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Abstract

Three different, but related topics are the subject of this thesis, performed in the context
of the ZEUS and CMS groups at DESY. The first measurement of the MS beauty-quark
mass mb(mb) at an electron-proton collider is presented. The measurement is based on
a QCD analysis of beauty production cross sections in deep inelastic (DIS) ep scattering
measured by ZEUS at HERA, together with inclusive DIS HERA data, using Next-to-
Leading-Order QCD predictions. The measured value of the running beauty-quark mass
in the MS scheme was found to be

mb(mb) = 4.07± 0.14 (fit)+0.01
−0.07 (mod.)+0.05

−0.00 (param.) +0.08
−0.05 (theo.)GeV, which is in good

agreement with the world average Particle Data Group value and previous measurements
at electron-positron colliders. It is also found to be consistent with the expected running
of mb(µ).

A first measurement of the charm-quark mass mc(µ) running in the MS scheme is
presented. The measurement is based on a QCD analysis of the published H1 and ZEUS
combination of charm cross section measurements in DIS ep scattering at HERA, together
with inclusive DIS HERA data, using Next-to-Leading-Order QCD predictions. The
running charm-quark mass mc(µ) was measured at different scales µ and is presented in
a charm-quark mass running plot with a comparison to the world average Particle Data
Group mc(mc) evolved to higher scales. The running is found to be consistent with the
expectations from QCD.

The uncertainties of the theoretical predictions for Higgs production in association
with beauty-quarks originating from the beauty-quark mass were studied and reduced for
massive and massless QCD calculations. The beauty-quark mass measurement mb(mb)
was used to decrease the variation of the beauty-quark mass to 0.17 GeV. It was shown
that the uncertainty from the beauty-quark mass mb(mb) in the case of massive calcula-
tions for Hbb̄ production at LHC can be reduced to 2%. This makes it negligible compared
to other uncertainties for this calculation. Also, a further QCD analysis of beauty pro-
duction at HERA was performed to evaluate the impact of the decrease of the variation of
the beauty-quark mass parameter to 0.17 GeV in the case of massless calculations. It was
shown that the uncertainty from the beauty-quark mass parameter in the massless cal-
culation for Hbb production at LHC, which is a priori one of the dominant uncertainties,
can be decreased to 4%, such that it becomes small with respect to other uncertainties
for this calculation. This has the potential to improve the expected precision of future
measurements of the Yukawa coupling of the beauty quark to the Higgs boson at the
LHC.



Zusammenfassung

Diese Arbeit beschreibt drei verschiedene miteinander verknüpfte Physikthemen, die im
Rahmen der ZEUS- und CMS-Gruppen am DESY durchgeführt wurden.

Die erste an einem Elektron-Proton-Collider durchgeführte Messung der MS-Beauty-
Quark-Masse mb(mb) wird vorgestellt. Diese Messung basiert auf einer QCD-Analyse
von Wirkungsquerschnitten für die Beauty-Produktion in tief unelastischer ep-Streuung
(DIS), die im ZEUS-Detektor am HERA-Speicherring gemessen wurden, sowie von inklu-
siven HERA-DIS-Daten, unter Nutzung von QCD-Vorhersagen in nächstführender Ord-
nung. Der gemessene Wert der Beauty-Quark-Masse im MS-Schema beträgt mb(mb) =
4.07± 0.14 (fit)+0.01

−0.07 (mod.)+0.05
−0.00 (param.) +0.08

−0.05 (theo.)GeV, in guter Übereinstimmung mit
demWelt-Mittelwert und mit vorhergehenden Messungen an Elektron-Positron-Collidern.
Die Messung ist ebenfalls verträglich mit dem erwarteten “Laufen” von mb(µ), d.h. mit
der erwarteten Abhängigkeit der Masse von der Energieskala µ.

Desweiteren wird eine erste Messung des “Laufens” der Charm-Quark-Massemc(µ) im
MS-Schema vorgestellt. Die Messung basiert auf einer QCD-Analyse der publizierten kom-
binierten H1- und ZEUS-Charm-Wirkungsquerschnitte in tief unelastischer ep-Streuung,
wiederum zusammen mit den inklusiven HERA-DIS-Daten, unter Nutzung von QCD-
Vorhersagen in nächstführender Ordnung. Die “laufende” Charm-Quark-Masse mc(µ)
wurde bei verschiedenen effektiven Skalen µ gemessen, und die Skalenabhängigkeit wird in
der Form eines Diagramms dargestellt und mit der erwarteten auf demWeltmittelwert von
mc(mc) basierenden Skalenabhängigkeit verglichen. Die ermittelte Skalenabhängigkeit ist
konsistent mit der Erwartung.

Die Unsicherheiten der Theorievorhersage zur assoziierten Produktion eines Higgs-
Bosons und eines Paars von Beauty-Quarks, die aus der Unsicherheit der Beauty-Quark-
Masse resultieren, wurden untersucht und reduziert, sowohl für sogenannte “massive”
als auch “masselose” Berechnungsmethoden. Es wird gezeigt, dass die von der Beauty-
Quark-Masse mb(mb) stammende Unsicherheit im Falle der “massiven” Berechnung der
Hbb̄-Produktion am LHC auf 2% reduziert werden kann. Dies macht sie vernachlässigbar
im Vergleich zu anderen Unsicherheiten dieser Rechnung. Darüber hinaus wurde eine weit-
ere QCD-Analyse der Beauty-Produktions-Daten bei HERA durchgeführt, um die Sen-
sitivität auf eine Reduktion der Variation des b-Quark-Massenparameters auf 0.17 GeV
in der masselosen Rechnung zu untersuchen. Es wird gezeigt, dass die Unsicherheit des
Beauty-Quark-Massenparameters in der “masselosen” Berechnung von Hbb̄-Produktion
am LHC, die a priori eine der dominanten Unsicherheiten darstellt, auf 4% reduziert wer-
den kann, so dass sie klein wird relativ zu anderen Unsicherheiten dieser Rechnung. Dieses
Ergebnis hat das Potential, die erwartete Präzision von zukünftigen LHC-Messungen der
Yukawa-Kopplung von Beauty-Quarks an das Higgs-Boson zu verbessern.
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Introduction

Quantum Chromodynamics (QCD) is a well-established theory based on a small number
of principles such as the preservation of a few key symmetries and local gauge invarience
and describes the strong interactions between quarks and gluons. Despite this, some
parameters of QCD theory can not be calculated from first principles and should be
measured in experiments. QCD can be studied perturbatively through the use of hadronic
collisions at high energies. One type of such collisions, electron-proton collisions, was
studied at the unique lepton-proton collider HERA. At present, proton-proton collisions
at the Large Hadron Collider (LHC) are the most promising laboratory to study QCD
effects.

In 1992 the HERA collider, located at the research centre Deutsches Elektronen-
Synchrotron (Hamburg, Germany) started to collide electrons(positrons) with protons.
Until 2007, the ZEUS and H1 collider experiments had been collecting unique data, which
are essential for studies of the partonic structure of the proton and different aspects of
QCD. In particular, the parton density functions (PDFs) of the proton were determined
with remarkable precision [85]. Also one of the interesting aspects of QCD studied at
HERA, and in particular in ZEUS, was the production of charm and beauty heavy quark
[21]. The QCD predictions for this process are challenging due to the additional hard
scale from the heavy quarks mass, in addition to the quark transverse momentum pT
and the photon virtuality Q2. To handle such complications, different schemes of heavy
flavour treatment exist. Heavy-flavour measurements from ZEUS at HERA may help to
test such schemes and measure QCD parameters to which heavy-flavour production is
directly sensitive, for example the heavy-quark masses. For the charm-quark mass such
measurements were already performed using charm production measurements at HERA
and it was demonstrated that this results in an improvement of predictions for LHC such
as Z or W boson production [70].

Nowadays the most complicated and powerful particle collider LHC is situated at the
European Organisation for Nuclear Research, CERN. Having started its operation on
November 20, 2009, it has been colliding proton bunches at the remarkable high centre-
of-mass energies of

√
s = 7 TeV and, after the upgrade of 2015,

√
s = 13 TeV. One of the

major achievements of LHC so far has been the observation of the Higgs boson [9,10], the
elementary particle first observed at the LHC. The Physics Nobel Prize was awarded to
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Introduction 2

Englert and Higgs in 2013 for predicting [8] the existence of the Higgs boson. Since the
Higgs boson has been discovered, its properties need to be measured. One such property
is the coupling to fermions, in particular to the beauty quark. The direct measurement of
this coupling is possible through the measurement of the associated beauty-quark-pair and
Higgs-boson (bb̄H) production. Additionally, regardless of phenomenological motivations,
this production process is interesting in its own right theoretically. One of the main
reasons for this is that, as for all mechanisms that feature b quarks at the hard-process
level, there are two ways of performing the QCD computation, which are usually called
four- and five-flavour schemes.

In this work, the first measurement of the beauty quark mass at a lepton-proton collider
was performed using ZEUS results on beauty production in Deep Inelastic Scattering [45].
A QCD fit of beauty production in DIS together with inclusive DIS data was performed
using the method from a previous measurement of the charm quark mass [70], applied for
the first time to a beauty quark measurement. The results of the QCD analysis of HERA
data were used to decrease the theoretical uncertainty of the theoretical predictions for
the total cross-section of bb̄H production at LHC from the beauty quark mass.

Also in this work for the first time a measurement of the charm-quark mass running was
performed using HERA charm results. The charm quark mass was measured at different
scales to check the consistency of the MS running-mass definition in QCD theory.

The report is organised in the following way. Chapter 1 presents a short introduction
to the relevant theoretical topics. In Chapter 2 and Chapter 3, brief overview of the
ZEUS and CMS detectors are given. In Chapter 4, for completeness, a descriptions of the
ZEUS beauty-production measurement in DIS that is used in this thesis is given. The
beauty-quark mass measurement is discussed in Chapter 5. Next, in Chapter 6, the mea-
surement of the charm quark mass running is presented. In Chapter 7, the uncertainties
of associated bb̄H production due to the beauty quark mass are estimated and reduced
for different heavy-flavour schemes using the measurement presented in Chapter 5, and
through additional studies with the same method as described in Chapter 5. Finally, the
conclusions are given.



Chapter 1

Theoretical Overview

1.1 The Standard Model

The present physics theory that describes elementary particles and the interactions be-
tween them [1] was formed in the second part of the 20th century. The first step was the
discovery of a way to combine the electromagnetic and weak interactions in 1961 by Shel-
don Glashow [2]. Then in 1967 the Higgs mechanism was added to Glashow‘s electroweak
theory by Steven Weinberg and Abdus Salam [3, 4] . The hypothesis of Glashow, Wein-
berg and Salam was confirmed in 1973 with the discovery of the neutral weak currents at
CERN [5]. The success of the theory was further confirmed by the discovery of the W and
Z bosons in 1981 with the predicted masses values [6, 7]. The theory that describes the
strong nuclear forces was launched in 1973-1974 with experiments which confirmed that
the hadrons were composed of fractionally charged particles called quarks [11]. The com-
bination of the theoretical descripition of these findings was called the Standard Model,
which explains the electromagnetic, weak and strong interactions between elementary
particles.

According to the Standard Model matter consists of 12 particles of spin 1/2 known as
fermions, each of which has its own antiparticle. They interact by the exchange of various
vector bosons (particles with spin 1). Six of the fundamental particles do not take part
in the strong interactions and are called leptons. Six fundamental particles are called
quarks and participate in all interactions. The six quarks are up, down, strange, charm,
bottom (also called beauty) and top. Two of these, the charm and beauty quarks, will
be of special interest for this thesis. The quarks carry an extra quantum number with
respect to leptons called colour. Strong interaction is only possible between particles that
have colour quantum number. The quarks are not observed as free states because of the
phenomenon known as confinement. The bound states of quarks forming colour singlets
are called hadrons. Colour singlets formed from a quark-antiquark pair are called mesons
and the ones formed with three quarks or three antiquarks are called baryons.

3





CHAPTER 1. THEORETICAL OVERVIEW 5

1.2 Quantum Chromodynamics

Quantum chromodynamics is a quantum field theory with gauge group SU(3) [11]. The
QCD Lagrangian density is given by :

LQCD = −1

4
FC
µνF

µν
C +

∑

f

ψ̄B
f (iγ

µDµ −mf )ψ
B
f , (1.1)

where the fermion field color index B runs from B=1 to NC=3, C is the gluon color
index that runs from C=1 to N2

C − 1 = 8, according to the dimensionality of the adjoint
representation of SU(3). The index f runs over the fermions (six quark flavours in the
Standard Model) with bare mass mf (that enter the Lagrangian as free parameters). The
ψf are Dirac spinors and γµ represents four Dirac matrices. The field tensor FC

µν is related
to the gluon fields AC

µ , through

FA
ν = ∂µA

A
ν − ∂νA

A
µ − 2

√
αsπfABCA

B
µA

C
ν , (1.2)

in which fABC are the structure constants of SU(3) defined by [tA,tB]=ifABCtC for the
eight 3 × 3 matrix generators tA of SU(3), and αs is the strong coupling constant. The
Covariant derivative is :

Dµ = ∂µ − igtCAC
µ . (1.3)

We can decompose LQCD = L0 + Lint , in which L0 is the free field Lagrangian :

L0 =
∑

f

ψ̄f (iγ
µ∂µ −mf )ψf −

1

2

∑

C

(∂µA
C
ν )(∂

µAν
C)− (∂µA

C
ν )(∂

νAµ
C), (1.4)

where the first term gives rise to Nf = 6 fermion propagators and the second term gives
rise to the 8 gluon propagators. Lint is the interaction Lagrangian:

Lint =
∑

f

2
√
αsπA

C
µ ψ̄fγ

µtCψf−2
√
αsπfABCA

µ
BA

ν
C(∂µA

A
ν )−αsπ(f

ABCAµ
BA

ν
C)(fADEA

D
µA

E
ν )

(1.5)
where the first term describes the fermion-gauge-boson vertex, the second term describes
the three-gauge-boson vertex and the third term corresponds to the four-gauge boson
vertex. The Feynman diagrams for these are shown in Figure 1.2.
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orem. This theorem separates predictions into two components – short-distance and
long-distance contributions. Part of the long-distance effects (which are not perturba-
tively calculable) are separated off into parton distribution functions fi giving the density
of partons i in the proton p. These functions can be measured experimentally and they
are universal between different processes [18].

A new parameter, called the factorization scale µF is introduced that defines the sep-
aration between short-distance and long-distance effects for incoming partons in hadronic
interactions.

1.5 The Strong Coupling αs

Due to asymptotic freedom, the QCD coupling αs is small only at high energies, limiting
the applicability of the perturbative theory [19] to regions where αs is small enough. The
coupling αs depends on the renormalization scale. The leading-order approximation is
given by :

αs(µ
2
R) =

12π

(33− 2nf ) · ln(µ2
R/λ

2
QCD)

,

where nf is the number of active flavours, i.e. flavours with masses m < µR at the
given energy scale µR, and λQCD is the QCD energy scale. When µR is decreasing and
approaching λQCD, calculations in the perturbative QCD framework do not converge. The
parameter λQCD is a fundamental constant that sets the size of hadrons. λQCD should be
extracted from experimental data, however its value depends on the scheme used for its
extraction.

1.6 Deep Inelastic Scattering kinematic variables

The charm and beauty production processes in ep collisions are the basis of several studies
presented in this thesis. Quarks are defined to be ”heavy” if their mass is significantly
larger than λQCD. The dominant production process for charm and beauty quarks in ep
collisions at HERA is the boson-gluon fusion reaction shown in Fig. 1.7.

If the virtuality of the exchanged photon (Q2) is high enough, perturbative calculations
can be performed. Such processes are called Deep Inelastic Scattering. Final states of
heavy quarks add yet another perturbative scale, the heavy quark mass. The measured
cross sections of heavy-quark production at HERA are being directly used in this thesis
to measure QCD parameters such as heavy-quark masses. Also in this thesis inclusive
DIS measurements are used to determine PDFs (Parton Density Functions). A detailed
description of the PDF and its functionality can be found in [70].
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longer with Bjorken x [21]. In ep scattering also the exchanged boson can be a Z0. Both
photon and Z exchange are called Neutral Current. If the exchanged boson is a W± the
process is called Charged Current and the outgoing particle is a neutrino instead of an
electron.

1.7 Quark masses

Free quarks are unobservable due to confinement. As a result the quark masses must be
defined in a different way. The most popular choice is the pole mass, mpole

Q , defined as
the position of the pole in the quark propagator in perturbation theory. This definition
has an important disadvantage - any definition of this quantity suffers from an intrinsic
uncertainty of order

λQCD

mQ
.

One of the alternative mass definitions that does not have the pole mass ambiguities
is the MS mass [23] , mQ(µr), which depends on the renormalization scale µr. It has
improved stability of the perturbative series with respect to scale variations of the cross-
section predictions compared to the pole-mass definition. At Next-to-Leading Order of
the perturbative series the scale dependence of the MS mass is given by

mQ(µr) = mQ(mQ)

(

1− αs(µr)

π
ln
µ2
r

m2
Q

)

. (1.6)

The relation between the pole and running mass definitions at next-to-leading (one
loop) order in perturbation theory can be expressed as

mQ(mQ) = mpole
Q (1− 4αs(mQ)

3π
). (1.7)

At leading (0 loop) order, mpole
Q = mMS

Q .
In this thesis different mass definitions are used for different purposes.
The beauty mass running was demonstrated by LEP in [28] shown on Fig.1.7.

1.8 Heavy Flavour Production

While light quarks (u, d, s) are treated as massless in the perturbative series of QCD,
there are different ways to treat heavy quarks (c, b, t), that are important for many
different QCD calculations. The treatment of heavy flavours in pQCD is called the heavy
flavour scheme.

Zero-Mass Variable-Flavour-Number scheme (ZMVFNS). The heavy quarks are
treated as massless in both the initial and final states. They are included in PDFs
for scale values above mq where mq is their mass. The ZMVFNS scheme [25] is
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Figure 1.4: The energy evolution of the MS beauty mass mb(Q) as measured by LEP and
compared to the PDG value (yellow band) [28].

proven to be non-reliable not only near the quark mass treshold [26], but also pre-
dictions of W or Z production at LHC energies obtained with the massless charm
assumption are shown to have serious flaws [27]. However for many processes this
scheme is expected to be reliable in the region with scale µ2 >> m2

q.

Fixed Flavour-Number scheme (FFNS). The heavy quarks are produced only per-
turbatively in the final state. The number of flavours included in the proton is
usually indicated by the nf value. For example in the case of FFNS (nf=3) the
three light quarks u, d, s are included in the proton and all heavy quarks are pro-
duced perturbatively. This scheme is expected to be reliable near the heavy-quark
mass threshold. PDFs with one nf can be translated to another nf FFNS PDF by
using matching conditions [67]. This can be used to extend the applicability of the
scheme to high scales.

General-Mass Variable-Flavour-Number schemes(GMVFNS). The heavy quarks
are treated depending on the scale. At small scales FFNS nf = 3 is used, switch-
ing to FFNS nf = nf + 1 at some matching scales, usually chosen to be equal to
mq. Also a certain interpolation is performed. The interpolation is to some extent
arbitrary and different approaches can be used.

In this thesis the FFNS [68] and GMVFNS (RT) [69] schemes are used for calculations
of heavy-quark-production processes at HERA in DIS. The FFNS is known to be the
most reliable at HERA energies [70] and was mainly used. GMVFNS(RT) was used to
estimate the additional systematical uncertainty coming from the heavy-quark mass treat-
ment during the extrapolation procedure of the measurement to the full kinematic phase
space. For predictions of Hbb associated production at LHC FFNS [68] and ZMVFNS [25]
schemes were used.
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1.9.1 Higgs-boson production mechanism

At the LHC there are four main production mechanisms of the Higgs boson. Feynman
diagrams in Leading Order of them are shown in Fig.1.6: gluon-gluon fusion (a), vector-
boson fusion (b), production in association with a vector boson via Bremsstrahlung (WH,
ZH) (c) and production in association with quarks (tt̄H, bb̄H) (d). In this subsection a
short description of these processes and their contribution to total Higgs production to
LHC is given.

Figure 1.6: Exemple of the leading-order Feynman diagrams for different Higgs-boson
production mechanisms [10].

In Fig.1.7 predictions for different mechanisms of Higgs-boson production for mH =
125 GeV as a function of pp center-of-mass energy are presented. Higgs production via
the gluon-gluon fusion process, pp → gg → H (Fig.1.6a), is the dominant contribution to
Higgs production at LHC. The second largest contribution is coming from vector-boson
fusion. Vector bosons are radiated from quarks inside protons, pp → qq → qqVV → qqH
(Fig.1.6b). This contribution is one order of magnitude smaller than gluon-gluon fusion.
Higgs-boson production in association with vector bosons, pp → qq̄ → V → VH (Fig.1.6c)
emerges when a vector boson (W or Z) is produced from quark-antiquark annihilation and
radiates a Higgs boson. It‘s contribution to Higgs production is approximately 50 times
smaller than the main gluon-gluon process.

Production of the Higgs boson in association with heavy quarks has the lowest cross
section with respect to other main Higgs production mechanisms at LHC and is mainly
initiated by gluons: pp → gg → qq̄H (Fig.1.6d). This production mechanism is directly





Chapter 2

The ZEUS detector at HERA

The measurements of the charm and beauty masses in this thesis are mostly based on data
taken with the ZEUS detector from 2004 to 2007, when HERA collided electrons with
energy Ee = 27.5 GeV with protons of energy 920 GeV, corresponding to a centre-of-mass
energy

√
s = 318 GeV. This data-taking period is denoted as HERA II. The author also

participated in activities to validate the corresponding data sets in the context of ZEUS
data preservation [30]. The corresponding integrated luminosity is (354 ± 7) pb−1. The
layout of the ZEUS detector is shown in Fig.2.1.

A detailed description of the ZEUS detector can be found elsewhere [31]. A brief
outline of the components that are most relevant for this thesis is given below.

2.1 The Central Tracking Detector and the Microver-

tex Detector

In the kinematic range of the beauty measurement, used in this thesis, charged particles
were tracked in the central tracking detector (CTD) [32–35] and the microvertex detector
(MVD) [36]. These components operated in a magnetic field of 1.43 T provided by a
thin superconducting solenoid. The CTD consisted of 72 cylindrical drift-chamber layers,
organised in nine superlayers covering the polar angle region 15◦ < θ < 164◦. The MVD
silicon tracker consisted of a barrel (BMVD) and a forward (FMVD) section. The BMVD
contained three layers and provided polar-angle coverage for tracks from 30◦ to 150◦. The
four-layer FMVD extended the polar-angle coverage in the forward region to 7◦. After
alignment, the single-hit resolution of the MVD was 24 µm. The transverse distance of
closest approach (DCA) of tracks to the nominal vertex in XY was measured to have a
resolution, averaged over the azimuthal angle, of (46 ⊕ 122/pT ) µm, with pT in GeV. For
CTD-MVD tracks that pass through all nine CTD superlayers, the momentum resolution
was σ (pT )/pT = 0.0029 pT ⊕ 0.0081 ⊕ 0.0012/pT , with pT in GeV.
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Figure 2.1: Cross section of the ZEUS detector perpendicular to the beam direction.

2.2 The High Resolution Uranium Calorimeter and

Barrel Calorimeter

The high-resolution uranium-scintillator calorimeter (CAL) consisted of three parts: the
forward (FCAL), the barrel (BCAL) and the rear (RCAL) calorimeters [37]. Each part was
subdivided transversely into towers and longitudinally into one electromagnetic section
(EMC) and either one (in RCAL) or two (in BCAL and FCAL) hadronic sections (HAC).
The smallest subdivision of the calorimeter was called a cell. The CAL energy resolutions,
as measured under test-beam conditions, were σ(E)/E = 0.18

√
E for electrons and

σ(E)/E = 0.35
√
E for hadrons, with E in GeV.

2.3 The Luminosity System

The luminosity was measured using the Bethe-Heitler reaction ep → eγp by a luminos-
ity detector which consisted of independent lead-scintillator calorimeter and magnetic
spectrometer [38] systems.



Chapter 3

CMS detector

Part of this work was performed in the context of future measurements of LHC, as part
of the CMS group at DESY. The CMS detector is shown on Fig. 3.1.

Figure 3.1: CMS detector 3D sketch [39]
.

The central feature of the CMS apparatus [40] is a superconducting solenoid of 6
m internal diameter, providing a magnetic field of 3.8 T. Within the solenoid volume

16
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are a silicon pixel and strip tracker, a lead tungstate crystal electromagnetic calorimeter
(ECAL), and a brass and scintillator hadron calorimeter (HCAL), each composed of a
barrel and two endcap sections. Extensive forward calorimetry (HF) complements the
coverage provided by the barrel and endcap detectors. Muons are measured in gas-
ionization detectors embedded in the steel flux-return yoke outside the solenoid. The
silicon tracker measures charged particles within the pseudorapidity range |η| < 2.5. It
consists of 1440 silicon pixel and 15 148 silicon strip detector modules. For non-isolated
particles of 1 < pT < 10GeV and |η| < 1.4, the track resolutions are typically 1.5%
in pT and 25–90 (45–150) µm in the transverse (longitudinal) impact parameter. The
first level (L1) of the CMS trigger system, composed of custom hardware processors, uses
information from the calorimeters and muon detectors to select the most interesting events
in a fixed time interval of less than 4 µs. The high-level trigger (HLT) processor farm
further decreases the event rate from around 100 kHz to less than 1 kHz, before data
storage. The MC simulation of the CMS detector response is based on GEANT4.

As part of his technical task, the author participated in the alignment of the CMS
tracking system [41,42].



Chapter 4

ZEUS σbb̄r measurements in QCD fit

In this chapter, a measurement of the reduced beauty cross-sections σbb̄
r made with the

ZEUS detector using secondary vertices is explained. The corresponding cross sections
[45, 46, 59] were published in 2014. This chapter contains details of the analysis that is
essential input to subsequent parts of this thesis. Although I am an author of the paper
that is substantially reproduced below, I did not carry out the analysis detailed in this
chapter, which is included here for completeness.

4.1 Data selection

Events containing a scattered electron were selected online by means of a three-level
trigger system [43,44]. The trigger [46] did not require the presence of a secondary vertex
nor of a jet.

Offline, the scattered electron was reconstructed using an electron finder based on a
neural network [48]. The hadronic system was reconstructed from energy-flow objects
(EFOs) [49, 50] which combine the information from calorimetry and tracking, corrected
for energy loss in the detector material. The kinematic variables used in the cross-section
measurements, Q2 and x, were reconstructed using the double-angle method [51].

The following cuts were applied to select a clean DIS sample:

• the reconstructed scattered electron [48, 52] was required to have an energy E ′

e >
10GeV;

• the impact position of the scattered electron on the face of the RCAL had to be
outside the region 26× 26 cm2 centred on X = Y = 0;

• the primary vertex had to be within ±30 cm in Z of the nominal interaction point;

• the photon virtuality, Q2, had to be within 5 < Q2 < 1000GeV2;
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• yJB > 0.02, where yJB is the inelasticity reconstructed using the Jacquet-Blondel
method [53];

• ye < 0.7, where ye is the inelasticity reconstructed using the electron method [51];

• 44 < (E − pZ) < 65GeV, where (E − pZ) =
∑

i(Ei − pZ,i) and i runs over all final-
state particles with energy Ei and Z-component of momentum pZ,i; this selects fully
contained neutral-current ep events for which E − pZ = 2Ee.

Jets were reconstructed from EFOs using the kT clustering algorithm [54]. Jets con-
taining the identified scattered electron were not considered further. Events were selected
if they contained at least one jet within the pseudorapidity range −1.6 < ηjet < 2.2 and
with transverse energy, Ejet

T , of

Ejet
T = pjetT

Ejet

pjet
> 5GeV

for beauty, where Ejet, pjet and pjetT are the jet energy, momentum and transverse momen-
tum. For beauty, a cut of Ejet

T > 5GeV ensures a good correlation between momentum
and angle for reconstructed and hadron-level jets [55].

In order to reconstruct potential secondary vertices related to b- and c-hadron decays,
tracks were selected if:

• they had a transverse momentum pT > 0.5GeV;

• the total number of hits1 on the track in the MVD was ≥ 4;

• if the track was inside the CTD acceptance, track recognition in the CTD was
required; the percentage of the tracks outside the CTD acceptance, and hence re-
constructed using MVD hits only, was 2.5%.

Tracks were associated with the closest jet if they fulfilled the criterion ∆R < 1
with ∆R =

√

(ηtrk − ηjet)2 + (φtrk − φjet)2. If two or more of such tracks were associated
with the jet, a candidate vertex was fitted from the selected tracks using a deterministic
annealing filter [56–58]. This fit provided the vertex position and its error matrix as
well as the invariant mass, mvtx, of the charged tracks associated with the reconstructed
vertex. The charged-pion mass was assumed for all tracks when calculating the vertex
mass. Vertices with χ2/ndof < 6, a distance from the interaction point within ±1 cm in
the X–Y plane, ±30 cm in the Z direction, and 1 < mvtx < 6GeV were kept for further
analysis.

The MC gives a good description of the track efficiencies, except for a small fraction
of tracks that are affected by hadronic interactions in the detector material between the

1Each MVD layer provided two coordinate measurements.
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interaction point and the CTD. Efficiency corrections for this effect were determined from
a study of exclusive ep → eρ0p events [59], using a special track reconstruction. The
number of pions from the ρ0 decay that were reconstructed in the MVD alone and had
no extension in the CTD was measured. The resulting track efficiency correction in the
MC was applied by randomly rejecting selected vertex tracks before the vertex fit, with a
probability that depends on the track parameters (around 3% at η = 0 and pT = 1GeV).

4.2 Extraction of the heavy-flavour cross sections

Using the secondary-vertex candidates associated with jets, the decay length, d, was
defined as the vector in X–Y between the secondary vertex and the interaction point
projected onto the jet axis in the X–Y plane. The sign of the decay length was assigned
using the axis of the jet to which the vertex was associated; if the decay-length vector
was in the same hemisphere as the jet axis, a positive sign was assigned to it, otherwise
the sign of the decay length was negative. Negative decay lengths, which originate from
secondary vertices reconstructed on the wrong side of the interaction point with respect
to the direction of the associated jets, are unphysical and caused by detector resolution
effects. A small smearing correction [59] to the MC decay-length distribution was applied
in order to reproduce the data with negative values of decay length.

The beauty content in the selected sample was determined using the shape of the
decay-length significance distribution together with the secondary-vertex mass distribu-
tion,mvtx. The decay-length significance, S, is defined as d/δd, where δd is the uncertainty
on d. The invariant mass of the tracks fitted to the secondary vertex provides a distin-
guishing variable for jets from b and c quarks, reflecting the different masses of the b and
c hadrons. Figure 4.1 shows the decay-length significance, S, for Ejet

T > 4.2GeV divided
into four bins: 1 < mvtx < 1.4GeV, 1.4 < mvtx < 2GeV, 2 < mvtx < 6GeV and no
restriction on mvtx. The MC simulation provides a good description of the data. The
separation into subsamples is described below.

The contents of the negative bins of the significance distribution, N(S−), were sub-
tracted from the contents of the corresponding positive bins, N(S+), yielding a subtracted
decay-length significance distribution. In this way, the contribution from light-flavour
quarks is minimised. An additional advantage of this subtraction is that symmetric sys-
tematic effects, which might arise from discrepancies between the data and the MC, are
removed. In order to reduce the contamination of tracks originating from the primary
vertex, a cut of |S| > 4 was applied.

To extract the contributions from beauty, charm and light flavours in the data sample,
a binned χ2 fit of the subtracted significance distribution in the region 4 < |S| < 20 was
performed simultaneously for three mass bins [46]: 1 < mvtx < 1.4GeV; 1.4 < mvtx <
2GeV; 2 < mvtx < 6GeV. All MC distributions were normalised to the integrated
luminosity of the data before the fit. The overall MC normalisation was constrained
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by requiring it to be consistent with the normalisation of the data in the significance
distribution with |S| < 20 and 1 < mvtx < 6GeV. The fit yielded scaling factors kb, kc and
klf for the beauty, charm and light-flavour contributions, respectively, to obtain the best
description of the data. The correlation coefficients were as follows: ρb,c = −0.68(−0.67),
ρb,lf = 0.58(0.57) and ρc,lf = −0.98(−0.98) for Ejet

T > 4.2(5.0)GeV. The subtracted
and fitted distributions for Ejet

T > 4.2GeV are shown in Fig. 4.3. A good agreement
between data and MC is observed. The first two mass bins corresponding to the region
1 < mvtx < 2GeV are dominated by charm events. In the third mass bin, beauty events
are dominant at high values of significance. The fit procedure was repeated for every bin
of a given observable to obtain differential cross sections. For the beauty cross-section
extraction, the fit procedure was repeated with the higher cut on Ejet

T , Ejet
T > 5GeV.

Control distributions of Ejet
T , ηjet, log10Q

2 and log10 x are shown in Fig. 4.2 after
beauty enrichment cuts (2 < mvtx < 6GeV and |S| > 8) for Ejet

T > 5.0GeV. All data
distributions are reasonably well described by the MC.

The differential cross sections for jet production in beauty, corrected to QED Born
level, in a bin i of a given observable, Y , are given by:

dσextjet
b

dYi
= kb(Yi)

Nhad,MC
q (Yi)

L ·∆Yi
1

Crad

, (4.1)

where ∆Yi is the width of the bin, kb denotes the scaling factor obtained from the fit,
Nhad,MC

b is the number of generated jets in beauty events at the MC hadron level, Crad is
the QED radiative correction and L is the corresponding integrated luminosity.

Hadron-level jets were obtained by running the kT clustering algorithm on all stable
final-state particles, in the same mode as for the data. Weakly decaying b and c hadrons
were treated as stable particles and were decayed only after the application of the jet
algorithm.

The predictions from the Hvqdis [47] program are given at the QED Born level
with a running coupling, αem. Hence, a correction of the measured cross sections for
QED radiative effects is necessary in order to be able to compare them directly to the
Hvqdis predictions. The corrections were obtained using the Rapgap Monte Carlo as
Crad = σrad/σBorn, where σrad is the cross section with full QED corrections, as used in the
standard MC samples, and σBorn was obtained with the QED corrections turned off but
keeping αem running. Both cross sections, σrad and σBorn, were obtained at the hadron
level.
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4.3 Systematic uncertainties

The systematic uncertainties were evaluated by varying the analysis procedure or by
changing the selection cuts and repeating the extraction of the cross section. The following
sources of experimental systematic uncertainties were identified [46,59]; the uncertainties
on the integrated cross sections determined for each source are summarised in Table 4.1
to indicate the sizes of the different effects:

δ1 DIS selection – the cuts for DIS event selection were varied in both data and MC. The
cut on the scattered electron energy was varied between 9 < E ′

e < 11GeV (δEe

1 ), the
cut on the inelasticity was varied between 0.01 < yJB < 0.03 (δy1), and the lower cut
on E − pZ was changed by ±2GeV (δE−pZ

1 );

δ2 trigger efficiency – the uncertainty on the trigger efficiency was evaluated by comparing
events taken with independent triggers;

δ3 tracking efficiency correction – the size of the correction was varied by its estimated
uncertainty of ±50%;

δ4 decay-length smearing – the fraction of secondary vertices for which the decay length
was smeared was varied separately in the core (δcore4 ) and the tails (δtail4 ) of the distri-
bution such that the agreement between data and MC remained reasonable;

δ5 signal extraction procedure – the systematic uncertainty on the signal extraction pro-
cedure was estimated by changing the lower |S| cut from |S| > 4 to |S| > 3 and
|S| > 5;

δ6 jet energy scale – the calorimetric part of the transverse jet energy in the MC was
varied by its estimated uncertainty of ±3%;

δ7 electron energy scale – the reconstructed energy of the scattered electron was varied
in the MC by its estimated uncertainty of ±2%;

δ8 MCmodel dependence – theQ2 (δQ
2

8 ), ηjet (δη
jet

8 ) and Ejet
T (δ

E
jet
T

8 ) reweighting corrections
in the beauty and charm MC were varied in a range for which the description of data
by MC remained reasonable;

δ9 light-flavour background – the light-flavour contribution to the subtracted significance
distribution includes a contribution from long-lifetime strange-hadron decays. To esti-
mate the uncertainty due to modelling of this effect, the MC light-flavour distribution
of N(S+)−N(S−) was scaled by ±30% [60] and the fit was repeated;

δ10 charm fragmentation function – to estimate the sensitivity to the charm fragmentation
function, it was changed in the MC from the Bowler to the Peterson [61] parameteri-
sation with ε = 0.062 [62];
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δ11 beauty fragmentation function – to estimate the sensitivity to the beauty fragmentation
function, it was changed in the MC from the Bowler to the Peterson parameterisation
with ε = 0.0041 [63];

δ12 charm branching fractions (δBR
12 ) and fragmentation fractions (δfrag12 ) – these were varied

within the uncertainties of the world-average values [64–66];

δ13 luminosity measurement – a 1.9% overall normalisation uncertainty was associated
with the luminosity measurement.

To evaluate the total systematic uncertainty on the integrated cross sections, the con-
tributions from the different systematic uncertainties were added in quadrature, separately
for the negative and the positive variations. The same procedure was applied to each bin
for the differential cross sections. However, the luminosity measurement uncertainty was
not included. In the case of beauty, the dominant effects arise from the uncertainties on
the track-finding inefficiencies, the beauty fragmentation function and MC modelling.
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Table 4.1: Systematic uncertainties for the double-differential cross sections of inclusive
jet production in beauty events. See Section 4.3 for more details. Table taken from [45].
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400 : 1000 0.005 : 0.02 −0.0
0.0

0.2
−0.2

−0.2
0.1

0.9
−0.6

−0.3
0.4

−1.2
1.5

8.4
−8.4 −1.7 −2.5 4.4

−2.7
0.2
−0.2

400 : 1000 0.02 : 0.1 0.0
−0.0

0.8
−0.8

−0.3
0.2

2.0
−1.2

−0.9
1.2

−0.5
0.6

5.7
−5.7 −1.2 −8.7 4.0

−3.8
0.4
−0.4

Table 4.2: Systematic uncertainties for the double-differential cross sections of inclusive
jet production in beauty events (continued).

4.4 Cross sections

Cross sections for inclusive jet production in beauty events were measured in the range
Ejet

T > 5(4.2)GeV, −1.6 < ηjet < 2.2 for DIS events with 5 < Q2 < 1000GeV2 and
0.02 < y < 0.7, where the jets are defined as in Section 4.2. The single-differential cross
sections for jet production in beauty events were measured as a function of Ejet

T , ηjet, Q2 and
x. The results of the measured cross sections are shown in Figs. 4.4–4.5.

The measurements are compared to the Hvqdis NLO QCD predictions obtained using
ZEUS-S and ABKM as proton PDFs, and to the Rapgap predictions scaled by a factor of
1.49 for beauty. The scale factors correspond to the ratio of the measured integrated visible
cross section to the Rapgap prediction. The shapes of all measured beauty cross sections
are reasonably well described by Hvqdis and the Rapgap MC. Rapgap provides a worse
description of the shape of the charm cross sections than Hvqdis.

Double-differential cross sections as a function of x for different ranges of Q2 for inclusive
jet production in beauty events are listed in Table 4.3.
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Q2 x d2σb/dxdQ
2 (pb/GeV2) Chad Crad

(GeV2) stat. syst.

5 : 20 0.000 08 : 0.0002 690 000± 110 000 85 211.1
−77 138.1 1.09 0.99

5 : 20 0.0002 : 0.0003 830 000± 120 000 84 402.7
−76 794.5 1.07 0.98

5 : 20 0.0003 : 0.0005 501 000± 55 000 48 815.9
−41 434.7 1.04 0.99

5 : 20 0.0005 : 0.003 48 200± 5800 5126.01
−4681.3 0.91 0.99

20 : 60 0.0003 : 0.0005 82 000 ± 24 000 10 743.2
−10 825.1 1.07 0.98

20 : 60 0.0005 : 0.0012 134 000± 14 000 9990.18
−9540.24 1.05 0.99

20 : 60 0.0012 : 0.002 73 400± 8500 6932.81
−6852.47 1.00 1.00

20 : 60 0.002 : 0.0035 25 800± 4600 3493.33
−3438.41 0.94 1.01

20 : 60 0.0035 : 0.01 3600 ± 2000 998.454
−1030.22 0.81 0.99

60 : 120 0.0008 : 0.0018 33 400± 4500 3175.97
−3092.36 1.03 0.98

60 : 120 0.0018 : 0.003 22 500± 2900 1979.28
−2081.55 1.02 0.99

60 : 120 0.003 : 0.006 7400 ± 1300 848.402
−893.717 0.98 0.98

120 : 400 0.0016 : 0.005 6700 ± 930 454.966
−496.86 1.01 0.99

120 : 400 0.005 : 0.016 3820± 340 172.05
−197.342 0.99 1.02

120 : 400 0.016 : 0.06 269± 130 73.5295
−75.648 0.92 0.87

400 : 1000 0.005 : 0.02 401± 88 56.2695
−52.5086 1.01 0.95

400 : 1000 0.02 : 0.1 70 ± 21 15.0483
−16.0772 1.00 0.95

Table 4.3: Double-differential cross sections for inclusive jet production in beauty events
as a function of x for different ranges of Q2. The cross sections are given for 5 < Q2 <
1000GeV2, 0.02 < y < 0.7, Ejet

T > 5GeV and −1.6 < ηjet < 2.2. The measurements are
given together with their statistical and systematic uncertainties (not including the error
on the integrated luminosity). Hadronisation and QED radiative corrections, Chad and
Crad, respectively, are also shown.
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—————————————————————————-

4.5 Extraction of F bb̄

2 and σ
bb̄

r

The heavy-quark contribution to the proton structure function F2, F
bb̄
2 can be defined in

terms of the inclusive heavy flavour double-differential cross section as a function of x and
Q2,

d2σbb̄
dx dQ2

=
2πα2

em

xQ4

{

[1 + (1− y2)]F bb̄
2 (x,Q2)− y2F qq̄

L (x,Q2)
}

,

where F qq̄
L is the heavy-quark contribution to the structure function FL.

To extract F bb̄
2 from the visible jet production cross sections in heavy-quark events,

measured in bins of x and Q2, an extrapolation from the measured range in Ejet
T and ηjet

to the full kinematic phase space was performed. This implicitly takes into account the
jet multiplicity. The measured values of F bb̄

2 at a reference point in the x–Q2 plane were
calculated using

F bb̄
2 (x,Q2) =

d2σjet
b /dx dQ2

d2σhad,NLO
b /dx dQ2

F bb̄,NLO
2 (x,Q2) , (4.2)

where d2σjet
b /dx dQ2 is determined in analogy to Eq. (4.1), and F bb̄,NLO

2 and

d2σhad,NLO
b /dx dQ2 were calculated at NLO in the FFNS using the Hvqdis program with

the factor Chad applied as in Eq. (4.3).

σhad, NLO = Chadσ
parton,NLO , (4.3)

The proton PDFs were obtained from the FFNS variant of the HERAPDF 1.0 NLO
QCD fit [70]. This PDF was used in order to be consistent with the HERA combined
results [70]. The strong coupling constant αS(MZ) was set to 0.105 as in the PDF fit. As
discussed in Section 4.2, d2σjet

b /dx dQ2 was multiplied by 1/Cq
rad, hence F

bb̄
2 is given at

QED Born level, consistent with the usual convention. The procedure of Eq. (4.2) also
corrects for the F qq̄

L contribution to the cross section. This assumes that the calculation
correctly predicts the ratio F qq̄

L /F
bb̄
2 .

The extrapolation factors for beauty due to cuts on Ejet
T and ηjet typically range from

1.3 to 1.0, decreasing with increasing Q2. The factor is up to 1.7 at high values of x. For
beauty, the same variations were performed as for the HERA combined results [70]: the
beauty mass was varied by ±0.25GeV; the strong coupling constant αS(MZ) was changed
by ±0.002; renormalisation and factorisation scales were multiplied simultaneously by
0.5 or 2. Uncertainties resulting from the proton PDF uncertainty are small [71] and
were neglected. For each bin, a reference point in x and Q2 was defined to calculate the
structure function.



CHAPTER 4. ZEUS σBB̄
R MEASUREMENTS IN QCD FIT 33

In addition, beauty reduced cross sections were determined. They are defined as

σbb̄
r =

d2σbb̄
dx dQ2

· xQ4

2πα2
em[1 + (1− y2)]

= F bb̄
2 (x,Q2)− y2

1 + (1− y2)
F bb̄
L (x,Q2) ,

and are extracted in analogy to F bb̄
2 as described above except that no assumption on F qq̄

L

is required.
The extracted values of σbb̄

r are quoted in Table 4.3. The total uncertainties of the
measurements were calculated from the statistical and systematic uncertainties of the
measured cross sections (Tables 4.3, 4.1) and of the extrapolation uncertainty (Tables 4.4),
added in quadrature.

The structure function F bb̄
2 is shown in Fig. 4.6 as a function of x for different values

of Q2. The measurements are compared to HERAPDF 1.5 GMVFNS predictions. The
increase in the uncertainty on the prediction around Q2 = m2

b is a feature of the GMVFNS
scheme used. The predictions are consistent with the measurements.

The F bb̄
2 measurement is also shown as a function of Q2 for fixed x in Fig. 4.7, and is

compared to previous ZEUS and H1 measurements. Again, Hvqdis was used to swim the
measured values in Q2 and x to match the previous measurements. In a wide range of Q2,
this measurement represents the most precise determination of F bb̄

2 at HERA. It is in good
agreement with the previous ZEUS analyses and H1 measurements. Several NLO and
NNLO QCD predictions based on the fixed- or variable-flavour-number schemes [67,69,72,
79, 81–83] are also compared to the measurements. Predictions from different theoretical
approaches agree well with each other. All predictions provide a reasonable description
of the data.
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Q2 x δ−mb
δ+mb

δ−µR, µF
δ+µR, µF

δ−αS
δ+αS

(GeV2) (%) (%) (%) (%) (%) (%)
6.5 0.000 15 +7.3 −6.0 −3.2 +2.6 +0.7 −0.3
6.5 0.000 28 +8.1 −6.8 −1.3 +0.6 +0.3 −0.3
12 0.000 43 +6.8 −5.2 −1.4 +0.9 +0.2 −0.3
12 0.000 65 +4.7 −2.2 −0.4 +2.1 +0.8 +0.4
25 0.000 43 +7.1 −4.9 −2.6 +2.4 +0.8 −0.3
25 0.000 80 +5.7 −4.8 −0.7 +0.5 +0.2 −0.1
30 0.0016 +4.0 −4.4 +0.3 −1.7 −0.7 −0.6
30 0.0025 +3.2 −3.0 +1.3 −1.4 +0.1 −0.2
30 0.0045 +1.7 −3.2 +0.5 −4.2 −2.4 −2.2
80 0.0016 +3.1 −3.0 −1.3 −0.0 +0.1 −0.1
80 0.0025 +2.5 −2.4 −0.1 −0.8 +0.2 +0.2
80 0.0045 +2.2 −2.0 +1.0 −1.2 +0.0 +0.2
160 0.0035 +2.2 −1.4 −0.2 −0.1 +0.3 −0.3
160 0.0080 +1.9 −1.7 +1.1 −1.2 −0.0 +0.1
160 0.020 +0.5 −0.2 +2.9 −1.8 +0.5 −0.0
600 0.013 +0.7 −1.3 +0.1 −0.4 +0.3 −0.5
600 0.035 +1.0 +0.4 +2.7 −1.4 +0.2 +0.8

Table 4.4: Extrapolation uncertainties on the reduced beauty cross section, σbb̄
r , due to

the variations of the beauty-quark mass, mb, factorisation and renormalisation scales, µF

and µR, and the strong coupling constant, αS. The plus (minus) superscript indicates the
upward (downward) variation of the corresponding parameter. See Section 4.5 for more
details.







Chapter 5

Beauty quark mass measurement
and b PDFs

The reduced beauty cross sections, σbb̄
r , (Fig. 5.3 and Table 4.3) together with inclusive DIS

data were used to determine the beauty-quark mass, in a simultaneous fit of the mass and
the parton densities using the HERAFitter program [100]. The analysis reported in this
Chapter was entirely carried out by the author, and became an essential part of a ZEUS
publication [45]. A large part text of this chapter is reproduced from this publication, as
formulated by the paper editors.

5.1 HERAFitter

The HERAFitter package [100], which was used to perform the QCD fit and to which
some contributions were made by the author in the context of this thesis, is presented
here. Parts of the text are extracted from proceedings written by the author [101].

5.1.1 Introduction

PDFs, which cannot be predicted by the theory of Quantum Chromodynamics (QCD)
yet, now are generally being determined by a fit to data from experimental observables in
various processes. A part of this thesis is devoted to the measurement of QCD parameters
such as the beauty- and charm-quark masses using available HERA heavy-flavour data.
The PDFs are an important input for the QCD predictions of such processes, so they
should be fitted for full consistency between the studied data, the chosen QCD parameters
and the corresponding predictions. During the fit of the data, the PDF parameters are
adjusted to minimize χ2 taking into account the statistical and systematic uncertainties
of the data. HERAFitter is an open-source QCD fit framework designed mainly for the
extraction of parton distribution functions of the proton, but it also provides a quantitative

37
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Figure 5.1: Schematic structure of the HERAFitter program: The ”experimental data”
block illustrates the variety of processes which can be included into the framework and are
matched to the corresponding theoretical calculation illustrated in the block below [86].

way to assess the level of agreement between data and theory. The framework includes a
large number of theoretical models and allows to study the impact of new experimental
data on the PDFs.

The schematic structure of the HERAFitter code is illustrated in Fig.5.1. Further
information about HERAFitter can be found in [100].

5.1.2 Functionality

The procedure to determine PDFs in the HERAFitter framework is: the PDFs are
parametrised at the starting scale Q2

0, then fit to the experimental data evolving the
parametrised PDFs in the DGLAP evolution scheme as implemented in the QCDNUM [87]
program, using the MS renormalization scheme (LO, NLO or NNLO). During the fitting
procedure, the measured and predicted cross sections together with their corresponding
uncertainties are used to build a global χ2 and determine the PDF parameters. The main
functionality of the code which includes the treatment of the experimental data, calcu-
lation of the theory predictions, χ2 minimisation, parametrisation and optional tools are
summarised below. The following data sets can be fitted within the HERAFitter frame-
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work: DIS inclusive cross sections from HERA and Fixed Target experiments such as
SLAC and BCDMS, as well as Drell-Yan data, jet production, heavy-quark production,
top-pair, single top. The DIS structure functions may be computed in a variety of heavy-
quark schemes including the fixed-flavour (FFNS) and variable-flavour-number (VFNS)
schemes. VFN schemes with various treatments for the heavy-quark thresholds include
the Roberts Thorne (RT) scheme at NLO and NNLO [69,88] as provided by the MSTW
group and the ACOT scheme at LO and NLO as provided by the CTEQ group [79]. QCD-
NUM also provides calculations of the DIS structure functions in the zero-mass scheme.
The massive FFN scheme is available via an interface to OPENQCDRAD [89] in which
also the MS mass, the running mass definition [90], is implemented.

HERAFitter has a modular structure. Various forms of χ2 based on the use of nuisance
parameters or on the full covariance matrix can be used in HERAFitter. Also each
systematic uncertainty can be treated as additive or as multiplicative [91].

Several different parametrisation forms for the PDFs at the starting scale can be
chosen: a standard polynomial form as used for MSTW, ABM or CTEQ, bilog normal
form, or more generalised polynomials with increased flexibility. An alternative way to
study the impact of the experimental data on PDFs without performing a full QCD
fit is to use Bayesian reweighting. Bayesian reweighting can be used with the Monte
Carlo method as first employed by the NNPDF Collaboration [92] or using the Hessian
Eigenvector Method as proposed in [93].

In this thesis some of these HERAfitter functionalities were used such as the χ2 mini-
mization tool for fitting parametrized PDFs using inclusive DIS data together with heavy
flavour data (beauty or charm). Theoretical predictions as explained in the next Chapter
were compared iteratively with the datasets to fit the PDF parameters.

The functionality of HERAFitter was improved by the author by adding the possibility
to vary scales for different heavy-flavour schemes. This development in HERAFitter is
described in Section 5.2.1.

5.1.3 Applicability

The HERAFitter framework is actively used by the HERA and LHC experiments. At
HERA, the results of QCD analyses using HERAFitter are published in the combination
of inclusive DIS HERA II data [85] and for the combination of charm production measure-
ments in DIS [70]. Some of the implementations of the author were used for the PDF fit
in the Fixed Flavour scheme published in the inclusive DIS combination paper [85]. The
HERAFitter framework has also been used in the recent QCD studies of constraints on
parton distribution functions and the extraction of the strong coupling constant from the
inclusive jet cross section by CMS at

√
s=7 TeV [94]. Previously studies by ATLAS had

been performed to determine the strange-quark density of the proton [95] and another
QCD analysis on the inclusive ATLAS jet data at

√
s = 2.76 TeV compared to

√
s = 7

TeV [96]. Also QCD studies for LHeC were performed with HERAFitter and published
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in [97].

5.2 Theoretical predictions

This section gives a description of the implementation of the NLO predictions for beauty
production and for inclusive DIS, as used in the PDF fit.

5.2.1 Theoretical predictions of Inclusive DIS and σbb̄
r
Cross Sec-

tions

The inclusive DIS cross sections are a convolution of the proton PDFs with hard-scattering
coefficient functions. The proton PDFs expressed as function of x at starting scale Q2

0 are
parametrized by 13 parameters, following the choice of [70]:

xg(x) = Agx
Bg · (1− x)Cg − A′

gx
B′

g · (1− x)C
′

g , (5.1)

xuv(x) = Auv
xBuv · (1− x)Cuv · (1 + Euv

x2), (5.2)

xdv(x) = Advx
Bdv · (1− x)Cdv , (5.3)

xU(x) = AUx
B

U · (1− x)CU , (5.4)

xD(x) = ADx
B

D · (1− x)CD . (5.5)

The normalisation parameters Ag, Auv
, Adv are constrained by sum rules. The parameter

BU is set to BD and the constraint AU = AD(1 − fs), with fs being the strangeness
fraction at the starting scale, ensures the same normalisation for the u and d densities for
x → 0. The strangeness fraction is set to fs = 0.31, as obtained from neutrino-induced
di-muon production. The A′

gx
B′

g · (1−x)C
′

g part in Eq. 5.4 is the socalled ”flexible gluon”
parametrisation. To ensure a positive gluon density at large x, the parameter C ′

g is set to
25.

Predictions of the measured inclusive processes for a given Q2 were obtained by solving
the DGLAP evolution equations by the QCDNUM program [87] renormalization and fac-
torisation scales set toQ2. The light- and heavy-quark coefficient functions were calculated
by the OPENQCDRAD program using the MS running-mass mode for the heavy-quark
masses [89]. The renormalization and factorisation scales were set to

√

Q2 + 4m2
q, where

mq is mass of the heavy quark.
In order to add the possibility to vary the heavy quark scale for systematic studies,

the HERAfitter code was modified by the author. For the Fixed-Flavour-Number Scheme
the heavy-quark scale choice was changed from the usual µ =

√

Q2 + 4m2
q (where mq

is the heavy-quark mass) to a parametrization by two parameters - scalea1 and scaleb1,
according to the formula –

√

scalea1×Q2 + scaleb1× 4m2
q. Also for other flavour number
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Figure 5.2: HERA I NC e−p data compared to HERAPDF1.0 predictions



CHAPTER 5. BEAUTY QUARK MASS MEASUREMENT AND B PDFS 42

schemes - Zero-Mass-Variable-Flavour-Number scheme, Acot Full and ACOT-χ the same
parametrization of heavy-quark and light-quark scales was added .

5.3 Treatment of σbb̄r uncertainties in QCD fit

For the beauty data, all uncertainties from Tables 4.1 (experimental) and 4.4 (extrapola-
tion), and the statistical uncertainty, as summarised in Table 4.3, were accounted for in
the fit. An uncertainty of 100% on δChad = Chad − 1 (Table 4.3) was introduced as an
additional uncorrelated uncertainty. The statistical uncertainties and the uncertainties

δ1, δ2, δ
tail
4 , δ5, δ

Q2
c

8 , δηc8 , δ10 and δ12 from Tables 4.1 and 4.2 were treated as uncorrelated,
while all other uncertainties, including those from luminosity and from Table 4.4, were
treated as point-to-point correlated. The “multiplicative” uncertainty option [100] from
HERAFitter was used. In the case of asymmetric uncertainties, the larger was used
in both directions. The uncertainties of the inclusive data were used as published. Since
the inclusive data were taken during the HERA I phase and the beauty data during the
HERA II phase, the two sets of data were treated as uncorrelated.

5.4 QCD fit of σbb̄r data

The goal of the QCD fit is to examine the measured cross-sections with available theo-
retical predictions in order to constrain QCD parameters and Parton Density Functions.
This is one of the core results of this thesis.

5.4.1 QCD analysis

The procedure of constraining QCD parameters using the experimental σbb̄
r data is based

on the theoretical predictions for the corresponding measured processes. As was explained
in Chapter 1, the QCD predictions consist of perturbatively calculable hard-scattering
coefficients convoluted with Parton Distribution Functions - PDFs. In order to properly
perform a QCD analysis of the data, the parametrized PDFs should be simultaneously
fitted to corresponding data to take into account correlations. However the σbb̄

r data alone,
described in Section 4, which are sensitive to some QCD parameters such as the beauty
quark mass, do not significantly constrain the PDFs. To be able to fit PDFs, the beauty
data were fitted together with the combined inclusive HERA I data [84]. The HERA I
combination was used because the HERA II combination [85] was not yet ready when the
measurements were performed. The combined results of the ZEUS and H1 data collected
during the HERA I running period include Charged and Neutral Current interactions.
Part of the combined set of data is shown in Fig. 5.2. The PDF fit and QCD analysis
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were performed using the HERAFitter program. A brief description of HERAFitter and
its applicability can be found in Section 5.1.

The reduced beauty cross-sections measured by ZEUS, implemented in the framework
of the QCD fit, provide sensitivity to QCD parameters, such as the beauty-quark mass.

5.5 Measurement of the running beauty-quark mass

The measurement procedure follows closely the method presented in a H1-ZEUS publi-
cation, where the running charm-quark mass in the MS scheme was extracted using a
simultaneous QCD fit of the combined HERA I inclusive DIS data [84] and the HERA
combined charm DIS data [70]. This approach was also used and extended by a similar
independent analysis [98], and was preceded by a similar analysis of a single charm data
set [99]. The fit for the running beauty-quark mass was performed within the HERAFit-
ter [100] framework choosing the ABM implementation of the fixed-flavour-number scheme
at next-to-leading order [23,67,104–106]. The OPENQCDRAD [89] option in HERAFit-

ter was used in the MS running-mass mode. The fit was applied to the beauty data listed
in Table 4.3 and to the same inclusive DIS data [84] as in the charm-quark mass fit [70].
A fit to the inclusive data only shows a very weak dependence on mb. In order to avoid
technical complications, no charm data were included in the simultaneous fit and only mb

was extracted.
The PDFs resulting from the simultaneous fit changed only marginally with respect

to the nominal PDFs obtained from the fit to the inclusive DIS data only. The χ2 of the
QCD fit, including the beauty data, shows a clear dependence on the beauty-quark mass,
mb, as can be seen in Fig. 5.4.

The total χ2 for the best fit is 587 for 596 degrees of freedom, and the partial con-
tribution from the beauty data is 11.4 for 17 points. The beauty-quark mass and its
uncertainty are determined from a parabolic parameterisation. The best fit yields

mb(mb) = 4.07± 0.14 (fit)+0.01
−0.07 (mod.)+0.05

−0.00 (param.) +0.08
−0.05 (theo.)GeV (5.6)

for the MS running beauty-quark mass at NLO. The fit uncertainty1 (fit) is determined
from ∆χ2 = 1. It contains the experimental uncertainties, the extrapolation uncertainties,
the uncertainties of the standard PDF parameterisation, as well as an estimate of the
uncertainty on the hadronisation corrections, as detailed below. In addition, the result
has uncertainties attributed to the choices of some extra model parameters (mod.), some
additional variations of the PDF parameterisation (param.) and uncertainties on the
perturbative QCD parameters (theo.). Details of the uncertainty evaluation include:

Fit uncertainty: for the beauty data, all uncertainties from Tables 4.1, 4.2 (experi-
mental) and 4.4 (extrapolation), and the statistical uncertainty, as summarised in

1For the charm-quark mass fit [70] this uncertainty was denoted “exp”.
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Parameter Variation Uncertainty

(GeV)

Fit uncertainty

Total ∆χ2 = 1 +0.14
−0.14

Model uncertainty

fs 0.31+0.07
−0.08

+0.00
−0.00

Q2
min 3.5 → 5.0GeV2 +0.00

−0.00

Q2
0 1.4 → 1.9GeV2 +0.01

−0.01

δmext see text −0.07

Total +0.01
−0.07

PDF parameterisation uncertainty

Duv
free in fit +0.03

DD̄ free in fit +0.03

DŪ free in fit +0.02

Total +0.05
−0.00

Theory uncertainty

mc(mc) 1.26(6)GeV +0.02
−0.02

αS 0.105± 0.002 +0.02
−0.02

µ ×2, ×1/2 +0.07
−0.04

Total +0.08
−0.05

Table 5.1: List of uncertainties for the beauty-quark mass determination.
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trapolate the measured visible cross sections to the reduced cross sections. The
corresponding uncertainty is parameterised in Table 4.4 and used in the fit, but the
correlation of this uncertainty with the mass used in the QCD fit is lost. Since the
Hvqdis [102] program used for the extrapolation uses the pole-mass scheme, and no
differential calculations are available in the running-mass scheme, no fully consistent
treatment of this correlation is possible. However, the equivalent uncertainty when
using the pole-mass scheme can be consistently estimated. For this purpose, the fit
was repeated with the pole-mass option of OPENQCDRAD, which was checked to
yield results consistent with the Hvqdis predictions for σbb̄

r .

The result, mb(pole) = 4.35± 0.14 (fit)GeV, has a fit uncertainty which is the same
as the fit uncertainty for the running-mass fit. However, no attempt to extract a
pole-mass measurement with full systematic uncertainties was made. To recover
the correlation between the extrapolation and the mass fit, the extrapolated cross
sections were iteratively modified for the beauty mass scan. The central values of
σbb̄
r in the QCD fit were modified by the uncertainties of the extrapolation due to

the b-mass variation (see Table 4.4). By doing this, the b mass scan was performed
for 3 points, each of which were having σbb̄

r extrapolated to the mb value used in the
QCD fit. This removes the uncertainty on mb in the extrapolation and takes the
full correlations into account. The resulting massmb(pole) = 4.28± 0.13 (fit)GeV is
slightly lower. The difference between the results from the two procedures (δmext =
−0.07GeV) was treated as an additional model uncertainty.

PDF parameterisation uncertainty: the parameterisation of the PDFs is chosen as
for the charm-quark mass fit [70], including the “flexible” parameterisation of the
gluon distribution. An additional uncertainty was estimated by freeing three extra
PDF parameters Duv

, DD̄ and DŪ in the fit which allow for small shape variations
in the uv, Ū and D̄ parton distributions [70]. The effect is given in Table 5.1.

Perturbative scheme and related theory uncertainty: the parameters used for the
perturbative part of the QCD calculations also introduce uncertainties; the effects
are listed in Table 5.1. As in previous analyses for the charm-quark mass [70,98,99],
the MS running-mass scheme [107–109] was chosen for all calculations of the reduced
cross sections in the fit because it shows better perturbative convergence behaviour
than the pole-mass scheme. In order to allow the low-Q2 points of the inclusive
DIS measurement to be included without the need of additional charm-quark mass
corrections, the number of active flavours (NF ) was set to three, i.e. the charm
contribution was also treated in the fixed-flavour-number scheme. Accordingly, the
strong coupling constant was set to αS(MZ)NF=3 = 0.105± 0.002, corresponding to
αS(MZ)NF=5 = 0.116± 0.002.

The theoretical prediction of the charm contribution to the inclusive DIS data is
obtained using the running charm-quark mass measured from the fit to the combined
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HERA charm data [70], i.e. mc(mc) = 1.26 ± 0.06 GeV. It was checked that, as
expected, using this mass together with the central PDF from the mb fit, a good
description of the combined HERA charm data [70] was obtained. Thus, the charm
contribution to the inclusive data should be well described.

The renormalization and factorisation scales were set to µ = µR = µF =
√

Q2 + 4m2

with m = 0,mc,mb for the light quark, charm, and beauty contributions, respec-
tively, and varied simultaneously by a factor two as in previous analyses [98, 99].

5.6 Conclusions

The measured beauty-quark mass (5.6) is in very good agreement with the world
average mb(mb) = 4.18 ± 0.03 GeV [110]. The resulting predictions for the beauty
cross sections are shown together with the data in Fig. 5.3. Figure 5.3 also shows the
change in the predictions resulting from the fit when differentmb values are assumed.
In Fig. 5.5 the measured running beauty-quark mass is presented together with
previous collider measurements from LEP. Themb(mb) value is presented at the scale
µ = 2mb that represents the scale where the main sensitivity of the measurement is
coming from.

The measurement is consistent with the expected running of mb, indicated by the
shaded band.
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Chapter 6

Measurement of the running of
the charm-quark mass

The content of this Chapter is entirely the original work of the author. The results
have been released as a preliminary result by the H1 and ZEUS collaborations. Parts
of this text are reproduced from the corresponding preliminary document [111].

6.1 Idea of the measurement

In the MS scheme of perturbative quantum chromodynamics (pQCD), the values
of all basic QCD parameters depend on the scale at which they are evaluated. The
scale dependence (”running”) of the strong coupling constant αs was established
from jet production at e+e− colliders such as the PETRA collider at DESY [112]
and is by now a very well tested property of QCD which can also be extracted from
jet production at HERA [113], Tevatron [114] or LHC [115].

The scale dependence of the masses of heavy quarks can likewise be evaluated per-
turbatively. The running of the MS beauty-quark mass has been established from
measurements at the LEP e+e− collider [116] and was complemented by the results
of Chapter 5. An explicit determination of the running of the charm-quark mass has
not yet been performed so far. The combined HERA data [117] on charm produc-
tion in deep inelastic scattering (DIS) (Fig. 6.1) have been used to extract such a
determination. These data had already been used for several determinations of the
charm-quark running mass mc(mc) in the MS renormalization scheme [88,98,117].
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6.2 Principle of the measurement

As was explained in Chapter 2, the reduced cross section for charm production is
obtained from a convolution of charm production matrix elements with appropri-
ate parton density functions (PDF). Both of these depend on the theoretical and
phenomenological parameters including the value of the charm-quark mass. The
idea of this measurement is to measure the charm-quark mass value from the sub-
sets of combined charm-production data split into Q2 ranges to extract a set of
mc values measured at different scales. A set of PDFs in the fixed-flavour-number
scheme (FFNS) is extracted from inclusive DIS HERA data [118] using exactly the
same setup as the one used in a previous publication [117], but varying the charm-
mass. For each mass hypothesis, predictions for the reduced charm cross section are
obtained using the corresponding PDF and are compared to corresponding charm
data [117]. The χ2 distribution of this comparison (Fig. 6.2) is used to extract the
value of the charm quark mass mc(mc). In contrast to earlier determinations, the
charm data are subdivided into several kinematic intervals according to the virtual-
ity of the exchanged photon (Table 6.1 and Fig. 6.1). A value of mc(mc) is extracted
separately for each interval (Fig. 6.3). As expected from Fig. 6.1, the data are well
described.

interval Q2 range [GeV2] Q2 log average [GeV2]
1 2.5-7 4.4
2 12-18 14.68
3 32-60 43.75
4 120-200 154.88
5 350-650 476
6 2000 2000

Table 6.1: Q2 intervals used for the measurement of mc(µ) with µ =
√

Q2 + 4mc(mc)2.
The intervals have been chosen to be roughly equidistant in log µ. The first Q2 interval
is larger than the others since the 4mc(mc)

2 term dominates.

The mc(mc) value is obtained assuming the running of both αs and mc as pre-
dicted by QCD. However, each measurement is performed with data originating
from collisions at a typical scale of µ =

√

Q2 + 4m2
c . Thus, if each measurement

is reinterpreted in terms of a value of mc(µ) at this scale (Fig. 6.4), the effect of
the initial assumption of QCD running on the interpretation of the measurement
is minimised. The Q2 reference value for each bin is determined by taking the log
average value between the Q2 bounds of each bin. The comparison of mc(µ) at
different scales with the expected running behaviour (Fig. 6.4) yields a nontrivial
consistency check of the charm-mass running.
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Subset µ, scale mc(mc) fit uncertainty of mc(mc) measurement mc(µ)
GeV GeV GeV GeV

1 3.27 1.256 0.068 0.984
2 4.51 1.192 0.072 0.867
3 7.04 1.208 0.087 0.830
4 12.7 1.344 0.129 0.895
5 21.9 1.143 0.219 0.676
6 44.8 1.050 0.670 0.562

Table 6.2: Measured mc(mc) values at different scales with fit uncertainties and mc(µ)
values

Subset µ, scale δmb

1 δαs

2 δs3 δ
Q0

4 δ
Q2

min

5 δ
param
6 δscale7

GeV (%) (%) (%) (%) (%) (%) (%)

1 3.3 0.1
−0.4

−1.2
2.6

−0.4
0.2 0.5 1.4 0.5 3.1

4.3

2 4.5 0.2
−0.5

−0.9
0.7

−0.5
0.2 0.3 1.1 0.9 2.4

3.6

3 7.0 0.3
−0.7

−0.4
0.3

−0.8
0.3 1.7 0.3 1.8 0.1

3.7

4 12.7 0.5
−0.8

0.7
−0.6

−0.8
0.5 0.5 −1.2 0.1 −5.5

5.4

5 21.9 0.52
−1.18

1.57
−1.75

−1.2
0.5 −0.5 2.1 −1.7 −14.3

11.6

6 44.8 −7.4
−2.86

5.9
−5.7

−3.0
−7.6 6.5 −33.3 9.5 38.1

−14.2

Table 6.3: Charm mass measurement systematics





Chapter 7

Improvement of predictions for
associated bb̄H production

In Section 1.9 it was explained that one of the sources of the theoretical uncertainties
of associated bb̄H production at LHC is the treatment of beauty quarks in the
calculation. The studies presented in this Chapter are estimating the theoretical
uncertainties of associated bb̄H production at LHC that are coming from the beauty
quark mass for both massive and massless calculations, and their reduction using the
beauty production data from HERA which were explained in Chapter 4 and used
in Chapter 5 to measure the MS beauty quark mass. There has been an ongoing
discussion as to the relative merits of the VFS and FFS approaches, especially
because in Leading Order the results of the two approaches differ by about an order
of magnitude for the scale choice µF = µR = mH [121], where µF and µR are the
factorization and the renormalization scales, respectively. It has been argued [121],
that the proper factorization scale for this process should be µF=µR=

mH

4
instead

of mH . Following this prescription, for the massless calculations mH

4
was used as

renormalization and factorization scale. For the massive calculation the scales were
chosen to be µR=µF=

HT

4
= 1

4

√

m2
H + p2T (H) following the choice in [124] [125].

7.1 Associated bb̄H predictions in the five-flavour

scheme

In the Variable-Flavour-Number scheme, beauty quarks arise predominantly from
gluon splitting in the proton. In the VFNS one assumes the nk flavour scheme at
scale Q2 < m2

q, where k is the number of flavours and switches to the nf -flavour
scheme at larger values of Q2. It is also convenient to choose the matching scale
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as µ2
q = m2

q, which avoids the occurence of logarithms of mq/µq. In the matching,
logarithms that arise from on-shell gluons splitting into bb̄ pairs can be resummed
to all orders by introducing a parametrization of this splitting in terms of bottom
quark parton distribution functions for µ > mb. Beauty quarks in this scheme are
treated as massless at the scale of LHC energies. The calculations of Harlander and
Kilgore as implemented in bbh@nnlo [122] were used to produce predictions for the
associated bb̄H process in the massless scheme at Next-to-Next-to-Leading-Order
with different assumptions about the beauty quark mass in NNLO PDFs obtained
in the VFNS (RT) scheme. PDFs were produced using HERAFitter as described
in Section 5.1 to reproduce the HERAPDF2.0 NNLO PDFs as described in [85].
The inclusive HERA data used in the QCD fit partially cover phase-space regions
where the scale is lower than mb. As a result, the PDFs depend on the beauty-quark
mass value chosen for the massive part of the calculations used in the QCD fit in
VFNS. To estimate the uncertainty from the beauty-quark mass on the total cross-
section predictions for associated bb̄H production, the HERAPDF2.0 NNLO PDFs
(assuming the mass parameter mb to be 4.75 GeV, varied by 0.25 GeV) were used
as input for the bbh@nnlo code. The beauty-quark Yukawa coupling was kept fixed
in the calculations since a meaningful relation between the mass and the Yukawa
coupling can’t easily be defined in the massless scheme. The theoretical predictions
for the total cross-section were found to be 0.5084 pb −6.2%

+5.7%. In [123] Bagnaschi at
all used PDFs produced with the mb parameter in the range from 3.75 to 5.25 GeV,
estimating the uncertainty coming from the beauty-quark mass parameter choice in
the PDFs to be up to 20%. The uncertainty from the scale variation in this scheme
is about 8 % [123] .

Figure 7.1: Diagrams contributing to Higgs production at NNLO [122].

To constrain the beauty-quark mass parameter the beauty production data from
HERA explained in Chapter 4 were used together with inclusive HERA data fol-
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Figure 7.2: Beauty-quark mass parameter scan for HERAPDF2.0 NNLO [85].

lowing the procedure described in Chapter 5 to determine the optimal mb value.
The beauty-quark mass parameter scan is shown in Fig.7.2. It results in an optimal
value formb at 4.4 GeV and a fit uncertainty ± 0.15 GeV. This allows decreasing the
uncertainty on the beauty-quark mass parameter by constraining the central value
to 4.4 GeV and the variation to 0.15 GeV (fit uncertainty only). The resulting
uncertainty is estimated to be −3.6%

+3.8%.

7.2 Associated bb̄H predictions in the four-flavour

scheme

In the Fixed-Flavour-Number-Scheme (4 flavours) bottom quarks are created di-
rectly in the pp collision in the gluon-gluon fusion process and treated as massive.
Some of the one-loop diagrams are shown in Fig. 7.3. Predictions include the terms
arising from interference of the one-loop diagrams with Born ones and the squares
of the real-emission diagrams. To estimate the uncertainty from the beauty-quark
mass on this prediction the NLO theoretical calculations of associated bb̄H produc-
tion in the Fixed-Flavour-Number scheme were used together with parton showers
as implemented in the MC@NLO code with modifications as described in [124], with
a MS mb mass definition and the addition of the interference terms.

Other versions of the HERAPDF2.0 Fixed Flavour (4f) PDFs [85] were produced
by the author with the MS heavy-quark mass definition with the mb(mb) value
measured in Chapter 5, mb(mb)= 4.07 GeV, and values 3.9 GeV, 4.24 GeV, for
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four-flavour scheme can be decreased to 2% and becomes negligible in comparison
to scale uncertainties.



Conclusions

The QCD analysis of collider heavy-flavour cross-section data is a poweful tool to
measure heavy quark masses. In particular, a proton PDF fit of inclusive deep in-
elastic scattering and heavy-flavour production data from the lepton-proton collider
HERA can be performed and used to constrain QCD parameters for theoretical pre-
dictions of processes at proton-proton colliders. This thesis describes measurements
of heavy-quark masses performed by the author and improvements of predictions
for the LHC based on these measurements. The measured beauty and charm quark
masses are compared to the world averages. The program used for the proton PDF
fits is called HERAFitter; it was modified to fulfill the developments needed for this
thesis.

A first measurement of the charm-quark mass mc(µ) running in the MS scheme was
performed. The results were found to be consistent with expectations from QCD.
The measurement was made public by the ZEUS and H1 collaborations in 2014.

A first measurement of the beauty-quark mass based on ZEUS data at HERA is
described in this thesis. The measured value

mb(mb) = 4.07± 0.14 (fit)+0.01
−0.07 (mod.)+0.05

−0.00 (param.) +0.08
−0.05 (theo.)GeV

was found to be in good agreement with the world average within the estimated
statistical and systematical uncertainties. The result is also compared to previous
beauty-quark mass measurements from the lepton collider LEP and was found to
be in good agreement with them. The measurement was published by the ZEUS
collaboration in 2014.

The uncertainties , from the beauty-quark mass, of the theoretical predictions for
Higgs production in association with beauty-quarks were reduced for both massive
and massless calculations. The beauty-quark mass measurement mb(mb) was used
to decrease the uncertainty of the beauty-quark mass to 0.17 GeV. It was shown that
the uncertainty from the beauty-quark mass mb(mb) in the case of massive calcula-
tions for bb̄H production at LHC can be reduced to 2% such that it is negligible with
respect to other uncertainties for this calculation. Also a QCD analysis of beauty
production at HERA was performed to decrease the variation of the beauty-quark

62



CHAPTER 7. IMPROVEMENT OF PREDICTIONS FOR BB̄H 63

mass parameter to 0.17 GeV in the case of massless calculations. It was shown that
the uncertainty from the beauty-quark mass parameter variation in the massless
calculation for bb̄H production at LHC can be decreased to 4%, a reduction which
is significant with respect to other uncertainties for this calculation. This studies
will allow uncertainties for other processes that involve beauty quark production,
such as associated bb̄Z production at LHC, to be decreased.



Appendix A

Appendix A

A.1 Charm mass scan for each of subset of charm

data

For each of subset of charm data charm mass scan was performed and showed below.
Also cross-check method was used when PDFs were fitted with and without charm
data and χ2 coming from charm data were estimated as χinclusiveonly−χinclusive+charm.
On presented plots cross-check method presented in red color and was found to be
almost identical to main method described in Chapter 6.
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Figure A.1: Charm mass scan for subset 2

Figure A.2: Charm mass scan for subset 2
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Figure A.3: Charm mass scan for subset 3

Figure A.4: Charm mass scan for subset 4
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Figure A.5: Charm mass scan for subset 5

Figure A.6: Charm mass scan for subset 6
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