ref. [195] has three types of preons, and an analysis of all possible symmetry

groups has been made in Ref. [203]. However, the possible solutions involving high

rank groups would require large numbers of preons, hence not necessarily economiz-

ing the amount of elementary particles [198]. The physics of the Haplon and Rishon

models are illustrated in Fig. 3.1, showing possible diagrams for the weak process

de+ → uν in the context of both models.

✪
x

y

β α

e+

d

ν

u

(a) Haplon
✫
T

e+ T

T

T

d V

V

V

V ν

V

V

T u

T

(b) Rishon

Figure 3.1: Example diagrams for the de+ → uν process in the (a) Haplon and (b)
Rishon models. The solid (dashed) lines represent fermionic (scalar) preons [198].

However, the preon models are not free of problems. A model should address the

mixing of quark generations without introducing lepton mixing. The preons can also

serve as the ingredients for right handed neutrinos, and curing this may require e.g.

introducing separate left-handed doublets and right-handed singlets, so that the weak

bosons only couple to the left-handed particles, as in the Pati-Salam model [204].

Furthermore, certain processes forbidden in the SM would be permitted if the quarks

and leptons consist of common preons [198]. As a particular example, the Rishon

model allows the decay of the proton via the uu → e+d process. Nonetheless, it has

been argued that this decay would be chirally suppressed due to requiring a change

of helicity [205]. In general, the models where leptons and quarks have common con-
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stituents tend to require either a large scale ΛHC or special mechanisms for suppressing

unobserved decays [198].

It was estimated in Ref. [206] that the Tevatron experiments can probe new physics

scales from 2 to 5 TeV, and the LHC experiments in the range of 15–20 TeV. If

the scale is at such a level, the CI are required to be flavor symmetric at least for

the first two generations of quarks, to avoid large flavor-changing neutral current

interactions [206]. If the preons are color-charged, quark scattering processes could

be mediated either by gluon exchange, or by a rearrangement of the substructure

particles. The interpreon interaction strength is expected to become of the order of

unity as the preons approach one another within distances below 1/ΛHC [198]. This

leads to a modification of the cross section that can be tested using jet production as

done in this thesis, where the considered CI are taken to be flavor symmetric products

of electroweak isoscalar quark currents [172].

For the production of jets at a hadron collider, the effective corrections to quark

scattering are introduced in SMEFT via dimension-6 operators. The Lagrangian

reads [172, 173]

LSM+CI = LSM +
2π

Λ2

∑

n

cnOn, (3.6)

where the factor of 2π is due to the convention chosen in Ref. [117]. The dimension 6

operators On given in the chiral basis by

O1 = δijqLciγµq
c
Ljδ

klqLdkγ
µqdLl, (3.7)

O2 = (Ta) ijqLciγµq
c
Lj(T

a)klqLdkγ
µqdLl, (3.8)

O3 = δijqLciγµq
c
Ljδ

klqRdkγ
µqdRl, (3.9)

O4 = (Ta) ijqLciγµq
c
Lj(T

a)klqRdkγ
µqdRl, (3.10)

O5 = δijqRciγµq
c
Rjδ

klqRdkγ
µqdRl, (3.11)

O6 = (Ta) ijqRciγµq
c
Rj(T

a)klqRdkγ
µqdRl, (3.12)

where the sums in c and d run over generations, whereas i, j, k, l are color indices. The

L and R subscripts denote the handedness of the quarks. Such operators lead to the

vertices with 4 external quark legs, illustrated by the graphs in Fig. 3.2.
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✬⊗ ✭⊗
Figure 3.2: The LO graphs for qq → qq scattering involving CI. The color indices
are to be contracted between the quark legs connected to the same side of the vertex,
making the two graphs distinct [173].

The CI investigated in this thesis correspond to either purely left-handed, vector-

like, or axial vector-like exchanges. For these models, if the value of the Wilson

coefficient c1 multiplying the operator O1 in Eq. (3.6) is fixed at the high scale Λ,

the coefficients c3 and c5 are determined from c1 according to how the handedness of

quark lines may change through the CI, while the coefficients c2, c4 and c6 are set

to zero. Thus the effective corrections correspond to integrating out a color-singlet

BSM exchange between the quark lines. In the left-handed singlet model, there are

CI only between two left-handed lines, and hence c3 = c5 = 0. Vector-like and axial

vector-like exchanges allow for interactions also between right-handed quarks, giving

c5 = c1 in both cases. For interactions between quark lines of different handedness,

the vector-like exchange implies c3 = 2c1, whereas the axial vector-like model has

c3 = −2c1. Alongside models of quark compositeness, such color-singlet exchanges

can dominate in models involving Z′ bosons [207].

The color-octet operators O2, O4 and O6 do not contribute at leading order, as their

coefficients are set to zero at the high scale Λ in all the considered models. However,

at NLO they contribute to the renormalization of the CI due to the operator mixing

caused by the QCD loop corrections to the CI vertex. The CI operators are renormal-

ized using a 6 × 6 matrix Z in the relation Obare
i = ZijOj . Due to the mixing, all six

operators must be taken into account in canceling the UV divergences, and the values

of c2, c4 and c6 can be non-zero at scales µ below Λ.

The virtual NLO corrections involving CI and QCD vertices are illustrated for qq′ →
qq′ scattering in Fig. 3.3. The IR divergences are expected to cancel with the real

emission corrections shown in Fig. 3.4, which are computed in the CIJET calculation

using the phase space slicing based two cutoff method [208] in which the phase space

regions containing soft and collinear singularities are separated from non-singular re-

gions by two cut off parameters, and a cross-check is performed with the subtraction
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based dipole method [209]. In addition to the real and virtual vertex corrections, the

NLO cross section computation includes the penguin graphs shown in Fig. 3.5 [173].

✮⊗ ✯⊗ ✰⊗ ✱⊗ ✲⊗
✳⊗ ✴✵✶✷
✸✹✺✻✼
Figure 3.3: The NLO virtual corrections to the CI vertex for the qq′ → qq′ process, as
well as the SM QCD loop graphs [173].

✽⊗ ✾⊗ ✿⊗ ❀⊗

❁ ❂ ❃ ❄
❅

Figure 3.4: NLO qq′ → qq′ real emission graphs involving CI, as well as the SM QCD
graphs [173].
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❆⊗ ❇
⊗

❈⊗ ❉⊗
Figure 3.5: The penguin diagrams involving CI that contribute to the qq′ → qq′ process
at NLO [173].

In the CIJET fixed-order calculation of double-differential inclusive jet production

cross sections, in bins of rapidity y and transverse momentum pT , the coefficients

ci(µ) are obtained from an expansion up to O(αS), and the cross section is truncated

to c1(µ = Λ)(1 + O(αS)). The color-singlet CI contribution to the differential cross

section in each bin b then has the form

σb =
∑

n∈{1,3,5}

cn
Λ2

(

bn + an log

(
Λ

µ0

))

+
∑

n∈{1,3,5}

c2n
Λ4

(

bnn + ann log

(
Λ

µ0

))

, (3.13)

consisting of interference terms between CI and QCD, and of terms with the CI

contribution squared. In this thesis, the reference scale µ0 is set to the center of each

pT bin. The coefficients an, ann, bn and bnn are computed by the CIJET code, with

the an and ann vanishing for all n at LO [172, 173]. The CI contribution is expected

to appear as a deviation from the SM jet production cross section at high-pT and

low rapidity y. This is illustrated by the ratio of the SMEFT and SM cross sections

in Fig. 3.6, for the left-handed and vector-like CI with Λ = 50 TeV and c1 = ±1 for

constructive (−) and destructive (+) interference with the SM gluon exchange. With

values of c1/Λ
2 close to zero, the deviations from the SM would be small in all y

and pT regions, but Fig. 3.6 indicates that the effects of the considered CI are mostly

present in the central rapidity region even at high values of c1/Λ
2.

As an alternative to the fixed-order computation, the CI Wilson coefficients could be

determined at µ < Λ by evolving them with an RGE accounting for the QCD running

effects [45]. This has been considered for CI in dijet production in Refs. [173, 210].

However, the effect is small and is neglected in the single inclusive jet production

computation. Furthermore, it should be noted that NLO results obtained using the

EFT approach depend on the choice of scheme [160]. The CIJET program is based on

NLO calculations carried out using the Feynman - ’t Hooft gauge and the DR scheme

in d = 4−2ε dimensions with the naive γ5 prescription, in which the γ5 anticommutes

with γµ, µ ∈ {1, d} [45, 211].
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Figure 3.6: The deviation from the SM jet cross section spectrum in pp collisions at√
s = 13TeV, from purely left-handed and vector-like CI models, assuming the Wilson

coefficient c1 = ±1 and the new physics scale Λ = 50TeV, and using the CT14 PDF at
NLO.

3.3 Soft-Collinear Effective Theory

Various processes at hadron colliders typically involve physics from high energy scales,

such as the pT of a jet, to a soft scale, such as the mass of the proton. Separating the

effects at different scales to obtain factorization theorems is conventionally done at

the level of diagrams. However, working instead at the level of an effective Lagrangian

may reveal consequences of gauge invariance that would not otherwise be manifest.

The approach also provides possibilities for resumming large logarithms appearing

in jet cross section computations by virtue of renormalization group evolution [212].

An EFT that has proven valuable in this regard is the soft-collinear effective theory

(SCET), in which large energy-momentum transfers are either allowed or forbidden

based on fixed spatial directions, such as those of jets. The theory can be motivated

by considering the factorization of soft and collinear radiation at tree-level in QCD,

so that at leading power e.g.

〈X1; . . . ;Xm;XS|q1 . . . qm〉 ≃ 〈X1|q1W1〉 . . . 〈Xm|W †
mqm〉〈XS|Y1 . . . Y †

m〉 (3.14)

for a process where Xi, i ∈ [1,m] contain gluons collinear to the ith jet and XS the

soft gluons [14]. The W and Y are Wilson lines for collinear and soft radiation,
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respectively. The Wilson lines are objects for comparing the field at two different

locations, e.g. the origin 0 and an arbitrary point x, and in general have the form [14]

W (x) = P exp

(

igsTav
µ

∫ ∞

0

dsGa
µ(xν + svν)e−εs

)

,

where P is for path ordering and vµ is a direction vector chosen e.g. anticollinearly

to the object the Wilson line is associated with. It is then desirable to construct an

EFT where

〈X1; . . . ;Xm;XS|q1 . . . qm〉QCD ≃ C〈X1; . . . ;Xm;XS|q1W1Y
†
1 . . . YmW

†
mqm〉EFT

(3.15)

where the Wilson coefficient C does not depend on the soft or collinear scales, but

only on the hard scale. Since the tree-level matrix elements agree on both sides of

Eq. (3.15), the IR divergences in the loops on both sides are expected to agree [14].

Performing the derivations of factorization theorems at the level of fields brings uni-

versality, as the same objects then appear in several different factorization theo-

rems [14]. In SCET, a superselection rule is imposed on the Lagrangian by labeling

high-momentum particles according to the direction they are collinear to, i.e. the

directions of jets. It is then assumed that there are no vertices implying interactions

between particles collinear to different directions. Considering two directions c and c

to which the fields can be collinear, the quark and gluon operators of QCD are divided

into soft and collinear parts as






Gµ → Gµ
c +Gµ

c +Gµ
s

q → qc + qc + qs
. (3.16)

Here the subscripts c and c indicate which direction the field is collinear to, whereas

s is for soft fields. The SCET Lagrangian reads

LSCET = Lc + Lc + Ls + Lc+s, (3.17)

where Lc, Lc, and Ls are obtained by summing contributions of the form of the

massless QCD Lagrangian

LQCD = −1

4
Ga

µνG
µν
a + iqγµDµq (3.18)

but replacing the quark and gluon operators with the respective soft or collinear

field. Interactions between soft and collinear fields are introduced in Lc+s, but only



3.3. Soft-Collinear Effective Theory 57

for combinations of soft particles and those collinear to one direction, in a way that

preserves momentum when the momentum scales of soft and collinear particles are

assumed to be of different orders of magnitude. The forbidden interaction vertices are

illustrated in Fig. 3.7.

❊ ❋ ●
Figure 3.7: Forbidden vertices in SCET. The dotted lines represent soft radiation,
whereas the solid line represents a high-energetic particle in one direction and the dashed
line a particle collinear to another direction. Note that the solid and dashed lines are
interchangeable here [212].

Fig. 3.8 illustrates a case where the cross section factorizes into a hard function H, a

signal jet function J , a recoil function JX and a soft function S. The hard scattering

event corresponds to H, the outgoing partons to J and JX , while S accounts for

soft radiation via soft Wilson lines. With a small parameter λ and a vector nµ (nµ)

collinear (anticollinear) to the jet, and ⊥ denoting the plane transverse to nµ, the

scaling of the integration momenta kµ
.
= (nµkµ, n

µkµ, k⊥) is proportional to (1, 1, 1)

in the hard region, (λ2, 1, λ) in the collinear region, (1, λ2, λ) in the anticollinear region

and (λ2, λ2, λ2) in the soft region [212]. The hard, jet, recoil and soft functions contain

logarithmic dependencies on their different characteristic scales, and the factorization

allows for the functions to be evolved from these scales to a common renormalization

scale µr, resumming the large logarithms in the process.

❍
P1

P2

remnants
Beam

=⇒ Recoil

=⇒ Jet

remnants
Beam

→SCET

■H JX

J
S

Figure 3.8: In the context of SCET, the hard process in QCD single inclusive jet
production is factorized into a hard function H, soft function(s) S, J for the signal jet
and JX for the recoil against the signal jet.
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In SCET, the types of NLO diagrams with non-vanishing contributions to the hard

function are

❏× + ❑× + ▲× + ▼× ,

where the first two diagrams correspond to the QCD propagator corrections, and in

the latter two the gluons connected to the operator vertex arise from an expansion of

the Wilson line [14]. Regarding the jet functions, for instance the quark jet function

can be obtained at NLO by evaluating Feynman diagrams

◆× × + ❖× × + P× × + ◗× ×.

and proceeding by the cutting rules [14]. Alternatively, the jet function can be ob-

tained as an integration of the splitting functions, which essentially describes the

probability of a parton emitting collinear radiation [14]. The general soft function is

based on the vacuum expectation value of the product of ordered soft Wilson lines.

At NLO, any two of the four Wilson lines in this squared amplitude form may be

connected by a soft gluon coming from expanding the exponential in the Wilson line,

so that the non-vanishing contributions are given by

❘nn× × + ❙× × + ❚× × + ❯× × .

However, this is a simple picture, and precision computations such as Ref. [213] require

separate collinear-soft functions and a global soft function. The global soft function

accounts for wide-angle soft radiation and cannot resolve small jet radii, whereas the

collinear-soft function accounts for radiation near the jet boundary and mixes with the

jet function [213]. The two soft functions are realized by different operator definitions,

as discussed in the following.
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3.3.1 Joint threshold and jet-radius resummation for inclu-

sive jet production cross section

In perturbative computations at the order n, the threshold logarithms appear as

αn
S(logk(z)/z) for k ≤ 2n − 1, when z = s4/s with s (s4) being the center of mass

energy (invariant mass of partonic system recoiling against the observed jet). The

threshold limit is then given by z → 0. The logarithms on the jet radius R appear

as αn
S logk(R) for k ≤ n [214]. Ref. [213] consistently addresses the logarithms by

resumming them at next-to-leading logarithmic (NLL) accuracy to all orders in αS .

The computation of Ref. [213], invoked in this thesis for improving the NLO inclusive

jet production cross section to NLO+NLL, relies on a factorization formula derived

within SCET. The total cross section reads

p2Td
2σ

dp2Tdy
=
∑

i,j

∫ V (1−W )

0

dz

∫ 1− 1−V
1−z

V W
1−z

dv x21fi(x1) x
2
2fj(x2)

d2σ̂ij
dvdz

(v, z, pT,R), (3.19)

where pT and y are the transverse momentum and rapidity of the signal jet, V =

1 − e−ypT/
√
s, VW = eypT/

√
s and v = u/(t + u), with s, t, u the Mandelstam

variables. Then x1 = VW/v/(1 − z) and x2 = (1 − V )/(1 − v)/(1 − z), and the

partonic cross section factorizes as

d2σ̂ij
dvdz

= s

∫∫∫

dsXdsCdsG δ(zS − sX − sC − sG)

×
(

Tr
color

[Hij(v, pT, µH , µr)SG(sG, µSG, µr)]
)

× JX(sX , µX , µr)

×
(

splits∑

k

Jk(pTR, µJ , µr) ⊗Ω SC
k (sCR, µSC , µr)

)

. (3.20)

The Hij are the hard functions for 2 → 2 scattering, available in Ref. [215]. The

global soft function SG accounts for radiation well outside the jet cones, and its form

is given in Ref. [213]. The recoil, or inclusive, jet function JX is extracted from

Refs. [216, 217]. The signal jet functions Jk account for the energetic radiation inside

the jet and are extracted at NLO from Ref. [218], whereas the soft radiation near

the jet boundary is described by the collinear-soft (coft) functions SC
k . The form of

the NLO bare coft function is given in Ref. [213]. The angular integrations ⊗Ω are

due to the mixing between the respective jet and coft functions [213]. The various
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functions are dependent on their characteristic invariant masses s, or pT in the case

of the signal jet function. They are evolved from their characteristic scales µ to a

common renormalization scale µr by solving their respective RGEs, as in e.g. [219].

The threshold resummation results in an increase in the inclusive jet cross section,

whereas R-resummation leads to a decrease. In the low pT end of the cross section,

the R-resummation dominates. The effects of resummation are illustrated in Fig. 3.9,

showing the ratio of the inclusive jet production cross sections at NLO+NLL and NLO

with the pmax
T scale choice for µr and µf . In general, the resummation is observed to

decrease the cross section, although at low |y| and high pT the NLO+NLL cross section

increases towards, and eventually slightly above, the NLO cross section.
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Figure 3.9: The ratio of single inclusive jet production cross sections at NLO+NLL
and NLO in pp collisions at

√
s = 13TeV, as a function of pT in different regions of

absolute rapidity |y|, for anti-kT [107] jets with the distance parameter 0.7.



Chapter 4

LHC measurements

This chapter presents a brief review of the Large Hadron Collider (LHC) [220], the

main machine of the accelerator complex located at the European center of nuclear re-

search (CERN) in Geneva, and the Compact Muon Solenoid (CMS) Experiment [221].

The LHC is discussed in Section 4.1, while the CMS Experiment is sketched in Sec-

tion 4.2. The CMS measurements of inclusive jet and tt production cross sections

interpreted in this thesis are introduced in Sections 4.3 and 4.4, respectively.

4.1 The Large Hadron Collider

The LHC is a circular two-ring superconducting hadron accelerator placed in a 26.7 km

long tunnel at CERN. The LHC is designed for accelerating and colliding protons (p)

and lead (Pb) ions in two beams circulating the machine in opposite directions, in the

pp, pPb and PbPb beam configurations.

During run I, from 2010 to 2012, the LHC operated at the center of mass energies

of 2.76, 7 and 8 TeV for proton-proton collisions. After the first long shutdown in

2013-2015, the LHC started colliding protons at
√
s = 13 TeV for run II from 2015

to 2018, with occassional heavy-ion runs at 5.02 and 8.16 TeV. After the second long

shutdown, run III has started in July 2022 at the designed center of mass energy of

13.6 TeV for pp collisions.

The protons are first extracted from ionizing hydrogen gas, and directed to the LINAC

2 linead accelerator for acceleration to 50 MeV. From there, they are injected into the

61
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proton synchrotron booster, where they reach 1.4 GeV. After that, they are accel-

erated to 25 GeV by the proton synchrotron (PS). The PS sends them to the Super

Proton Synchrotron (SPS) for acceleration to 450 GeV. Finally, the protons are in-

jected into LHC ring where they reach their final energy. For lead ions, the first

stages of acceleration are the LINAC 3 linear accelerator and the low energy ion ring

(LEIR), after which they follow the same route as the protons. A schematic picture

of the CERN accelerator complex is given in Fig. 4.1.

Figure 4.1: The CERN accelerator complex. The acceleration stages are illustrated by
denoting the fraction of the speed of light c at which the protons travel in the laboratory
frame. Image taken from Ref. [222].

With the run II setup, a collision of two proton bunches occurred every 25 ns. The

frequency of collision events in a collider is related to the instantaneous luminosity,

which can be written in terms of the machine parameters as

L =
nbN

2
b fγF

4πǫnβ∗
, (4.1)

where nb is the number of bunches, Nb is the number of particles per bunch, f the

rotation frequency, γ the relativistic gamma factor, ǫn is the normalized transverse
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In general, an experimental measurement of a cross section is performed by counting

the number of events for a given process and dividing by the Lint accumulated in the

same time-interval. The cross section’s kinematic dependence on an observable X,

ergo the differential cross section is then given in terms of experimental quantities as

dσ

dX
=

N

εLint∆X
(4.3)

where ε represents experimental efficiencies, and ∆X is the measured kinematic range

(bin) [49].

There are four major experiments along the LHC ring: ALICE [226], ATLAS [227],

CMS [221] and LHCb [228]. The two general-purpose experiments ATLAS and CMS

are designed for studying SM processes and for performing searches for BSM physics,

ALICE for heavy-ion collisions and LHCb for precision studies of CP violation and rare

B-hadron decays. In this thesis, measurements at the LHC during run II, collected in

2016 by the Compact Muon Solenoid (CMS) experiment in proton-proton collisions

at
√
s = 13 TeV, are used, corresponding to integrated luminosities of 33.5 fb−1 for

inclusive jet production, using jets reconstructed using the anti-kT algorithm with the

distance parameter 0.7, and 35.9 ± 0.9 fb−1 for tt pair production.

4.2 The Compact Muon Solenoid Experiment

The CMS Experiment is designed as a multi-purpose detector for performing ultimate

precision tests of the SM, as well as searches for BSM physics [229]. It identifies stable

particles produced in the collisions by measuring their momenta and energies, thereby

recreating an image of the collision. The CMS detector is composed of several subde-

tector layers with different functionalities for obtaining information on the particles

tracing the detector, as illustrated in Fig. 4.3.

A central feature of the CMS detector is the superconducting solenoidal magnet, which

produces a homogeneous magnetic field of 3.8 T. The solenoid volume encompasses

a silicon pixel and strip tracker, a lead-tungstate crystal electromagnetic calorimeter,

and a brass and scintillator hadronic calorimeter, each composed of a barrel and two

endcap sections. Several components of the muon system are embedded into the return

yoke, and it is used as an additional hadron absorber.
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Figure 4.3: An illustration of the components and layers of the CMS detector. Image
taken from Ref. [221].

The coordinate system [230] of the detector is such that center is located at the

nominal collision point inside the detector, the x-axis points towards the center of

the LHC ring, the y-axis points upwards and the z-axis points towards the counter-

clockwise direction (as viewed from above) of the beamline. The polar angle θ is

defined with respect to the z-axis, while the azimuthal angle φ and the radial distance

r are measured in the transverse plane xy, with φ starting from the x axis.

The kinematics of the produced objects are defined by the transverse momentum pT

and rapidity or the pseudorapidity

η = − log

(

tan

(
θ

2

))

, (4.4)

where theta is the polar angle.
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determination of photons and electrons. The detector consists of alternatig layers

of lead absorbers, initiating the electromagnetic showers, and planes of silicon strip

detectors, placed after each absorber [230].

4.2.3 The hadronic calorimeter

The hadronic calorimeter (HCAL) [235] is a sampling calorimeter consisting of brass

absorber plates and scintillator layers. It is used for measuring the energies of hadronic

jets by absorbing their energy [233]. The CMS HCAL is divided into four regions, as

shown in Fig. 4.6: the central barrel (HB), the outer barrel (HO), the endcap (HE)

and the forward calorimeters (HF). The HB and HE completely enclose the ECAL,

and are fully within the high magnetic field of the solenoid.

Figure 4.6: The layout of the HCAL in the rz plane. Image taken from Ref. [236].

The HB covers up to |η| = 1.4, and consists of 36 wedges with alternating layers

of 56.5 mm thick brass absorber plates and 3.7 mm thick plastic scintillator plates.

The thickness increases from 5.82 interaction lenghts in the central region to 10.6 at

|η| = 1.3.
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The HO is an array of scintillators placed outside the magnet within |η| < 1.26. It is

used for identifying late starting showers, and improves the energy resolution for high

pT jets in the central region. It makes use of the solenoid as an absorber, and 10 mm

thick scintillator plates are placed before the muon system. However, due to the low

absorber depth in the very central region, a HO scintillator layer is placed on both

sides of a 19.5 cm thick sheet of iron.

The HE are in the range of 1.3 < |η| < 3.0, and have larger absorber plates with a

thickness of 97 mm, and 9 mm gaps for the scintillator plates. Thus the absorber

thickness is approximately 10 interaction lengths throughout the HE.

The extensivity of the energy measurement is ensured by the HF calorimeters at

3.0 < |η| < 5.0, placed 11.2 m away from the IP, outside of the magnetic volume.

They consists of 5 mm thick steel plates as the absorber, with embedded Cherenkov

radiating quarz fibres as the sensitive material. This choice of design is based on

the requirements on radiation hardness for the active medium in this region. The

average energy deposit in this component is 760 GeV, in comparison to the 100 GeV

expected for the rest of the detector. The HF is most sensitive to the electromagnetic

component of hadronic showers, as it detects the Cherenkov radiation emitted by

charged particles above the Cherenkov threshold, which is E ≥ 190 keV for electrons.

The readout in HCAL is achieved by individual towers, with a cross section of ∆η ×
∆φ = 0.087 × 0.087 in the barrel, and 0.017 × 0.017 at high rapidities [237].

4.2.4 The magnet and the muon system

The large superconducting solenoid magnet in CMS delivers an axial and uniform

magnetic field of 3.8 T within a length of 12.5 m and 6 m free inner radius. It is large

enough to host the tracker, ECAL and HCAL [237]. The high solenoidal magnetic field

is necessary for good muon momentum resolution [233]. Outside the coil, the muon

system is embedded in the iron yoke, which returns the magnetic flux and allows only

muons and neutrinos to pass through.

The momenta and positions of muons produced at the IP are first measured in the

tracking system. As the muons pass through the calorimeters, they deposit only ion-

ization energy. After that, they reach the muon system consisting of several chambers
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trigger (L1) and the high-level trigger (HLT) systems.

The L1 trigger performs a simplified event reconstruction via fast detector compo-

nents, such as the calorimeters and the muon system, and a hardware processor based

decision to accept or reject an event is made within 3.2 µs. The L1 selects events

at a rate up to 100 kHz [240], based on candidate objects above pre-set thresholds

that indicate the presence of physics objects such as photons, electrons, muons, or jets

above given pT thresholds. Also global event characteristics such as missing ET are

considered [230].

The events passing the L1 criteria are kept in buffers, and forwarded to the HLT, which

is a computer farm of ∼ 13000 CPUs. The HLT performs further event selection with

more complex offline-quality reconstruction algorithms. Several processing steps are

run on the data in a predefined order, called the HLT-path. The physics objects are

reconstructed, and selections are made based on the objects. The complexity of the

algorithms and reconstruction refinement are increased in each step. For instance, the

data from the calorimeters and muon system is processed before the more sophisticated

track reconstruction.

4.2.6 The identification of particles

As the particles emerging from the collisions interact with the detector matter, they

leave different signatures depending on the type of the particle, which are then iden-

tified by the subdetectors. This is illustrated in Fig. 4.8. The pp collisions give rise to

interaction vertices, spreading around the nominal interaction point along the beam

axis The trajectories and vertices of charged particles entering the tracking system

are reconstructed, and measurements of the position and the four-momentum are per-

formed. Energy deposits in neighboring cells of the ECAL and HCAL are detected

as clusters. The muon detectors outside the solenoid produce hits in the additional

tracking layers to capture minimum-ionizing muons [237].

Hadronic jets are the most common objects in high-energy collider experiments. These

are seen in the detectors as sprays of charged and neutral hadrons, leptons and pho-

tons. The energies of jets are measured from the hadronic and electromagnetic showers

deposited in the HCAL and ECAL. Photons are identified from ECAL clusters with

no associated track, while electrons are identified by a track in the inner tracking sys-
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of the missing transverse momentum, ~E/ T . It is defined as the negative vectorial sum

of the transverse momenta of the PF particles. Particles creating ~E/ T are considered

to be neutrinos or weakly interacting particles not captured by the detector.

4.2.7 Jet reconstruction

In the CMS double-differential inclusive jet cross section measurement [117], the jets

are reconstructed offline from PF objects using the anti-kT algorithm [107], run in

the laboratory frame with distance parameters of 0.4 and 0.7, as implemented in the

FastJet [241] package.

A typical jet event produced in a pp collision leaves the signature of energy deposits

in both ECAL and HCAL, pointing to the nominal interaction vertex. The tracks are

then associated to the calorimeter clusters by the PF algorithm, and charged hadrons

are identified by a successful association of tracks to the clusters in the calorimeters.

The tracks that are associated, are removed from the algorithm’s input list. After

all tracks are processed, the remaining clusters in ECAL are considered photons, and

those in HCAL are labeled as neutral hadrons. Additionally, it is possible to identify

muons and electrons inside the jet.

Once all particles are identified and reconstructed, they are clustered with jet algo-

rithms such as the anti-kT algorithm. The resolution on the momenta and positions of

the PF jets is vastly improved by the tracking detector and the high granularity of the

ECAL, through independent measurements of charged hadrons and photons within a

jet. Together, these particles constitute nearly 85% of the energy of a jet [242].

The momentum of a jet is computed as the vector sum of all PF candidate momenta

in the jet. This is determined from simulation to be on average within 5–10% of the

true momentum, over the whole pT spectrum and detector acceptance. The pileup

can contribute additional tracks and energy deposits to the calorimeters, and thus

increase the detector-level jet momentum. To mitigate this effect, tracks identified as

originating from pileup vertices are discarded, and an offset correction is applied to

correct for the remaining contributions [117].

The measured jet energies are corrected to the true energy by jet energy scale (JES)

corrections, which are applied in the form of a global multiplicative factor to the jet

four-momenta. Jet energy corrections are derived from simulation studies so that the



74 Chapter 4. LHC measurements

average measured response of jets becomes identical to that after applying the correc-

tions for detector effects, which is referred to as the particle level. The JES corrections

include the offset correction, removing everything not related to the pp collision of

the hard interaction, such as pileup and electronic noise. Next, the MC calibration

corrects for the main non-uniformities in pseudorapidity and non-linearities in pT, as

calorimeters typically have a non-linear response, and the correction is identical for

data and MC. Finally, the residual corrections account for finer corrections between

the data and MC, and are only applied to the data; in situ momentum balance mea-

surements in dijet, photon+jet, Z+jet, and multijet events are used for determining

any remaining differences between the JES in data and simulation [242]. Further se-

lection criteria are applied to each jet, so that jets potentially affected by instrumental

effects or reconstruction failures are removed [243].

4.3 The CMS measurement of double-differen-

tial inclusive jet production cross section at

13TeV

In this thesis, the measurements of inclusive jet production in pp collisions at the LHC

at
√
s = 13 TeV are interpreted in terms of QCD and SMEFT. While the measurement

itself is not the topic of this work, a large part of the investigation of this thesis

is dedicated to the study of the systematic uncertainties in the inclusive jet cross

sections and their correlations. The data were collected with the CMS experiment in

2016, and correspond to an integrated luminosity of 36.3 fb−1 and 33.5 fb−1 for jets

reconstructed with the distance parameter R = 0.4 and R = 0.7, respectively [244].

The difference in the integrated luminosities is explained by the activation of the

triggers for the R = 0.7 jets after 2.8 fb−1 of data had been taken. In the QCD

analysis which is the main topic of the thesis, the measurement using R = 0.7 jets is

used. In the following, a brief description of the measurement is given.

The measurement is performed double-differentially in bins of rapidity y and pT, and

the cross section reads
d2σ

dpTdy
=

N eff
jets

L∆pT∆y
, (4.5)

where N eff
jets is the effective number of jets per bin after the corrections for detector
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effects have been applied. L is the integrated luminosity, while ∆pT and ∆y are the

bin widths in the jet transverse momentum and rapidity, respectively [117].

The primary vertex is required to be within |zPV| < 24 cm longitudinal and ρPV < 2 cm

radial distance from the nominal interaction point. To remove the effect of detector

noise, the jets must fulfill quality criteria based on their constituents. Corresponding

to the tracker acceptance, the jets must be reconstructed within |y| < 2.5. Jets

reconstructed in detector regions that correspond to defective zones in the calorimeters

are excluded, but recovered later in the unfolding procedure. The effect is uniform as

a function of pT, and of the order of a percent [117].

Various reconstruction failures, malfunctions in the detector, or noncollision back-

grounds may lead to anomalous high-pmiss
T events. These are rejected by event filters

designed to identify more than 85–90% of ungenuine high-pmiss
T events, with a mistag-

ging rate below 0.1%. Due to the high jet rates in pp collisions, only every n-th trig-

gered event is actually stored, where n is called the prescale factor. The measurement

makes use of prescaled single-jet triggers, requiring at least one jet with jet pHLT
T above

a given threshold in the event. All triggers except the one with the highest threshold

are prescaled, and correspond to different effective integrated luminosities [117].

A gradual shift in the timing of the inputs of the ECAL first-level trigger in the region

|η| > 2.0, referred to as prefiring, caused a specific trigger inefficiency during the data

taking in 2016. For events containing a jet with pT larger than ≈ 100 GeV in the

region 2.5 < |η| < 3.0, the efficiency loss is approximately 10–20%, depending on

pT, η, and the data taking period. Correction factors were computed from data and

applied to the acceptance evaluated by simulation.

In the measurement, the jets are weighted event by event. This is in contrast to

the previous measurements [82, 245–247] by the CMS Collaboration, where each trig-

ger’s contribution is normalized with respect to its effective luminosity. Due to the

nonlinearity of the trigger rate as a function of the instantaneous luminosity and

the JES corrections varying with time and pileup conditions, the choice of weighting

method makes a difference particularly in terms of the spectrum’s smoothness, even

after unfolding [117]. The JES corrections are applied according to the standard CMS

procedure [242]. To ensure and preserve the smoothness of the cross sections, an ad-

ditional smoothing procedure is applied to the JES corrections, which are originally

parametrized with linear splines in bins of pT [248].
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The detector response is modelled with Geant4 [249], and the pileup is simulated

with Pythia 8 [250] with the CUETP8M1 tune [251] corresponding to the pileup

conditions in the data. Different detector effects on the measurement of a differen-

tial distribution are usually corrected for by the unfolding procedure. This includes

effects such as the limited resolution, the acceptance, pile-up, inhomogeneities and

anisotropies. Such effects may lead to smearing due to migrations, reconstruction

inefficiencies caused by missing entries, or background from fake entries. The event

count related to quantity generated in bin i and reconstructed in bin j is stored into

a response matrix. Normalizing the response matrix row by row yields the probability

matrix A, with the component Aij corresponding to the probability that a quantity

is measured in bin j when its true value is in bin i. The probability matrix is shown

for jets reconstructed with the distance parameter 0.7 in Fig. 4.9, which shows five

rapidity bins. However, the 2.0 < |y| < 2.5 bin was only kept in the analysis until the

unfolding, and excluded after that.

The unfolding is performed two-dimensionally using least-square minimization. A

truth vector x at hadron level is then determined by minimizing the function

χ2 = min
x

[
(Ax + b− y)TV−1(Ax + b− y)

]
, (4.6)

where b is the background vector at detector level and y is the measurement vector,

with b and y at the detector level, while V is the covariance matrix of the detector-

level data. V describes the statistical uncertainties associated with the data, including

correlations, and with the backgrounds. The solution to Eq. (4.6) reads

x = (ATV−1A)−1ATV−1(y − b). (4.7)



4.3. The CMS measurement of double-differential inclusive jet production cross

section at 13TeV 77

6−10

5−10

4−10

3−10

2−10

1−10

1
| < 2.5

gen
2.0 < |y

| <
 2

.5
re

c
    2

.0
 <

 |y

| < 2.0
gen

1.5 < |y| < 1.5
gen

1.0 < |y| < 1.0
gen

0.5 < |y

  
 (

G
e

V
)

re
c

T
J
e

t 
p

100

200

1000

2000 | < 0.5
gen

|y

 (R=0.7)
T

Anti-k
Pythia 8
Probability matrix
condition: 3.8

| <
 2

.0
re

c
    1

.5
 <

 |y

100

200

1000

2000

| <
 1

.5
re

c
1
.0

 <
 |y

100

200

1000

2000

| <
 1

.0
re

c
0
.5

 <
 |y

100

200

1000

2000

   (GeV)
gen

T
Jet p

100 1000

| <
 0

.5
re

c
|y

100 1000100 1000100 1000100 1000

100

200

1000

2000

Simulation CMS 13 TeV

Figure 4.9: The probability matrix, estimated with a simulated sample based on
Pythia 8. The jets are clustered using the anti-kT algorithm with R = 0.7. The
horizontal and vertical axes correspond to jets at the particle and detector levels, re-
spectively. The 5× 5 blocks correspond to jet rapidity bins as indicated by the labels in
the top row and rightmost column, while the horizontal and vertical axes of each block
correspond to the jet transverse momentum. The rows are normalized to unity, and the
color range covers a range from 10−6 to 1, indicating the probability that a particle level
jet generated with pgenT and |y|gen is reconstructed at detector level with values of precT

and |y|rec. Migrations outside of the phase space are not included, and migrations across
y bins only occur among adjacent rapidity bins. The dashed lines indicate the diagonal
bins in each rapidity cell [117].
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The dominant bin-to-bin fully correlated uncertainties in the measurement are the

JES uncertainties. Variations of the JES and prefiring corrections are applied to the

data at the detector level, and mapped to the particle level by repeating the unfolding.

The systematic effects related to the JER and pileup profile correction are varied in

the simulation sample. These are propagated to the particle level by repeating the

unfolding procedure. The normalization of the estimates of the inefficiencies and back-

grounds, obtained from MC simulation, are varied separately within a conservative

estimate of 5%. This covers a potential model dependence in phase space migrations

and the impact of the matching algorithm in the unfolding procedure.

To assess the model dependence in the unfolding for pT and |y|, a model uncertainty is

derived as the difference between the nominal cross section obtained using a Pythia

8 simulation, and a modified simulation where the inclusive jet spectrum is corrected

to match the data. The modified simulation is obtained via a smooth correction

that is a function of pT, y, and jet multiplicity. The effect is most prominent in the

|y| > 1.5 region, where the data are not well described by Pythia 8. A MadGraph5 -

aMC@NLO [252, 253] simulation is used as an alternative to Pythia 8, and the results

of both simulations are in good agreement. The relative precision of 1.2% in the

integrated luminosity calibration [244] is applied as a fully correlated uncertainty. To

remove the bin-to-bin fluctuations in the systematic variations, a smoothing procedure

based on Chebyshev polynomials is applied following the method of [248].

Finally, all the uncorrelated and partly correlated uncertainties among pT and y bins

need to be considered. The dominant contribution to the uncorrelated uncertain-

ties is due to the inclusive jet measurement being based on multiple jets recorded

in each event. To account for differences between alternative methods to determine

the trigger efficiency, an additional uncorrelated systematic uncertainty of 0.2% is

added before the unfolding. Furthermore, the simulated distributions contain statis-

tical fluctuations. The different sources are no longer distinguishable after unfolding.

Furthermore, anti-correlations among directly neighbouring bins are introduced by

the unfolding procedure.
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Figure 4.11: The correlation matrix at the particle level, for jets clustered using the
anti-kT algorithm with R = 0.7, containing contributions from the data and from the
Pythia 8 sample used for performing the unfolding. The 4× 4 blocks correspond to the
jet rapidity bins as indicated by the labels in the top row and rightmost column, while
the horizontal and vertical axes in each block correspond to the jet pT [117].

The resulting unfolded distribution is compared to the QCD prediction at NNLO

in Fig. 4.12 [117], showing the ratios of the measured cross sections to the NNLO

QCD predictions using different choices for the scales µr and µf . The comparison

of the resulting unfolded distribution to the QCD prediction at NLO+NLL is given

in Fig. 4.13, where the NLO+NLL predictions are shown using various PDFs sets.
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At high pT, the predicted cross sections are in general smaller (higher) than the

experimentally measured values at low (high) rapidities. The theoretical uncertainties

are larger at high pT and are dominated by the PDF uncertainties. Notably, the scale

uncertainties are significantly smaller at NNLO than at NLO+NLL. The predictions

with µr and µf set to jet pT result in a harder pT spectrum than the case with the HT

parton scale choice. All predictions describe the data well within the experimental

and theory uncertainties.
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Figure 4.12: The double-differential cross section of inclusive jet production, as a
function of pT and |y|, for jets clustered using the anti-kT algorithm with R = 0.7,
presented as ratios to the QCD predictions corrected for NP and EW effects, using
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4.4 The CMSmeasurements of differential tt pro-

duction cross sections at 13TeV

The extraction of the top quark MSR mass presented in this thesis utilizes the single-

differential tt production cross section data of Ref. [92], and the NLO SMEFT and

QCD analyses performed in the context of this thesis feature the normalized triple-

differential tt production cross section data of Ref. [254] in addition to the inclusive

jet production cross section. The tt production cross section data are recorded by the

CMS Collaboration in pp collisions at
√
s = 13 TeV at the LHC in 2016, corresponding

to an integrated luminosity of 35.9 fb−1.

The signal is defined by events in which both t quarks decay into a b quark and

a W boson, and each W decays leptonically. All other tt events are considered as

background [254]. The signal consists of three distinct channels: two same-flavor

channels, with either two electrons or two muons in the final state, and the different-

flavor channel with one electron and one muon. For the final result, the three channels

are combined [254].

The events are required to contain at least one electron and one muon with opposite

electric charges, and a minimum of two jets, of which at least one is b tagged [254, 255].

The jets are reconstructed by combining PF candidates using the anti-kT algorithm

with the distance parameter R = 0.4, and jets with pT > 30 GeV and |η| < 2.4 are

considered. Detector response effects are corrected for by applying pT and η-dependent

jet energy corrections [242]. Further details on the triggers and event selection are

given in Refs. [92, 254, 255].

The invariant mass of the tt system is estimated by a kinematic reconstruction algo-

rithm as described in Ref. [256], examining all possible combinations of reconstructed

jets and leptons. The algorithm solves a system of equations assuming that the recon-

structed W boson has an invariant mass of 80.4 GeV and that the only contributions

to the missing transverse momentum arise from the two neutrinos from the leptonic

decays of the W bosons.

The sources of systematic uncertainty are divided into experimental and modelling

uncertainties. The experimental uncertainties are related to the corrections to the

MC simulation, including uncertainties associated with lepton identification and trig-
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ger efficiencies, jet energy scale [242] and resolution [243], lepton energy scales, b

tagging efficiencies [257], and the uncertainty in the integrated luminosity [258]. The

modelling uncertainties are related to the simulation of the tt signal, including scale

variations for the matrix-element in powheg simulation [259, 260] and for the parton

shower [108], variations in the matching scale between the matrix element and the

parton shower [261], uncertainties in the underlying event tune [261], the parton dis-

tributions [262], the branching fraction and fragmentation function of B hadrons [263,

264], and uncertainties related to the choice of model for color reconnection [110, 111].

Following Refs. [115, 255, 265], an uncertainty accounting for the observed difference

in the top quark pT distribution shape between data and simulation [256, 266, 267]

is applied. The dependence on the top quark width is found negligible [92]. Other

sources of uncertainty include the modelling of additional pp interactions within the

same or nearby bunch crossings, as well as the normalization of background processes.

The normalization of each background process is assigned an uncertainty of 30%.

Further details of the uncertainties are given in Ref. [268].

The single-differential cross section is measured in four bins of the invariant mass

of the tt system: mtt < 420 GeV, mtt ∈ [420, 550] GeV, mtt ∈ [550, 810] GeV and

mtt > 810 GeV. The cross section is determined at the parton level by performing

a maximum-likelihood fit to distributions of final state observables, and treating the

systematic uncertainties as nuisance parameters, as detailed in Ref. [92]. However,

the kinematic reconstruction algorithm requires an assumed value mkin
t for the top

quark mass. In the determination of the single-differential tt production cross section

of Ref. [92], any possible bias due to the choice of this value is avoided by including

the dependence on mkin
t in the fit. The dependence is estimated by repeating the

kinematic reconstruction and event selection with mkin
t set to three different values:

169.5 GeV, 172.5 GeV, and 175.5 GeV. The top quark mass mMC
t used in the MC

simulation is varied accordingly, and the parameter mkin
t = mMC

t is treated as a free

parameter in the fit [92].

The triple-differential tt production cross section is measured as a function of the

invariant mass mtt and rapidity ytt of the tt system, in categories of additional jets

Njet produced in association with the tt pair. Since the measurements are defined at

parton level, they are corrected for hadronization, detector resolution and inefficiency

effects. A regularized unfolding process is performed simultaneously in bins of the

three variables in which the cross sections are measured. The normalized differential
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tt cross section is obtained by dividing the distribution by the measured total inclusive

cross section of tt production, which is evaluated as an integral over all bins in the

respective observables [254].

In the triple-differential tt production cross section measurement, the issue with the

dependence of the kinematic reconstruction on mkin
t is resolved by applying the loose

kinematic reconstruction algorithm. In this algorithm the tt kinematic variables are

reconstructed without the top quark mass constraint, via reconstructing the νν system

instead of the individual ν and ν. All the lepton and jet combinations in the event with

an invariant mass Mℓb < 180 GeV are considered, and the combinations are graded

based on the presence of b-tagged jets. If a combination contains equally many b-

tagged jets, the highest-pT jets are selected. The transverse momentum vector of the

νν system is set equal to ~p miss
T , whereas its longitudinal momentum and energy are

set accordingly with those of the charged lepton pair. Additionally, the invariant mass

of the neutrino pair is constrained to positive values, and the invariant mass of the W

bosons is required to be above or equal to twice the mass of a single W boson.

The measurements of the cross section as a function of mtt, ranging from the threshold

to the TeV region, are highly sensitive to the top quark mass, and the single-differential

tt production cross section data are used in this thesis to extract the top quark mass

in the MSR scheme. Moreover, the production of tt in association with extra jets

provides additional sensitivity to mpole
t due to gluon radiation depending on mpole

t

via threshold and cone effects [269], and can be used for constraining αS at the scale

of the top quark mass. Altogether, the triple-differential tt production cross section

measurement is used in the SMEFT and QCD analyses at NLO, performed in the

context of this thesis, to constrain the gluon PDF, αS and mpole
t [254].



Chapter 5

Extraction of mMSR
t

using CMS

data

This chapter presents the implementation of the MSR top quark mass renormalization

scheme to the Hathor [10] inclusive hadronic top quark pair production cross section

calculation at NNLO, and the MCFM version 6.8 [270, 271] for single-differential

hadronic top quark pair production cross section computations at NLO. Both the

MSRn and MSRp schemes are included in the codes. The modified programs take the

scale R and the MSR mass mMSR
t (R) as input arguments or, alternatively, an MS top

quark mass mt(mt), which is subsequently converted into the chosen MSR scheme and

evolved to the given R as described in Section 2.6. The propagation of the evolved

mass to the cross section computation is presented, and the numerical results are

demonstrated. Throughout the chapter, 2-loop (3-loop) evolution is implied for NLO

(NNLO) calculations. The first study of the behavior of the R scale, and a theoretically

consistent extraction of the top quark MSR mass using tt pair production cross section

data measured as a function of the tt invariant mass, are presented.

The inclusive top quark pair production cross section computation implemented up

to NNLO in Hathor is presented in Section 5.1. Section 5.2 discusses the imple-

mentation and validation of the the single differential top quark pair production cross

section at NLO in the MCFM computation, along with studies of the mass renor-

malization scale independent of the QCD factorization and renormalization scales.

Finally, Section 5.3 presents the extraction of the top quark MSRn mass by using the

single-differential tt production cross section measured by the CMS Collaboration in

85
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pp collisions at
√
s = 13 TeV [92].

5.1 Inclusive hadronic top quark pair production

cross section at NLO and NNLO

Hathor is a program for calculating the total cross section for top quark pair pro-

duction in hadronic collisions up to NNLO. It has also been extended for single top

production up to NLO, although this section discusses the computation of the hadronic

top quark pair production cross section with focus on utilizing the MSRn and MSRp

schemes described in Section 2.6.

In Hathor, the inclusive cross section computation relies on the exact results of [272–

275], and the electroweak corrections based on [276–278]. Numerical integration is

performed by an adopted version of the Vegas integrator [279, 280], and random

numbers are generated with Ranlux [281]. The FF library [282] is used for calculating

one-loop integrals for single-top production and EW corrections.

The cross section is first computed in the pole mass scheme, and transformed into the

running mass schemes. The original Hathor code includes the option of translating

the results into the MS scheme [10]. The present implementation of the MSR schemes

follows a similar approach. In the pole mass scheme, the inclusive tt production

cross section in a collision of two hadrons is separated into LO, NLO and NNLO

contributions as

σ = (aS(µr))
2 σ(0)

(
mpole

t

)
+ (aS(µr))

3 σ(1)
(
mpole

t

)
+ (aS(µr))

4 σ(2)
(
mpole

t

)
. (5.1)

The relation of the pole and MSR masses given in Eq. (2.38) is inserted into the σ(i)

in Eq. (5.1), which are then expanded in aS(R), defined in Eq. (2.27). Keeping terms

up to O(a4S), the cross section becomes

σ = (aS(R))2 σ(0)
(
mMSR

t

)
+ (aS(R))3 σ(1)

(
mMSR

t

)
+ (aS(R))4 σ(2)

(
mMSR

t

)

+ (aS(R))3RdMSR
1

dσ(0)

dmt

∣
∣
∣
∣
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t ,µr=R

+ (aS(R))4
(

RdMSR
2

dσ(0)

dmt
+RdMSR

1

dσ(1)

dmt
+
R2

2

(
dMSR
1

)2 d2σ(0)

dm2
t

) ∣
∣
∣
∣
mt=mMSR

t ,µr=R

.

(5.2)
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Here each term is initially evaluated at µr = R, replacing aS(µr) by aS(R) in compar-

ison to Eq. (5.1). The dependence on a general µr is restored by setting µ = R and

µ′ = µr in the expansion of Eq. (2.30). Unlike for the decoupling coefficients in the

evaluations performed for Eq. (5.2), the logarithms log(µ2r/R
2) ≡ LR in Eq. (2.30) do

not vanish for general µr 6= R. The expansions of each anS are performed retaining

only the terms of the appropriate order, ergo at O(a4S) they read

(aS(R))2 = (aS(µr))
2

{

1 + 2aS(µr)β0LR

+ (aS(µr))
2 [2β1LR + 3β2

0L
2
R

]
}

, (5.3)

(aS(R))3 = (aS(µr))
3 [1 + 3aS(µr)β0LR

]
, (5.4)

(aS(R))4 = (aS(µr))
4 . (5.5)

Since the MSR scheme is expected to have applications mainly for the top quark mass

at scales 0 < R < mt(mt), the evolution is replaced by that of the MS scheme with

a general mass scale µm for R > mt(mt). In this regime, the NNLO cross section is

computed as

σ = (aS(µm))2σ(0)
(
mt(µm)

)
+ (aS(µm))3 σ(1)

(
mt(µm)

)
+ (aS(µm))4 σ(2)

(
mt(µm)

)

+ (aS(µm))3mt(µm)dMS
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dσ(0)
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∣
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2

(
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dm2
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∣
mt=mt(µm),µr=µm

.

(5.6)

In the regime of MS evolution, the dependence on a general µr is again restored by

applying Eqs. (5.5)–(5.3), replacing R with µm.

The evolution of the MSR mass as a function of R, and the dependence of the inclusive

hadronic top quark pair production cross section on R, are depicted in Fig. 5.1. Both

the MSRp and MSRn schemes are displayed, and the MSRp mass is observed to be

slightly above than the MSRn mass at low values of R. Correspondingly, the cross

section is slightly higher for MSRn than MSRp at low R, albeit the difference is small.

The results are compared to the NLO and NNLO cross sections computed with the
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original implementation of the MS scheme in the Hathor code using the ABMP16

5 flavor PDF [81] and mt(mt) = 160.68 GeV. The factorization and renormalization

scale uncertainties are obtained for the MS computation by varying µr and µf by a fac-

tor of 1/2 and 2 independently, avoiding the combinations taking µr/µf → 4±1µr/µf .

An envelope of the scale variations is constructed and added to the PDF uncertainty

in quadrature, yielding the total uncertainty.
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Figure 5.1: Left : the evolution of the MSRp and MSRn masses when R is run from
R = mt = 160.68 GeV to different values. Right : the R-dependence of the inclusive
cross section, when the MSR masses are evolved from mt = 160.68 GeV to different
R values. The shaded bands represent the MS results at NLO and NNLO, with the
uncertainties arising from the PDF uncertainty and variations of µr and µf . The results
are produced using the ABMP16 5 flavor PDF [81] at NLO and NNLO, corresponding
to the order of the cross section calculation.

The implementation of the mass evolution using the MSRn scheme for R < mt(mt)

and the MS scheme for µm > mt(mt) is shown at 2 and 3 loops in Fig. 5.2, along

with the behavior of independent µf and µr variations in the NLO and NNLO cross

sections in the MSRn scheme, using R values set approximately to mt(mt)/2, mt(mt)

and 2mt(mt), when mt(mt) = 160.68 GeV.

A comparison of the conversions between MSR and MS masses shown in Ref. [283],

and as calculated at O(α3
S) by the presented implementation for Hathor, is given in

Table 5.1. For the present evolution, both the MSRp and MSRn masses are listed.
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(b) µr,f variations at R ∼ mt(mt)/2
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(c) µr,f variations at R ∼ mt(mt)
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Figure 5.2: A comparison of the implemented MSRn and MS mass evolution at 2 and
3 loops, used in the NLO and NNLO cross section computations, respectively, with the
transition between the two evolution regimes indicated by an arrow (a). The behavior
of independent µf and µr variations in the NLO and NNLO cross sections in the MSRn
scheme with R close tomt(mt)/2 (b), mt(mt) (c) and 2mt(mt) (d). All plots are obtained
using the ABMP16 5 flavor PDF at NLO and NNLO, corresponding to the order of the
calculation, and by starting the R and µm evolution at mt(mt) = 160.68GeV.
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The results shown in Fig. 5.2 indicate that the difference between the 2 and 3-loop

mass evolutions is small, and the deviance becomes noticeable only after evolving the

mass scale over intervals close to 100 GeV or more. Furthermore, Fig. 5.2 indicates

that the effect of individual µr variations in general dominates that of individual µf

variations, and that the cross sections computed at high values of µr and µf are

subject to larger variation as a function of the MSR (MS) scale R (µm) than those

computed at low values of µr and µf . Furthermore, the effect of µr and µf variations is

observed to be significantly smaller for the NNLO cross section than for the NLO cross

section. However, the computation of the inclusive tt production cross section at NLO

serves as an important cross-check for the implementation of the single-differential tt

production cross section, which is discussed in the following.

5.2 Differential hadronic top quark pair produc-

tion cross section at NLO

MCFM is a parton-level Monte Carlo program, producing NLO predictions for a

multitude of processes at hadron colliders. This section discusses the modification

of MCFM version 6.8 [270, 271] to include the implementation of the MSRn and

MSRp schemes in the single-differential computation of the hadronic tt production

cross section. The modifications are based on the procedure presented in Ref. [284].

In the pole mass scheme, the single-differential cross section is separated into the LO

and NLO contributions as

dσ

dX
= (aS(µr))

2 dσ
(0)

dX

(
mpole

t , µr, µf
)

+ (aS(µr))
3 dσ

(1)

dX

(
mpole

t , µr, µf
)
. (5.7)

In contrast to the NNLO cross section procedure discussed in Section 5.1, it is straight-

forward to keep explicit µr dependence throughout the computation when working at

O(a3S), and the differential NLO cross section in the MSR scheme becomes

dσ

dX
= (aS(µr))

2 dσ
(0)

dX

(
mMSR

t , µr, µf
)

+ (aS(µr))
3 dσ

(1)

dX

(
mMSR

t , µr, µf
)

+ (aS(µr))
3RdMSR

1

d

dmt

(
dσ(0)(mt, µr, µf )

dX

) ∣
∣
∣
∣
mt=mMSR

t

. (5.8)
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Similarly, in the region µm > mt(mt), the cross section reads

dσ

dX
= (aS(µr))

2 dσ
(0)

dX
(mt(µm), µr, µf ) + (aS(µr))

3 dσ
(1)

dX
(mt(µm), µr, µf )

+ (aS(µr))
3mt(µm)dMS

1 (µm)
d

dmt

(
dσ(1)(mt, µr, µf )

dX

) ∣
∣
∣
∣
mt=mt(µm)

. (5.9)

5.2.1 Validation of the MCFM implementation

A comparison of the inclusive cross sections computed using the Hathor and MCFM

implementations of the MSRn scheme is shown in Fig. 5.3. All differences are observed

to be within the numerical uncertainties of the MCFM result.
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Figure 5.3: A comparison of the inclusive hadronic top quark pair production cross
sections obtained using the MSRn scheme as implemented in the MCFM (black) and
Hathor (blue) computations. The ratio plot shows the Hathor cross section divided
by the MCFM cross section (blue) and the fractional MCFM numerical uncertainty.
The plots are obtained using NLO evolution, the ABMP16 5 flavor PDF at NLO and
setting µr, µf equal to the MS top quark mass mt(mt) = 160.68GeV.

The single-differential NLO cross section results obtained with the MCFM imple-

mentation are further compared to an external code translating the standard MCFM

pole mass scheme cross section results into the MSRn scheme. Contributions to the

cross sections are broken down to the LO term, virtual and real emission corrections

to the NLO term, and the derivative term which is on the second line in Eq. (5.8) and
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Eq. (5.9). The comparison is shown in Fig. 5.4 for the mtt distribution, in Fig. 5.5 for

the pT(t) distribution, and in Fig. 5.6 for the y(t) distribution. Very good agreement

between the two approaches is observed in all cases.
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Figure 5.4: The contributions to the single-differential cross section in bins of the tt
invariant mass. The black dots are the total result of the MSRn cross section and the
filled histograms the various contributions to it, as obtained from the MCFM implemen-
tation. The open circles indicate the total result and the colored markers the different
contributions, as obtained from the external validation code.
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Figure 5.5: The contributions to the single-differential cross section in bins of the
transverse momentum of the top antiquark. The black dots are the total result of the
MSRn cross section and the filled histograms the various contributions to it, as obtained
from the MCFM implementation. The open circles indicate the total result and the
colored markers the different contributions, as obtained from the external validation
code.
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Figure 5.6: The contributions to the single-differential cross section in bins of the
rapidity of the top antiquark. The black dots are the total result of the MSRn cross
section and the filled histograms the various contributions to it, as obtained from the
MCFM implementation. The open circles indicate the total result and the colored
markers the different contributions, as obtained from the external validation code.
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The implementation of the single-differential cross section allows investigating the

hitherto unexamined behavior of the scale R in a way that distinguishes it from

the scales µr and µf . This is particularly important for enhancing the precision in

extracting the top quark mass from the mtt distribution by shedding new light on the

estimation of scale uncertainties.

5.2.2 R behavior in the differential case

To examine the dependence of the mtt distribution on the scales µr, µf and R or µm,

depending on whether MSRn or MS evolution is used, the cross section predictions

are investigated using a finer binning in mtt, corresponding to bin limits from 300 GeV

to about 1200 GeV, when the width of each bin is 33 GeV. The binning is illustrated

by the breakdown of the different contributions to the NLO cross section in Fig. 5.7.

Fig. 5.8 shows the LO and NLO cross sections for the six bins in the range 300 GeV <

mtt < 498 GeV as a function of R (µm) in the MSR (MS) mass evolution regime. The

effect of the scales µr and µf is investigated by setting them to mt(mt) multiplied by

factors of 1/4, 1/2, 1, 2 and 4. The six bins included in the range 498 GeV < mtt <

696 GeV are shown in Fig. 5.9. At higher values of mtt, the cross section becomes small

and shows no significant dependence on the scales R and µm, regardless of any factors

applied on µr and µf . The LO and NLO cross sections are presented in Figs. 5.8–5.9

and the ratios of the NLO and LO cross sections are shown in Figs. 5.10–5.11.
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Figure 5.7: The contributions to the single-differential cross section in bins of the tt
invariant mass, using a bin width of 33GeV. The black dots are the total result of the
cross section using the MSRn scheme, and the filled histograms represent the various
contributions to it.
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Figure 5.8: The mass renormalization scale dependence of the first six bins of the mtt

distribution using the binning introduced Fig. 5.7.
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Figure 5.9: The mass renormalization scale dependence of the six bins following those
presented in Fig. 5.8.
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Figure 5.10: The ratio of the NLO and LO cross sections presented in Fig. 5.8.
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Figure 5.11: The ratio of the NLO and LO cross sections presented in Fig. 5.9.
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The cross section vanishes in the mtt ∈ [300, 333] GeV bin when R . 60 GeV, which

corresponds to 2mMSR
t (R) > 333 GeV as highlighted in Fig. 5.12. Non-zero contribu-

tions to the cross section in the mtt ∈ [300, 333] GeV bin appear only at sufficiently

high values of R or µm, corresponding to smaller values of mMSR
t (R) or mt(µm). As

expected, the LO contribution to the cross section is zero or positive for all values of R

and µm. However, the NLO cross section becomes negative, since the derivative terms

in Eqs. (5.8)–(5.9) decrease quicker than the other contributions increase. This feature

can be attributed to fixed-order pQCD lacking a proper treatment for the Coulomb

singularity near the tt production threshold. At energies close to the tt production

threshold, the produced top quarks attain small non-relativistic velocities v ≪ 1. The

dynamics of the tt system are hence governed by the mass mt, the relative momen-

tum mtv and the kinetic energy mtv
2 of the top quark. Since mt ≫ mtv ≫ mtv

2,

the appearance of ratios involving the masses, momenta and kinetic energy of the top

quark renders the standard multi-loop expansion in αS , on which the cross section cal-

culations rely on, unreliable at the threshold of tt production. The most pronounced

issue arises from the Coulomb interaction, i.e. the exchange of a boson between the

produced t and t, with a prediction depending on the ratio mt/(mtv). This leads to

the appearance of singular (αS/v)n behaviour in the n-loop fixed-order pQCD correc-

tion [285]. This is to be solved by quasi-boundstate corrections and the resummation

of soft gluon effects, following e.g. Ref. [286].

Another noticeable feature of the mtt ∈ [300, 333] GeV bin shown in Fig. 5.12 is the

sudden increase of the cross section at µm & 410 GeV. This occurs when mMSR
t is

small enough for the tt production threshold to be below 300 GeV, and the missing

corrections at the threshold are expected to be of less importance. A similar effect

is seen in the mtt ∈ [333, 366] GeV bin, as the threshold effects contribute more to

the dσ/dmtt cross section in the R . 60 GeV region than at higher R and µm. The

transition is illustrated in the ratio of the NLO and LO cross sections and highlighted

in Fig. 5.13.
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Figure 5.12: Themtt ∈ [300, 333]GeV bin of themtt distribution introduced in Fig. 5.7.
There is no tt production at R . 60GeV, but the region above it suffers from the lack of
Coulomb corrections in the MCFM v6.8 code, until µm & 410GeV where the threshold
for tt production is below the lower bin boundary.
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Figure 5.13: The ratio of the LO and NLO results for the mtt ∈ [333, 366]GeV bin of
the mtt distribution introduced in Fig. 5.7. The transition from a region suffering from
the missing Coulomb corrections to a more stable region where the threshold effects
become of less importance is seen at R & 60GeV.
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Although the results of the mtt ∈ [300, 333] GeV bin are unphysical, the observed

features suggest an explanation for the behaviour of the cross section in the mtt ∈
[333, 366] GeV bin, which is close to the peak of themtt distribution and hence sensitive

to the top quark mass. Therefore, understanding the scale behavior in this region is

particularly important for extractions of mMSR
t (R) from cross sections measured as

a function of mtt. In general, the NLO cross sections in each bin, excluding mtt ∈
[300, 333] GeV, are observed to stabilize quickly with increasing R or µm when µr and

µf are set to small values, provided that R is high enough for the stabilization of

the predicted cross section to start in the mtt ∈ [333, 366] GeV bin. Therefore, the

results suggest setting the central value of the scales µr, µf and R to a value around

mt(mt)/2 ≈ 80 GeV for obtaining predictions that are robust against scale variations.

5.3 Extraction of the top quark MSRn mass at

the LHC

As a phenomenological application of the implementation of the MSR schemes in the

MCFM v6.8 program, the MSRn mass mMSR
t (R) is extracted from a measurement

of the single-differential dσ/dmtt cross section in pp collisions at
√
s = 13 TeV [92],

described in Section 4.4.

The MCFM predictions for the single-differential dσ/dmtt cross section are computed

using the ABMP16 5 flavor PDF set [81] at NLO. Initially, the scale R is set to 80 GeV,

and the cross section is computed for a range of assumed values of mMSR
t (80 GeV).

The predictions are then compared to the experimental data, and the function

χ2 =
∑

i,j

(σexpi − σthi )C−1
ij (σexpj − σthj ), (5.10)

is computed for each mMSR
t (80 GeV). Here σexpi are the experimental data and σthi the

theoretical predictions, the indices i, j run over the bins of the distribution, and C−1
ij

is the inverse covariance matrix. One step of the scan is illustrated by the comparison

of the experimental data to the theoretical prediction at µr = µf = mMSR
t (80 GeV) =

167 GeV in Fig. 5.14.
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√
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scheme. The scales in the predictions are set to R = 80GeV and µr = µf = mMSR

t (R) =
167GeV for all bins of the mtt distribution.

Fig. 5.15 shows a 4th order polynomial fit to the χ2 values resulting from the scan,

when µr and µf are set to µ = mMSR
t (80 GeV) for all 4 bins of the mtt distribution.

Since the tt production threshold region is subject to the missing Coulomb corrections,

an alternative fit is performed excluding the mtt < 420 GeV bin, and the resulting χ2

distribution is shown in Fig. 5.16. The exclusion of the mtt < 420 GeV bin leads to

a loss of sensitivity and, consequently, large uncertainties in the resulting top quark

mass. As discussed in Section 5.2.2, lowering the values of µr and µf stabilizes the

predictions as a function of R. Therefore, a third fit is performed by setting µr and

µf to mMSR
t (80 GeV)/2 for the mtt < 420 GeV bin, and to mMSR

t (80 GeV) for the

remainder. The respective χ2 scan from this configuration is shown in Fig. 5.17.
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Figure 5.15: A 4th order polynomial fitted to the χ2 resulting from comparing the
experimental data to theory predictions assuming different values of mMSR

t (80GeV).
The scales µr and µf are set to mMSR

t (80GeV) for all four bins of the mtt distribution.
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Figure 5.17: A 4th order polynomial fitted to the χ2 resulting from comparing the
experimental data to theory predictions assuming different values of mMSR

t (80GeV).
The scales µr and µf are set to mMSR

t (80GeV)/2 for the mtt < 420GeV bin, and to
mMSR

t (80GeV) for the remainder.

The fit uncertainties are obtained by using the ∆χ2 = 1 tolerance criterion, while

the µr and µf scale uncertainties are evaluated by varying the central value µ(i) in

each bin i ∈ {1, 2, 3, 4} up and down by a factor of 2, avoiding the cases taking

µ
(i)
r /µ

(i)
f → 4±1µ

(i)
r /µ

(i)
f , and constructing an envelope. The extracted mass values are

evolved from R = 80 GeV to the reference scales of R ∈ {1, 2, 3}GeV.

Note, that in Ref. [126] the reference value of R is chosen as R = 1 GeV. This choice

however requires evaluating αS(1 GeV), which is close to the Landau pole. Using a

reference scale of R = 2 GeV or higher is expected to become increasingly important in

future extractions of the MSR mass, since αS(µ) may become unstable as µ→ 1 GeV

when using higher-loop evolution for αS . To ensure the stability of the result, the

mass extracted here is also reported at R = 2 GeV and R = 3 GeV. Furthermore, the

mMSR
t (80 GeV) value is translated into the MS mass by finding mMSR

t (mMSR
t ) value

iteratively via the condition R = mMSR
t (R), and applying the matching formula given

in Eq. (2.42), up to O(a3S). The uncertainty of the initial choice of R is assessed

by repeating the fits at R = 60 GeV and R = 100 GeV, and taking the difference in

the resulting mMSR
t (1 GeV), mMSR

t (2 GeV) and mMSR
t (3 GeV) to the respective values
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obtained in the R = 80 GeV fit as the R scale uncertainty.

The resulting values for the top quark MSRn mass are listed in Table 5.2. In par-

ticular, setting the central µr and µf to mMSR
t (80 GeV) considering the complete mtt

distribution results in an extracted value of mMSR
t (1 GeV) compatible with the re-

sults1 of Ref. [126]. Furthermore, translating the mMSR
t (80 GeV) obtained in this fit

into mt(mt) yields a result agreeing with Ref. [92]. Removing the mtt < 420 GeV bin

is observed to reduce the value of the extracted top quark mass, but it also increases

the uncertainties by an order of magnitude.

In accordance with the results shown in Fig. 5.8, multiplying the scales µr and µf by

1/2 in the mtt < 420 GeV bin results in an increase in the value of the NLO cross

section when R = 80 GeV. The fit for mMSR
t (80 GeV) compensates for this effect by

preferring larger values of the top quark MSR mass, which brings the predicted cross

section down, especially near the threshold region. As expected from the observations

in Section 5.2.2, this scale setting yields smaller scale uncertainties than the other con-

figurations investigated in this thesis. The effect is attributed to increased robustness

against scale variations. Evolving the resulting value of

mMSRn
t (80 GeV) = 169.3 ± 0.5 (fit)+0.2

−0.4 (µr, µf )+0.2
−0.3 (R) GeV (5.11)

to the reference scale R = 3 GeV and adding all the uncertainties in quadrature to

obtain a total uncertainty, the obtained value of mMSR
t (3 GeV) = 174.5+0.6

−0.7 GeV is ob-

served to be in tension with the mMSR
t (3 GeV) = 169.6+0.8

−1.1 GeV extracted in Ref. [133].

As notable dissimilarities, the selection of experimental data in the present work is

different to Ref. [133], where mMSR
t (3 GeV) is extracted simultaneously with the PDFs

and strong coupling constant, resulting in the value αS(mZ) = 0.1132+0.0023
−0.0018, which is

within 2 standard deviations from the value of the ABMP16 fit at NLO [133]. Fur-

thermore, the computation of the cross section in the MSR scheme is not implemented

directly into the MC calculation in Ref. [133], but the theoretical predictions are ob-

tained in the pole mass scheme using MadGraph5 aMC@NLO [252, 253] interfaced

with aMCfast [287] and ApplGrid [288], and then translated to the MSR scheme

at R = 3 GeV via Eq. (2.54). Notably, neither Ref. [133] nor the present work in-

clude a correction for the Coulomb effects, but the extraction of the top quark MSR

mass presented in this thesis is performed using predictions in the MSR scheme at

R = 80 GeV to optimize the stability of the cross section. The resulting mMSR
t (80 GeV)

1For reference, the results of Ref. [126] are reported in Eqs. (2.51)–(2.52) of this thesis.
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is then evolved to the reference R scales, in contrast to performing the extraction at

R = 3 GeV. Moreover, the computation in Ref. [133] relies on the MSRp scheme

instead of the MSRn scheme used in this thesis, although the contribution from the

choice of scheme is expected to be small at R = 3 GeV as indicated by Table 5.1.

Table 5.2: The values of mMSR
t (R) obtained at different scales R (given in brackets

below mMSR
t ), and the corresponding mt(mt), along with the fit and scale uncertainties

for the mMSR
t (R) extracted at R = 80GeV. The leftmost column gives the central

choice of µr and µf for each bin in the distribution, when µ = mMSR
t (80GeV), and

unused bins are indicated by a dash. The fit and µr, µf uncertainties correspond to the
MSRn mass extracted at R = 80GeV. Performing the evolution from mMSR

t (80GeV) to
mMSR

t (1GeV), mMSR
t (2GeV), mMSR

t (3GeV) or mt(mt) results in an R uncertainty that
agrees in all cases within the given accuracy, and is reported in the rightmost column.

mMSR
t mMSR

t mMSR
t mMSR

t mt(mt) Fit (µr, µf ) (R)

(80GeV) (1GeV) (2GeV) (3GeV)

[GeV] [GeV] [GeV] [GeV] [GeV] [GeV] [GeV] [GeV]

(µ, µ, µ, µ) 167.7 173.2 173.0 172.9 163.3 +0.6
−0.6

+0.4
−0.6

+0.4
−0.5

(−, µ, µ, µ) 165.0 170.5 170.3 170.2 160.7 +2.1
−2.1

+6.7
−9.8

+0.5
−0.5

(µ2 , µ, µ, µ) 169.3 174.8 174.6 174.5 164.8 +0.5
−0.5

+0.2
−0.4

+0.2
−0.3

In this thesis, the first examination of the behavior of the R scale is presented, along

with an extraction of the top quark MSR mass. The results obtained by setting

µr = µf = mMSR
t (80 GeV), considering the complete mtt distribution, agree with the

previous studies of the running of the top quark MS mass [92] and the top quark

MSR mass performed by comparing NLL predictions to simulated MC samples [126].

Applying low values of µr and µf , particularly in the vicinity of the tt production

threshold region in the mtt distribution, is observed to decrease the scale uncertainty

in the determination of the MSR mass. Therefore, the use of dynamical scales yielding

low values in the low-mtt regime is recommended for future extractions of the top

quark MSR mass from tt production cross sections measured as a function of mtt.

Using such a scale setting results in mMSRn
t (R = 80 GeV) = 169.3+0.6

−0.7 GeV, which is

in some tension with the result of Ref. [133]. Nonetheless, the value of the top quark

MSR mass extracted in this thesis is thus far the most precise value obtained using

experimental data.
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Chapter 6

The xFitter QCD analysis

framework

This chapter outlines the xFitter open-source QCD analysis framework [289–292].

The discussion elaborates on the parts of the framework that are used in the analysis

presented in Chapter 7, as well as the author’s contributions to the framework, de-

veloped in the context of the thesis and included in the release version 2.2.0 available

at [292]. In particular, the interface for the calculation of SMEFT contributions to

the inclusive jet production cross sections, and the production of top quarks as single

quarks or tt pairs are discussed. Moreover, the MSR renormalization scheme has been

introduced for the fixed-order prediction of the tt production cross section.

Section 6.1 gives a brief overview of the framework and a discussion of the minimization

methods, while the profiling procedure is explained in Section 6.2 and the handling of

experimental uncertainties in Section 6.3. The treatment of heavy quarks is discussed

in Section 6.4. Section 6.5 describes the determination of PDF parametrizations and

the parametrization scan. Section 6.6 details some of the tools and interfaces available

for computing theoretical predictions.

6.1 Overview and minimization methods

The PDFs have become the primary contribution to the uncertainties in many of the

contemporary precision measurements performed at the LHC [293–295]. The xFitter

111
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framework [289–292] is a unique open-source tool for the determination of PDFs and

fundamental parameters of the SM, such as the strong coupling constant αS , quark

masses or the EW mixing angle. Moreover, the framework offers built-in plotting tools

for visualizing the results.

xFitter is capable of processing both fixed target and collider experiment data, in-

cluding measurements from ep, pp and pp collisions. Thus, a wide range of Bjorken-x

can be probed. The framework contains a wide variety of theoretical options, along

with numerous methods and schemes that can be used in the process of PDF deter-

mination. xFitter supports running quark mass schemes, and has been used for

the extraction of the MS charm mass in Ref. [296]. xFitter can also be used for

performing SMEFT analyses through an implementation of EFT contributions for

4-quark CI via an interface to CIJET. This way, the SMEFT parameters can be

extracted simultaneously with the PDFs and SM parameters. Furthermore, as an

increasing amount of PDF analyses are extended to NNLO, it is possible that NLO

QED effects become important. In xFitter, the QED effects can be included at

NLO. This is demonstrated in the determination of the photon PDF in a NNLO QCD

and NLO QED analysis in Ref. [297]. Previously, xFitter has been utilized by the

CMS Collaboration in the analyses of the measurements of the double-differential in-

clusive jet cross sections at
√
s = 7 TeV [298] and

√
s = 8 TeV [82]. In the context

of top quark production cross sections, xFitter has been used by the CMS Col-

laboration in the analyses of the measurement of the normalized triple-differential tt

production cross sections at
√
s = 13 TeV [254] and

√
s = 8 TeV [299], as well as in the

double-differential tt production cross section at
√
s = 8 TeV [300]. Furthermore, the

CMS Collaboration has used xFitter in the analyses of Z+charm production [301]

and W+charm production [302] at 8 TeV. By the ATLAS Collaboration, xFitter

has recently been utilized in the extraction of PDFs from the production of vector

bosons in association with jets [303], from a diverse set of ATLAS data measured at
√
s = 7, 8 and 13 TeV [304] and from differential W , Z/γ∗ and tt cross sections [305],

as well as for for PDF profiling [306].

The main approach in xFitter is based on the collinear factorization of Eq. (2.55)

for hard scattering. The PDFs are convoluted with partonic cross sections, and theory

predictions are obtained for the kinematics of the experimental measurements. The

predictions are then compared to experimental data, and the PDFs and further pa-

rameters are obtained in an iterative χ2 minimization procedure accounting for all the
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correlated and uncorrelated uncertainties of the measurements. In the course of the

fit, the PDFs are evolved to the scale of the measurement via the DGLAP equations

as implemented in the QCDNUM [307] program. Additionally, PDFs can be read

and written in the LHAPDF [308, 309] format. Besides the collinear factorization ap-

proach, xFitter supports fits of dipole models and transverse-momentum dependent

distributions (TMD) [310]. The TMDs can be written and manipulated in the TMDlib

format [311, 312], and xFitter has been used for the extraction of TMDs from fits

to experimental data in Refs. [313–318]. Further, xFitter has been extended to pro-

duce nuclear PDFs [319], as well as for pion PDFs in Ref. [320]. The functionalities

of xFitter and the workflow of a QCD analysis are illustrated in Fig. 6.1.

Initialisation

Data

– Collider, Fixed Target:

ep, µ p

– Collider: pp, pp̄

Theory

– PDF Parametrisation

– QCD Evolution:

DGLAP (QCDNUM),

non-DGLAP (CCFM, dipole)

– Cross Section Calculation

QCD Analysis

– Treatment of the Uncertainties

– Fast χ2 Computation

– Minimisation (MINUIT)

Results

– PDFs, LHAPDF, TMDlib Grids

– αs, mC , . . .

– Data vs. Predictions

– χ2, Pulls, Shifts

Figure 6.1: An overview of the xFitter functionalities and workflow. Image taken
from Ref. [289]

The default algorithm for minimization in xFitter is a modified implementation

of the Fortran program MINUIT [321], which has been extended by increasing the

number of parameters that can be fitted, as well as allowing for uncertainty analysis

with asymmetric error bands in addition to the standard symmetric Hessian treatment.

As an alternative, limited support for the CERES [322] minimizer has been added to
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xFitter.

Two common variants of the χ2 representation used in xFitter are the covariance

matrix and nuisance parameter representations. In the covariance matrix representa-

tion, the χ2 is given by

χ2 =
∑

i,j

(mi −mdata
i )C−1

ij (mj −mdata
j ), (6.1)

where mdata
i are the data points, mi the corresponding theoretical predictions and

C is the covariance matrix composed of the statistical, uncorrelated and systematic

contributions such that Cij = Cstat
ij +Cuncorr

ij +Csyst
ij . However, the effects of individual

sources of uncertainty cannot be distinguished in this representation [289].

The effects of each source of systematic uncertainty can be separated by using the

nuisance parameter representation, in which χ2 is defined as

χ2(m, b) =
∑

i

mdata
i −mi

(
1 − Γijbj

)

δ2i,uncm
2
i + δ2i,statmimdata

i (1 − Γijbj)
+
∑

j

b2j , (6.2)

with δi,stat and δi,unc the relative statistical and uncorrelated systematic uncertainties

for the ith measurement, while Γij quantifies the measurement’s sensitivity to the jth

correlated systematic source. The systematic nuisance parameters bj are determined

in the process of the χ2 minimization, and the effects of different sources can be

discriminated.

6.2 The profiling procedure

Profiling is a way of assessing the impact of a new set of data on a global PDF set [293,

323–325]. It is based on minimizing a function of the form

χ2 =

Ndata∑

i=1

(

σexpi + Γα,exp
i bexpα − σthi − Γβ,th

i bthβ

)2

∆2
i

+
∑

α

(bexpα )2 +
∑

β

(bthβ )2 , (6.3)

where the nuisance parameter vectors bexp and bth include the correlated experimental

and theoretical uncertainties, whose effect on data and theoretical predictions σexp and

σth is described by the matrices Γexp
i and Γth

i for the ith data point out of Ndata. The

indices α and β then run over the experimental and theoretical uncertainty nuisance



6.3. Treatment of experimental uncertainties 115

parameters, respectively. The uncorrelated experimental uncertainties are included in

∆i. The generalization to asymmetric PDF uncertainties is made by the replacement

Γth
iβ → Γth

iβ + Ωth
iβb

th
β (6.4)

with Γth
iβ = (Γth+

iβ − Γth−
iβ )/2 and Ωth+

iβ = (Γth+
iβ + Γth−

iβ )/2 determined from the predic-

tions’ shifts corresponding to the up (Γth+
iβ ) and down (Γth−

iβ ) eigenvectors [293]. The

nuisance parameter values bth(min) that minimise Eq. (6.3) give the central PDFs f ′0
optimized to the profiled dataset in the form

f ′0 = f0 +
∑

β

b
th(min)
β

(

f+β − f−β
2

− b
th(min)
β

f+β + f−β − 2f0

2

)

(6.5)

with f0 the original central PDF and f+, f− are the up and down variation eigenvec-

tors [293, 323–325]. For PDFs with asymmetric uncertainties, the covariance matrix

C is diagonalized via

bthCbth = bthGTDGbth = (G′bth)TG′bth, (6.6)

where D is diagonal and positive definite and G is orthogonal, giving G′ the compo-

nents G′
ij =

√
DikG

k
j . Then

f+′
i = f ′0 +

∑

j

G′
ji

(

f+j − f−j
2

+G′
ji

f+j − 2f0 + f−j
2

)

,

f−′
i = f ′0 −

∑

j

G′
ji

(

f+j − f−j
2

−G′
ji

f+j − 2f0 + f−j
2

)

. (6.7)

The profiling procedure provides a good and quick method for estimating the change

in PDF and non-PDF parameters induced by the addition of new experimental data

sets. However, studying the data’s full impact on the parametrization and performing

simultaneous extractions of the PDF and non-PDF parameters still requires a full

PDF fit.

6.3 Treatment of experimental uncertainties

The experimental uncertainties are typically propagated to the fitted PDFs by using

the Hessian method [326]. Alternatively, this can be done using the method of Monte

Carlo (MC) replicas [327, 328].
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The statistical and systematic uncertainties of the data are propagated to the PDFs

using the Hessian eigenvector method, which makes use of the Hessian matrix defined

by the second derivatives of the fitted PDFs at the minimum. After the diagonalization

of the Hessian matrix, the eigenvectors corresponding to χ2 = χ2
min + 1 are computed.

These correspond to independent sources of uncertainty in the extracted PDFs, since

the sets of eigenvectors are within an orthonormal parameter space.

In xFitter, both symmetric and asymmetric uncertainties are supported. The asym-

metric uncertainties ∆fexp± for a PDF f are computed as

∆fexp+ =

√
√
√
√

NEV∑

i

[max(f+i − f0, f
−
i − f0, 0)]2

∆fexp− =

√
√
√
√

NEV∑

i

[min(f+i − f0, f
−
i − f0, 0)]2 (6.8)

where f0 is the central PDF, while f+i and f−i represent the results using the up- and

down variations of the ith eigenvector, respectively, when the PDF set contains NEV

eigenvectors [49].

Alternatively, in the MC method, the fit uncertainties are estimated by creating O(>

100) pseudo-data replicas by randomly varying the cross section values in the data

within their statistical and systematic uncertainties as

σi = σi



1 + δuncorri RANDi +

Nsyst∑

j

δuncorrij RANDj



 (6.9)

For each variation, a fit is performed. The central values for the fitted parameters and

their uncertainties are estimated as the mean and the root mean square values over

the replicas.

6.4 Treatment of heavy quarks

The xFitter framework contains implementations of various schemes for the treat-

ment of the masses of the charm and beauty quarks1. In the zero mass variable flavor

1Here denoted as heavy quarks.
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number (ZM-VFN) scheme [329], a heavy quark Q appears as a parton within the

proton at scales µ2 above the production threshold ∼ m2
Q, and both the light and

heavy quarks are considered massless in the initial and final states of the hard scat-

tering process. The ZM-VFN is to be considered valid only at scales µ2 ≫ m2
Q, since

missing corrections of O(m2
Q/µ

2) make it inaccurate at low µ2.

The fixed flavor number (FFN) is a rigorous QFT scheme [330–332] in which only

light quarks and gluons are considered as partons within the proton, while all massive

quarks are produced perturbatively in the final state. The number of active flavors

in the proton can be fixed to nf ∈ {3, 4, 5}, and are treated as active even at scales

beyond the quark production thresholds. The scheme is considered valid at µ2 ≈ m2
Q.

With nf = 3 light flavors, the FFN scheme gives a good description of the experimental

data on the production of heavy quarks in DIS [333–335]. However, LHC processes

are commonly described with nf = 5, obtained via a decoupling of the heavy quarks

and transitioning from 3 flavor PDFs to 4 or 5 flavors, with the prospect of resumming

large logarithms in µ2/m2
Q [335].

The aim of the general mass variable flavor number (GM-VFN) scheme is to combine

the ZM-VFN and FFN schemes. At µ2 ∼ m2
Q, the heavy quarks are treated according

to the FFN scheme, and in the massless scheme at µ2 ≫ m2
Q. There are several im-

plementations for the interpolation between the two schemes, and the Thorne-Roberts

GM-VFN [336–338] utilized in this thesis requires the equivalence of the descriptions

of the FFN scheme with nf = n and the GM-VFN scheme with nf = n + 1 above

the transition point of the schemes. Moreover, the descriptions must agree for the

transition from nf = 1 to a higher number of available quark flavors nf = n+ 1.

6.5 PDF parametrizations

Since the x-shape of the PDFs cannot yet be calculated from first principles, it has to

be parametrized at a starting scale Q2
0. Commonly, the PDFs are parametrized using

a polynomial form

xf(x) = AxB(1 − x)CP (x,D,E), (6.10)

where P is a polynomial in x with the coefficients {A,B,C,D,E}. The exact form of P

differs between global PDF collaborations. For example, the HERAPDF parametriza-
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tion used in this thesis utilizes the ordinary polynomials

P (x,D,E) = (1 +Dx+ Ex2). (6.11)

For the ABMP16 PDF set [81], the collaboration parametrizes the valence quarks at

the starting scale with nf = 3 light flavors as

xqv(x) =
2δqvu + δqvd

Nv
q

xaqv (1 − x)bqvxPqv (x), (6.12)

where the δ are the Kroenecker symbols defined by δqq′ = 1 if q = q′ and δqq′ = 0

otherwise. The parameter Nv
q is determined from the sum rule for fermion num-

ber conservation, while a and b are fit parameters. The sea quark distributions are

parametrized as

xqs(x) = xqs(x) = Aqs(1 − x)bqsxaqsPqs (x), (6.13)

and the gluon PDF is as

xg(x) = Agx
ag(1 − x)bgxagPg(x), (6.14)

where the parameter Ag is determined via the momentum conservation sum rule. For

a parton p ∈ qv, qs, g, the polynomial Pp has the general form

Pp(x) = (1 + γ−1,p log(x))(1 + γ1,px+ γ2,px
2 + γ3,px

3), (6.15)

where the γ are fit parameters.

For the CT14 PDF set [262], the CTEQ Collaboration employs parametrizations of

the form

xf(x) = xa1xa2P (x).

Here the polynomial P is written for valence quarks as

Puv
= d0p0(y) + d1p1(y) + d2p2(y) + d3p3(y) + d4p4(y),

where the d are fit parameters and p are the Bernstein polynomials

p0(y) = (1 − y)4,

p1(y) = 4y(1 − y)3,

p2(y) = 6y2(1 − y)2,

p3(y) = 4y3(1 − y),

p4(y) = y4
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with y ≡ √
x to avoid the rapid variations possible in exponential forms. The param-

eters a1 and a2 are set equal for the uv and dv distributions. Moreover, d4 = 1 and

d3 = 1 + a1/2. The gluon distribution is parametrized as

Pg(y) = g0[e0q0(y) + e1q1(y) + q2(y)],

with y = 2
√
x− x, and

q0(y) = (1 − y)2,

q1(y) = 2y(1 − y),

q2(y) = y2.

The parametrizations used by the ABMP and HERAPDF Collaborations are available

in xFitter as default options. Nonetheless, Eq. (6.10) can also be replaced by custom

polynomials.

Potentially, any new data set included in a QCD analysis brings additional informa-

tion on the PDF shapes, which technically means an increase in the number of free

parameters in the PDF fit. Therefore, the first step of a QCD analysis is to per-

form a parametrization scan. Using for instance the HERAPDF parametrization of

Eq. (6.11), the scan starts with the free parameters A-C, while all D and E set to

zero in the first step of the parametrization scan. The additional parameters are in-

cluded one at a time in the fit, and the one resulting in the best improvement in χ2

is chosen. The step is repeated, starting from the parametrization now including also

the previously chosen parameter. The parameter values and and the PDF shapes are

monitored at each step to avoid non-physical solutions. The scan terminates after no

additional parameter brings an improvement of ∆χ2 > 1. The procedure is illustrated

in Fig. 6.2.
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the QCD scales µf,r = µ. This enables high precision predictions to be used quickly

without repeating the full NLO calculation at each iteration. Using the tables, the

cross section calculation becomes [339]

σ(µ) ≈
∑

n,i,k,l,m

σ̃n,i,k,l,m

(

αS

(

µ(m)
))n

fi

(

x
(k)
1 , x

(l)
2 , µ

(m)
)

, (6.16)

where n is the order in αS , fi is the PDF for flavor i, and the sums in k, l and m

run over the number of points in the corresponding grid. All the information on

the perturbative calculation, such as the phase-space restrictions and e.g. the jet

definition, is then included in

σ̃(µ) = cn,i(x1, x2, µ) ⊗
[

e(k)(x1) · e(l)(x2) · b(m)(µ)
]

, (6.17)

where e(k), e(l), b(m) are interpolation functions for the dependencies on x1, x2 and

µ. Eq. (6.17) is independent of the PDFs and αS ; it needs to be evaluated only once,

and is then inserted into Eq. (6.16). In the course of the PDF fit, it is hence possible

to convolute the coefficients with the PDFs and simply multiply by αS . The PDFs

and αS are separated from the perturbative coefficients in σ̃ by introducing a set of

eigenfunctions around a defined number of x-values.

This approach is used in the fastNLO [340] program interfaced with NLOJet++ [341,

342] for jet production calculations in DIS and inclusive single, dijet and three-jet pro-

duction in hadron-hadron collisions. In the NLOJet++ program, the NLO correction

is computed using the Catani-Seymour dipole formalism [209], modified to improve

the control of the numerical calculation [341]. The approach is based on cutting the

phase space of the dipole subtraction terms [343], and the IR singularities are can-

celled directly at the level of the integrand. In the dipole method, a single dipole

subtraction term dσA is defined, reguralizing the real correction in all the singular

limits, both soft and collinear. The N -jet cross section is then expressed at NLO in

terms of the dipole subtraction and the real and virtual corrections as [343]

σ(1) =

∫

N

dσ
(1)
N

︸ ︷︷ ︸
∫
N(dσVirtual+

∫
1
dσA)

+

∫

N+1

dσ
(1)
N+1.

︸ ︷︷ ︸∫
N+1

(dσReal−dσA)

(6.18)

The dipole method does not rely on approximations, and can be implemented nu-

merically in a fully process independent manner, and full control of generating the
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phase space efficiently is maintained via the exact phase space factorization. Due to

preserving Lorentz invariance, changes of frame can be performed via simple momen-

tum transformations. Moreover, there is no need for color ordered subamplitudes,

symmetrization, or partial fractioning of the matrix elements, and the use of crossing

functions is avoided [341]. In the calculation of the perturbative coefficients ci,n, the

dependence on µf and µr is factorized as [340]

cn,i(µf , µr) = c0n,i + log(µf )cfn,i + log(µr)c
r
n,i, (6.19)

and only the weights c0 , cr and cf are stored in scale-independent fastNLO tables.

An interface to fastNLO then provides xFitter with the NLO prediction that is the

basis of a jet cross section computation. Alternatively, predictions can be obtained

at NNLO via the NNLOJet [344–346] program. The processes currently included

in NNLOJet are the production of Z, W and H, also with additional jets, single jet

production in hadron hadron collisions, dijet production in hadron-hadron and lepton-

hadron collisions as well as three-jet production in electron-positron annihilation [344,

345, 347–356]. The NNLO QCD calculations in NNLOJet rely on the antenna sub-

traction method [357, 358], in which the IR subtraction terms for the double-virtual,

real-virtual and double-real contributions are obtained via antenna functions [357–

361] describing the unresolved soft and collinear parton radiation from a pair of hard

partons, which can be either in the initial or final state. The combinations with final-

final, initial-final and initial-initial antennae, each with their respective unresolved

phase spaces, are considered [346, 358].

Another tool for fast grid interpolation interfaced to the xFitter framework is Ap-

plGrid [288]. Its approach makes use of the the sparse nature of the x-dependent

weights, allowing for increased flexibility in the choice of scale, since the scale de-

pendence is retained as an additional dimension in the tables. Thus, it enables a

posteriori evaluation of the µr and µf dependence [288]. ApplGrid can be inter-

faced with programs providing fixed-order calculations for various precesses in pp or

pp collisions, such as the MCFM generator [12]. In the ApplGrid approach, PDFs

are represented by storing their values on a two-dimensional grid, and the values are

obtained by interpolating between the grid points. To provide good coverage of the

full x and µ2f range with uniformly spaced grid points, the variable transformation

yi = log

(
1

xi

)

+ a(1 − xi) and τ(µ2f ) = log

(

log

(

µ2f
Λ2

))

, (6.20)
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is used instead of the direct values. Here the index i ∈ {1, 2} is for the incoming

hadrons, the parameter a is for increasing the density of points in the high-x region,

and the scale Λ should be chosen at O(ΛQCD). A cross section is then computed as

σ =
∑

p

nsub∑

l=0

∑

iy1 ,iy2

∑

iτ

W
(p)(l)
iy1 ,iy2 ,iτ




αS

(

µ
2(iτ )
f

)

4π





p

F (l)
(

x
(iy1 )
1 , x

(iy2 )
2 , µ

2(iτ )
f

)

, (6.21)

where nsub is the number of subprocesses contributing to the cross section, the grid

weights are given by W
(p)(l)
iy1 ,iy2 ,iτ

and F (l) are the initial state parton combinations.

Dependence on the renormalization scale can also be included, and µf , µr can be

varied a posteriori by constant factors [288].

In case full interpolation grids are not available for a given cross section at the desired

order, but the calculation is, the corrections to a pQCD cross section prediction σ can

also be applied by computing the so-called k-factors

k =
σCorr

σ
. (6.22)

Here σCorr is the value to which the cross section is to be converted to, obtained for

instance as the result of an external NNLO computation or a cross section containing

corrections for electroweak or nonperturbative effects. The k-factors are computed

once for each bin in the data, prior to the fit, and the corrected cross section enters

the calculations performed during the fit as

σCorr ≈ (σ ⊗ PDFs) · k. (6.23)

6.6.2 SMEFT functionality in xFitter

The CIJET grid interpolation is a modified version of the methods introduced by

fastNLO and ApplGrid. The CIJET interfrace introduces 4-quark CI via the

dimension 6 SMEFT operators discussed in Section 3.2. The types of CI supported in

the interface include purely left-handed, vector-like and axial vector-like CI. In these

models, only the Wilson coefficient c1 multiplying the operator O1 given in Eq. (3.7)

is a free parameter, while c3 and c5 multiplying the operators O3 and O5 in Eq. (3.9)

and Eq. (3.11), respectively, are determined from c1 as illustrated in Table 6.1. The

order of the computation is taken to be the same as that of the QCD evolution, unless
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an order higher than NLO is requested, in which case the CI computation reverts to

NLO.

Table 6.1: The dependence of the Wilson coefficients c3 and c5 on c1, which is a free
fit parameter in the three specific CI models supported by the xFitter CIJET inter-
face. The coefficients multiply the respective operators O1, O3 and O5 in the SMEFT
Lagrangian as indicated in Eq. (3.6).

Type of CI c1 c3 c5
Purely left-handed: free 0 0

Vector-like: free 2c1 c1
Axial-vector-like: free −2c1 c1

To avoid dependence on an external installation of the original CIJET program, the

calculations are based on a precomputed CI grid for single jet or dijet cross sections.

This is similar to how fastNLO is used, and the CI contributions provided by CIJET

are to be used as an addition to the SM prediction obtained from a fastNLO grid.

The general frame of the CIJET interface is provided in the C++ class CIJETReader,

while the computations are implemented in the ReactionCIJET C++ class invoking

the Fortran routines in cijet.f.

In each kinematic range, the cross section is calculated as [172]

σ =
∑

p,k

∑

n1,n2,n3

Ik,p(n1, n2, n3, µr/µf ) ((αS(µr))
pΦk)

∣
∣
n1,n2,n3

, (6.24)

where ni are grid point indices and the Φk are parton luminosities. The relevant

parton luminosities Φk read [172]

Φ1 =
∑

ij=qq′,qq′

x21x
2
2fi,h1(x1, µf )fj,h2(x1, µf ) (6.25)

Φ2 =
∑

ij∈{qq,qq}

x21x
2
2fi,h1(x1, µf )fj,h2(x1, µf ) (6.26)

Φ3 =
∑

ij∈{qq′}

x21x
2
2fi,h1(x1, µf )fj,h2(x1, µf ) + [h1 ↔ h2] (6.27)

Φ4 =
∑

ij∈{qq}

x21x
2
2fi,h1(x1, µf )fj,h2(x1, µf ) + [h1 ↔ h2] (6.28)

Φ5 =
∑

ij∈{gq,gq}

x21x
2
2fi,h1(x1, µf )fj,h2(x1, µf ) + [h1 ↔ h2], (6.29)
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as the gluon-gluon parton luminosity does not contribute to the CI considered here,

up to NLO. The grid coefficients I are computed analytically in CIJET. Their values

for each kinematic bin are stored in tables allowing for fast interpolations of the bin

cross sections for arbitrary choices of the renormalization scale and PDFs [172].

6.6.3 Inclusive cross sections for top quark production in

xFitter

The inclusive cross section predictions for top quark production - single t, t, or tt pair,

are available in xFitter via an interface to the Hathor [10, 121] program. Hathor

includes higher-order perturbative QCD corrections and allows for detailed studies

of theoretical uncertainties. The original Hathor program version 2.0 provides the

possibility to compute the total cross section for tt production up to NNLO in the pole

and MS mass schemes, as well as the single t and t production cross sections up to NLO

in the pole mass scheme. Provided that the QCD couplings are standard, Hathor is

also applicable to studies involving a hypothetical fourth family of quarks [10].

The Hathor program was first employed for extracting the mass of the top quark

in the MS scheme from tt pair production data in hadronic collisions in Refs. [4,

362]. Hathor has been used by the CMS Collaboration in the extraction of the

top quark mass in the MS scheme using tt production cross section data measured at
√
s = 13 TeV in Ref. [92], and together with the strong coupling constant in Ref. [255].

Furthermore, predictions for the single top quark production cross section obtained

with Hathor have been utilized in a measurement of the CKM matrix elements in

single top quark production in hadronic collisions at
√
s = 13 TeV [363].

In the scope of this thesis, the MSR renormalization scheme is implemented into

xFitter for the interface of the Hathor code via the reaction HathorMSR, which is

a handle to an external installation of the Hathor program version 2.0. For top quark

pair production, support is included for the pole, MS, MSRn and MSRp schemes, with

the mass evolution discussed in Sections 2.6.2–2.6.3. The computation of the inclusive

cross section, described in Section 5.1, is performed within the interface. Therefore,

a standard version of Hathor 2.0, without an internal implementation for the MSR

schemes, is sufficient. When using the MSR schemes, the top quark mass can be input

to the interface either directly as the MSR mass, or as the MS mass mt(mt), which is
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then evolved to the corresponding MSR mass at the given scale R.

The predictions for the inclusive single top production cross section are obtained in

xFitter by using the reaction HathorSingleTop, which calls an external installation of

Hathor 2.0. Whereas the standard Hathor program computes the single top cross

sections in the pole mass scheme up to NLO as detailed in Ref. [121], the reaction

interface also includes an implementation of the MS scheme.

In the original Hathor 2.0 program, the calculation of single top production cross

sections is based on the MCFM implementation [364–366] and the formulae in [367].

The xFitter interface retrieves the results from the external program and, if re-

quested, translated numerically to the MS scheme. In this approach, the full NLO

cross section in the MS scheme is written in terms of the LO (σ(0)) and NLO (σ(1))

contributions as

σ = (aS(mt))
2 σ(0)

(
mt

)
+ (aS(mt))

3

(

σ(1)
(
mt

)
+mtd

MS
1

dσ(0)

dmt

∣
∣
∣
∣
mt=mt,µr=mt

)

, (6.30)

where aS is defined in Eq. (2.27), dMS
1 is given in Eq. (2.34) and mt is the top quark

mass in the MS scheme, all evaluated at µr = mt. The dependence on a general µr is

restored via the expansion in Eq. (2.30).

Since single top production is directly sensitive to the Vtb component of the CKM

matrix, the reaction interface forwards the values of the CKM matrix elements from

xFitter to Hathor, instead of using the standard values of the external Hathor

installation. Similarly, the conversion factor hc2, where h is Planck’s constant and c

the speed of light, and the EW coupling parameters are forwarded from xFitter to

Hathor.

As the extension of the single top quark production cross section to NNLO is currently

an on-going effort, all scale-dependent NNLO terms are already implemented into

Hathor for possible future development. The NNLO vertex corrections and related

real corrections are calculated for the t-channel in Ref. [368], excluding double-box

topologies. The reduction to master integrals is presented in Ref. [369] for the full

set of corrections at the 2-loop level. Recent results for the t-channel are reported in

Ref. [120] and for the s-channel in [370]. Therefore, an NNLO formula with the form

of Eq. (5.6) is also implemented into xFitter, and can be enabled easily once the pole

mass scheme predictions are implemented into a future public version of Hathor.



Chapter 7

Interpretation of CMS

measurements in terms of SM

parameters and search for new

physics

This chapter discusses the SM QCD and SMEFT analyses of the CMS inclusive jet

and normalized triple-differential tt production cross section data at
√
s = 13 TeV,

which are used together with the inclusive DIS cross section measurements at HERA.

Furthermore, the impact of the CMS data on a global PDF set is studied. The studies

are performed in the context of this thesis, and also presented in Ref. [117].

The experimental data sets used in the analysis are listed in Section 7.1. Details on

the general strategy of the QCD analysis are given in Section 7.2, while Section 7.3

discusses the invoked theoretical predictions. Section 7.4 details a full PDF fit us-

ing SM predictions at NNLO, where αS(mZ) is determined simultaneously with the

PDFs. Section 7.5 discusses the SMEFT interpretation at NLO in terms of a simul-

taneous extraction of the PDFs, αS(mZ), mpole
t and the Wilson coefficient c1, αS(mZ)

and mpole
t ; additionally, an alternative analysis performed using SM predictions is

presented. Section 7.6 examines the effect of the CMS 13 TeV data on a global PDF

set via the profiling technique [293, 323, 324] implemented in xFitter, using the

CT14 [262] PDFs at NLO and NNLO.

127
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7.1 Experimental data

In order to proceed towards a global interpretation of the LHC data, the analysis

presented in this thesis includes a simultaneous extraction of the PDFs and SM pa-

rameters, with the addition of setting constraints on new physics. Ensuring that all

parameters are properly constrained requires a diverse set of experimental data, and

the selected measurements are outlined below.

As discussed in Section 2.8.1, the basis of PDF fits are the CC and NC deep inelastic

scattering (DIS) cross section measurements in e±p collisions at HERA [3]. The data

are sensitive to light quarks at low and medium x. Additionally, they are sensitive to

the gluon PDF via scaling violations, and the measurement of the NC cross section also

constrains the sea quark distribution at low x. The utilized dataset is a combination of

all inclusive DIS cross sections measured by the H1 and ZEUS Collaborations during

the full runtime of HERA; therefore, results at different centre-of-mass energies are

included. The consistency of the results is ensured by extensive evaluations of the

correlated and uncorrelated systematic uncertainties [3]. The NC cross sections are

determined in the kinematic range of 6 · 10−7 ≤ x ≤ 0.65 and the CC cross sections

in 1.3 · 10−2 ≤ x ≤ 0.40.

Although the HERA data give the main constraints on the PDFs, additional data

sets give information of the behavior of the PDFs in kinematic regions not covered by

the HERA data. The HERA data are used together with the CMS double-differential

inclusive jet production cross section at
√
s = 13 TeV, corresponding to an integrated

luminosity of 33.5 fb−1. The data are shown in Fig. 7.1, and are sensitive to the

high-x gluon PDF and αS(mZ). The jets are reconstructed using the anti-kT jet al-

gorithm [107] with size parameter R = 0.7 due to suffering from smaller out-of-cone

radiation effects, and since the theoretical predictions describe the experimental data

better than with smaller R values [117]. It is also argued in Refs. [371–373] that using

R = 0.7 instead of R = 0.4 enhances the stability of the NNLO calculations. Further-

more, the CMS normalized triple-differential tt cross section at
√
s = 13 TeV [254],

corresponding to an integrated luminosity of 35.9 fb−1, are used in the analysis per-

formed at NLO. The variables for the triple-differential cross sections are chosen in

order to enhance sensitivity to the PDFs, αS , and mt. As demonstrated in [300], the

combination of the variables ytt and mtt provides sensitivity to the PDFs, while the

Njet distribution provides sensitivity to αS and the mtt distribution to mt. As seen
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in Ref. [254], the top quark pole mass mpole
t , the gluon PDF, and αS(mZ) are closely

correlated in the triple-differential cross section for tt production, hence providing

additional sensitivity to the gluon distribution and to αS(mZ). Combining these data

allows the simultaneous extraction of the proton PDFs and the values of αS(mZ) and

mpole
t . Although inclusive jet production is not sensitive to mpole

t , it has strong con-

straints on the gluon PDF and αS(mZ), which is reflected in the improved value and

uncertainty of mpole
t in a fit that utilized both tt and inclusive jet production cross

section data. Using the LO kinematic relation x = mtt/
√
s exp(±ytt), the normalized

triple-differential tt measurement at
√
s = 13 TeV is expected to be sensitive to x

values within 0.01 < x < 0.1 [254].

Correlations of the sources of experimental statistical and systematic uncertainty are

included for each data set. The HERA DIS measurements and the CMS data are

taken to be uncorrelated. The common systematic uncertainties associated with the jet

energy scale are treated as fully correlated in the CMS tt and inclusive jet cross section

measurements. These uncertainties are listed along with their brief descriptions in

Tables 7.1–7.2.

Table 7.1: The common uncertainties that are treated as fully correlated in the CMS
tt and inclusive jet cross section measurements.

Name Description

AbsoluteMPFBias,

AbsoluteScale,

AbsoluteStat

Flat absolute scale uncertainties. Main uncertainties arise from

the combined photon, Z → ee (electron) and Z → µµ (tracking)

reference scale (AbsoluteScale), and the correction for FSR + ISR

(MPFBias).

FlavorQCD Jet flavor based on differences in uds/c/b-quark and gluon re-

sponses between Pythia 6 Z2 [374] and Herwig++ 2.3.

Fragmentation High-pT extrapolation based on the differences in the description

of fragmentation and the underlying event in Pythia 6 Z2 and

Herwig++ 2.3.

PileUpDataMC Uncertainty on the data / MC scale factor for offset correction.

PileUpPtBB,

PileUpPtEC1,

PileUpPtEC2,

PileUpPtHF,

PileUpPtRef

The dependence of the pile-up offset on jet pT is estimated from

matched MC, with and without PU overlay. The uncertainty is

essentially obtained from the difference of PU inside and outside

of the jets, propagated through the L2 (BB,EC,HF) and L3 (Ref)

data-driven methods.
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Table 7.2: The common uncertainties that are treated as fully correlated in the CMS
tt and inclusive jet cross section measurements.

RelativeBal Full difference between log-linear fits of the missing transverse

energy projection fraction (MPF) and pT-balance methods.

RelativeFSR η-dependence uncertainty due to correction for ISR and FSR,

estimated from difference between the MPF log-linear residual

L2Res correction from Pythia 8 and Herwig++, after each

has been corrected for their own ISR+FSR correction.

RelativeJEREC1,

RelativeJEREC2,

RelativeJERHF

η-dependence uncertainty from jet pT resolution (JER). Derived

by varying the JER scale factors up and down within uncertain-

ties. The JER uncertainties are assumed fully correlated for the

endcap within tracking (EC1), endcap outside tracking (EC2) and

hadronic forward (HF) regions.

RelativePtBB,

RelativePtEC1,

RelativePtEC2,

RelativePtHF

The half-difference between the MPF method log-linear and con-

stant fits vs pT.

RelativeStatEC,

RelativeStatFSR,

RelativeStatHF

Statistical uncertainties in the determination of η-dependence,

calculated from the error matrix of the final state raduation cor-

rection fit vs η, or log-linear L2Res fit vs pT. The latter only

matters in the EC and HF, where the uncertainty is provided as

correlated over these wide regions.

SinglePionECAL,

SinglePionHCAL

High-pT extrapolation based on propagating variations of ±3%

in the single particle response in ECAL and HCAL to PF Jets.

TimePtEta Arises from the time dependence of jet energy calibration

(JEC) between run epochs. Taken as a difference between the

luminosity-weighted average of the corrections per epoch, and a

single correction derived from the full sample. The uncertainties

for individual epochs are calculated as a weighted difference to

the full sample, so that their luminosity-weighted quadratic sum

equals TimePtEta.
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Figure 7.1: The CMS measurement of the inclusive jet cross section in pp collisions at√
s = 13TeV, compared to theoretical predictions using the CT14 PDF. Nonperturbative

and electroweak corrections discussed in Section 2.7 have been accounted for. Different
rapidity regions have been scaled with constant factors for clarity [117].

7.2 The general strategy

The QCD analysis is performed using the open-source framework xFitter [289–292]

version 2.2.1, extended with an interface to the CIJET [172] program for SMEFT

predictions, as described in Chapter 6. The DGLAP equations are evolved with

QCDNUM [307] version 17-01/14. In different parts of the analysis, the evolution

is performed either at NLO or NNLO, corresponding to the order of the available

theoretical predictions. The charm and bottom quark pole masses are set to mc =

1.47 GeV and mb = 4.5 GeV, respectively. Their contributions are treated in the

Thorne–Roberts [336–338] variable-flavor number scheme at NLO. The mpole
t and

αS(mZ) are free parameters in the PDF fits. The DIS data are restricted to high Q2

by the requirement Q2
min = 7.5 GeV2.

The PDF determination follows the HERAPDF [3, 375] approach. The parametrized

PDFs are the gluon distribution xg(x), the valence quark distributions xuv(x) and

xdv(x), as well as xU(x) for the up- and xD(x) for the down-type antiquarks, respec-
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tively. At the starting scale of QCD evolution Q2
0 = 1.9 GeV2, the general form of the

parametrization of a PDF f is given in Eqs. (6.10)–(6.11), with the normalization pa-

rameters Auv
, Adv

and Ag determined by the QCD sum rules. The small-x behaviour

of the PDFs is driven by the B parameters, whereas the C parameters are responsible

for the shape of the distribution as x→ 1. The relations






xU(x) = xu(x),

xD(x) = xd(x) + xs(x).
(7.1)

are assumed for the up, down, and strange antiquarks xu(x), xd(x), and xs(x). The

so-called singlet, or the sea quark distribution, is defined by the relation

xΣ(x) = 2xu(x) + xd(x) + xs(x). (7.2)

Following Ref. [3], xu and xd are constrained to have the same normalization in the

x→ 0 limit by the requirements






BU = BD,

AU = AD(1 − fs).
(7.3)

Following Ref. [3], the strangeness fraction

fs =
s

d + s
(7.4)

is fixed to fs = 0.4.

The Df and Ef parameters probe the sensitivity of the results to the specific selected

functional form. The form of the parametrization is determined using the procedure

described in Section 6.5.

7.2.1 Contributions to the uncertainties

The uncertainties of the PDFs and non-PDF parameters extracted in the full QCD

fits are estimated similarly to the procedure of HERAPDF [3, 375], which accounts

for fit, model, and parametrization uncertainties.

The Fit uncertainties originate from the sources of uncertainty in the experimental

data. They are obtained via the Hessian method [326] explained in Section 6.3, with
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the tolerance criterion ∆χ2 = 1 implied, corresponding to the 68% confidence level

(CL). For comparison, the fit uncertainties are estimated also with the alternative

Monte Carlo (MC) approach explained in Section 6.3.

The Parametrization uncertainty is estimated by independently adding further D

and E parameters to the functional forms of all PDFs, one at a time. An envelope of

the maximal differences between the central fit and all parametrization variations is

constructed and taken as the resulting uncertainty.

The Model uncertainties arise from varying the values assumed for the heavy quark

masses mb and mc, the strangeness fraction fs, the Q2
min imposed on the HERA data,

and the starting scale Q2
0, within the limits given in Table 7.3. Furthermore, the scale

uncertainty is considered as a part of the model uncertainty in the fits. It is obtained

by varying the renormalization and factorization scales up and down independently

by a factor of 2, and cases with µf/µr = 4±1 are excluded. The fit is repeated for

every variation, and the one with the largest difference to the central result is included

as the scale uncertainty. Finally, the model uncertainty is attained as the quadratic

sum of the contributions of all model variations.

Table 7.3: Upper and lower limits for the variations used in the determination of model
uncertainties. The heavy quark masses correspond to the pole masses.

Parameter Lower limit Upper limit

mb 4.25 GeV 4.75 GeV

mc 1.41 GeV 1.53 GeV

Q2
min 5.0 GeV2 10.0 GeV2

fs 0.32 0.48

Q2
0 1.7 GeV2 2.1 GeV2

The total uncertainty of the fits is acquired by adding the fit and model uncertainties

in quadrature, and the parametrization uncertainties linearly.

7.3 Theoretical predictions in the QCD analysis

The basic ingredient of the theoretical predictions for inclusive jet production is a fixed-

order perturbative QCD (pQCD) computation. These are available for the inclusive

jet production at both NLO and NNLO, and obtained with the NLOJet++ [341, 342]
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and NNLOJet (rev5918) [344–346] programs, respectively. The NLO computation is

implemented in fastNLO [340], and all calculations are performed assuming massless

quarks and five active flavors. The NLO QCD prediction is improved to NLO+NLL

with simultaneous jet radius and threshold resummation by applying the k-factors

computed in the context of this thesis as

kNLO+NLL =
σNLO − σNLO

sing. + σNLL

σNLO
. (7.5)

Here σNLO
sing. stands for the singular terms in the NLO calculation. They are replaced by

the resummed σNLL, which are computed using the NLL-Jet calculation, provided

by the authors of Ref. [214]. Following their approach, the σNLO in Eq. (7.5) is

calculated with the modified Ellis-Kunszt Soper (MEKS) code version 1.0 [376], in

which the pmax
T scale is chosen for the k-factor computation. The predictions for the

normalized triple-differential tt cross section are available at NLO, and detailed in

Ref. [254].

For the DIS data, the scales µr and µf are set to the four-momentum transfer Q. For

inclusive jet cross section measurements, they are set to the individual jet pT, which

was found to be a better scale choice than the leading-jet transverse momentum pmax
T

in Ref. [345]. Note however that this scale choice is not possible for the predictions in

Refs. [213, 214], for which the pmax
T scale was chosen as discussed above.

The NLO QCD analysis is performed using SM or, alternatively, SMEFT predictions.

The latter study incorporates effective corrections corresponding to the color-singlet

4-quark CI described in Section 3.2. The SMEFT prediction for the double-differential

inclusive jet production cross section is then computed as

σSMEFT = σNLO
fastNLO × kNLO+NLL × EW × NP + CI. (7.6)

The factor kNLO+NLL is given in Eq. (7.5). The utilized EW corrections are at

NLO [112]. The contribution from the real production of EW bosons in associa-

tion with jets is estimated at NLO with MCFM [11–13], and is found to be at most

at percent level, which is negligible for the present analysis. However, no uncertainty

associated with the EW corrections is yet available. Nonperturbative effects are cor-

rected for by the factor NP, with values corresponding to the average of the corrections

obtained with the Pythia 8 and Herwig++ [377] generators. The prediction for

the CI contribution is available at NLO, and obtained with the CIJET software [172]

interfaced to xFitter.
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The theoretical predictions for the triple-differential tt production cross section at

NLO were published with Ref. [254], and calculated with the MadGraph5 aMC@NLO

(version 2.6.0) [252, 253] framework in the fixed-order mode, interfaced with the aM-

Cfast (version 1.3.0) [287] and ApplGrid (version 1.4.70) programs. The fixed-order

predictions have no variable parameters aside µr, µf . The ApplGrid tables are pro-

duced for fixed values of mpole
t , and the predictions as a function of mpole

t are obtained

by linear interpolation using different mpole
t values. It was noted in Ref. [254] that

there is no significant dependence on the choice of the particular mpole
t values for the

linear interpolation. The cross sections for the Njet = 0(1) bin are obtained as the

difference of the inclusive tt(tt + 1 jet) and tt + 1 jet (tt + 2 jets) cross sections.

For the triple-differential tt cross section, the number of active flavors is set to nf = 5

and the QCD scale choice µr = µf = 1
2

∑

imTi is used, following Ref. [254]. Here

mTi ≡
√
m2

i + pT
2
i are transverse masses, computed using the parton masses mi and

transverse momenta pTi, with the sum over i covering the final-state partons t, t, and

at most three light partons in a tt + 2 jets scenario [254].

7.4 The simultaneous high-precision extraction

of PDFs and αS at NNLO

The CMS 13 TeV inclusive jet production cross section data are used together with

the inclusive DIS cross section of HERA in a full QCD analysis at NNLO, in which the

PDFs and αS are extracted simultaneously. The NNLO analysis reported in Ref. [117]

is performed using a k-factor approach, and the results are given in Appendix A for

reference. However, full NNLO interpolation grids for the double-differential inclusive

jet cross section have recently become available [378], and the precision of the analysis

presented in this Section is improved by using these grids. The additional flexibility

in the parametrization, allowed by inclusion of the CMS data, is investigated in a

parametrization scan, described in Section 6.5. As a result, the PDFs are parametrized
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at the starting scale Q2
0 = 1.9 GeV2 as:

xg(x) = Agx
Bg(1 − x)Cg(1 +Dgx+ Egx

2), (7.7)

xuv(x) = Auv
xBuv (1 − x)Cuv (1 + Euv

x2), (7.8)

xdv(x) = Adv
xBdv (1 − x)Cdv , (7.9)

xU(x) = AUx
BU(1 − x)CU(1 +DUx), (7.10)

xD(x) = ADx
BD(1 − x)CD(1 + EDx

2). (7.11)

In comparison to the HERAPDF2 parametrization, the gluon PDF in Eq. (7.13) does

not contain the negative terms −A′
gx

B′
g(1 − x)C

′
g , but both the linear term with Dg,

and the second-order term with Eg. Additionally, the parametrization in Eq. (7.11)

contains the ED term not included in HERAPDF2.

The PDFs obtained in this analysis, evolved to µ2f = 30000 GeV2 ≈ m2
t , are shown

in Fig. 7.2, where the individual contributions of the fit, model and parametrization

uncertainties are shown. The strong coupling constant, extracted simultaneously with

the PDFs, results in

αS(mZ) = 0.1166 ± 0.0014 (fit) ± 0.0007 (model) ± 0.0004 (scale) ± 0.0001 (param.),

(7.12)

which agrees with the previous extractions of αS(mZ) at NNLO at hadron collid-

ers [268, 379–381].

The impact of the present CMS jet data in a full QCD fit (HERA+CMS fit) is demon-

strated by comparing of the resulting PDFs with an alternative fit, where only the

HERA data are used (HERA-only fit). Since the inclusive DIS data have much lower

sensitivity to the value of αS(mZ), it is fixed to the result of the HERA+CMS fit for

the HERA-only fit. A comparison of the resulting PDFs is presented in Fig. 7.3. The

uncertainty is significantly reduced once the CMS jet measurements are included.

The global and partial χ2 values for each data set, for the HERA-only and HERA+CMS

fits, are listed in Table 7.4, where the χ2 values illustrate a general agreement among

all the data sets. The somewhat high χ2/Ndof values for the combined DIS data are

very similar to those observed in Ref. [3], where they are investigated in detail. The

correlations between the resulting fit parameters are shown in Fig. 7.4.
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Figure 7.2: The valence quark, gluon, and sea quark distributions shown as a function
of x at the scale µ2

f = 30000GeV2 ≈ m2
t , resulting from the NNLO fit using HERA DIS

together with the CMS inclusive jet cross section at
√
s = 13TeV. The inclusive jet

cross section is obtained using NNLO interpolation grids. Contributions of fit, model,
and parametrization uncertainties for each PDF are shown. In the lower panels, the
relative uncertainty contributions are presented.
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Figure 7.3: The valence quark, gluon and sea quark distributions shown as a function
of x at the scale µ2

f ≈ m2
t . The filled (hatched) band represents the results of the NNLO

fit using HERA DIS and the CMS inclusive jet cross section at
√
s = 13TeV (using the

HERA DIS data only). The PDFs are shown with their total uncertainty. The inclusive
jet cross section is obtained using NNLO interpolation grids. In the lower panels, the
comparison of the relative PDF uncertainties is shown for each distribution. The dashed
line corresponds to the ratio of the central PDF values of the two variants of the fit.
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Table 7.4: Partial χ2 per number of data points Ndp and the global χ2 per degree
of freedom, Ndof , as obtained in the QCD analysis at NNLO of HERA+CMS jet data
and HERA-only data. In the DIS data, the proton beam energy is given as Ep and the
electron energy is 27.5GeV. The HERA data are labeled NC for neutral current and CC
for charged current [117].

HERA-only HERA+CMS

Data sets Partial χ2/Ndp Partial χ2/Ndp

HERA I+II NC e+p, Ep = 920 GeV 378/332 376/332

HERA I+II NC e+p, Ep = 820 GeV 60/63 60/63

HERA I+II NC e+p, Ep = 575 GeV 201/234 202/234

HERA I+II NC e+p, Ep = 460 GeV 208/187 209/187

HERA I+II NC e−p, Ep = 920 GeV 223/159 227/159

HERA I+II CC e+p, Ep = 920 GeV 46/39 46/39

HERA I+II CC e−p, Ep = 920 GeV 55/42 56/42

CMS jets 13 TeV 0.0 < |y| < 0.5 8.6/22

0.5 < |y| < 1.0 23/21

1.0 < |y| < 1.5 13/19

1.5 < |y| < 2.0 14/16

Correlated χ2 66 81

Global χ2/Ndof 1231/1043 1302/1118
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Figure 7.4: Fit parameter correlations in the NNLO analysis.
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A summary of the αS measurements at hadron colliders and the world average is

presented in Fig. 7.5. The presented result is the first extraction of αS at NNLO using

jet production cross section data from pp collisions. The other two CMS analyses

performed at NNLO utilize tt cross section data at 7 TeV [379], and 13 TeV [268],

while the H1 analysis of Ref. [380] utilizes inclusive jet and dijet production cross

sections from neutral-current DIS data measured from ep collisions at HERA.

The PDFs extracted in the NNLO analysis are compared to the CT18NNLO PDF

set [382] in Fig. 7.6. Good agreement between the uv distributions and uncertainties

extracted in this analysis (CMS jet NNLO) and the CT18NNLO PDF is observed.

The CT18NNLO PDF has stronger constraints on the dv and singlet distributions, in

particular due to the inclusion of Drell-Yan measurements, which are strongly sensitive

to the dv distribution. Interestingly, the gluon PDF is better constrained in the CMS

jet NNLO fit, although the CT18 PDF set includes considerably more data sets,

demonstrating the power of the presented jet measurements to constrain the gluon

distribution. The gluon and singlet distributions of the CT18 PDF are slightly below

the extracted distributions, as expected from the αS value of 0.118 in the CT18NNLO

PDF.
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Figure 7.6: A comparison of the CT18NNLO valence quark, gluon, and sea quark
distributions, shown as a function of x at the scale µ2

f ≈ m2
t , and the results of the

SM fit at NNLO using the HERA DIS and the CMS inclusive jet cross section data at√
s = 13TeV. The green band indicates the total uncertainties for each PDF in the

NNLO fit, and the black shaded band shows the CT18NNLO uncertainties converted to
68% CL. The lower panels indicate the relative uncertainty contributions.
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7.5 Global SMEFT interpretation of the LHC

data at NLO

In many BSM scenarios the effects of new physics are expected to appear at high-pT

and low-y. However, there is a risk of bias towards results agreeing with the SM, since

analyses depend on PDFs extracted from experimental data in the same kinematic

region and assuming SM physics. In this thesis, a novel method for an indirect search

for 4-quark CI is explored by performing a simultaneous interpretation of the data in

terms of the SM and new physics.

The PDFs, αS(mZ) and mpole
t are extracted simultaneously with the constraints on

BSM physics using the CMS 13 TeV measurements of the inclusive jet cross section

and the triple-differential normalized tt cross section together with the HERA DIS

cross sections in a SMEFT fit. Here, the SM prediction for the inclusive jet cross

section is modified to account for the 4-quark CI described in Section 3.2. Since the

selection of utilized data is different to the analysis in Section 7.4, the parametrization

is reinvestigated by performing a new parametrization scan, resulting in

xg(x) = Agx
Bg(1 − x)Cg(1 + Egx

2), (7.13)

xuv(x) = Auv
xBuv (1 − x)Cuv (1 +Duv

x+ Euv
x2), (7.14)

xdv(x) = Adv
xBdv (1 − x)Cdv (1 +Ddv

x), (7.15)

xU(x) = AUx
BU(1 − x)CU , (7.16)

xD(x) = ADx
BD(1 − x)CD . (7.17)

In comparison to the HERAPDF2 [3] parametrization, the gluon PDF in Eq. (7.13)

contains the second-order term with Eg instead of the additional negative terms

−A′
gx

B′
g(1 − x)C

′
g . Furthermore, the HERAPDF2 parametrization contains DU, but

not the Duv
and Ddv

terms.

The analysis is performed using SMEFT and, alternatively, SM predictions as a cross-

check. The SMEFT interpretation is performed at NLO, to be consistent with the

order of the theoretical prediction for the tt data and for the CI corrections to the SM

Lagrangian. The Wilson coefficient c1 is introduced as a free parameter in the fit, as-

suming different values for the scale of the new interaction Λ ∈ {5, 10, 13, 20, 50}TeV.

For the vector-like and axial vector-like models, the coefficients c3 and c5 are ob-

tained from c1 by the relations given in Table 6.1. Independent of the value of Λ,



144 Chapter 7. Interpretation of CMS measurements

the strong coupling constant and the top quark mass in the SMEFT fits result in

αS(mZ) = 0.1187±0.0016 (fit)±0.0005 (model)±0.0023 (scale)±0.0018 (param.), and

mpole
t = 170.4 ± 0.6 (fit) ± 0.1 (model) ± 0.1 (scale) ± 0.2 (param.) GeV. Notably, the

scale uncertainty in αS is significantly larger than for the NNLO result in Eq. (7.12).

The PDFs resulting from the SMEFT fits at different values of Λ and for different

CI models agree with each other and with the PDFs in the SM fit, as illustrated

in Fig. 7.7, in which the PDFs obtained in the SMEFT fit using the left-handed CI

model, and in the SM fit, are compared. The PDFs are shown only with their fit

uncertainty obtained by using the Hessian method.

To account for possible non-Gaussian tails, the PDF uncertainties are alternatively

obtained by using the MC method explained in Section 6.3, based on 800 replicas.

The Hessian and the MC uncertainties in the SMEFT fit are compared in Fig. 7.8.

The uncertainties obtained by using the MC method are larger at high x, which might

suggest non-Gaussian tails in the PDF uncertainties. However this is not reflected in

the uncertainty in c1 coefficients; the respective uncertainties obtained by Hessian or

MC methods agree well.

The Wilson coefficients c1 are obtained for different assumptions on the value of Λ,

as listed in Table 7.5. All SMEFT fits lead to negative c1, which translates into

positive interference with the SM gluon exchange. Nonetheless, there is no statistically

significant difference to the SM, for which c1 = 0. The ratio c1/Λ
2 is illustrated for

Λ = 50 TeV in Fig. 7.9 and is observed to remain constant for various values of Λ.

Conventional searches for CI fix the values of Wilson coefficient to +1 (-1) for a de-

structive (constructive) interference with the SM gluon exchange, and impose exclu-

sion limits on the scale Λ [17]. In the present analysis, all the fitted Wilson coefficients

are negative, with c1 close to -1 for Λ = 50 TeV. These results are translated into 95%

CL exclusion limits for models with constructive interference by using the equation

∆χ2(c′1) = (c′1 − c1)
2/σ2tot, where c1 are the Wilson coefficients resulting from the

fit and σ2tot are their total uncertainties, while the SM reference value is obtained as

∆χ2(0). The 95% CL exclusion limit Λ′ for the CI scale is found by solving for c′1
in ∆χ2(c′1) = ∆χ2(0) + 4 and inserting to Λ′ = Λ/

√

|c′1|. The resulting limits are

Λ > 24 TeV for the purely left-handed, Λ > 32 TeV for the vector-like and Λ > 31 TeV

for the axial-vector-like CI model. The most stringent comparable result is obtained in

the analysis of dijet cross section at
√
s = 13 TeV by the ATLAS Collaboration [383], in
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which the 95% CL exclusion limits for purely left-handed CI of 22 TeV for constructive

interference, and of 30 TeV for destructive interference are obtained.
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Figure 7.7: A comparison of the valence quark, gluon, and sea quark distributions
shown as a function of x, at the scale µ2

f ≈ m2
t , resulting from the SMEFT and SM fits

using HERA DIS together with the CMS inclusive jet cross section and the normalized
triple-differential cross section of tt production at

√
s = 13TeV. The SMEFT fit result

shown here is attained using the left-handed CI model with Λ = 10TeV; the results
using other CI models and Λ values are very similar [117].
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Figure 7.8: The valence quark, gluon, and sea quark distributions shown as a function
of x, at the scale µ2

f ≈ m2
t , with a comparison of the fit uncertainties obtained using

the Hessian (hashed gray) and Monte Carlo (solid magenta) methods. The PDFs result
from the SMEFT fit, using the left-handed CI model with Λ = 10TeV [117].
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Table 7.5: The Wilson coefficients c1 resulting from fits with various values of the scale
Λ. For the vector-like and axial vector-like models, c3 and c5 are obtained from c1 as
indicated in Table 6.1. The fit uncertainties are obtained with the Hessian method [117].

Scale CI model c1 Fit Model Scale Param.

Left-handed −0.017 0.0047 0.0001 0.004 0.002

Λ = 5 TeV Vector-like −0.009 0.0026 0.0001 0.002 0.001

Axial vector-like −0.009 0.0025 0.0001 0.002 0.001

Left-handed −0.068 0.019 0.003 0.016 0.009

Λ = 10 TeV Vector-like −0.037 0.011 0.002 0.008 0.006

Axial vector-like −0.036 0.011 0.003 0.008 0.005

Left-handed −0.116 0.033 0.006 0.026 0.015

Λ = 13 TeV Vector-like −0.063 0.018 0.004 0.015 0.008

Axial vector-like −0.062 0.018 0.003 0.014 0.008

Left-handed −0.28 0.08 0.01 0.06 0.04

Λ = 20 TeV Vector-like −0.15 0.04 0.01 0.04 0.02

Axial vector-like −0.15 0.04 0.01 0.04 0.02

Left-handed −1.8 0.53 0.08 0.42 0.23

Λ = 50 TeV Vector-like −1.0 0.28 0.05 0.23 0.13

Axial vector-like −1.0 0.29 0.04 0.23 0.13

] -2 [TeV2Λ /
1

c
0.002− 0.0015− 0.001− 0.0005− 0

95% CL fit+model+param. unc.

68% CL fit+model+param. unc.

68% CL fit unc. only

 = 50 TeVΛ

Left-handed

Vector-like

Axial vector-like

CMS SMEFT NLO  + HERAt13 TeV jets & t

Figure 7.9: The ratio of the Wilson coefficients c1 to Λ2, with Λ = 50TeV and the
c1 resulting from the SMEFT fits at NLO. The coefficients c3 and c5 are obtained for
the vector-like and axial vector-like models via the relations given in Table 6.1. The
dashed lines indicate the total uncertainty at 95% CL, while the inner (outer) error bars
represent the fit (total) uncertainty at 68% CL [117].

The correlations between the fit parameter results are shown for the left-handed singlet

model at Λ = 10 TeV in Fig. 7.10. All the CI models considered here result in similar

correlations. In particular, the fitted Wilson coefficient c1 is neither strongly correlated
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nor anticorrelated with any other parameter in the fit.
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Figure 7.10: The correlations of the fit parameters in the SMEFT analysis, using the
left-handed CI model at Λ = 10TeV. No significant correlation between the CI Wilson
coefficient (CI1) and other parameters is observed.

The PDFs resulting from the SM NLO fit are presented in Fig. 7.11 demonstrating the

contributions of the fit, model, and parametrization uncertainties. The NLO values of

αS(mZ) and of mpole
t determined simultaneously with the PDFs result in αS(mZ) =

0.1188 ± 0.0017 (fit) ± 0.0004 (model) ± 0.0025 (scale) ± 0.0001 (param.), and mpole
t =

170.4± 0.6 (fit)± 0.1 (model)± 0.1 (scale)± 0.1 (param.) GeV. These values agree well

with those obtained in the SMEFT fit, although the latter have larger parametrization

uncertainties due to the increased flexibility in the SMEFT fit. Furthermore, the

results are consistent with earlier CMS results [82] and Ref. [254], respectively. The

uncertainty in the value of αS(mZ) is dominated by the scale variation.

The partial and global χ2 values for the SMEFT and SM fits are listed in Table 7.6.

The fits with all CI models and various Λ values resulted in very similar χ2 values.

In all SMEFT fits, the χ2 is about 10 units below that of the SM fit, with just

the addition of c1 as an additional free parameter. However, the resulting values of

the Wilson coefficient c1 are consistent with zero within uncertainties for all of the

investigated CI models, demonstrating a good description of the data by the SM.

Since the SMEFT computation is applied only to the inclusive jet production cross

section, the c1 results are independent of the inclusion of tt data. Once the relevant
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calculations for these data become available, a more global SMEFT interpretation

would become possible.

)
2

 (
x

, 
Q

v
 u•

x
 

0

0.1

0.2

0.3

0.4

0.5

0.6

 + HERAtCMS 13 TeV jets & t
fit unc.
model unc.
param. unc.

2
t = m2

f
µ

CMS SM NLO Hessian uncertainties

x
4−10

3−
10 2−10 1−10

F
ra

c
t.

 u
n

c
e
rt

.

0.8

1

1.2
0

(a) u-valence

)
2

 (
x

, 
Q

v
 d•

x
 

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

 + HERAtCMS 13 TeV jets & t
fit unc.
model unc.
param. unc.

2
t = m2

f
µ

CMS SM NLO Hessian uncertainties

x
4−10

3−
10 2−10 1−10

F
ra

c
t.

 u
n

c
e
rt

.

0.5

1

1.5
0

(b) d-valence

)
2

 g
 (

x
, 

Q
•

x
 

0

20

40

60

80

100

 + HERAtCMS 13 TeV jets & t
fit unc.
model unc.
param. unc.

2
t = m2

f
µ

CMS SM NLO Hessian uncertainties

x
4−10

3−
10 2−10 1−10

F
ra

c
t.

 u
n

c
e
rt

.

0.9

1

1.1
0

(c) Gluon

)
2

 (
x

, 
Q

Σ •
x

 

0

2

4

6

8

10

12

14

16

18

20

 + HERAtCMS 13 TeV jets & t
fit unc.
model unc.
param. unc.

2
t = m2

f
µ

CMS SM NLO Hessian uncertainties

x
4−10

3−
10 2−10 1−10

F
ra

c
t.

 u
n

c
e
rt

.

0.5

1

1.5
0

(d) Sea

Figure 7.11: The valence quark, gluon, and sea quark distributions as functions of
x, at the scale µ2

f ≈ m2
t , resulting from the SM fit using HERA DIS together with

the CMS inclusive jet cross section and the normalized triple-differential cross section
of tt production at

√
s = 13TeV. Contributions of fit, model, and parametrization

uncertainties for each PDF are shown. In the lower panels, the relative uncertainty
contributions are presented [117].
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Table 7.6: Partial χ2 per number of data points Ndp and the global χ2 per degree of
freedom, Ndof , as obtained in the QCD analysis of HERA DIS data and the CMS mea-
surements of inclusive jet production and the normalized triple-differential tt production
at

√
s = 13TeV, obtained in SM and SMEFT analyses. The HERA data are labeled NC

for neutral current and CC for charged current [117].

SMEFT fit SM fit

Data sets Partial χ2/Ndp Partial χ2/Ndp

HERA I+II NC e+p, Ep = 920 GeV 404/332 402/332

HERA I+II NC e+p, Ep = 820 GeV 60/63 60/63

HERA I+II NC e+p, Ep = 575 GeV 198/234 198/234

HERA I+II NC e+p, Ep = 460 GeV 208/187 208/187

HERA I+II NC e−p, Ep = 920 GeV 223/159 223/159

HERA I+II CC e+p, Ep = 920 GeV 46/39 46/39

HERA I+II CC e−p, Ep = 920 GeV 54/42 55/42

CMS 13 TeV tt 3D 23/23 23/23

CMS jets 13 TeV 0.0 < |y| < 0.5 20/22 13/22

0.5 < |y| < 1.0 27/21 28/21

1.0 < |y| < 1.5 11/19 13/19

1.5 < |y| < 2.0 28/16 33/16

Correlated χ2 115 121

Global χ2/Ndof 1401/1140 1411/1141

7.6 Profiling CT14 PDF: impact of the CMS data

The global PDF set chosen here for the profiling studies is the CT14 PDF [262]. The

set is used at NLO or NNLO, respective to the order used in the profiling compu-

tations. The set was chosen since neither jet nor tt data at 13 TeV were used in its

determination, whereas the HERA DIS data are already incorporated into the PDF.

Since the triple-differential tt cross section has theoretical predictions available only

at NLO, they are not considered in NNLO profiling.

The uncertainties considered in the profiling procedure are the PDF and scale uncer-

tainties. The PDF uncertainty originates from evaluating the eigenvectors of the

CT14 PDF set, and comparing them to the central value, and scaling the uncertainties

to 68% CL. The Scale uncertainty is computed using the 7-point variation described

in Section 7.2.1. The total uncertainty is obtained by adding these two uncertainties

in quadrature.
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Simultaneous profiling of PDF and non-PDF parameters, such as αS(mZ), mpole
t or

c1, is not supported in xFitter, yet. The non-PDF parameters are therefore profiled

individually, and αS(mZ) is fixed to the CT14 central value of 0.118 when profiling the

PDF parameters. Likewise, mpole
t is set to the result of Ref. [254], 170.5 GeV, when

using the tt cross section, unless the profiled parameter is mpole
t .

The extraction of αS(mZ) makes use of the CT14 PDF αS series at NLO and NNLO,

which ranges from 0.1110 to 0.1220, and the profiling is performed individually for

each PDF member in the series. The optimal αS(mZ) value and its uncertainty are

then obtained from a parabolic fit to the χ2 values. Although any αS(mZ) dependence

of the k-factors cannot be accounted for, this effect can be considered small due to

cancellations in the computation of the k-factor. The scale uncertainty is estimated by

varying µr and µf in the theoretical predictions for the jet cross section and performing

individual χ2 scans for each combination in the 7-point variation procedure.

The results of profiling with the inclusive jet data at NLO are shown in Fig. 7.12, and

at NNLO in Fig. 7.13. The additional sensitivity of the 13 TeV jet data is observed to

significantly improve the uncertainty in the gluon PDF in the full x range and the sea

quark PDF uncertainty at medium x, whereas the valence quark PDF uncertainties

remain unchanged.

The χ2 resulting for the different αS variations used in the extraction of αS are depicted

in Fig. 7.14. The extracted values read

αS(mZ) = 0.1170 ± 0.0018 (PDF) ± 0.0035 (scale) (7.18)

at NLO and

αS(mZ) = 0.1128 ± 0.0016 (PDF) ± 0.0007 (scale) (7.19)

at NNLO. The NLO result agrees with the world average within uncertainties [17].

The individual impact of the triple-differential CMS tt cross section of Ref. [254]

is also assessed through the profiling studies. Consistent with the available theo-

retical prediction for the tt measurements, this analysis is performed at NLO. The

improvement in the gluon PDF uncertainty and the result of the αS scan are shown

in Fig. 7.15. The NLO profiling studies of the tt data result in mpole
t = 170.6 ±

0.5 (PDF)± 0.2 GeV (scale) and αS(mZ) = 0.1127± 0.0014 (PDF)± 0.0007 (scale). As

also observed in [254], the tt data favor a small value of αS(mZ).
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Figure 7.12: Fractional uncertainties of the valence quark, gluon, and sea quark dis-
tributions shown as a function of x, at the scale µ2

f ≈ m2
t . The profiling is performed

at NLO with the CT14nlo PDF, and including the CMS inclusive jet cross section data
at

√
s = 13TeV, for which the theoretical prediction is at NLO+NLL. The original

uncertainty of CT14 is shown in red and the result of PDF profiling in blue [117].
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Figure 7.13: Fractional uncertainties of the valence quark, gluon, and sea quark dis-
tributions shown as a function of x, at the scale µ2

f ≈ m2
t . The profiling is performed

at NNLO with the CT14nnlo PDF, and including the CMS inclusive jet cross section at√
s = 13TeV, for which the theoretical prediction is at NNLO. The original uncertainty

of CT14 is shown in red and the result of PDF profiling in blue [117].
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Figure 7.14: The χ2 resulting from profiling αS using the CMS inclusive jet cross
section at

√
s = 13TeV. Left : profiling at NLO using the CT14nlo αS(mZ) series,

implying NLO+NLL predictions for inclusive jet production. Right : profiling at NNLO
using the CT14nnlo αS(mZ) series and NNLO predictions [117].

The NLO profiling analysis is repeated using both the triple-differential tt cross section

and the inclusive jet cross section. The results are shown in Fig. 7.16, where the

uncertainty in the profiled gluon distribution is presented in comparison to that of

the original CT14 PDF. The reduction of the uncertainty in the gluon distribution at

high x is stronger than in the case when only the CMS inclusive jet cross section is

used. This is expected from the additional sensitivity of the tt production to the gluon

distribution at high x. Also the αS(mZ) scan is shown in Fig. 7.16, now using both

CMS data sets. The PDFs become better constrained, and the resulting NLO value

of the strong coupling is αS(mZ) = 0.1154± 0.0009 (PDF)± 0.0015 (scale), consistent

with the result of Ref. [254]. The additional sensitivity of the tt production to the

strong coupling becomes visible in the reduced PDF uncertainties. The profiled pole

mass of the top quark results in mpole
t = 170.3±0.5 (PDF)+0.2 (scale) GeV, consistent

with the value obtained in Ref. [254].

The profiling analysis is repeated assuming the SMEFT prediction for the inclusive

jet production cross section. While the profiled PDFs remain unchanged with respect

to the SM results, the Wilson coefficient c1 is profiled, assuming the value of the scale

of the new interaction Λ = 10 TeV. The results are shown in Fig. 7.17.
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Figure 7.15: Left : fractional uncertainty in the gluon PDF shown as a function of x,
at the scale µ2
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t . The profiling is performed at NLO, using the CT14nlo PDF.

The included data are the CMS triple-differential tt cross sections at
√
s = 13TeV. The

original uncertainty of CT14 is shown in red, and the result of PDF profiling in blue.
Right : The χ2 resulting from profiling αS using the CT14 PDF αS(mZ) series. The
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Figure 7.16: Left : fractional uncertainty in the gluon PDF shown as a function of x,
at the scale µ2

f ≈ m2
t . The profiling is performed at NLO, using the CT14nlo PDF.

The included data are the CMS inclusive jet and the triple-differential tt cross sections
at

√
s = 13TeV. The original uncertainty of CT14 is shown in red, and the result of

PDF profiling in blue. Right : The χ2 resulting from profiling αS using the CT14 PDF
αS(mZ) series. The utilized data sets are the same data as for the left plot [117].



156 Chapter 7. Interpretation of CMS measurements

1c
0.07− 0.06− 0.05− 0.04− 0.03− 0.02− 0.01− 0 0.01

0

0.2

0.4

0.6

0.8

1

CMS SMEFT profiling CT14nlo

10 TeV = Λ 68% CL

Left-handed

Vector-like
Axial vector-like

Left-handed

Vector-like

Axial vector-like

tNLO+NLL jets + NLO t

NLO+NLL jets

Figure 7.17: The profiled Wilson coefficient c1 for the contact interaction models
listed in Table 6.1, assuming the left-handed, vector-like, and axial vector-like scenarios,
as obtained in the profiling analysis using NLO+NLL calculation for the jet produc-
tion and the CT14nlo PDF set. The value of Λ = 10TeV is assumed. The results
are obtained using the CMS measurements of inclusive jet cross section and of normal-
ized triple-differential tt cross section at

√
s = 13TeV. The inner error bar shows the

PDF uncertainty at 68% CL, while the outer error bar represents the total uncertainty,
obtained from the PDF and scale uncertainties, added in quadrature [117].

As already observed in Section 7.5, the results of the profiling studies indicate agree-

ment between the measurements and SM predictions. A direct quantitative compari-

son of the profiling analysis and the full fit results is however not possible, since the

parametrization and the PDF uncertainties differ. With respect to the profiling, the

advantage of the full fit is in the properly considered, and therefore mitigated, cor-

relations between the QCD parameters and the PDFs. The full SMEFT fit assures

that the possible BSM effects are not absorbed in the PDFs and in turn, into the SM

prediction, which is the basis for the search for new physics.



Chapter 8

Summary and conclusions

This thesis presents the most precise measurement of the strong coupling constant αS

at the LHC, and the first examination of the behavior of theoretical predictions in the

MSR scheme as a function of the scale R, leading to the first theoretically consistent

determination of the top quark MSR mass. The potential of the inclusive jet and top

quark-antiquark pair production measurements by the CMS Collaboration is exploited

in a SMEFT analysis, where the PDFs, αS , mpole
t and the couplings of new physics

are determined simultaneously. This analysis is the first of its kind at the LHC. The

presented investigations are at the cutting edge of jet and top quark phenomenology,

and serve as the first step towards a global simultaneous interpretation of the LHC

data in terms of the couplings both in both the SM and new physics. Part of the work

presented in this thesis has recently been published in The Journal of High-Energy

Physics [117].

In a SM QCD analysis at NNLO, the double-differential inclusive jet cross section

measured by the CMS Collaboration in pp collisions at
√
s = 13 TeV as a function

of the jet transverse momentum pT and the jet rapidity |y|, is used together with

the HERA measurements of deep inelastic scattering. The value of αS(mZ) extracted

simultaneously with the parton distrbutions is αS(mZ) = 0.1166±0.0017, which is the

most precise result obtained using LHC data, to date. As the precision of the PDFs is

often a limiting factor for the precision studies performed using hadron collider data,

it is important that experimental collaborations provide the global PDF groups with

precise measurements to constrain future global PDF fits. In this regard, the power

of the inclusive jet production cross section data is demonstrated by the behavior

157
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and accuracy of the PDFs extracted in the analysis, which are comparable with the

global CT18 PDF set at NNLO, albeit extracted from a considerably smaller amount

of data. The significant improvement in the PDF accuracy obtainable with the 13 TeV

inclusive jet data is shown further in a profiling analysis using the CT14 PDF set.

A further issue stressing the importance of a proper understanding of the PDFs is the

possibility for bias in searches for new physics, as they rely on predictions depending

on PDFs extracted assuming the SM in the same kinematic region where the effects

of new physics are expected to be manifest. The issue is addressed in this thesis by

following an unbiased strategy in an analysis at NLO, where the CMS measurement

of the normalized triple-differential top quark-antiquark production cross section at
√
s = 13 TeV is used in addition. In this analysis, the SM Lagrangian is modified by

introducing SMEFT terms for 4-quark contact interactions, and the Wilson coefficients

of the contact interactions are extracted simultaneously with the PDFs, αS(mZ) and

mpole
t , for various assumed values for the new physics scale Λ. This results in αS(mZ) =

0.1187±0.0046, where the uncertainties are dominated by the QCD scale uncertainty,

and mpole
t = 170.4±0.8, and the results for the fitted Wilson coefficients are translated

into a 95% confidence level exclusion limits for constructive interference with the SM

gluon exchange. The obtained limits correspond to Λ > 24 TeV for the left-handed

model, Λ > 32 TeV for the vector-like and Λ > 31 TeV for the axial vector-like CI

model. The results are compatible with the SM and the previous limits obtained in

conventional searches at the LHC using jet production. The advantage of the approach

presented in the thesis is the simultaneous extraction of PDFs, thereby mitigating

possible bias in the interpretation of the measurements in terms of physics beyond

the SM. As a cross-check, the NLO analysis is repeated using SM predictions. The

values of αS(mZ) and mpole
t resulting from the analysis are in agreement with those

extracted in the SMEFT analysis. The values of αS(mZ) resulting from both the SM

and SMEFT fits agree with the world average and the previous CMS results using the

jet measurements, and the values of mpole
t agree well with the result of the previous

CMS analysis using the triple-differential cross section for top quark-antiquark pair

production. Although the inclusive jet production is not directly sensitive to mpole
t ,

the resulting value is improved by the additional constraints on the gluon distribution

and αS(mZ) provided by the jet measurements.

Furthermore, an implementation of the MSR scheme for the renormalization of the

mass of the top quark is presented for the Hathor inclusive tt production cross sec-
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tion calculation at NNLO and the MCFM v6.8 single-differential tt production cross

section computation at NLO. The evolution of the top quark mass is performed in

the MSR scheme for mass scales R < mt(mt), and in the MS scheme for mass scales

µm > mt(mt), and allows investigating the behavior of the mass scales independent of

the QCD factorization and renormalization scales. Studies of the inclusive tt produc-

tion cross section indicate that µr variations dominate the effects of µf variations, and

that the cross sections computed assuming small values of µr and µf undergo smaller

variations as a function of the mass scale R or µm than the predictions computed

using high values of µr and µf . The inclusive cross section also serves as an impor-

tant cross-check for the single-differential computation, which is further validated by

comparing the results of the modified MCFM program to an external computation

translating standard pole mass scheme cross section results into the MSR scheme.

The first study of the behavior of the R scale is presented, with particular focus on

the mtt distribution. To obtain theoretical predictions that are robust against scale

variations, a central value of about 80 GeV is suggested for the scales R, µr and

µf , especially near the tt production threshold. The effects of a lacking treatment for

the Coulomb corrections near the tt production threshold are discussed, indicating the

importance of their implementation to ensure a proper understanding of the threshold

region in future analyses. The investigation culminates in an extraction of the top

quark MSR mass from experimental tt pair production cross section data measured

as a function of mtt. For this, the CMS measurement of the single-differential tt

production cross section in pp collisions at
√
s = 13 TeV is utilized. Setting the scales

µr and µf equal to mMSR
t (R = 80 GeV) throughout the mtt distribution is observed to

yield results consistent with the MC studies presented in Ref. [126], and with Ref. [92]

once the extracted MSR mass is translated into the MS mass mt(mt). Further, it is

observed that the choice of a dynamical scale yielding low µr and µf values near the

tt production threshold reduces the scale uncertainties in the value of the top quark

MSR mass extracted from the cross section measured as a function of mtt. This results

in the value mMSRn
t (80 GeV) = 169.3+0.6

−0.7 GeV, which is thus far the most precise value

of the top quark MSRn mass extracted from experimental data.

The author has contributed to the development of the xFitter open QCD analysis

framework. In particular, the computation of 4-quark contact interaction contribu-

tions to jet production is possible via an interfaces to CIJET. Moreover, the capabil-

ities of the framework to compute predictions for tt and single top quark production
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are extended via improvements to the Hathor interface.

The thesis addresses the precision of the strong coupling constant, the parton distribu-

tions, and the top quark mass, as well as the couplings of new physics. The presented

studies as well as the software development carried out in the context of the thesis

serve to pave the road toward future global interpretations of LHC data.
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[250] Torbjörn Sjöstrand et al. “An introduction to Pythia 8.2”. In: Comput. Phys.

Commun. 191 (2015), p. 159. doi: 10.1016/j.cpc.2015.01.024. arXiv:

1410.3012 [hep-ph].

[251] Vardan Khachatryan et al. “Event generator tunes obtained from underly-

ing event and multiparton scattering measurements”. In: Eur. Phys. J. C 76

(2016), p. 155. doi: 10.1140/epjc/s10052-016-3988-x. arXiv: 1512.00815

[hep-ex].

[252] Johan Alwall et al. “MadGraph 5: going beyond”. In: JHEP 06 (2011), p. 128.

doi: 10.1007/JHEP06(2011)128. arXiv: 1106.0522 [hep-ph].

[253] J. Alwall et al. “The automated computation of tree-level and next-to-leading

order differential cross sections, and their matching to parton shower simula-

tions”. In: JHEP 07 (2014), p. 079. doi: 10.1007/JHEP07(2014)079. arXiv:

1405.0301 [hep-ph].

[254] Albert M Sirunyan et al. “Measurement of tt normalised multi-differential cross

sections in pp collisions at
√
s = 13 TeV, and simultaneous determination of

the strong coupling strength, top quark pole mass, and parton distribution

functions”. In: Eur. Phys. J. C 80 (2020), p. 658. doi: 10.1140/epjc/s10052-

020-7917-7. arXiv: 1904.05237 [hep-ex].

[255] Albert M Sirunyan et al. “Measurement of the tt production cross section,

the top quark mass, and the strong coupling constant using dilepton events in

pp collisions at
√
s = 13 TeV”. In: Eur. Phys. J. C 79.5 (2019), p. 368. doi:

10.1140/epjc/s10052-019-6863-8. arXiv: 1812.10505 [hep-ex].

[256] Albert M Sirunyan et al. “Measurements of tt differential cross sections in

proton-proton collisions at
√
s = 13 TeV using events containing two leptons”.



184 Bibliography

In: JHEP 02 (2019), p. 149. doi: 10.1007/JHEP02(2019)149. arXiv: 1811.

06625 [hep-ex].

[257] A. M. Sirunyan et al. “Identification of heavy-flavour jets with the CMS de-

tector in pp collisions at 13 TeV”. In: JINST 13.05 (2018), P05011. doi: 10.

1088/1748-0221/13/05/P05011. arXiv: 1712.07158 [physics.ins-det].

[258] CMS Luminosity Measurements for the 2016 Data Taking Period. Tech. rep.

Geneva: CERN, 2017. url: https://cds.cern.ch/record/2257069.

[259] M. Cacciari et al. “The t anti-t cross-section at 1.8-TeV and 1.96-TeV: A

Study of the systematics due to parton densities and scale dependence”. In:

JHEP 04 (2004), p. 068. doi: 10.1088/1126-6708/2004/04/068. arXiv:

hep-ph/0303085.

[260] Stefano Catani et al. “Soft gluon resummation for Higgs boson production at

hadron colliders”. In: JHEP 07 (2003), p. 028. doi: 10.1088/1126-6708/

2003/07/028. arXiv: hep-ph/0306211.

[261] “Investigations of the impact of the parton shower tuning in Pythia 8 in the

modelling of tt at
√
s = 8 and 13 TeV”. In: (2016).

[262] Sayipjamal Dulat et al. “New parton distribution functions from a global anal-

ysis of quantum chromodynamics”. In: Phys. Rev. D 93 (2016), p. 033006. doi:

10.1103/PhysRevD.93.033006. arXiv: 1506.07443 [hep-ph].

[263] M. G. Bowler. “e+ e- Production of Heavy Quarks in the String Model”. In:

Z. Phys. C 11 (1981), p. 169. doi: 10.1007/BF01574001.

[264] C. Peterson et al. “Scaling violations in inclusive e+e− annihilation spectra”.

In: Phys. Rev. D 27 (1 Jan. 1983), pp. 105–111. doi: 10.1103/PhysRevD.27.

105. url: https://link.aps.org/doi/10.1103/PhysRevD.27.105.

[265] Albert M Sirunyan et al. “Measurement of the top quark Yukawa coupling

from tt̄ kinematic distributions in the lepton+jets final state in proton-proton

collisions at
√
s = 13 TeV”. In: Phys. Rev. D 100.7 (2019), p. 072007. doi:

10.1103/PhysRevD.100.072007. arXiv: 1907.01590 [hep-ex].

[266] A. M. Sirunyan et al. “Measurement of normalized differential tt cross sections

in the dilepton channel from pp collisions at
√
s = 13 TeV”. In: JHEP 04

(2018), p. 060. doi: 10.1007/JHEP04(2018)060. arXiv: 1708.07638 [hep-ex].

[267] Vardan Khachatryan et al. “Measurement of differential cross sections for top

quark pair production using the lepton+jets final state in proton-proton col-

lisions at 13 TeV”. In: Phys. Rev. D 95.9 (2017), p. 092001. doi: 10.1103/

PhysRevD.95.092001. arXiv: 1610.04191 [hep-ex].

[268] Albert M Sirunyan et al. “Measurement of the tt production cross section,

the top quark mass, and the strong coupling constant using dilepton events

in pp collisions at
√
s = 13 TeV”. In: Eur. Phys. J. C 79 (2019), p. 368. doi:

10.1140/epjc/s10052-019-6863-8. arXiv: 1812.10505 [hep-ex].



Bibliography 185

[269] Simone Alioli et al. “A new observable to measure the top-quark mass at

hadron colliders”. In: Eur. Phys. J. C 73 (2013), p. 2438. doi: 10.1140/epjc/

s10052-013-2438-2. arXiv: 1303.6415 [hep-ph].

[270] John M. Campbell and R. K. Ellis. “MCFM for the Tevatron and the LHC”. In:

Nucl. Phys. B Proc. Suppl. 205-206 (2010). Ed. by Johannes Blümlein, Sven-
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Appendix A

NNLO QCD analysis with the

k-factor approach

The profiling studies using the k-factor approach for the NNLO predictions of the
inclusive jet cross section result in the strong coupling constant value αS(mZ) =
0.1130± 0.0016 (PDF)± 0.0014 (scale), compatible with Eq. (7.19), albeit less precise
due to the increased scale uncertainty. The resulting χ2 is shown in Fig. A.1. The
results of PDF profiling using the inclusive jet cross section at NNLO with the k-factor
approach are shown in Fig.A.2. Similar improvement in the uncertainties of the PDFs
is observed as in Section 7.6.
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Figure A.1: The χ2 obtained in profiling of CT14 PDF αS(mZ) series using the CMS
inclusive jet cross sections at

√
s = 13TeV at NNLO with the k-factor approach.
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Figure A.2: Relative uncertainties in the valence quark, gluon and the singlet distri-
butions, shown as a function of x at the scale µ2

f ≈ m2
t . The profiling is performed

using CT14nnlo PDF at NNLO, by using the inclusive jet cross section at
√
s = 13TeV,

implying the theory prediction for these data at NNLO using the k-factor approach. The
original uncertainty is shown in red, while the profiled result is shown in blue.
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Since the data in the full fit are unchanged from Section 7.4, the PDF parametrization
remains as given in Eqs. (7.7)–(7.11). The resulting PDFs are shown in Fig. A.3,
illustrating the contributions from the fit, model and parametrization uncertainties.
The αS value extracted simultaneously with the PDFs is

αS(mZ) = 0.1170 ± 0.0014 (fit) ± 0.0007 (model) ± 0.0008 (scale) ± 0.0001 (param.),
(A.1)

which has an increased scale uncertainty in comparison to Eq. (7.12). However, with a
total uncertainty of 0.0019, compared to the world average uncertainty of 0.0010 [17],
this is also a very precise measurement. Fig. A.4 shows a comparison of the full QCD
fit to the alternative fit, where only the HERA data are used.

The global and partial χ2 values for each data set in the NNLO fits using the interpo-
lation grids are listed in Table A.1, where the χ2 illustrate a general agreement among
all data sets. The fit parameter correlations are shown in Fig. A.5.
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Figure A.3: The valence quark, gluon, and sea quark distributions shown as a function
of x, at the scale µ2

f ≈ m2
t . The PDFs are obtained using the HERA DIS and the

CMS inclusive jet cross section data at
√
s = 13TeV, and the fit is performed at NNLO

using the k-factor approach for the inclusive jet cross section. The fit, model, and
parametrization uncertainty contributions are shown for each PDF, and the lower panels
indicate the relative uncertainty contributions [117].
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Figure A.4: The valence quark, gluon, and sea quark distributions as a function of x,
at the scale µ2

f ≈ m2
t , obtained from fits at NNLO, using the k-factor approach for the

inclusive jet cross section. The solid bands are the result of a fit to the HERA DIS and
the CMS inclusive jet cross section data at

√
s = 13TeV, whereas the hatched bands

are obtained from a fit to only the HERA DIS data. Both bands represent the total
uncertainty in the PDFs, and the lower panels show a comparison of the relative PDF
uncertainties for each distribution. The ratio of the two fits’ central PDF values is shown
as a black line in the lower panels [117].
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Table A.1: Partial χ2 per number of data points Ndp and the global χ2 per degree
of freedom, Ndof , as obtained in the QCD analysis at NNLO of HERA+CMS jet data,
using the k-factor approach for the 13TeV inclusive jet cross section predictions. In the
DIS data, the proton beam energy is given as Ep and the electron energy is 27.5GeV.

HERA+CMS

Data sets Partial χ2/Ndp

HERA I+II neutral current e+p, Ep = 920 GeV 375/332

HERA I+II neutral current e+p, Ep = 820 GeV 60/63

HERA I+II neutral current e+p, Ep = 575 GeV 201/234

HERA I+II neutral current e+p, Ep = 460 GeV 209/187

HERA I+II neutral current e−p, Ep = 920 GeV 227/159

HERA I+II charged current e+p, Ep = 920 GeV 46/39

HERA I+II charged current e−p, Ep = 920 GeV 56/42

CMS inclusive jets 13 TeV 0.0 < y < 0.5 13/22

0.5 < y < 1.0 31/21

1.0 < y < 1.5 18/19

1.5 < y < 2.0 14/16

Correlated χ2 83

Global χ2/Ndof 1321/1118

0.6

0.4

0.2

0

0.2

0.4

0.6

0.8

1

Adbar

A
d

b
a
r

Bdbar

B
d

b
a
r

Bdv

B
d

v

Bg

B
g

Buv

B
u

v

Cdbar

C
d

b
a
r

Cdv

C
d

v

Cg

C
g

Cubar

C
u

b
a
r

Cuv

C
u

v

Dg

D
g

Dubar

D
u

b
a
r

Edbar

E
d

b
a
r

Eg

E
g

Euv

E
u

v

alphas

a
lp

h
a
s

CMS SM NNLOPrivate Work

Figure A.5: The correlations of the fit parameters in the NNLO QCD analysis using
the k-factor approach for the inclusive jet cross section predictions.
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