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Abstract

A measurement of the charge asymmetry in beauty-dijet production at LHCb is presented
in this thesis. The measurement uses the 2016 dataset of proton-proton collisions gath-
ered by the detector, corresponding to an integrated luminosity of 1.7 fb−1. The charge
asymmetry is measured in three bins of the invariant dijet mass, with bin edges at:
[50, 75, 105, 150]GeV. This represents the first measurement of the charge asymmetry in
beauty-dijet production in proton-proton collisions at a centre-of-mass energy of 13 TeV.
To make the measurement a charge tagging method is first developed and tested in order
to distinguish between the presence of b- and b-quarks in jets. The calibration of simulated
events is then carried out to correct for mismodelling when compared to the data. Next,
fits are performed to extract the yield of beauty-dijets in the data sample. These yields
are then corrected for detector and mistagging effects. The values of the asymmetry are
then calculated. Results are compared to Standard Model predictions and are found to
agree to within one standard deviation in all three bins.
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Chapter 1

Introduction

The Standard Model (SM) is a theoretical framework that describes the fundamental
particles and how they interact. The theory was developed in the 1960s and 70s by
(amongst others) Glashow, Salam and Weinberg, who won the 1979 Nobel Prize in Physics
for their contributions to the theory of the unified electromagnetic and weak interactions.
It is a huge feat of modern science that this theory has been able to accurately predict
several phenomena, such as the existence and properties of the W and Z bosons [1–4], the
six quarks [5–7], and the Higgs boson [8–10], the latter of which was discovered nearly
50 years after it was first theorised [11, 12]. That one can uncover so much about the
structure of the universe using little more than a pen and paper, and that predictions
made can be tested experimentally with incredible precision, is a triumph that cannot be
overstated.

Although experimental results have been able to confirm several predictions made by
the SM, there remains much that cannot be explained by the theory. Why is there a
huge imbalance in the amount of matter and antimatter present in the universe, when
the SM predicts these should be created and destroyed in nearly equal amounts? What
is the underlying mechanism for the force of gravity? Is there a particle responsible for
the observations of dark matter and, if so, how does it interact with other particles in
the universe? These are just a few examples of questions that continue to puzzle those in
the field.

As part of the work carried out by theoretical physicists, extensions to the SM to
include New Physics (NP) are continuously being developed in the hope of achieving a
potential resolution to these questions. It is therefore imperative that as experimental
physicists we continue to test and probe the SM rigorously from all angles to constrain
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20 Introduction

NP models and potentially expose any potential weaknesses of the SM.
Such a test of the SM is the topic of this thesis. The aim of the analysis presented

is to provide a measurement of the charge asymmetry in beauty-quark production at
the LHCb detector. This measurement probes two interesting regions of the SM. First,
the measurement probes quantum chromodynamics (QCD), the theory underlying the
so-called strong force, since the main mechanism for the production of beauty quarks at
the LHC is described by this theory. Second, the measurement probes the electroweak
sector, since Z bosons decay to produce pairs of beauty quarks. These beauty quarks will
quickly hadronise to form jets and so it is the angle of these jets that is measured. The
measurement is provided in bins of the dijet invariant mass, since the rates of the different
processes that contribute to the asymmetry vary with this property. The measurement
uses the 2016 dataset gathered with the LHCb detector, corresponding to an integrated
luminosity of 1.7 fb−1. This paves the way for an analysis using the full Run II dataset in
the future.

The thesis has two main parts: Part I covers the theoretical and experimental back-
ground for the thesis and Part II details the measurement itself. These are further broken
down into chapters as follows. Chapter 2 will explore the theoretical background by ex-
amining the mathematical structure of the SM and its relevance to the studies set out
in this thesis. Chapter 3 lays out the experimental background, describing the LHCb
detector and related features. Chapter 4 introduces the measurement and provides some
of the theoretical predictions for the value of the asymmetry measured. The samples on
which the measurement is made and the selection of events within those samples are laid
out in Chapter 5. The calibration of simulated jets used in the analysis is then described
in Chapter 6. Fits to the data are performed to obtain signal yields in Chapter 7, and the
results are corrected for detector effects in Chapter 8. Systematic uncertainties for the
measurement are set out in Chapter 9. Finally, results and future related measurements
are discussed in Chapter 10, with concluding remarks in Chapter 11.

A note on units and conventions
Throughout this thesis natural units, where ~ = c = 1, are used unless specified otherwise.
The Einstein summation convention is also used. In addition, 4-vectors will be given Greek
letter indices (e.g. xµ) and 3-vectors will be given Latin letter indices (e.g. xi).

It is also useful at this point to define the coordinate system commonly used at hadron
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collider experiments, as well as some variables that are often encountered. Colliding beams
are defined to travel in the ±z direction. Angles in the x–y plane are referred to as
azimuthal angles, φ. Angles to the z-axis are defined as θ, but such angles at hadron
colliders are typically referred to in terms of the pseudorapidity,

η ≡ − ln

[
tan

(
θ

2

)]
. (1.1)

Pseudorapidity is a useful variable as particle production is typically flat as a function of
η. Regions of phase space with high pseudorapidity (corresponding to small angles θ) are
referred to as the “forward” or “backward” regions for positive and negative z directions
respectively. The absolute value of the momentum of a particle in the x–y plane is referred
to as the transverse momentum, pT.

When logarithms are taken in the thesis, unless explicitly stated, these are natural
logarithms and will be written as “log(x)”.

Finally, a note on the rounding of numbers in this thesis. Where results from studies
carried out in this thesis are quoted, the rounding rules from the Particle Data Group
(PDG) have been applied [13]. This states that if the three highest-order digits of the
uncertainty lie between 100 and 354, then rounding will be carried out to two significant
figures. If the digits lie between 355 and 949, then rounding will be carried out to one
significant figure. For digits between 950 and 999, the value is rounded up to 1000 and
two significant figures are kept. For results with multiple sources of uncertainty reported,
the number of significant figures reported will be set using the largest uncertainty.





Part I

Theoretical and experimental
overview
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Chapter 2

Theoretical overview

The following chapter explores the theories and underlying concepts that are relevant
for motivating and understanding the work set out in this thesis and placing it in the
wider context. The first part introduces the SM, detailing the fundamental particles and
their interactions. This is followed by a closer look at the mathematical formalism that
describes these interactions. The chapter is concluded by discussing the general theory
relevant for LHC collisions.

2.1 The Standard Model
The SM is introduced and summarised in the following section, based on Refs. [14–16].
The SM governs the known fundamental particles that make up matter in the universe and
the interactions between these particles. Interactions in the SM are comprised of three
fundamental forces: the electromagnetic, the weak and the strong forces. These forces
are mediated by the exchange of spin-1 particles called gauge bosons. The exchange of
photons leads to the electromagnetic force; W and Z bosons are responsible for the weak
force; and gluons carry the strong force. There is also a fourth fundamental force of
nature, gravity, but this is not accounted for in the SM.

There are then 12 spin-half particles that constitute matter, known as fermions. These
fermions can be further divided into two categories: leptons and quarks. Leptons have
integer charge and interact through the weak force. If their charge is non-zero, they also
interact through the electromagnetic force. There are three generations of lepton, each
consisting of one charged and one neutral particle (a neutrino). These are the electron
(e−) and electron neutrino (νe), the muon (µ−) and muon neutrino (νµ), and the tau

25



26 Theoretical overview

Table 2.1: The twelve fermions of the Standard Model. These have been split into the
fractionally-charged quarks and integer-charged leptons, and each of these is further di-
vided into three generations. The charges of each particle are shown along with their
masses. Measurements of neutrino flavour oscillations (such as in Ref. [17]) have demon-
strated the existence of neutrino mass, hence the neutrinos listed here are the mass
eigenstates labelled numerically. The masses have not been measured, hence they are
not given here. Limits have, however, been placed on the sum of neutrino masses from
cosmological observations, giving

∑
imi < 0.12 eV [13]. The KATRIN collaboration also

recently provided the most stringent limit on the effective mass of the electron neutrino
at mν < 0.8 eV [18]. Table reproduced from Ref. [13].

Quarks Leptons

Generation Particle Mass Charge Particle Mass Charge

1
u 2.2 MeV +2

3
e 511 keV -1

d 4.7 MeV −1
3

ν1 – 0

2
c 1.3 GeV +2

3
µ 106 MeV -1

s 93 MeV −1
3

ν2 – 0

3
t 173 GeV +2

3
τ 1.8 GeV -1

b 4.2 GeV −1
3

ν3 – 0

(τ−) and tau neutrino (ντ ). Quarks feel all three of the forces in the SM and have a
fractional charge. These can also be grouped into three generations: the up (u) and down
(d) quarks, the charm (c) and strange (s) quarks, and the top (t) and beauty1 (b) quarks.
The fermions and their properties are summarised in Table 2.1.

There is one final particle in the SM, the Higgs boson. This is a spin-0 particle that
does not carry a force like the other bosons. This boson is an excitation of the Higgs field.
The field is required in order to preserve the gauge invariance of the weak force in the
presence of massive bosons. The Higgs field is also responsible for giving particles their
mass via its interactions with them. The bosons and their properties are summarised in
Table 2.2.

1The beauty quark is often referred to as the bottom quark. This naming emphasises its partnership
with the top quark but sounds less elegant, hence the former is chosen here.
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Table 2.2: Table detailing the charge and mass of bosons in the SM. Table reproduced
from Ref. [13].

Particle Mass / GeV Spin Charge Force

γ 0 1 0 Electromagnetism

W± 80.4 1 ±1
Weak

Z 91.2 1 0

g 0 1 0 Strong

H0 125 0 0 -

It should be noted here that a recent measurement of the W mass by the CDF
collaboration [19] is in significant tension with previous measurements. The PDG average
[13] and the measured CDF values are

mPDG
W = 80.377± 0.012GeV, (2.1)

mCDF
W = 80.434± 0.009GeV. (2.2)

As yet this discrepancy is unexplained, with further work required to understand the
results.

2.2 Interactions in the Standard Model
The interactions between particles via the electromagnetic, weak and strong forces can be
understood through the mathematical formalism of the SM, where the forces are each de-
scribed by a quantum field theory (QFT). The simplest force is that of electromagnetism,
described by quantum electrodynamics (QED), and so this example will be explored first.

2.2.1 Quantum electrodynamics
QED describes interactions between charged particles. As a starting point, the motion of
a free, charged particle can be described by the Dirac Lagrangian

L = ψ(iγµ∂µ −m)ψ, (2.3)
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where γµ are the Dirac matrices and ψ is a spin-half field (ψ = ψ†γ0) describing a
particle with mass m. Considering the field ψ and using the Euler–Lagrange equations,
the equation of motion for the free particle can be derived as

iγµ∂µψ −mψ = 0. (2.4)

The Lagrangian is invariant under the transformation

ψ → eiαψ, (2.5)

where α ∈ R is a constant number. This is a global gauge transformation, as we are
changing the phase of the field in the same way at every point in space. However, when
considering a local gauge transformation where the phase depends on the spacetime
coordinate, such as

ψ → eiα(x)ψ, (2.6)

the Lagrangian transforms as

L → L− (∂µα)ψγ
µψ, (2.7)

which is clearly not invariant. To achieve a gauge symmetry, a new field, Aµ, is introduced,
which transforms under the local gauge transformation as

Aµ → Aµ − 1

e
∂µα(x). (2.8)

As a result, the derivative term in the Lagrangian can be rewritten to include this extra
field as

∂µ → ∂µ + ieAµ = Dµ. (2.9)

The full form of this Lagrangian is then invariant under local gauge transformations. This
is written as

L = ψ(iγµDµ −m)ψ − 1

4
F µνFµν , (2.10)

where F µν = ∂µAν − ∂νAµ and the F µνFµν term in the Lagrangian accounts for the
kinetic energy of the field Aµ. Local gauge invariance is therefore not possible for a free
particle. Instead, an additional field is required that couples to the particle via the electric
charge (in the case of an electron this has magnitude e). This is the photon field and is
responsible for interactions between charged particles, shown in the expanded Lagrangian
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Figure 2.1: Feynman diagrams for a simple process in QED. The presence of the loop in the
right-hand diagram leads to integrals that diverge in the calculations of the amplitudes.

as the term −eψγµAµψ. The photon cannot have a similar form for its kinetic energy as
the electron (i.e. a term quadratic in the field Aµ) as this would not be invariant under
the local gauge transformation, hence the photon must be massless.

This Lagrangian can be used to make predictions about processes occurring within
the theory. The calculations are governed by the Feynman rules, which can be used to
calculate the probability of a certain process occurring. The calculations themselves are
a set of integrals in the momentum space of the particles involved in the interaction, de-
picted pictorially by Feynman diagrams. These calculations are made using perturbation
theory, with the order of the calculation quantified in terms of powers of the coupling
strength, α = e2/4π. However, where loops occur in the Feynman diagrams, the integrals
in momentum space can become divergent, leading to apparent infinite probabilities —
this is clearly unphysical. Examples of Feynman diagrams for a simple QED process with
and without a loop are shown in Figure 2.1. To calculate finite expectation values a pro-
cess called “renormalisation” is used. This involves summing all of the divergent diagrams
and absorbing these divergences into the parameters of the theory, such as the mass of the
electron and QED coupling strength. This leads to the parameters of the theory seeming
to change with energy, this is referred to as the parameters “running”. The energy scale
at which theoretical calculations are made with respect to renormalisation is called the
renormalisation scale. This is typically chosen to correspond to some energy scale in the
process of interest. The renormalisation scale and its impact on theoretical predictions
will be discussed more in Section 2.5.

A comparison of the theoretical predictions of QED with the measured values shows
how powerful the theory can be. The prediction [20] and measured value [21] for the
anomalous magnetic moment of the electron are

atheory = 1159 652 181.61± 0.23× 10−12, (2.11)

ameas = 1159 652 180.73± 0.28× 10−12, (2.12)
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representing an agreement of better than one part in a billion, an astonishing level of
accuracy.

2.2.2 Spontaneous symmetry breaking
Within QED we are forced to have a massless, force-carrying boson in order to maintain
gauge invariance, as discussed in Section 2.2.1. Since the weak force is propagated by
massive gauge bosons, the same mechanism cannot be used to preserve the gauge invari-
ance of the weak force. An alternative mechanism is therefore desired that allows for the
preservation of gauge invariance but provides massive bosons. Spontaneous symmetry
breaking provides such a route and a simple example of this mechanism is provided here.
It will be shown how this gives rise to massive gauge bosons in the weak force in Section
2.2.3.

The example begins with a Lagrangian describing a complex scalar field

L = (∂µφ)†(∂µφ)− V (|φ|), (2.13)

where V (|φ|) is the potential energy of the field and is given by

V (|φ|) = µ2|φ|2 + λ|φ|4. (2.14)

This Lagrangian is invariant under the global gauge transformation

φ→ eiαφ, (2.15)

similar to the QED Lagrangian. If µ2 > 0 then the potential has a minimum at |φ| = 0.
However, if the case of µ2 < 0 is considered then the minima occurs instead at

|φ| =
√

−µ2

2λ
≡ v√

2
. (2.16)

The potential in question still has a stationary value at |φ| = 0, but this is now a local
maximum, with a ring of minima at |φ| = v/

√
2. The field has acquired a non-zero vacuum

expectation value (VEV). Choosing v to be along the real axis, the substitution

φ =
1√
2
(v + φ1 + iφ2), (2.17)
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can be made in the Lagrangian, where φ1,2 are real scalar fields and represent perturba-
tions from the VEV in the real and imaginary directions, respectively. If this is done, there
emerges a quadratic term in φ1 indicating a massive excitation with mass, m =

√
−2µ2.

There are no quadratic terms for the field φ2, hence it must be massless.

2.2.3 Electroweak unification
The unification of the electromagnetic and weak forces gives rise to the electroweak theory,
for which Glashow, Salam and Weinberg were awarded the 1979 Nobel Prize [1–3]. This
is a gauge invariant theory, with symmetry group SU(2) × U(1). Experiments on beta
decay in 1957 by Wu showed that parity is violated in the weak interaction [22], meaning
that the Lagrangian is not invariant under the spatial inversion x → −x. The fermion
fields are therefore divided into states of definite chirality

ψL = PLψ =
1− γ5

2
ψ, (2.18)

ψR = PRψ =
1 + γ5

2
ψ, (2.19)

where PL,R are operators that project out the left- and right-handed chiral states of
the fermion field, and γ5 = iγ0γ1γ2γ3. A parity transformation would switch the states
between left- and right-handed: ψL ↔ ψR. As parity is violated, the two fields must
behave differently in the theory and hence may transform in different ways under a gauge
transformation. To examine the effects of this, the Dirac Lagrangian can be written in
terms of these left- and right-handed fields which gives

L = iψL(γ
µ∂µ)ψL + iψR(γ

µ∂µ)ψR −m(ψLψR + ψRψL). (2.20)

For massless fermions, the Lagrangian has completely separate terms for ψL and ψR,
but for massive fermions, the left- and right-handed components are coupled. This would
break the gauge invariance of the Lagrangian if the two fields transform differently. As
gauge invariance is still required, the fermion masses are instead generated using a dif-
ferent mechanism. The SM makes use of spontaneous symmetry breaking as is discussed
in Subsection 2.2.4.

We will start by considering the interactions of the fermions with the electroweak
bosons. The charge associated with the SU(2) subgroup of the theory is called the weak
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isospin, T , and particles form multiplets with different values of weak isospin. The left-
handed fermion fields form doublets. There is one doublet for each generation of the
leptons and quarks for a total of six as follows:

L =

[(
νe

e

)
L

,

(
νµ

µ

)
L

,

(
ντ

τ

)
L

]
, (2.21)

Q =

[(
u

d

)
L

,

(
c

s

)
L

,

(
t

b

)
L

]
. (2.22)

Then Li and Qi are used to refer to the left-handed doublets of the ith generation. The
vectors for right-handed fields are

ER =

eRµR

τR

 , νR =

νe,Rνµ,R

ντ,R

 , UR =

uRcR
tR

 , DR =

dRsR
bR

 . (2.23)

The U(1) subgroup of electroweak theory is similar to the QED theory discussed in
Section 2.2.1, however, the charge here is called the weak hypercharge, Y , rather than
electric charge as previously. There are two covariant derivatives that maintain the gauge
invariance of the theory, one for left-handed and one for right-handed fields. These are
defined as

DL
µ = ∂µ + ig

σi
2
W i

µ + ig′
Y

2
Bµ, (2.24)

DR
µ = ∂µ + ig′

Y

2
Bµ, (2.25)

where W i
µ are the gauge fields associated with the SU(2) subgroup and Bµ is the gauge

field associated with the U(1) subgroup. The matrices σi are the Pauli spin matrices,
where the index i sets a direction in weak isospin space. The constants g and g′ are
coupling strengths between fermions and the gauge fields. The right-handed covariant
derivative has no W i

µ term as the weak isospin of the right-handed singlets is zero. The
components of the electroweak Lagrangian relating to the fermions can then be written

Lfermions =
∑

fermions

ψLγ
µDL

µψL + ψRγ
µDR

µψR. (2.26)
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The gauge fields themselves have kinetic terms in the Lagrangian

Lbosons = −1

4
BµνBµν −

1

4
W iµνW i

µν , (2.27)

where Bµν and W i
µν are the field strength tensors associated with the respective fields

and are defined
Bµν = ∂µBν − ∂νBµ, (2.28)

W i
µν = ∂µW

i
ν − ∂νW

i
µ − gεijkW j

µW
k
ν , (2.29)

where εijk are structure constants.
The terms in Eq. (2.27) give rise to massless bosons (as seen with QED), but the

Z and W± bosons are known to be massive. The symmetry of the group is therefore
spontaneously broken to give rise to these massive bosons and the massless photon. This
is similar to the process described in Section 2.2.2. To do this the scalar Higgs is introduced
as a doublet of scalar fields

Φ =

(
φ+

φ0

)
(2.30)

We can then write a Lagrangian term for the Higgs

L = (DµΦ)
†(DµΦ)− V (Φ), (2.31)

where the Higgs potential is given by

V (Φ) = µ2Φ†Φ + λ(Φ†Φ)2. (2.32)

As in Section 2.2.2 the symmetry of the Higgs potential is spontaneously broken by
choosing µ2 < 0. The minimum of V (Φ) then occurs at a non-zero VEV given by

|Φ| =
√

−µ2

2λ
=

v√
2
. (2.33)

Without loss of generality, the VEV of the Higgs field can be chosen to lie along the φ0

direction, and hence the field at this minimum can be written as

Φ =
1√
2

(
0

v

)
. (2.34)
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Substituting this expression into the covariant derivative term of the Higgs Lagrangian
gives

1

8

(
0, v
)( gW 3

µ + g′Bµ g(W 1
µ − iW 2

µ)

g(W 1
µ − iW 2

µ) −gW 3
µ + g′Bµ

)2(
0

v

)
. (2.35)

The physical gauge fields are then identified as

W±
µ =

1√
2
(W 1

µ ∓ iW 2
µ), (2.36)

Z0
µ =

1√
g2 + g′2

(gW 3
µ − g′Bµ), (2.37)

Aµ =
1√

g2 + g′2
(g′W 3

µ + gBµ). (2.38)

It was shown previously that the right-handed fermion states have no interaction with
the W i

µ terms due to their weak isospin being zero. The W± bosons can therefore only
interact with left-handed fermions. It can be shown similarly that the W bosons only
interact with right-handed antifermions. The Z boson is able to couple to both left-
and right-handed (anti)fermion states, due to the contribution from Bµ. The Aµ term
represents the photon. The terms for the physical bosons can now be inserted into Eq.
(2.35) which then reduces to

v2g2

4
W+

µ W−µ +
v2(g2 + g′2)

8
Zµ Z

µ. (2.39)

The mass terms for the physical gauge bosons can then be extracted2

mW =
vg

2
, mZ =

v
√
g2 + g′2

2
. (2.40)

There is no mass term for the field Aµ, as expected: the photon is massless. The Z boson
and photon fields can also be written in terms of the weak mixing angle θW ,(

Zµ

Aµ

)
=

(
cos θW − sin θW

sin θW cos θW

)(
W 3

µ

Bµ

)
(2.41)

2There are different normalisations for the two fields here. W± are complex fields which have mass
terms m2φφ∗. Zµ is a real field which has a mass term m2

2 φ2.
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where
cos θW =

g√
g2 + g′2

, sin θW =
g′√

g2 + g′2
. (2.42)

The masses of the weak bosons can then be related by mW = mZ cos θW . The weak
mixing angle has been measured experimentally as sin θW = 0.23153 ± 0.00016 [23].
This agrees with the latest world averages of the boson masses provided by the PDG
[13], and hence the values summarised in Table 2.2. These averages do not include the
latest CDF measurement of the W mass, which shows significant tensions with previous
measurements. More work is needed to understand this discrepancy. Furthermore, as set
out in Ref. [13], a greater understanding of the correlations between the results is required
before an updated average is provided in the next iteration of the PDG.

2.2.4 Fermion masses
As discussed in Section 2.2.3 the fermions also obtain their masses through coupling with
the Higgs field. These coupling terms are Yukawa couplings and, for the leptons, are of
the form

LYuk,L = −
∑
i

λiLiΦe
i
R + h.c., (2.43)

where λi is the coupling strength and h.c. refers to the Hermitian conjugate. If the VEV
of the Higgs field is inserted into this equation then mass terms for the leptons can be
extracted. Taking the electron as an example we see a mass term

Lemass = −λe v√
2
( eLeR + eReL ), (2.44)

where the mass of the electron can now be identified as λev/
√
2, with similar terms for

the muon and tau. It can be seen from this that the mass of a particle relates to the
strength of its coupling with the Higgs field. The neutrino terms remain massless here as
only the bottom half of the SU(2) doublets are projected out. The quarks have similar
mass terms, although the inclusion of Pauli spin matrices is required to project out the
upper half of the quark SU(2) doublets and hence generate mass for the up-type quarks.
The charge conjugate of the Higgs field is therefore defined

Φc = iσ2Φ
∗ =

1√
2

(
v

0

)
(2.45)
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The most general mass terms that can then be written for the quarks are

LYuk,Q = − v√
2

(
λijd Q

i ΦDj
R + λiju Q

iΦc U j
R + h.c.

)
, (2.46)

where λij are 3 × 3 complex Yukawa coupling matrices. These matrices can be diago-
nalised by a change of basis, which also entails a rotation of the SU(2) doublets. The
diagonalisation will then leave mass terms similar to those seen in the lepton sector. It is,
however, impossible to diagonalise both λijd and λiju simultaneously without altering the
form of the Lagrangian in Eq. (2.26). When these Yukawa matrices are simultaneously
diagonalised, the weak interaction term corresponding to the W boson then includes a
matrix referred to as the Cabibbo–Kobayashi–Maskawa (CKM) matrix [7,24]. This gives
the possibility of mixing between the generations of quarks, as it allows for one quark to
decay to another belonging to a different generation via the W boson. This effect shows
that the mass eigenstates of the quarks are not equivalent to the eigenstates through
which the weak interaction acts, the so-called “flavour” eigenstates. The CKM matrix
can be parameterised by three mixing angles and a CP-violating phase [7].

The same effect wasn’t shown in the lepton sector due to the lack of a neutrino mass
term in the Lagrangians discussed here. This leaves only one Yukawa coupling matrix to
diagonalise, which allows for the Langrangian in Eq. (2.26) to remain unchanged with
respect to the leptons, giving no intergenerational interactions. This is the origin of a
strict form of lepton flavour conservation, a rule of thumb where the difference between
the number of leptons and antileptons of a given flavour generation is constant within an
interaction. Of course, in reality, neutrinos do have mass as demonstrated by oscillation
experiments [25, 26]. This means that mixing between the different lepton generations is
indeed possible and, hence, lepton numbers are not conserved within a generation. This
also gives rise to a matrix similar to the CKM matrix in the lepton sector: the Pon-
tecorvo–Maki–Nakagawa–Sakata (PMNS) matrix [27, 28]. One open question is whether
neutrinos are Dirac particles like the other fermions. This would imply the existence of
right-handed neutrinos which are yet to be observed3 (these were, however, introduced
in Eq. (2.23) as they fit naturally within the theory described). Alternatively, the neu-
trino might be its own antiparticle, a hypothetical type of particle called a Majorana
particle [29], although there has been no experimental evidence for this.

3Observation would be astoundingly difficult, as right-handed neutrinos would only interact through
gravity or the Higgs field without NP theories. Both of these forces would couple very weakly to the
neutrino due to its near-zero mass.
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2.2.5 Interactions with the Higgs boson
It has been shown that the masses of the bosons and fermions are generated through their
interaction with the Higgs field but so far interactions of the Higgs boson itself have not
been considered. The Higgs boson is a massive excitation of the Higgs field, which can be
considered as a perturbation to the VEV of the field. The expression for the Higgs field
in Eq. (2.34) can be modified to include this perturbation

Φ =
1√
2

(
0

v + h(x)

)
, (2.47)

where h(x) is the excitation corresponding to the Higgs boson. This form for the Higgs
field is referred to as the unitary gauge. If this excitation is included in the Lagrangian
shown in Eq. (2.43) terms are recovered such as

Lh−e = −λe h√
2
( eLeR + eReL ). (2.48)

This corresponds to an interaction between an electron and a Higgs boson. The coupling
strength of this interaction is proportional to the mass of the electron which can be
seen by comparison with Eq. (2.44). Similarly, every particle that gains a mass through
interaction with the Higgs field also gains a coupling to the Higgs boson itself. As the
gluon and photon are massless they do not couple directly to the Higgs.

2.2.6 Quantum chromodynamics
The final force in the SM is the strong force. This is described by the theory of quantum
chromodynamics (QCD). QCD is a gauge field theory with the symmetry group SU(3).
The charge of this theory is called colour charge and there are three charges labelled red,
green and blue. Quarks carry one of these colours and antiquarks carry an anticolour.
The gauge boson that is responsible for carrying the force is the gluon. Gluons carry a
colour and an anticolour (or linear combinations of this type). The QCD Lagrangian is
given by

LQCD = −1

4
Gi

µνG
µν
j + ψa

(
iγµDab

µ −mδab
)
ψb, (2.49)
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where the gluon field strength tensor Ga
µν is given by

Gi
µν = ∂µA

i
ν − ∂νA

i
µ − gsf

ijkAj
µA

k
ν , (2.50)

the covariant derivative is given by

Dab
µ = δab∂µ + igsA

i
µT

ab
i , (2.51)

and δab is the Kronecker delta. The gluon fields in these equations are Ai
µ, and gs is the

gluon coupling strength. The structure constants of the SU(3) group are written f ijk.
The T ab

i are the Gell-Mann matrices which are the generators of the SU(3) group. Eight
matrices are needed to span the SU(3) group, hence i runs from 1 − 8. This shows the
existence of eight separate gluons, identified by varying colour combinations. The indices
a, b ∈ [1, 2, 3] indicate the colour charge.

Similarly to QED, QCD contains divergences when considering higher-order Feynman
diagrams. Renormalisation is again used to remove these and give meaningful predictions.
This again leads to a running of the strong coupling constant, αS. However, whilst the
coupling constant in QED gets smaller at higher energies, the strong coupling constant
does the opposite. At low energies αS is too large to consider a perturbative expansion
approach to calculations and so non-perturbative QCD calculations are used instead.

The strength of the strong coupling constant at low energies leads to the concept of
confinement. Particles that carry colour can only be observed as colourless combinations.
A colour and its corresponding anticolour combine to form a colourless object as does
the combination of all three colours: red, green and blue. The combination of a quark
and an antiquark is therefore allowed (these are the mesons), as is the combination of
three quarks (the baryons). Conversely, a single, free quark cannot exist alone. If it were
possible to extract a single quark from a baryon, the amount of energy put into the system
would lead to the creation of new quarks in such a way that the resultant particles would
still be colourless. This is the basis of hadronisation, an important concept for jets and
their formation which will be discussed in Section 2.4.

At higher energies, αS becomes sufficiently small for perturbative calculations to be
used, called perturbative QCD (pQCD). The smaller value of the coupling constant means
that quarks are more weakly interacting, such that at high energies quarks behave as
though they are free particles. This property is called asymptotic freedom [30, 31]. For
the discovery of this Gross, Politzer and Wilczek won the Nobel Prize in 2004.
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2.3 LHC collisions
At the Large Hadron Collider (LHC), beams of protons are collided together at high
energies and the particles produced in these collisions are detected and measured. A
basic view of the proton is that its quark composition is two up quarks and one down
quark (uud). However, these quarks are constantly interacting through the strong force,
exchanging gluons. These gluons in turn lead to the creation of quark-antiquark pairs.
This means that we cannot simply think of the proton using the basic uud view.

The constant interaction of particles via QCD within the proton poses a problem
for making theoretical predictions at hadron colliders. The low-energy QCD interactions
within the proton cannot be handled using pQCD. This problem is addressed by using
the factorisation theorem. Simply put, this states that emission and interactions below a
certain energy threshold are considered to be a part of the proton. The partons created
in these interactions are referred to as sea quarks, with valence quarks being the original
two u quarks and one d quark. When two protons collide the interactions between the
partons that make them up also include sea quarks or gluons. In the factorisation theorem,
emission above this energy threshold is instead considered to be separate from the proton.
This must then be included when considering the Feynman diagrams for the process of
interest. The energy threshold that separates these two regions is referred to as the
factorisation scale. The factorisation scale is set by hand, typically to the value of an
energy scale in the process of interest.

The contributions from different sea and valence partons to the proton are described
by parton distribution functions (PDFs). These describe the probability density of finding
a given parton with a given Bjorken-x value [32] at an energy scale Q2. In the limit of high
energy, x is the fraction of the proton’s momentum carried by the parton. The proton
must contain two up valence quarks and one down valence quark implying∫ 1

0

uv(x) dx = 2, (2.52)

∫ 1

0

dv(x) dx = 1, (2.53)

where uv and dv are the PDFs for the up and down valence quarks respectively. As sea
quarks and antiquarks of the same flavour will be created and destroyed in pairs, the
PDF for sea quarks is expected to be equal to that of sea antiquarks. As the mass of
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Figure 2.2: Parton distribution functions from the NNPDF collaboration at different
values of Bjorken-x and factorisation scale, µ2. On the y-axis is xf(x, µ2). From Ref. [33].

the up and down quarks are similar, and the production of sea quarks is dominated by
QCD, it can also be assumed that the contributions from up and down sea quarks are
equivalent. Combining these equivalencies gives

us = us ≈ ds = ds. (2.54)

There are then also sea quark contributions from the other quark flavours and gluons.
The complete set of PDFs is also constrained such that

∑
i

∫ 1

0

xfi(x) dx = 1, (2.55)

which states the sum of momentum fractions carried by each particle must sum to one.
Here fi(x) is the PDF for a particle of flavour i.

PDFs are determined using global fits to experimental data. For example, the values
calculated from the NNPDF collaboration [33] are shown in Figure 2.2. It can be seen
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that the gluon contribution is largely dominant, and as such gluon-gluon interactions
make up most of the collisions at the LHC.

These PDFs can then be used alongside the factorisation theorem and asymptotic
freedom to make predictions for proton-proton collisions. To calculate the cross-section
to produce some final state at the LHC, firstly the calculation for each possible initial state
is made. These are then weighted by the probability of having the partons of the correct
energy in the proton-proton collision. The cross-section for a process is then expressed
mathematically as

σ(P1, P2) =
∑
i,j

∫ 1

0

dx1

∫ 1

0

dx2 fi(x1, µ
2) fj(x2, µ

2)σij(p1, p2,λ(µ
2), Q2, µ2), (2.56)

where σ(P1, P2) is the cross-section for a given process starting with two protons of mo-
menta P1 and P2. The two interacting partons are of type i and j and have Bjorken-x
values of x1,2. All possible combinations of initial state partons are summed over. The
cross-section for the parton level process is given by σij. This cross-section depends on:
the parton momenta, pi; the coupling constants of any interactions in the process, rep-
resented here by λ; the energy scale of the interaction, Q2; and the renormalisation and
factorisation scales. These scales are set here to the same value µ2. The parton distribution
functions for the partons are fi,j and are also dependent on the scale µ2.

The PDFs can be seen to depend on the factorisation scale that is chosen. This is due
to the fact that as the factorisation scale changes, the radiation that is considered to be a
part of the proton also changes. This must be factored into the PDFs as is shown in Figure
2.2. It can be seen that as the factorisation scale increases, the relative contributions from
the valence quarks decreases, and the contributions from sea quarks increases. This can
be explained by the increase in radiation that is considered to be a part of the proton
with the higher energy threshold.

2.4 Jets
Proton-proton collisions often lead to the production of highly energetic partons. These
partons will then emit radiation, in the form of other partons, in a process called shower-
ing. As a parton showers, it loses energy and at some point the partons belonging to the
shower drop below the energy scale which separates the perturbative and non-perturbative
regions of QCD. At this point the size of the strong coupling constant becomes large and
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the partons can no longer be considered as individual particles. Instead, they join together
to form hadrons in a process called hadronisation. For sufficiently energetic partons in
the final state, these showers are highly collimated and are referred to as jets.

To compare jets that are detected with theoretical predictions, the concept of a jet
needs to be more rigorously defined. Procedures for deciding which final state hadrons
form a jet are called jet clustering algorithms. The same algorithms can be used in
theoretical predictions as well as in detector experiments to ensure that the results are
directly comparable.

There are several potential ways to achieve this clustering, but it is vital that the
algorithms make physical sense. One key point is that the algorithms must exhibit infrared
and collinear (IRC) safety. This is the concept that the theoretical predictions of hard
jets should not change if extra emission of soft particles or collinear splitting of partons
is added. Examples of such an approach can proceed as follows:

1. Calculate the distance between all pairs of particles, dij, and the distance between
each particle and the beam, diB.

2. Find the smallest of all the calculated distances,

min({dij}, {diB}),

if this corresponds to the distance for a particle pair then the two particles are
combined into one overall particle. Summing the four momenta of the particles is
the typical way to do this. The merged particle replaces the pair. If instead, the
minimum distance corresponds to a particle and the beam, then this particle is
declared a jet and removed from the list of particles for further clustering.

3. Go to Step 1 and repeat until no particles remain.

The distance measures are defined differently for different algorithms, but for the com-
monly used kT family of algorithms the distances are defined as

diB =
(
p2Ti

)n
; dij = min

[(
p2Ti

)n
,
(
p2Tj

)n] (∆Rij)
2

R2
, (2.57)

for some integer n. Here pTi is the transverse momentum of particle i and ∆Rij is the
distance between the two particles in η–φ space, where η is the pseudorapidity and φ the
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azimuthal angle. This distance is defined by

∆Rij =
√
(∆ηij)2 + (∆φij)2. (2.58)

Finally, R defines the jet radius in η−φ space. Changing the parameter n gives different
algorithms: n = 1 gives the kT algorithm [34]; n = 0 is the Cambridge–Aachen algorithm
[35]; and n = −1 gives the anti-kT algorithm [36]. These algorithms are all IRC safe.
If, for example, a particle undergoes collinear splitting, the two daughter particles will
have ∆Rij = 0, and so will be recombined in the algorithms. As well as this, if a hard
parton radiates a soft parton with a non-zero angular separation the emission will either
be clustered last back into the same jet, or it will create a new jet containing only itself.
Neither of these will affect the properties of the jet, due to the emission being soft.
Another IRC safe algorithm is the SISCone algorithm [37]. The basis of this is to define
jets with fixed radius R around particles in the event, which are then iteratively updated
following checks for the stability of each jet. This algorithm is also IRC safe.

The shapes of jets formed using the different algorithms are compared in Figure 2.3.
One nice feature of the anti-kT algorithm is that the jets are mostly highly conical in
shape, with a radius close to that defined by R. This is due to the fact that highly
energetic particles are clustered first, with soft partons being included up to this radius.
For soft partons at values ∆Rij > R the jet will have a distance measure which is closer
to the beam than to the soft partons, and hence no further partons will be clustered into
the jet. This is the most commonly used algorithm at the LHC.

2.5 Making theoretical predictions
For it to be possible to test a theory and its mathematical underpinning, it must provide
testable predictions. For the SM, this includes predicting the results of measurements
made at particle colliders, such as the LHC. In the modern day, SM predictions are
typically handled computationally. One such way to make predictions is the use of Monte
Carlo event generators. These programs aim to simulate the scattering events at colliders,
with the name Monte Carlo taken from the statistical technique used in the generation. An
overview of the required steps to make predictions of SM processes using event generators
is given here, with Pythia 8 [38] followed as a specific example. This is due to the fact
that Pythia 8 is widely used by the LHCb collaboration.

Event generation begins with an evaluation of the cross-section for a particular final
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Figure 2.3: Jet clustering is shown for four different clustering algorithms. The simulated
event is the same for all four algorithms so the shapes of the jets can be directly compared.
From Ref. [36].

state to be reached from a relevant parton-parton collision. This cross-section is considered
up to a given order in perturbation theory, for Pythia 8 this is a leading order (LO)
calculation. The exact process that this calculation corresponds to is referred to as the
“hard process”. In Section 2.3, a mathematical description of proton-proton collisions and
the hard process in an event at the LHC is given. The reality of an event at the LHC is,
of course, more complicated than just the hard process. The effects of additional partons
being emitted following the hard process must also be considered. This can be handled
using so-called “parton showers” [38]. Parton showers are responsible for simulating the
emission of particles describing the effects of higher-order processes than those that are
considered in the cross-section of the hard process. These parton showers are constructed
recursively with a strict ordering. In Pythia 8, the highest pT partons are emitted first
[38]. Emission continues until no final state particle has an energy above a given threshold
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value, this is 1 GeV for Pythia 8 [38]. The emissions are random in nature and so a wide
range of final states is therefore simulated.

These final state particles are now of low energy and, as such, hadronise into bound
states (or hadrons). The low energy of these partons means that pQCD cannot be used
to predict this hadronisation process. Hadronisation is handled using the Lund String
Model [39, 40] in Pythia 8. Unstable hadrons then undergo decay. This decay is typi-
cally modelled using measured branching fractions for particles. Decay channels can be
assigned a weight proportional to their branching fractions, with these weights then used
to randomly select a channel for the simulation [38].

It is also possible that the partons within the original proton-proton collision have
more than one interaction. If these interactions are significant, the events are labelled as
containing multiple partonic interactions (MPIs). These interactions are also modelled
in event generators such as Pythia 8, and the products of these interactions undergo
showering and hadronisation alongside the hard process. What is left of the two colliding
protons after the removal of the hard process and any MPIs is called the beam remnant.
This itself can undergo interactions, although these are of low energy (else they would
be classified within an MPI) and hence are non-perturbative in nature. The distinction
between MPI and beam remnant is somewhat arbitrary and dependent upon the model
employed; these are merely labels used to describe different parts of the event. Beam
remnants and MPIs are typically included together (along with other physics effects) as
the “underlying event”. This term refers to the multitude of physics processes that go
on alongside the hard process. The modelling of the hard process and underlying event
(followed by parton showers, hadronisation and decays) then gives a whole event. Jets
can then be defined within this event, as described in Section 2.4.

Finally, it is also possible to simulate the response of the detector to the event. This
is useful for enabling direct comparisons between data taken using a detector with the-
oretical predictions, as well as for analysing detector performance or understanding the
sensitivity of measurements at a detector to particular processes. This requires careful
simulation of how the particles interact with the detector. This is typically implemented
using Geant4 [41, 42].

In this section, event generators such as Pythia 8 have been discussed. These are
capable of providing LO predictions of the hard process being simulated [38]. Other
event generators able to simulate processes at NLO include Powheg [43–45] and Mad-
Graph5_aMC@NLO [46]. It is then possible to interface these with Pythia 8 in order
to simulate the parton shower.
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It is also possible to make predictions of processes using other methods that do not
rely on the direct generation of events. For example, these can use numerical integration
to calculate the integrals that describe the cross-sections of hard processes up to a given
order in perturbation theory. These alternative methods still often rely on Monte Carlo
techniques to evaluate calculations.

As shown in Eq. (2.56), the cross-sections that are calculated in these predictions are
dependent upon the renormalisation and factorisation scales. These scales were introduced
to deal with divergences in the calculations: the factorisation scale to deal with divergences
from low energy radiation within the proton; and the renormalisation scale to deal with
divergences associated with loops in the Feynman diagrams. If it were possible to calculate
the cross-sections of processes to all orders in perturbation theory, the result would not be
dependent upon these scales. It is therefore possible to gather information about the size of
effects associated with higher-order terms not included in the perturbative calculation by
varying these scales. This scale variation therefore provides an estimate of the uncertainty
on the final theoretical prediction associated with the choice of scale and hence the higher-
order corrections that are not included in the calculation. Theoretical calculations are
usually carried out using the same nominal value for the renormalisation and factorisation
scales (although there is no inherent reason that this must be the case). To estimate the
uncertainty on a prediction, these scales are typically varied to half and double their values
independently. This can be done using the seven-point scheme as prescribed in Ref. [47],
where if one scale is doubled, the other cannot be halved simultaneously (leaving seven
points at which to evaluate the cross-section). The maximal change in the final prediction
then gives an estimate of the uncertainty on the measurement.



Chapter 3

LHCb Detector

The work carried out in this thesis uses data collected with the LHCb detector to study
proton-proton collisions at the Large Hadron Collider (LHC). In this chapter, a brief
overview of the LHC will be given as well as a more detailed description of the LHCb
detector. In addition, the LHCb computing and software environments used to simulate
events are set out. This chapter concludes with a discussion of how jets are reconstructed
at LHCb.

3.1 The Large Hadron Collider
The LHC [48,49] is located at the European Organisation for Nuclear Research (CERN)
and is designed to accelerate and collide protons at a centre-of-mass energy of up to
14 TeV. In addition, the complex is used to accelerate and collide lead ions. The LHC is
a 27km long, circular collider which spans the Swiss–French border near Geneva. Before
being injected into the LHC, protons are first accelerated by a series of boosters and
synchrotrons up to 450 GeV, as shown in Figure 3.1. The LHC then further accelerates
the proton beams using 16 radio frequency chambers. The beam trajectories are controlled
by 1232 superconducting dipole magnets, each producing a field of 8.3 T. The beams are
collided at four crossing points. Quadrupole magnets are used to squeeze and collimate the
beams, focusing them to a width of around 14µm at the crossing points. At each of these,
there is a particle detector designed with specific physics goals in mind. The ATLAS [50]
and CMS [51] detectors are general-purpose experiments, with a focus on searching for
direct evidence of NP in the form of heavy particles and for the exploration of the Higgs
sector. These detectors were jointly responsible for the discovery of the Higgs Boson in

47
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Figure 3.1: The CERN accelerator complex. The smaller machines are used in a chain to
help accelerate the particles up to their final energies. Beams are also provided to a set
of smaller experiments shown. From [54].

2012 [11,12] and have subsequently made precision measurements of the properties of this
particle. The ALICE detector [52] is designed for the study of the Quark Gluon Plasma,
utilising lead ion collisions for this purpose. Finally, the LHCb detector [53] is dedicated
to the study of heavy flavour physics and is designed to look for indirect evidence for NP
in CP violation and rare decays of hadrons containing b and c quarks.

3.2 Layout of the LHCb detector
The LHCb detector is a forward-arm spectrometer located at Point 8 of the LHC ring.
The description given here follows Ref. [53].
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A schematic of the full detector is shown in Figure 3.2, where the coordinate system
is also defined. The z-axis points along the beamline in the forward direction, the y-axis
points vertically upwards and the x-axis then points in such a direction to create a right-
handed coordinate system. The angle between a particle and the beamline is referred to
as θ, while the azimuthal angle in the x–y plane is referred to as φ.

Production of b quarks at the LHC1 predominantly occurs through gluon fusion, gluon-
gluon splitting and quark-antiquark annihilation [53]. The angles of the pair-produced b

and b quarks are highly correlated and production is strongly favoured in the forward
and backward regions [55], as is shown in Figure 3.3. The LHCb detector is therefore
designed to capture a good proportion of these quarks, whilst being constrained by the
limited space within the cavern hosting the detector. The detector covers the forward
region of phase space, with an angular acceptance of 10 < θ < 250mrad or, equivalently,
a pseudorapidity range of approximately 2 < η < 4.5. Electing not to also cover the
backward region of phase space reduces the number of bb events within the acceptance by
a factor of two, but this allows for a longer forward arm to be built. This in turn allows
for a greater number of detector subsystems. Also, the longer lever arm allows for more
precise measurements of the particle momenta to be made.

Proton-proton collision data were collected with the LHCb detector at a centre-of-
mass energy

√
s = 7TeV in 2011 and

√
s = 8TeV in 2012, collectively known as Run

I. Run II occurred between 2015 and 2018, with data collected at
√
s = 13TeV. The

production cross-section for pp→ bbX within the LHCb acceptance has been measured as
σ(pp→ bbX) = 72.0±0.3±6.8µb at

√
s = 7TeV and σ(pp→ bbX) = 154.3±1.5±14.3µb

at
√
s = 13TeV [56]. Therefore, for an equal number of proton-proton collisions, there

are roughly twice as many bb pairs produced at
√
s = 13TeV as opposed to

√
s = 7TeV.

The following sections will detail the detector subsystems.

3.2.1 Vertex locator
The VErtex LOcator (VELO) surrounds the point where the proton beams collide. It
is designed to locate the position where particles are produced and decay, via precise
measurements of charged particle trajectories (tracks). Of particular importance is the
ability to separate the primary proton-proton collision points (primary vertices, or PVs)
from secondary vertices (SVs) where beauty and charm hadrons decay. These SVs are

1Here the general picture at LHCb is being described. The details of production methods focusing
on the study of production asymmetries in this thesis will be covered in later sections.
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Figure 3.3: Production angles of all bb pairs at the LHC. The bins coloured in light red
show the events where both of the quarks fall within the LHCb acceptance. Those bins
in dark red show where only one quark falls in the acceptance, and bins in blue are where
neither quark is in the acceptance. From Ref. [55].

present due to the heavy flavour hadrons travelling significant distances from the PV
before decaying via the weak force. For B-hadrons, this distance is typically around 1 cm,
whereas for D-hadrons it is typically around 4 mm.

The VELO, illustrated in Figure 3.4, is made up of 21 stations. Each of these stations
in turn is made up of two silicon modules (left and right). These modules consist of two
silicon strip sensors, one for providing information on the radial coordinate r and one for
the azimuthal angle φ of a particle travelling through them. A charged particle travelling
through the VELO deposits small amounts of energy in the sensors, called ‘hits’, which
are read out by electronic chips associated with the sensors. This information is combined
with further information from the other subdetectors to reconstruct the particle’s path.
There are an additional two stations backward from the interaction point, called pileup
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Figure 3.4: Top: cross-section of the VELO detector in the x-z plane, during stable beam
conditions. Bottom: VELO in the open and closed positions. The VELO opens outside
of stable beam conditions to protect from increased radiation damage. From Ref. [53].

stations. These are used to reject events with too many PVs.
When beams are first injected into the LHC they are wider than when stable running

is achieved. To protect from radiation damage during the time between injection and
stability, the VELO modules are designed to retract to around 3 cm from the beam
axis. During stable running the VELO closes to a distance of 8 mm from the beamline.
This closer proximity allows for more precise measurements of the vertices and impact
parameters of tracks with respect to these vertices. The hit resolution of the VELO
varies between approximately 4–40µm. This gives a typical resolution on the position of
vertices of 10–20µm in the transverse plane and 50–100µm in the z direction, as shown in
Figure 3.5. Typical resolutions for the impact parameter of tracks to these vertices range
from around 12µm for very high momentum tracks to around 80µm for low momentum
tracks [57].
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Figure 3.5: Resolution of the PV location in the VELO as a function of the number of
tracks associated with the PV, N . Left: the resolution of PV location in x (red) and y
(blue) directions. Right: the resolution of PV location in the z direction. From Ref. [57].

3.2.2 Tracking and magnet
The LHCb detector has several components that make up its tracking system, which
are used to reconstruct the trajectories of electrically charged particles as they travel
through the detector. These components are the VELO, the TT, and the T1, T2 and
T3 stations [53]. The T1–T3 stations can be split into the inner tracker (IT) and the
outer tracker (OT) with the IT lying closer to the beamline. The IT and TT are both
silicon trackers and the outer tracker (OT) is a drift-time detector. Silicon trackers have
a higher resolution than the drift-time detectors, meaning they are better able to resolve
the increased number of hits that occur close to the beamline.

Between the TT and the T1 station, there is a dipole magnet which produces a mag-
netic field along the y-axis with a bending power of around 4 Tm. The highest magnetic
field strength produced by the magnet is 1.1 T, occurring at the centre of the magnet. The
magnetic field causes the charged particles to follow a curved trajectory, which allows for
the determination of the momenta of particles (since the radius of curvature depends on
the momentum of the particle). The direction of the magnetic field is reversed periodi-
cally to reduce the effects of any asymmetries occurring from oppositely charged particles
bending in different directions.

The tracking system has excellent performance with an average efficiency of recon-
structing tracks better than 95% for tracks with momenta, p, in the range 5GeV < p <

200GeV and pseudorapidity 2 < η < 5 [58].
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3.2.3 Cherenkov detectors and particle identification
The LHCb detector contains two Ring Imaging Cherenkov (RICH) detectors which are
a crucial element of the particle identification (PID) system of the detector. Cherenkov
radiation occurs when a particle travels through a medium faster than the speed of light
in that medium. This results in the emission of a cone of light which has an angle θc
from the direction of travel of the particle. This angle is related to the mass, m, and
momentum, p, of the particle as well as the refractive index, n, of the medium through
the formula

cos(θc) =

√
m2 + p2

pn
=

1

nβ
, (3.1)

where β = v/c, and v is the velocity of the particle. The RICH detectors are able to
determine the angles of emitted Cherenkov radiation and therefore provide information
on the mass, given the momenta of particles travelling through the detector. The RICH1
and RICH2 detectors use different media with different refractive indices, optimised for
different momentum ranges. The RICH1 detector uses C4F10 gas which has a refractive
index n = 1.0014, providing good PID in the momentum range 1 < p < 60GeV. The
RICH2 detector uses CF4 gas with n = 1.0005 and provides good PID in the range
15 < p < 100GeV. The reconstructed Cherenkov angle for different particle species in
RICH1 is shown in Figure 3.6. Separation of the particle species is visible in the middle of
the momentum range, with kaons and protons forming distinct clusters. As the momenta
of particles become higher (p → ∞) the mass of the particle becomes unimportant with
cos(θc) → 1/n. This is called saturation and leaves particle species indistinguishable from
one another. The information from the RICH detectors is combined with information from
the calorimeter systems and the measured particle momentum to give a mass hypothesis
for each particle and thus identify the species.

3.2.4 Calorimeters
The calorimeter system at the LHCb detector is comprised of four parts: the scintillat-
ing pad detector (SPD), the pre-shower detector (PS), the electromagnetic calorimeter
(ECAL) and the hadronic calorimeter (HCAL). The different subdetectors all work us-
ing the same basic principle: as particles pass through them, energy is deposited which
is measured by the detectors. The elements cause different particles to deposit energy
in different ways, which allows for different species of particles to be distinguished. In
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Figure 3.6: Reconstructed Cherenkov angle as a function of track momentum in RICH1
with the medium C4F10. Different particle species are labelled. From Ref [59].

particular, the LHCb calorimeter system allows for hadrons, electrons and photons to be
distinguished from one another since they leave different signatures in the detectors, as
shown in Figure 3.7.

Both the SPD and PS consist of scintillating pads with a thickness of 15mm and
are the first two elements of the calorimeter system. They are interspaced by a lead
converter with a thickness of 15mm equivalent to 2.5 radiation lengths for electrons. This
lead causes photons to convert into electron-positron pairs, initiating an electromagnetic
shower. This shower is measured by the PS detector. The SPD, sitting before the lead
converter, typically only interacts with charged particles, so the SPD and PS together
can be used to distinguish between photons and electrons.

The next element of the calorimeter system is the ECAL, which employs ‘shashlik’
technology of alternating scintillating tiles and lead plates. The ECAL has a length of
25 electron radiation lengths allowing it to fully contain electrogmagnetic showers. The
ECAL consequently has an energy resolution of σE

E
= 10%√

E
⊕1% with E measured in GeV.

The HCAL is the final element of the calorimeter system and is designed for the
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Figure 3.7: Illustration showing the energy deposits of photons (γ), electrons (e) and
hadrons (h) through the calorimeter system at the LHCb detector. From Ref [60].

detection of hadrons. Similarly to the ECAL, it is made up of alternating scintillating
tiles but with iron plates. It has a length of 5.6 hadron radiation lengths, which is set by
the length of the LHCb cavern. Consequently, hadron showers are not always contained.
This gives an energy resolution of σE

E
= 70%√

E
⊕ 10% with E measured in GeV. This is less

precise than the ECAL but provides sufficient information for the LHCb trigger and for
use in particle reconstruction.

3.2.5 Muon stations
Identification of muons forms an important part of this thesis due to their use in charge
tagging beauty-jets, discussed later in Section 5.3. The muon system consists of five
muon stations (M1–M5) with M1 situated before the calorimeters and M2–M5 behind
the calorimeters as shown in Figure 3.2. Muons are able to penetrate a much higher
amount of material compared to other particles. Therefore a particle that traverses the
whole detector and leaves hits in the later muon stations is overwhelmingly likely to be
a muon. It is this property of muons that therefore allows for their identification.

A side view of the muon stations is shown in Figure 3.8a. Separating the stations
are 80 cm thick iron absorbers. These absorbers stop particles other than muons from
travelling through all of the stations and hence filter these particles out. Muons with a
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(a)

(b)

Figure 3.8: (a) Side view of the muon stations. Muon chambers are separated by 80 cm
thick iron absorbers. (b) Cross-section of a muon chamber, with only one quadrant shown
for simplicity. Rectangles show the 69 MWPCs. In M1 the 3 most central MWPCs shown
here are replaced by GEMs. From Ref [53].

momentum greater than 6 GeV are able to successfully traverse all of the stations [61].
The muon stations are each made up of 276 multi-wire proportional chambers (MW-

PCs) with the exception of M1, where the inner 12 MWPCs are replaced with triple-gas
electron multiplier (triple-GEM) detectors. This is due to the high radiation experienced
in this region, which would exceed safety limits for the MWPCs. The make-up of the
stations is shown in Figure 3.8b. The stations are broken down into four regions R1–4,
with each region an increasing distance from the beam pipe. The MWPCs can be further
segmented into logical pads, which define the partial resolution of the muon system. The
size of these logical pads decreases closer to the beam pipe to help keep their occupancy
consistent across the detector.

The MWPCs are filled with a gas mixture consisting of Ar, CO2 and CF4. Ionisation
of the gas by muons passing through creates electrons which are collected and used to
detect the muons.

The muon stations are important both for triggering events (discussed in more detail
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Table 3.1: Stations which require hits to give isMuon=TRUE for a track. Table reproduced
from [62].

Track momentum / GeV Required stations hit

p < 3 Always false

3 < p < 6 M2 & M3

6 < p < 10 M2 & M3 & (M4 || M5)

p > 10 M2 & M3& M4 & M5

in Section 3.2.6) and for the identification of reconstructed tracks as muons. Whether a
track is identified as a muon or not is described in the data by the variable isMuon. This
is a binary variable and takes the value TRUE if tracks are associated with hits in the
muon stations. The specific criteria depend on the track momentum [62] and are set out
in Table 3.1.

Performance of the isMuon variable is excellent. The efficiency is around 97% for
muons with transverse momentum of around 1GeV, increasing to around 99% at higher
transverse momenta. Kaon and pion misidentification is typically below 1% [62].

The charge of muon candidates can be determined by the direction with which their
trajectory curves in the magnetic field. Incorrect reconstruction of the charge is incredibly
rare due to the high magnetic field causing significant curvature.

3.2.6 Trigger system
The LHC provides proton bunch crossings at a rate of 40 MHz, or once every 25 ns. Not all
of these result in visible proton-proton interactions, which occur at a rate of ∼ 30MHz at
the LHCb detector [63]. Recording every proton-proton collision is not feasible2. Instead,
a trigger is implemented to select which events are of sufficient interest for further study.
These events are then written out and stored. In Run II, the LHCb trigger system reduced
the detector output to around 12.5 kHz.

Events that meet the criteria of the trigger are said to have “fired” it and are subse-

2A typical event takes up 100kB of data. Therefore if every visible proton-proton interaction were
read out and stored it would result in roughly 3TB per second being accumulated. If this were the case
LHCb alone would produce in one day a similar amount of data to what is actually recorded by the four
LHC detectors in a year.
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quently classified according to what in the event is responsible for the selection. When
looking at a candidate object within an event, the event is classified as TOS (Trigger On
Signal) with respect to this candidate if it is responsible for the trigger firing. If instead
the trigger is fired by a particle not belonging to the candidate object then the event is
classified as TIS (Trigger Independent of Signal) with respect to the candidate.

The trigger is split into two stages: first, there is the low level trigger (L0) which is
implemented through hardware; second is the high level trigger (HLT), which is software
based. These will be discussed in detail in the next sections.

Low level trigger

The L0 trigger reduces the data rate to 1 MHz, a scale at which the whole LHCb detector
can be read out. In order to achieve this, information from the calorimeters and muon
systems is used, since both can be read out at high speed. The information from these
systems is used separately to select events with high pT muons or large transverse energy
deposits in the calorimeters.

The muon trigger is implemented in four L0 muon processors, with each processor
associated with a quadrant of the muon detector. Each of these processors identifies the
two highest pT tracks in its quadrant. As there is no exchange of information between
the processors, muons that traverse multiple quadrants cannot be reconstructed in the
L0 trigger. The processors look for hits through the muon stations that form a straight
line and point back towards the interaction point in the y–z plane3. An estimate of
the pT is achieved by assuming that each track is a muon originating from the nominal
interaction point and that it traversed the known integrated magnetic field. This gives a
fast estimate of the pT but with a poor resolution (O(25%)) compared to tracks that are
fully reconstructed later in the LHCb analysis chain. The procedure yields eight muon
candidates (two from each quadrant) from which selection criteria can be applied as shown
in Table 3.2. For L0Muon and L0DiMuon, momentum requirements are applied alongside a
limit in the number of hits in the SPD. By selecting only events with a low SPD occupancy,
the complexity of the events selected is reduced, thereby allowing faster reconstruction in
the subsequent software-based triggers. As the L0DiMuon trigger has a lower rate than the
single muon line, the SPD criterion is relaxed. The final line, L0MuonEW, requires a higher
momentum muon with no limit on the SPD hits. This is useful for analyses where the

3These lines are not expected to point back to the interaction point in the x–z plane due to the
bending of particle trajectories by the magnet in this plane.
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Table 3.2: L0 muon trigger requirements for 2016 data taking conditions. p(1,2)
T are the

highest and second highest pT tracks found by the L0 muon processors [64].

L0 trigger line Momentum threshold SPD hits threshold

L0Muon p
(1)
T > 1.8GeV < 450

L0DiMuon p
(1)
T × p

(2)
T > 2.25GeV2 < 900

L0MuonEW p
(1)
T > 6.0GeV N/A

entire event is of interest, rather than just the decay of a particular heavy flavour hadron
(for example, those concerning the production of particles). Selection requirements on
the number of hits in the SPD can bias such analyses by removing events of interest in
particular regions of the phase space. The exact momentum thresholds given in Table 3.2
are varied for the L0Muon and L0DiMuon triggers for different data taking conditions in
such a way that their total output rate is consistent at around 400 kHz. The L0MuonEW
trigger has a relatively low rate in comparison, and its thresholds were kept constant
throughout Run II [64].

The calorimeter information is split into the hadron trigger (L0Hadron) and electro-
magnetic trigger (L0Electron and L0Photon). The former selects events that have de-
posited a significant amount of transverse energy, ET > 3.7GeV, in the HCAL, and the
latter selects events where electrons or photons deposit ET > 2.4GeV or ET > 2.78GeV
in the ECAL respectively. The calorimeter trigger thresholds provided here are for 2016
data-taking conditions [64]. The output rates of the hadron and electromagnetic triggers
are 450 kHz and 150 kHz respectively [63], where again the momentum thresholds were
tuned throughout Run II to keep these output rates consistent. This brings the total
output of the L0 trigger to around 1 MHz.

High level trigger

Events that pass the L0 trigger are then processed by the software-based trigger (HLT).
Events are transferred to the Event Filter Farm, which consists of approximately 1700
computing nodes with 27000 cores. The HLT further reduced the event rate from 1 MHz
to 12.5 kHz throughout Run II. The software trigger consists of two stages: HLT1 and
HLT2.
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Figure 3.9: Sketch of different track types in the LHCb detector. From Ref. [64].

High level trigger 1

HLT1 partially reconstructs events in order to reduce the event rate to around 110 kHz
[64]. Charged particles that have traversed the full detector are reconstructed. These are
referred to as “long tracks” and are shown in Figure 3.9, along with other track types.
Tracks reconstructed in the VELO are also used to determine the location of PVs. Full
particle identification isn’t possible owing to tight time constraints. Muon identification
is the exception to this, however, due to the clear signature in the detector [64].

To reconstruct long tracks, hits in the VELO are first combined to form straight
lines that roughly point back to the beamline [65]. This is followed by a straight-line
extrapolation of these tracks to the TT location. If three hits are found in a small search
window around this extrapolation then “upstream tracks” are formed [66]. Finally, these
tracks are linked with further hits in the T1–T3 trackers, allowing long tracks to be
reconstructed. These are subject to a transverse momentum requirement of pT > 500MeV.
The tracks are then fit using a Kalman filter [67, 68] and fake tracks4 are rejected.

Events are selected to pass the trigger based on criteria called trigger lines. There
are several such lines and those used vary from analysis to analysis. The specifics of the
trigger lines used in this thesis will be discussed in Part II.

4Tracks may be faked by a random combination of hits that are aligned or a mismatch of segments
from the different tracking stations.
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High level trigger 2

Reconstruction in the HLT2 trigger is the first time a full event reconstruction is per-
formed. This uses information from all of the subdetectors and is made possible by the
low input rate to HLT2. HLT2 itself has an output rate of 12.5 kHz, with these events
written out for storage and future data analysis [64]. The reconstruction used by HLT2
is the same as is used in the full offline analysis of data. There are three major steps to
the full event reconstruction in HLT2: the track reconstruction of charged particles, the
reconstruction of neutral particles, and PID.

While track reconstruction at HLT1 features a momentum threshold, the goal at HLT2
is to fully reconstruct all tracks in LHCb with no such requirement. The same general
approach as HLT1 is followed at HLT2, however, lower momentum tracks are no longer
filtered. Long-lived particles may decay outside the VELO and these are reconstructed
by searching for tracks in the T-stations which are extrapolated backwards and combined
with hits in the TT. Fake tracks are then rejected. This is achieved by applying a Kalman
filter [67, 68] and using the output of this along with other track information to train a
neural net to perform this rejection [69].

Information from the calorimeters, muon stations and RICH detectors is used in
combination for PID. The RICH reconstruction takes all of the available hits in RICH1
and RICH2, from all of the reconstructed tracks, and analyses them simultaneously.
The hypothesised species of each particle (and therefore mass) is varied, allowing the
likelihood that a track is associated with a particular particle species to be found. The
species considered are pions, kaons, protons, deuterons, electrons and muons. In addition,
the calorimeter and muon systems also contribute to PID information. Energy deposits
from the different calorimeter subsystems are combined to determine the total energy of
each particle. Neutral particles can then be identified by their isolation with respect to
the reconstructed charged tracks [64].

Similarly to HLT1, there exist multiple trigger lines implemented in HLT2. The details
of the HLT2 lines used in this thesis will be discussed in Part II.

3.2.7 Data storage
The Data Acquisition (DAQ) system [70, 71] is responsible for interfacing with the de-
tector, the Event Filter Farm and the HLT to transfer events to permanent storage. The
DAQ system has a 40 TB buffer storage system as mitigation if the link to permanent
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storage fails.
All events that pass the triggers are saved at CERN on tape. By the end of 2021 LHCb

was responsible for 75.4 PB of stored data [72]. To allow for easier access to the data it is
also stored on disk at CERN and other sites around the world. As disk space is limited
the data first undergoes some selections in a process known as ‘stripping’. Stripping lines
consist of loose requirements being placed on the data which select events of interest for
studies and ensure some level of quality in the candidates selected. Some groups of lines
have a large overlap in the events selected, so are grouped together into streams. All
events from lines within a given stream are then recorded together, reducing the number
of times the same event is written to disk in multiple locations. In total LHCb had 39.2 PB
of data written to disk by the end of 2021 [72].

In Run II the Turbo stream was also introduced [73]. This stream bypasses the strip-
ping but only saves information about the particles responsible for firing specific HLT2
lines. This stream is therefore only used where information about the full event is not
needed for the analysis.

3.3 Luminosity at LHCb
The instantaneous luminosity, L, is a measure of how frequent proton-proton collisions
are. The rate with which a given process occurs can then be calculated using the cross-
section, σ, and the luminosity

dN

dt
= Lσ. (3.2)

The nominal operating luminosity of the LHC is 1034 cm−2 s−1, however, the peak opera-
tional luminosity during Run II was recorded at double this [74]. At the LHCb detector
a lower instantaneous luminosity is desired, as this enables the best separation of SVs
from the proton-proton interaction points. In addition, the HLT is already dominated by
beauty and charm meson decays; higher pileup5 would require tighter requirements in
the trigger and not lead to significant increases in signal yield recorded for many decay
modes. Finally, the low pileup also reduces radiation damage to the LHCb detector.

To achieve this lower luminosity the proton beams are defocused in a process referred
to as luminosity levelling. The amount of levelling is adjusted during a fill to keep the
instantaneous luminosity in the detector roughly constant. This adjustment is required
because the proton beams deplete throughout the course of a fill. The nominal instanta-

5The pileup is the number of proton-proton interactions in an event.
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Figure 3.10: The cumulative integrated luminosity delivered to the LHCb detector.
Source: LHCb.

neous luminosity delivered at the LHCb detector is 5× 1032 cm−2 s−1. The actual instan-
taneous luminosity delivered can be measured using methods such as a “van der Meer
scan” which scans the overlap of the two beams at different beam positions [75]. This can
then be integrated over time which gives a measure of the size of the dataset gathered by
the detector. The integrated luminosity delivered to LHCb each year is shown in Figure
3.10. The luminosity levelling results in an average pileup of 1.3 at LHCb, significantly
lower than that at CMS and ATLAS.

3.4 Generation of simulated events
The goal of a particle physics experiment is to make measurements that correspond as
closely as possible to the ‘true’ values. In this description, ‘true’ means the values that
would be obtained by a measurement under ideal conditions, where backgrounds, detector
effects and other issues are completely removed. This is not possible in the real world, and
the measurements that are made are imperfect observations of these true values. It then
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becomes important to correct for these imperfections and infer the true underlying values
from the observed one as much as possible. For this purpose, Monte Carlo simulations are
performed, similar to those discussed in Section 2.5. This involves simulating everything
from the initial proton-proton interaction to the subsequent particle decays and their
interaction with the detector. The result of this provides simulated events with results of
their properties as if read out by the real detector, along with the true underlying values
that the particles are generated with. Comparison of these ‘measured’ and ‘true’ values
can then be used to both quantify and control effects that influence the measured values.

Event simulation at LHCb is managed by the Gauss framework [76, 77]. The initial
hard process of the proton-proton interaction is typically simulated using Pythia 8 [38],
with Photos [78] used for the inclusion of QED final-state radiation (FSR). Pythia
8 is a general-purpose event generator simulating the hard processes at LO. Decays of
beauty and charm hadrons are handled by EvtGen [79]. EvtGen is an event generator
specifically designed by the BaBar collaboration for handling the decay of heavy flavour
particles. It is important to use a generator more specifically designed for this purpose as
this allows for the processes studied at LHCb to be more accurately modelled and hence
provide more precise results. The detector geometry, material content and interaction with
particles are simulated by Geant4 [41,42]. Next, the simulation is digitised whereby the
simulated energy deposits are converted into a detector response, using a package called
Boole [80]. Simulated events are then handled in the same way as real data gathered
by the detector.

3.5 Jet reconstruction
The charge asymmetry measurement presented in this thesis considers pairs of beauty-
jets, referred to here as dijets. Therefore, in this section, the reconstruction of jets at
LHCb is discussed. The formation of jets from a theoretical perspective is covered in
Section 2.4.

Jet reconstruction begins with the standard particle flow algorithm used by LHCb
[81–83]. The goal of the algorithm is to take information from all of the subdetectors and
use it to provide a list of particles that can subsequently be clustered into jets.

First, the PVs in the event must be reconstructed. The process for this is detailed fully
in Ref. [84] but is discussed very briefly here. The PVs are reconstructed by first finding
points in the detector where there are a high number of tracks passing close together.
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The Tukey biweight method [85] is then used to assign a weight to each track according
to the value of its χ2

IP. This variable measures the significance of the impact parameter
with the estimated PV location. High values are penalised with a low, or zero, weight (as
these are less likely to truly originate from the PV). Once the weights have been assigned,
a weighted least squares fit is performed to determine the location of the PV.

Once the PVs have been reconstructed, the next step is to select all of the long and
downstream tracks for a given PV6, where these track types are shown in Figure 3.9.
Standard LHCb track quality requirements are applied when selecting these inputs: the
fit used to reconstruct tracks is required to return χ2/ndf < 3, where ndf is the number
of degrees of freedom. Input from the detector systems is used to identify the particle
species of each track, which is then used to set the mass of the associated particle. Due
to the shorter length of upstream tracks, their momentum resolution is much poorer
than that of long tracks, so their momentum is set to zero. Although this may sound
extreme, it is acceptable as these tracks are low momentum (having been bent out of the
detector acceptance by the magnetic field). Additionally, the jet clustering algorithms
used observe IR safety, meaning very low momentum particles will not alter the final jet
properties. These tracks are still included as they provide useful information on which
proton-proton interaction produced the jet. If a group of tracks is compatible with a
neutral resonance (often K0

S or Λ) they are replaced as inputs with the appropriate
resonance. This is because the resonant particle is more likely to point back to the PV
compared to the individual tracks, meaning the particles are less likely to be assigned to
the wrong interaction. This recombination has little effect on the jet energy [82].

The algorithm also uses neutral particles as input and so these must also be identified.
The first step here is to select energy deposits in the calorimeter system that are isolated
from charged tracks. The conditions to consider a deposit sufficiently isolated are listed in
Table 3.3. After applying these criteria, neutral particles that are not as well isolated from
charged tracks must also be identified. This is crucial because jets are highly collimated
streams of particles, such that individual particles may not be well isolated but may still
carry a significant amount of energy, meaning they must be “recovered” and included in
the reconstruction. To achieve this, the expected calorimeter energy deposits for charged
tracks are calculated using the track momentum and particle species hypothesis. These
expected values are subtracted from the measured deposits associated with the tracks. If
there is significant excess energy in the deposits then these are associated with neutral
particles. To be considered as an input for jet reconstruction, this excess must be greater

6The full jet reconstruction is repeated for each PV in turn.
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Table 3.3: Calorimeter cluster isolation requirements used in the standard LHCb particle
flow algorithm. Here the χ2 is a measure of the significance of the isolation of the cluster
from any track, which is defined using the track and cluster coordinates as described in
Ref. [86]. Table reproduced from Ref. [82].

Calorimeter ET Threshold / GeV Isolation Criteria

ECAL Any χ2 > 25

HCAL 2<ET <5 χ2 > 25

HCAL ET >5 χ2 > 16

HCAL ET <2 Rejected

than 1 GeV [83].
At this point, the particle flow algorithm will have produced a list of charged and

neutral particles in the detector for clustering into jets. The clustering is then performed
using the FastJet [87, 88] interface. The anti-kT algorithm [36] is used with a radius
parameter, R = 0.5. Jets are typically reconstructed in the pseudorapidity range 2.2 <

η < 4.2 since this ensures that edge effects of the detector are reduced.
In simulated events, it is also possible to define truth jets. These are the jets that would

be reconstructed under ideal conditions with a perfect detector. Inputs for clustering into
truth jets are defined at hadron level (also referred to as particle level). Inputs are used
if they are stable (with a mean lifetime greater than 10−8 s [83]), with the exception
that neutrinos are not considered. Alternatives are possible, for example considering the
fundamental partons produced. However, such approaches are no longer favoured, as they
involve greater model dependence in correcting what the detector measures at hadron
level.

Due to effects such as track-finding inefficiencies and imperfect neutral recovery, not
all of the energy associated with a jet is reconstructed in the detector. It may also be the
case that, owing to pileup7, additional particles that originate from a different proton-
proton interaction than the one of interest are clustered into jets [81]. It is therefore
necessary to correct the measured energy of jets by scaling this quantity to obtain the
best estimate of the true jet energy. This scale factor is determined from simulation as a

7Due to the significantly lower instantaneous luminosity at LHCb compared to the general-purpose
detectors at the LHC, pileup is lower than experienced elsewhere. It is however still important to consider
the effects associated with it.
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function of the jet pseudorapidity, the fraction of the jet transverse momentum measured
with the tracking systems, and the number of proton-proton interactions in the event.
The scaling factor is typically between 0.9 and 1.1. This indicates that the base inputs
are well measured, such that the subsequent required correction is small. Furthermore,
previous studies have shown that the jet energy scale is well modelled in bb-dijet events
after this correction is applied [89]. The jet energy resolution is around 15% for jets
with transverse momentum between 10 and 100 GeV as measured in simulation [81, 83],
though it is typical for individual analyses at LHCb to smear this resolution to achieve
good agreement between data and simulation [90].

There is an uncertainty associated with the derivation of the scale factor, which has
contributions from different sources. There are systematic uncertainties associated with
the method used and the flavour content of the jets. As well as this, an uncertainty is
obtained by deriving a subsequent correction scale factor for jets that have already been
corrected. Deviations from unity in this second factor are used as the uncertainty. Finally,
there is a statistical uncertainty due to the limited simulated sample size. The relative size
of these sources of uncertainty varies across the phase space of the jets and is discussed in
more detail in Ref. [83], however the overall size of the uncertainty is typically less than
5%. There is an additional uncertainty associated with how well the simulation models
the detector response to jets. This uncertainty is evaluated explicitly for the analysis
discussed in this thesis in Chapter 6.

Jets are also identified by their flavour at LHCb. If a jet contains a b hadron it is
labelled a b-jet, if it contains a c hadron and no b hadron then it is a c-jet and otherwise,
it is a light-jet (initiated from a u, d, s or g). Together, b- and c-jets are referred to as
heavy flavour (HF) jets. HF jets contain a secondary vertex (SV) due to the HF hadrons
flying some distance from the PV before decaying via the weak force. For simulated b-jets
used in this thesis, this distance is typically ∼ 3 cm. A schematic of a jet containing a SV
is shown in Figure 3.11. The tracks associated with the decay of the HF hadrons point
to the location of this SV and not the PV. This feature is therefore utilised and HF jets
are tagged by the presence of a SV within the jet.

A detailed description of the SV-tagger algorithm can be found in Ref. [91] but it is
described briefly here, making note of important selection criteria. Tracks with significant
pT and displacement from the PV are used as input for the algorithm. Particle identifica-
tion is not carried out and, instead, all particles are assigned the pion mass. All possible
two-track SVs are built where the distance of closest approach between the tracks is less
than 0.2 mm and where the vertex is of good quality. The two-body mass of the tracks
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Figure 3.11: Diagram showing a jet tagged with a SV. The SV is due to the decay of a
heavy flavour hadron after flying through the detector. The tracks associated with the
HF decay therefore point to the SV location and not the PV. The PV and SV are shown
as black crosses. The tracks making up the SV are depicted as dashed black lines and the
jet is the green-shaded region, other tracks within the jet are not shown. This diagram is
not to scale.

forming the SV must have a mass satisfying, M > 0.4GeV. This requirement removes
SVs from most strange-particle decays, which would cause contamination of the HF jet
samples. SVs that share a track are then combined to create n-body SVs. These SVs
are in turn required to have a transverse momentum pT > 2GeV, as well as significant
spatial separation from the PV. The location of the SV is also required to be in a region
that is compatible with the decay of HF hadrons. The longitudinal direction of the SV
must be in the forward region relative to the PV: z(SV) > z(PV). Interactions between
the detector material and particles are also able to fake a SV. These are suppressed by
requiring that the flight distance of the SV from the PV divided by the momentum of
the SV is less than 1.5 mm/ GeV. This quantity serves as a proxy for the hadron lifetime.
This also further suppresses strange-particle decays. If the SV contains only two tracks
and the mass is compatible with the K0

S, then the SV is rejected. Finally, if a SV is then
found within the jet (∆R < 0.5) the jet is labelled as SV-tagged.

In Run II the efficiency of the SV-tagger is about 50% for b-jets and about 15%
for c-jets. The probability of misidentifying a light-jet is about 0.5%. These results are
estimated in simulated samples produced specifically for this thesis, which are discussed
in Chapter 5. The efficiency for SV tagging jets increases with the momentum of the jet
as this increases the likelihood that the SV passes the selection requirements. This effect
is particularly noticeable for charm-jets.
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Chapter 4

Introduction to the charge
asymmetry

Measurements in High Energy Physics aim to test the SM. If results are not in agreement
with predictions from the SM this can indicate the need for NP models to explain them.
Conversely, if results are in agreement with predictions then they can help to constrain
NP models that are used to explain anomalous results elsewhere. Precise measurements
of SM phenomena therefore serve as indirect searches, allowing investigation of the effects
of NP without the need to directly produce NP particles.

Precision measurements of heavy-quark production play an important role in under-
standing the landscape of flavour physics. Such measurements have allowed precision tests
of the SM and have led to constraints on parameters in the SM. The measurement pre-
sented in this thesis is associated with the production of beauty-dijets. In the SM, pairs of
beauty quarks can be produced at LO via gluon fusion, or quark-antiquark annihilation
via the Z boson, as shown in Figure 4.1. Each beauty quark in the pair then hadronises,
leading to the formation of a bb-dijet system. It is this system that is considered in this
thesis.

This thesis seeks so measure the charge asymmetry in the bb-dijet system, defined as

Abb ≡ N(∆η > 0)−N(∆η < 0)

N(∆η > 0) +N(∆η < 0)
, (4.1)

where ∆η = ηb − ηb is the pseudorapidity difference between the jet containing the
b quark and the jet containing the b quark. Events where the b quark has a greater
pseudorapidity are referred to here as “forward” events, and those where the b quark has
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Figure 4.1: Pair production of bb via gluon fusion (left) and via the Z boson (right). The
gluon fusion diagram gives rise to no charge asymmetry in the produced bb pair since
QCD terms that contribute to the asymmetry begin at O(α3

s) [92]. The production via
the Z boson is a LO source of asymmetry.

a greater pseudorapidity are referred to as “backward” events.
One of the benefits of such a measurement stems from the inherent level of uncertainty

present in QCD predictions, which is discussed in Section 2.5. This uncertainty means it
is not possible to make cross-section predictions for many processes at hadron colliders
to a high level of precision. However, large parts of these theoretical uncertainties in the
calculations of bb-dijet production cancel when evaluating the asymmetry. It is therefore
possible to obtain a more precise prediction of this quantity, allowing for a more rigorous
test of the SM.

There have been similar measurements at hadron colliders in the past. At the Teva-
tron, the D0 collaboration measured the asymmetry in B-hadron production [94], and
the CDF collaboration measured the asymmetry in beauty-dijets [93]. For example, the
CDF result is shown in Figure 4.2. The LHCb collaboration also made a measurement
in proton-proton collisions at a centre-of-mass energy of 7 TeV [95]. These measurements
were all made with precision at the level of O(0.5− 1%) and are consistent with the SM
predictions. The measurement presented here constitutes the first measurement of the
asymmetry in bb-dijet production in proton-proton collisions at a centre-of-mass energy
of 13 TeV at the LHC.

As well as these measurements at hadron colliders, a similar asymmetry was measured
at LEP in e+e− collisions [23]. The production here was entirely through the Z boson and
virtual photon, with no equivalent QCD contribution and therefore the measurement is
not directly comparable with those above. However, the result is in tension with the SM
at the level of 2 − 3σ. This effect is shown in Figure 4.3, where the effective couplings
of the b-quark have been extracted and compared to the SM prediction [23]. Given these
tensions, it remains important to provide new measurements of the asymmetry to gain
further information about this potential discrepancy.
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Figure 4.2: The charge asymmetry in bb-dijet events at CDF. From [93].

Figure 4.3: The effective vector and axial-vector couplings of the b-quark, measured by
LEP [23]. The SM prediction is shown along with confidence intervals on the measure-
ment. From [23].
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The measurement presented here is sensitive to the couplings of the b quarks to both
the Z boson and the gluon and so it is an important test of both electroweak and QCD
theory. A measurement of the asymmetry is also an indirect measurement of some NP
models which can induce contributions to the asymmetry [96–99]. These NP models often
invoke the existence of new particles such as the axigluon, for example. In the future, the
measurement could be combined with a similar measurement of the charge asymmetry in
charm-dijet production. As laid out in Ref. [92], such a combination could lead to the most
stringent constraints on the Zbb and Zcc couplings to date if there are also improvements
in the theoretical understanding. Potential future work is discussed in more detail in
Section 10.2.

The LHCb detector is well placed to provide a measurement of this charge asymmetry
at the LHC. For a symmetric initial state there can be no observable charge asymmetry
defined using the direction of one beam relative to the other. Consequently, in the central
region at the LHC, where there is no “breaking” of this symmetry in the ±z direction,
no asymmetry would exist. However, events that are within the acceptance of the LHCb
detector have been boosted into the forward region. This requirement implies that the
underlying partons in the initial state must have had an imbalance in their momenta,
with the forward-going parton having a significantly higher Bjorken-x than that of the
backward-going parton. By examining the PDFs in Figure 2.2 it can be seen that the
forward-going parton is therefore more likely to be a valence quark, and the backward-
going parton a sea quark or gluon. This breaks the symmetry of the initial state and
allows a charge asymmetry to be defined and measured relative to the direction of the
forward-going beam. The LHCb detector is unique amongst the detectors around the
LHC ring in that its design provides dedicated high precision coverage of the forward
region, making it an excellent place to make this measurement at the LHC.

Theoretical predictions have been made for the asymmetry at LHCb at NLO [92]. The
LO terms are defined as the lowest-order terms that introduce a non-zero asymmetry,
occurring at O(α2) or O(α3

s). There is also bb production from an O(α2
s) term, shown in

Figure 4.1, but this gives rise to symmetric production and hence effectively reduces the
value of the asymmetry measured. The forward region of the LHCb detector also benefits
from having less of this production method relative to the asymmetric contributions when
compared to regions covered by other detectors at the LHC, meaning that the asymmetric
production methods are enhanced. The O(α2) term corresponds to bb production via the
Z boson, and the O(α3

s) term corresponds to QCD processes such as flavour excitation.
Examples of processes that contribute at this level are shown in Figure 4.4. Predictions of



Introduction to the charge asymmetry 77

q

q

b

b

q

q b

b

g b

qq

b g

q

b

b

q

Figure 4.4: QCD processes begin to contribute to the asymmetry at O(α3
s). Shown here

are examples of such processes. The top two diagrams generate an asymmetry via their
interference whereas the bottom two directly generate an asymmetry [92].

the asymmetry are provided in Ref. [92] in bins of the invariant mass of the dijet system
which is given by

m2
jj = (E0 + E1)

2 −
∑

i∈x,y,z

(pi0 + pi1)
2, (4.2)

where E0,1 is the energy of each jet1 and pi0,1 is the component of the three momentum in
the ith direction. This allows for the contributions via the Z boson and from QCD to be
enhanced in different regions. For mjj ∼ mZ the dominant contribution to asymmetric
production will occur via the Z boson [92]. Outside of this region, QCD effects will
instead be dominant. The predictions obtained from Ref. [92] are shown in Figure 4.5 as
a function of mjj. These predictions have been made for two choices of the renormalisation
and factorisation scales, which in both cases are varied using the seven-point scheme as
prescribed in Ref. [47] to estimate the theoretical uncertainties2. The variation of scales
for the estimation of theoretical uncertainties is discussed in Section 2.5.

1The jet energy is defined by the summing of the four momenta of the particles contained by the jet.
The energy of these particles is determined in turn using PID information and momentum measurements.

2These predictions do not take into account uncertainties within the PDFs.
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Figure 4.5: Theoretical predictions for the charge asymmetry in beauty dijet production
at LHCb. Here the invariant mass of the dijet system is labelled mbb. Plot from Ref. [92].

4.1 Analysis strategy
This analysis is based on the data gathered at LHCb during 2016 at a larger centre-of-mass
energy (

√
s=13 TeV) than the previous measurement at LHCb3. To make a measurement

of the charge asymmetry in bb-dijet production the jets associated with the b and b quarks

3The choice to only use the 2016 dataset as opposed to the full Run II dataset is well motivated.
The reasons are discussed throughout the thesis when appropriate but are briefly laid out here. It is
necessary to carry out significant calibration work on the simulated samples used in this analysis. This
leads to the total systematic uncertainty that is of a similar size to the statistical uncertainty on the
final measurement. Therefore increasing the data sample size will not impact the overall uncertainty
significantly. As such, as well as providing an interesting test of the SM, this analysis aims to give a
suitable understanding of the dijet systems used in the measurement and their behaviour within the
detector, alongside the relevant work that must be carried out on the simulated samples to deliver this
measurement. In this context, suggestions towards a more precise analysis (using the full Run II dataset)
are made later in the thesis, using the lessons learned in this study.
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must be detected, and the charge of at least one must be determined. The analysis is car-
ried out in bins of the dijet invariant mass, with bin edges at mjj = [50, 75, 105, 150]GeV.
These widths are set by the resolution possible with the LHCb detector. They are simi-
lar4 to the bins used in the previous analysis [95]. The authors of Ref. [92] are thanked
for providing theoretical predictions shown in Figure 4.5 in a form that allows the bins
in the original paper to be combined. The steps followed in this thesis to measure the
asymmetry for bb-dijet production are set out here for reference:

• Data and simulated samples are prepared and events are selected. The jets in the
event are also tagged to determine the charge of the originating b quark (distin-
guishing between b and b quarks), by directly measuring muons produced in HF
decays in the jet. Jets containing a b quark will preferentially contain a negatively
charged muon, while jets containing a b quark will preferentially contain a posi-
tively charged muon. The events can then be categorised as forward or backward
depending on whether the b quark or b quark has a greater pseudorapidity.

• Simulated samples are calibrated using data to correct for mismodelling.

• Fits to the data are performed to determine the signal yield, using the separation
of the decay location of the HF candidate in the jet from the PV to discriminate
signal from background. Simulated events are used to populate template shapes for
this fit. Forward and backward events are fit separately.

• These results are then unfolded to correct for detector effects. The detector response
is modelled using simulated events.

• The unfolded distributions for forward and backward events are combined to make
a measurement of the asymmetry.

• Mistagging the charge of a jet leads to a dilution in the value of the asymmetry.
This is corrected for to give a final measurement of the asymmetry in bins of the
dijet invariant mass.

Alongside the theoretical uncertainties being smaller for predictions of the asymme-
try when compared to cross-section predictions, the data analysis approach taken here

4The lower bin edge has been increased from 40 GeV to 50 GeV in this analysis. In addition, there is
the inclusion in this analysis of underflow and overflow bins for events that are below 50 GeV and above
150 GeV respectively. The asymmetry is not formally calculated in these bins. This is done to improve the
handling of events that migrate into and out of the analysis due to detector effects during the unfolding
process.
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is similarly robust, featuring significant cancellations of potential systematic effects. Ef-
fects such as limited knowledge of the sample size (as determined from the integrated
luminosity) completely cancel in asymmetry measurements, whereas this remains a large
and significant uncertainty for measurements of production rates and cross-sections. Ad-
ditionally, this analysis uses a final state that considers both a particle and its oppositely
charged antiparticle (b and b quarks) in every event. This is in contrast to other asym-
metry measurements that consider the difference between the decays of particles and
antiparticles (such as measurements of CP-violation). This ensures that the effects of any
detection asymmetries between matter and antimatter particles are minimised in this
measurement. The matter/antimatter content of jets in this analysis is distinguished by
locating muons from HF decays. The detection and reconstruction efficiency of muons
within the LHCb detector is known to be charge symmetric to better than O(0.1%) [100].
Furthermore, it is confirmed explicitly in Section 5.3 that the efficiency of tagging the
jets with the presence of a muon is consistent in this analysis for jets initiated by b and
b quarks. It is also possible to tag both forward and backward events with either charge
of muon, such that any effect of an asymmetry in detecting muons with different charges
(were it present) is further reduced. Finally, the magnetic polarity is periodically reversed
as discussed in Chapter 3. This further suppresses any remnant asymmetries that could
arise if the behaviour of particles and antiparticles differed across the detector [100]. The
previous analysis of the charge asymmetry in beauty-dijet production at LHCb, studying
7 TeV proton-proton collisions, also considered such instrumentation effects and found
their impact to be negligible [95].

The remainder of this thesis describes the work carried out in the bullet points above
in order to make a measurement of the asymmetry. Chapters 5–8 discuss these steps in
turn. Chapter 9 then considers systematic uncertainties and cross-checks and Chapter 10
discusses the final measurement and potential future improvements. Finally, concluding
remarks are provided in Chapter 11.



Chapter 5

Samples and selection

This chapter details the samples that are used to make a measurement of the charge
asymmetry in beauty-dijet production. This will be followed by details on how bb-dijet
candidate events are selected in data and simulation.

5.1 Samples
The analysis is performed using the 2016 dataset collected by LHCb of proton-proton col-
lisions at a centre-of-mass energy of 13 TeV, corresponding to a total integrated luminosity
of 1.7 fb−1.

For the analysis, simulated samples of bb-, cc- and qq-dijets (where q stands for a light
parton u, d, s or g) are required. The simulated jets are required to:

• Model the distributions of observables related to SV tagging for the different flavours.
These are used in the fit for measuring sample purity.

• Unfold detector effects from the measured distributions.

• Estimate and help optimise the performance of the charge tagging procedure.

The simulated events used in this analysis are produced using Pythia 8 at LO in pQCD,
applying the standard process employed at LHCb, which is laid out in Section 3.4. This
simulation has been extensively validated for use with the LHCb detector and furthermore
this allows the use of results from other LHCb analyses within this work where applicable.
It is noted here that whenever simulated jets are used, their properties are calibrated
using data samples. These calibrations will be discussed throughout the thesis when
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relevant. Results obtained in this analysis will be compared to state-of-the-art theoretical
predictions [92], which have a much higher formal accuracy than the LO simulation of
the hard event in Pythia 8 [38].

For bb- and cc-dijets, simulated samples are both produced with the condition that a
muon is present in the final LHCb acceptance. This is due to the selection requirements
placed on the data and simulated samples since jets are tagged for their charge by using
muons from HF decays. The condition that a muon is present in the simulated event
increases the fraction of events that pass this selection requirement and hence provides
a more efficient way to generate simulated samples for the analysis. The condition for
a muon to be present is not used for qq-dijets, due to the fact that light-flavoured jets
will very rarely contain a muon. The light-jets that are identified as containing a muon,
usually do so due to the misidentification of some other particle as a muon. This happens
rarely, which, together with the low rate of SV tagging for light-jets, means that light
backgrounds to the analysis are negligible. This will be further demonstrated in Chapter
7. The simulated light-dijets are still required to confirm the low efficiency of the charge-
tagging selection for this background, as is discussed in Section 5.3.

Further to this, additional bb samples are generated with stricter kinematic require-
ments at production to ensure a greater number of events remains within the LHCb
acceptance. This helps to ensure that there is a sufficient yield available for the analysis.
The requirements are shown in Table 5.1. The tighter production requirements for the b
and b quarks are 24 < θ < 270mrad (2.0 < η < 4.4). As the fiducial selections on the jets
require that 2.2 < ηjet < 4.2, the loss of any events that might be studied in the analysis
by applying these tighter generation requirements is negligible.

All samples are produced in three bins of the Mandelstam variable ŝ = (p1 + p2)
2,

where p1,2 are the four momenta of the partons involved in the interaction. The bin edges
used to produce this simulation are

√
ŝ = [30, 70, 110, 13 × 103]GeV, where the upper

limit is set by the centre-of-mass energy of the colliding beams. This ensures there is
a significant number of events across the full mass range of the measurement, as this
variable correlates significantly with the dijet invariant mass. When samples from the
three mass bins are combined together they must be given weights that take into account
that the cross-sections vary across these bins. All events in a given mass bin are assigned
the same weight. These weights are determined by combining the simulated events and
setting the weights such that the distribution of ŝ is smooth.

The procedure for this is to fit the distributions of ŝ for two samples across the mass
boundary. The fit is performed to histograms of the simulated samples, with a bin width
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ŝ
>

11
0

G
eV

;
θ(

pa
rt

on
)
<

40
0

m
ra

d
2.

02
M

0.
30

6



84 Samples and selection

of 1 GeV. For a given boundary the fit is performed on the final five bins of the lower
mass sample. The simulated sample in the upper mass bin is then reweighted to minimise
the mean squared error with the fit prediction for the first five bins. For both boundaries
at 70 GeV and 110 GeV three fits are performed: a linear, a quadratic and an exponential
fit. The best fit is then chosen by finding the fit with the lowest mean squared error
in the five bins previous to the fit range. A linear fit is chosen over the boundary at√
ŝ = 70GeV and an exponential fit chosen at

√
ŝ = 110GeV. The final fits and rescaled

simulation for the main bb samples are shown in Figure 5.1. The number of events, weights
and production requirements for all simulated samples are shown in Table 5.1. For the
purposes of calibrating simulated events, specific datasets are also utilised throughout
this thesis. These will be introduced and explained as necessary.
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(a) (b)

(c)

Figure 5.1: These plots show the weighting procedure for the bb simulation. This simula-
tion is originally produced in three bins of the Mandelstam variable

√
ŝ with bin edges of

[30, 70, 110, 13×103]GeV, where the upper limit is set by the centre-of-mass energy of the
colliding beams. As the number of events and the cross-section for production is different
in each bin weights are applied to the upper two bins to produce a smooth distribution.
This is done by fitting the binned data with a straight line over the boundary at 70 GeV
and an exponential over the 110 GeV boundary. These fits are shown in plots (a) and (b)
respectively. The full weighted distribution is shown in (c).
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5.2 Selection requirements
The selection requirements that are common between data and simulated samples are
first laid out. These can be broken down into two categories:

1. Fiducial selections. These are the selection requirements within which the measure-
ment is defined. They are used in theoretical predictions of the measurement [92]
and as such the exact choice of these selection criteria is already predetermined.
Fiducial selections ensure that the jets are both experimentally and theoretically
well defined such that appropriate comparisons with theory can be made.

2. Detector selections. To select beauty-jets, identify their charge and measure the
charge asymmetry in dijet production it is also required to apply experimentally
necessary selections. As these are not defined in the theoretical predictions of the
measurement, care must also be taken that such selections do not bias the mea-
surement of the asymmetry in a way which cannot be corrected accurately.

Selections from these two categories will be detailed before giving a description of the
data and simulated samples.

Fiducial selections

The jets are subject to the following fiducial selections:

• pjet
T > 20GeV,

• 2.2 < ηjet < 4.2,

• ∆φjet–jet > 2.6 rad.

The first two of these criteria ensure that the jets are well defined and fall within the
detector. The last requirement was originally introduced in the first measurement of the
asymmetry at LHCb, motivated by enhancing the contribution of non-gg production
mechanisms [95]. It is also used in the theoretical predictions to which the measured
results here are compared [92], hence it must be included here. Theoretical studies have
since suggested that the threshold value for this requirement does little to impact the
statistical sensitivity of the measurement to the value of the asymmetry [92]. The selection
requirement is still useful however for two reasons. First, as set out in Ref. [92], some jet
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separation is required as it avoids the configuration that can happen for example at O(α3
s),

where both heavy quarks are contained within the same jet. Second, the requirement
helps to remove backgrounds from mixed-flavour jets. Mixed-flavour events are typically
produced through double gluon splitting or through multi-parton interactions, so the
directions of the jets are less correlated and hence are less likely to be found with a large
angular separation. In comparison true bb-dijet events are more likely to have a large
angular separation. This can be seen by considering the LO production mechanisms of
bb-dijet events as shown in Figure 4.1. The two b quarks are produced from the splitting
of a single gluon. In the rest frame of this gluon the quarks must be produced perfectly
back-to-back in order to conserve momentum. Switching back to the lab-frame requires
a Lorentz boost. To first order the direction of this boost is along the z-axis with little
transverse component, since the gluon has little pT. A boost along the z-axis leaves the pT
of the created quarks unchanged and hence they are also back-to-back in the x–y plane
of the lab frame. Effects such as initial and final state radiation, and inclusion of the
underlying event and out-of-cone radiation, will mean that jets are not perfectly back-to-
back. However, it remains that they are strongly peaked with ∆φ ∼ π, especially when
compared to mixed-flavour dijets which have different underlying production mechanisms.

Detector selections

An event is required to have two SV-tagged jets. The reconstruction of these jets and the
identification of SVs are discussed in Section 3.5. Next, the events must pass the following
trigger requirements:

• L0MuonEW. This trigger line requires a muon to be found with a momentum of
greater than 6 GeV [64]. This trigger line also contains no global event selection
requirements which have the potential to bias the measurement. For example, other
L0 trigger lines have a selection requirement on the maximum number of hits in the
SPD. This selects events with lower activity. As the theoretical predictions for this
measurement are inclusive, such a selection is not desired. The L0MuonEW trigger line
is around 76% efficient on the samples used in this analysis. The events not passing
the trigger line are those where the muon identified by qTAG is not determined to
have a high enough momentum to pass the trigger requirement.

• Hlt1TrackMVA. This trigger line uses multivariate analysis on the properties of
tracks (such as the momentum and impact parameter) to select events that are
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likely to contain a HF particle [101]. It is around 99% efficient on the bb-dijet
signal, given the tight selection requirements elsewhere. Therefore, this gives an
unbiased route through the trigger.

• Hlt2JetsDiJetSVSV. This trigger line selects events which contain two SV-tagged
jets. Each jet is required to have a transverse momentum pT > 17GeV, although
this is superseded by the fiducial requirement of pT > 20GeV which is discussed
above. The stripping applied to data selects all events that pass this trigger line.

At least one jet in the event is required to be TOS (defined in Section 3.2.6) for both of
the L0 and HLT1 trigger lines above. The HLT2 line is applied to the entire event.

Jets in the analysis are also tagged for their charge by locating muons from HF decays.
One jet is required to be tagged in this way. This process is called qTAG and is discussed
in Section 5.3. The use of muons for charge tagging further motivates the usage of the
L0MuonEW trigger line.

The simulated events also undergo a process of truth flavour matching, whereby the
two jets generated in an event are checked to ensure they are of the correct truth flavour,
where the flavour of a jet was defined in Section 3.5. Both jets in the event are required
to match the simulated flavour.

In total after all of the selections are applied there are around 1.45 million events
in the data sample1. There are around 4.25 million events across the bb simulated sam-
ples produced with tighter generation requirements, which are those used for the main
analysis.

1The fraction of events with multiple dijet candidates after all of the selections are applied is at the
level of O(10−4), so no special treatment of such events is made.
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5.3 Charge tagging (qTAG)
Crucial to the main analysis presented in this thesis is the ability to distinguish between b-
jets and b-jets. This can be achieved by identifying the charge of the quark that originates
the jet, referred to here as charge tagging. It is desired that the charge tagging method
employed will not have a significant contribution to the uncertainty on the final measured
value of the charge asymmetry. Current LHCb methods that tag the charge of B mesons
are not optimised for the very high momentum tracks2 that are required to make this
measurement across the phase space considered in this analysis [102–104]. For this reason,
a specialised charge tagging procedure is developed for use here. This will be referred to
as qTAG.

The qTAG method must be appropriate for high-momentum tracks and must not
introduce fake asymmetries into the measurement. For this reason, the same approach
as the previous analysis at LHCb [95] is used. The basis of this approach is to use only
the muons from semi-leptonic b decays to tag the charge of the b quark. An example
of such a decay is shown in Figure 5.2a. The presence of a negatively charged muon is
used to tag the jet as containing a b quark and a positively charged muon is used to
tag the jet as containing a b quark. As the muon comes directly from a decay of the b
quark it is likely to carry a significant amount of the jet’s momentum. Therefore, for the
qTAG method, the displaced track3 with the highest pT in the jet is taken, and if this
is identified as a muon following the criteria set out in Section 3.2.5 then the quark that
originated the jet is tagged by the muon’s charge. Only one jet in each event needs to
have its quark tagged, as the charge of the quark originating the other jet can be inferred.
By comparing the pseudorapidities of the jets, the event can then be tagged as forward or
backward, where forward (backward) events are those where the b-jet (b-jet) has a greater
pseudorapidity. Positively and negatively charged muons are therefore each able to tag
both forward and backward events. If the quarks of both jets in the event are tagged
by this procedure with the same charge, one must be incorrect if the event is a true bb
event. As it is not possible to tell which tag is correct and which is incorrect, the event is
tagged by one of the jets at random, with the other tag discarded. This leaves the correct
tag rate of forward/backward events the same as the correct tag rate for an individual

2For example, the RICH detectors are not able to accurately determine particle species at high
momentum due to the saturation of the Cherenkov radiation. Information from the RICH detectors is
used in many charge tagging methods in analyses at LHCb.

3Displaced here means that the track’s impact parameter with the PV associated with the dijet
system is significant. The specific requirement placed on the muon here is that χ2

IP > 16.
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(a)

(b)

Figure 5.2: Feynman diagrams for: (a) Semileptonic b-decay resulting in the correct tag
of a b quark; and (b) a b→ c→ µX type decay resulting in the incorrect tag of a b quark.

quark’s charge. Such an event is rare as muonic b decays have a branching fraction of
around 11% [13].

Mistagging of events is clearly important to understand and evaluate. The two main
sources of mistagging the bb events are as follows:

• b→ c→ µX decays. An example of such a decay is shown in Figure 5.2b. The
charge of the muon is now opposite to that of a muon originating directly from a
decay of the b quark, thus leading to an incorrect tag if this muon is identified.
Muons from this source will, on average, have a lower momentum than a muon
coming directly from a b quark and so the qTAG procedure of selecting the highest
momentum track should already suppress this source of mistag. It may also be
possible to place requirements on the pT of the muon identified by qTAG in an
effort to further suppress this source of mistagging.

• B-meson oscillations. A hadron containing a b quark in a jet may oscillate before
decaying to a muon, leading to the incorrect assignment of a forward or backward
event. It is quarks produced in the hard event that are important for this analysis.
It is difficult to efficiently suppress this source of mistagging, whilst satisfying the
requirements that the method is effective and simple to model.

These sources of mistagging have implications for the performance of the charge tagging
procedure and, hence, the analysis as a whole. It is therefore required to measure the
performance of qTAG and ensure that this is well understood. The performance of a
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tagging method is typically measured by two important variables. First, its efficiency

ε =
Ntagged

Ntotal
, (5.1)

where Ntagged is the number of tagged events and Ntotal is the total number of events in
the bb sample before this tagging is applied. And second, the rate at which events are
incorrectly tagged

ω =
Nincorrect

Ntagged
, (5.2)

where in this analysis Nincorrect is the number of events where the charges of the quarks
originating the jets are misidentified. Mistagging of the quark charge impacts the mea-
sured value of the asymmetry and has the effect of diluting the result when compared to
the true value. This dilution is derived in Appendix A with the result is given here

Ameas. = (1− 2ω)Atrue, (5.3)

showing the true value of the asymmetry is reduced by the factor D = 1 − 2ω, referred
to as the dilution factor. Therefore, the measured value of the asymmetry needs to be
corrected by this dilution factor to recover the true value. Furthermore, it can be shown
that to minimise the statistical uncertainty on this estimate of the true asymmetry, the
figure of merit εD2 must be maximised. This is also shown in Appendix A.

The performance of qTAG will now be roughly estimated using knowledge of the
sources of mistag. This estimation will then be compared with mistagging rates measured
in simulation to ensure that the method is well understood and performing as expected.

5.3.1 Estimate of performance
Using the branching fractions for b and c decays along with parameters for B0–B0 and
B0

s–B0
s mixing it is possible to estimate the performance of the charge tagging method.

Although such calculations are approximate, they will provide a useful benchmark when
testing the performance of the charge tagging procedure and will help to ensure that the
performance is not behaving dramatically differently than expected.

First, in b hadron decays a muon will be produced around 11% of the time [13]. Studies
on simulation during the previous measurement at LHCb found that this muon will be
the highest pT particle in roughly 60% of semileptonic b decays [95]. Putting these two
numbers together gives the total efficiency of tagging a muon originating from a b decay



92 Samples and selection

in a single jet at around
εb ≈ 6.5%. (5.4)

For jets not tagged by a muon originating directly from a semileptonic b decay, the
mistagging due to muons originating from a b→ c→ µ+X type decay must be considered.
To analyse this, the branching fraction B(b→ c→ µ+X) ≈ 8% [13] is used. Studies on
simulation from the previous measurement suggest that the probability of the muons
from these c decays being the highest momentum particle in the jet is around 10% [95].
Altogether this means that the efficiency of mislabelling the charge of the quark due to
a b→ c→ µ decay is

εc = (1− εb)× 0.10× 0.08, (5.5)

≈ 0.75%

Further to this, B0–B0 and B0
s–B0

s oscillations must be considered. These oscillations
lead to some B0 (B0

s ) mesons converting into B0 (B0
s) mesons before decay, and vice

versa. The B0
s–B0

s oscillation rate is fast enough that around 50% of mesons will decay as
the other flavour from which they are produced [13]. This probability is referred to as the
lifetime oscillation probability and is denoted here as χs for B0

s–B0
s oscillations. For the

B0–B0 oscillations, the lifetime oscillation probability, χd = 0.186 [13]. These values can
be combined with the relative B-hadron production fractions as measured at LHCb [105]
and shown in Table 5.2. This gives an overall probability of oscillation before decay of

χtotal = fd × χd + fs × χs ≈ 0.16. (5.6)

The b-jets with the Right Sign of muon identified by qTAG are then the events where
there is no b oscillation before a decay directly to a muon, summed with those where
there is an oscillation but the decay is to a c and then a muon. The fraction of events is
given by

RS = (1− χtotal)× εb + χtotal × εc ≈ 0.056. (5.7)

The term corresponding to oscillation followed by a b→ c→ µ decay is found to be neg-
ligible for this rough estimate. The number of Wrong Sign muons is similarly evaluated

WS = (1− χtotal)× εc + χtotal × εb ≈ 0.017. (5.8)

In total, if all appropriate muons were identified, approximately 7.3% of b-jets would
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Table 5.2: The proportion of different B hadrons produced at LHCb [105].

Hadron Fraction
fu B− 0.362
fd B0 0.362
fs B0

s 0.187
fb Λ0

b 0.088

be tagged by qTAG. As either jet in the event can be tagged by qTAG, the probability
of tagging an event is estimated at about 14%. The incorrect tagging rate is given by
ω = WS/(WS+RS) ≈ 23%. This gives a dilution factor in the context of the analysis of
1− 2ω ≈ 54%. Next, the performance of the charge tagging procedure will be measured
in simulation and compared to the benchmarks set by the rough values estimated here.

5.3.2 Performance in simulation
The performance of the charge tagging procedure is now measured in simulated events
to confirm that the method performs as expected.

First, the efficiency is calculated. It is noted here that the value of the efficiency is not
used directly in the analysis, apart from in measuring the performance of qTAG here and
to provide approximate estimates of values elsewhere. To calculate the efficiency it is not
possible to simply calculate the fraction of events that are tagged in simulated samples.
This is due to the fact that the simulated samples are produced with the requirement that
a muon is found in the final state within the acceptance of the detector. This requirement
artificially increases the fraction of jets in the sample that are tagged by qTAG. Instead,
qTAG is applied so that at least one jet in every event is tagged. From there it is possible
to extract the efficiency for tagging an individual b-jet by evaluating the ratio of events
where both jets are tagged to those where only one jet is tagged. First, the efficiency for
tagging two jets in the event is given by

εdouble = ε2b, (5.9)

where εb is the efficiency of tagging an individual b-jet. The efficiency for events that have
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only one jet tagged in the event is given by

εsingle = 2 εb (1− εb). (5.10)

This means that after applying qTAG, the fraction of events in the sample that have
both jets tagged is given by

fdouble =
εdouble

εdouble + εsingle
, (5.11)

=
εb

2− εb
. (5.12)

Therefore, it is possible to extract the efficiency for tagging an individual jet as

εb =
2fdouble

1 + fdouble
. (5.13)

The fraction of events with both jets tagged, fdouble, is measured in simulated bb-dijet
events. The efficiency of tagging an individual jet is then evaluated as

εb = (5.753± 0.019)%, (5.14)

where the uncertainty here is the statistical uncertainty associated with having a finite
sample size. This value of the efficiency agrees with expectations from Section 5.3.1 at
the level of 20%, reasonable agreement given the “back-of-the-envelope” nature of the
estimate. The efficiency of tagging b-jets and b-jets is also found to be compatible in
simulation. When calculating the asymmetry the originating quark of only one jet in the
event needs to be tagged, as the charge of the other can be inferred from this. Hence the
total efficiency of tagging an event would be given by

εbb-event = 1− (1− εb)
2 (5.15)

= (11.21± 0.04)%

The rate of mistagging can then be evaluated by comparing the charge assigned by qTAG
with the truth level information on the charge of the b quark that originated the jet. In
simulated dijet events the mistag rate is measured at

ω = (22.52± 0.06)%, (5.16)
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where again the uncertainty here is associated with the finite size of the simulated sample.
This rate of mistagging is also in line with expectations of performance, which predicted a
value of around 23%. The good agreement between predictions and measured performance
demonstrates that qTAG is well understood and is working as expected. The measured
dilution factor is evaluated as

D ≡ 1− 2ω (5.17)

= 0.5495± 0.0012.

The efficiencies are also measured for different jet flavours with qTAG having a (2.38±
0.06)% efficiency on single c-jets and an efficiency of (0.50 ± 0.05)% on single light jets.
These values are much lower than those seen for b-jets. This is useful as qTAG then
further suppresses contributions from charm- and light-jet backgrounds in the analysis.

One of the main sources of mistagging identified in Section 5.3.1 is that of muons
coming from b→ c→ µX type decays. It is expected that these muons have a lower mo-
mentum when compared to those coming directly from a b decay, and hence that applying
some momentum criteria on the muon selected by qTAG might improve the performance.
To test this, a requirement is included that the muon identified has a transverse momen-
tum greater than some threshold value. The efficiency, dilution factor and figure of metric
εD2 are compared for a range of threshold values, using the simulated samples for this
analysis. The results are shown in Figure 5.3. As the threshold value is increased the di-
lution factor also increases, showing that the rate of mistagging is indeed lower. However,
the efficiency also falls sharply, and the value of εD2 also decreases, indicating that there
is no benefit to this requirement when considering the statistical uncertainty on the final
value of the asymmetry. For this reason, no pT threshold is required in the qTAG method
beyond the implicit requirement of only considering the highest-pT, displaced track in the
jet. This figure also shows the value of the dilution factor reaching some upper limit for
increasing threshold requirements on the muon pT. This is due to the B oscillation effects
already discussed. Even if all of the b→ c→ µX type decays are removed from qTAG,
there would still be an incorrect tag rate given by the oscillation probability. This is given
in Eq (5.6) as χtotal ≈ 0.16. This shows that if only B oscillations were responsible for
mistagging, the expected dilution factor would be D = 1 − 2 × χtotal ≈ 0.68. Again this
is in line with what is seen in Figure 5.3.
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Figure 5.3: Plots showing qTAG performance estimated in simulation when applying pT
selections to the muon found by qTAG. The x-axis values denote the minimum transverse
momentum that must be carried by the muon identified by qTAG. The aim of this is to
remove backgrounds from b → c → µX type decays. Top: Efficiency, ε, of tagging a
bb-dijet event with qTAG. Either one or both jets in the event can be tagged. Middle:
The dilution factor for qTAG. Bottom: The total measure of performance εD2. It can
be seen that although the rate of mistagging is decreased by increasing the pT threshold
required by the muon, the loss in overall efficiency would give a higher overall statistical
uncertainty in a measurement of the asymmetry, as seen by a lower value of εD2.
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5.4 Jet properties and kinematics
The kinematics of the simulated bb-dijets4 selected using the requirements in Section 5.2
are shown in Figure 5.4. Here Jet0 and Jet1 are ordered by their transverse momentum,
with Jet0 having the larger of the two. The jet with the higher transverse momentum is
often referred to as the “leading jet” and that with the lower momentum as the “sublead-
ing jet”. This ordering sculpts the distributions of the transverse momenta, as can be seen
clearly for Jet0. The ordering of the jets also sculpts the pseudorapidity distributions, as
the jet with higher transverse momentum is more likely to have a lower pseudorapidity.

The distribution of the dijet invariant mass, mjj, falls towards higher values as higher
energies are needed to produce systems at high mass; this is less likely to be achieved than
a low mass system. The shape at the lower end of this distribution is also sculpted by the
requirements on the transverse momenta of the jets. This sculpting can be understood
with an example of bb pair production at parton level. Using the conservation of energy
and momentum it can be shown that in the rest frame of the bb pair

p =
1

2

√
m2

bb − 4m2
b , (5.18)

where p is the magnitude of the three momentum of one b quark, mbb is the invariant
mass of the entire system and mb ≈ 4GeV is the invariant mass of a b quark. Applying
the selection requirement that pT > 20GeV then gives

m2
bb > 1600 + 4m2

b , (5.19)

=⇒ mbb & 40GeV. (5.20)

The momentum selection requirements therefore create a minimum value for the dijet
invariant mass. As the transverse momentum is invariant under Lorentz boosts along the
z-axis, this momentum requirement in the rest frame is equivalent to one placed in the
lab frame. Masses slightly above this threshold are made less likely as the probability
one jet failed to pass the transverse momentum requirement is increased close to this
boundary. This argument neglects momentum in the longitudinal direction, the presence
of which also makes the most likely values of mbb larger than 40 GeV.

4Whilst the data carries broadly the same features as the simulation, full fits and studies of the
detector modelling would be necessary for a direct comparison between the kinematic distributions in
data and simulated events. Instead, such studies can be considered in the context of the differential
cross-section measurement [106]. In work carried out here, the simulation is calibrated where it is used.
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(a) (b)

(c) (d)

(e)

Figure 5.4: Plots showing the kinematics of simulated bb-dijet events. The jets are ordered
by their transverse momentum with Jet0 having the higher pT and Jet1 having the lower.



Chapter 6

Simulated jet calibration

Imperfect modelling of the detector response to jets in simulated events can lead to
discrepancies in the jet properties between data and simulation. To quantify and correct
for these effects, jets in the simulated events must be calibrated by comparing them
to jets in data. This section lays out the work that has gone into carrying out these
calibrations for the jet energy and for variables that are used to identify heavy flavour
jets. Whilst originally this calibration work was being carried out centrally within the
LHCb collaboration by multiple people, much of this effort was lost as a consequence
of the COVID-19 pandemic. It is therefore necessary to derive and apply corrections to
the simulation specifically for this analysis. Other analyses, such as the Z+c production
analysis [90], also found it necessary to carry out their own calibrations. The calibrations
performed here are at the level of precision required by the analysis, with a conservative
approach taken to the systematic uncertainties. A less conservative approach should be
considered in future iterations of this measurement, particularly if the full Run II dataset
is analysed.

Calibrations are performed for two properties of the simulated jets. First, the jet
energy, which is comprised of a calibration for the resolution and the scale of the energy
reconstructed in simulated jets. As discussed in Section 3.5, reconstructed jets in both
data and simulation have their energy scaled using a calculation derived in simulated jets
that is standard for LHCb [82]. This ensures that the reconstructed energy and momentum
of a jet is the best estimate of the true jet properties, accounting for detector effects. To
correct for potential mismodelling of the detector response, the resolution and scale of the
jet energy are explicitly calibrated in this analysis. This calibration mostly impacts the
analysis when unfolding the dijet invariant mass in Chapter 8. The effects are, however,
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shown in that chapter to be small. Second, calibrations are performed on variables used
in the identification of HF jets. It is imperative for this analysis to distinguish between
beauty and charm-jets. The properties of SVs found within jets are typically used for
this purpose at LHCb. Due to detector degradation that is not accurately modelled in
the simulation, the properties of these SVs show discrepancies between events in data
and simulation. This mismodelling is not exclusive to this analysis [107, 108], but the
calibration is performed explicitly for the samples used here.

This section will address each of these calibrations in turn: the jet energy resolution,
the jet energy scale and finally, the SV properties.

6.1 Jet energy resolution
The first calibration for the jet energy carried out here is the resolution of the measured
jet energy. The goal is to correct for differences between the resolution in data and its
modelling in simulated events.

To investigate this mismodelling, the balance of the magnitude of the pT between the
two jets in the event is considered, this is referred to here as the pT magnitude balance.
The dijet events and their selection are discussed in Chapter 5. Fits are performed in the
main analysis on this same sample and it is found that the vast majority (> 95%) of these
events are bb-dijet events as shown in Section 7.2. For this reason, a direct comparison
between simulated events of this flavour composition and the data events is justified1.
The pT magnitude balance is defined as

Bdijet =
|pjmT | − |pjnT |
|pjmT |+ |pjnT |

, (6.1)

where jm,n are the two jets in the event with an arbitrary ordering. The balance takes a
form similar to previous studies at LHCb [83]. At leading order, the transverse momenta
of the partons that interacted to create the pair of jets should be zero. Then by the con-
servation of momentum, the jet pair should have a transverse momentum that also sums
to zero, this is to say that the jet pair is produced back-to-back in the azimuthal plane.
The distribution of the pT magnitude balance should therefore peak at zero while the
width of this distribution will depend upon the resolution of the transverse momentum2.

1In addition, conservative uncertainties are assigned to the corrections derived in these sections.
2This also only considers leading order production methods of the dijet system. The inclusion of initial

and final state radiation, and other higher-order diagrams, can lead to the production of additional jets in
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Figure 6.1: Comparison between data (black) and simulation (red) for the pT magnitude
balance in dijet events. Histograms have been scaled such that the area contained by
them is equal to unity.

Comparing the distributions of Bdijet in data and simulated events, therefore, indicates
how well the resolution is modelled in simulation.

6.1.1 Correcting the dijet simulation
The pT magnitude balance for dijet events in simulation and data is shown in Figure
6.1. The distribution in simulation is visibly narrower than that of data, indicating the
detector performance is being overestimated in simulation.

To correct for this, a Gaussian smearing is applied to the pT of both jets in the event
with

psmeared
T = N(pT, α pT), (6.2)

where N(µ, σ) draws from a normal distribution with mean µ and standard deviation
σ, and α is a parameter that dictates the level of smearing, referred to as the resolu-
tion smearing factor. The form of this correction is the same as used in previous LHCb

the event. The momentum of the two selected jets in the system would then not be expected to balance.
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Figure 6.2: Comparison of the width of the pT magnitude balance distribution for dijet
events in data (black) and simulation (red) for different smearing factor applied to the
jet pT in simulation. The points generated from simulation are fit using a third-order
polynomial. The green dashed line shows where the width of the distribution in simulation
is equal to that of data. Statistical uncertainties in both distributions are negligible. A
large systematic uncertainty is applied to this smearing factor which is discussed in the
main body of the text.

analyses, such as in Ref. [83]. To determine the value of α, different smearing factors are
applied to the jets in simulation and the RMS of the Bdijet distribution is compared to
that in data. During this process, a requirement is also placed on the events in both data
and simulation that |Bdijet| < 0.3. This removes events in the tails of the distribution
where there may be multiple jets in the event and hence the two selected jets would not
be expected to balance. This requirement follows similar applied in previous analyses at
LHCb [90]. The value of α is then chosen such that the RMS values of the two distribu-
tions agree. The RMS of the two distributions are shown in Figure 6.2 where the results
from simulation have been fit using a third-order polynomial with the mean squared error
of the fit minimised. Due to the large sample sizes used here, the statistical uncertainties
are negligible for this result. The resolution smearing factor is evaluated as α = 0.0927.

The pT magnitude balance in dijet events after applying this smearing is shown in
Figure 6.3. A systematic uncertainty is also shown in this plot which is calculated as the
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Figure 6.3: Comparison between data (black) and corrected simulation (green) for the
pT magnitude balance in dijet events. Corrected simulation has had the pT of both jets
smeared as discussed in the main body of the text. Green bands indicate the effects of
systematic uncertainty assigned to this smearing factor. Histograms have been scaled such
that the area contained by them is equal to unity. The lack of exact agreement between
data and simulation may motivate the study of alternative correction parameterisations
in future analyses.

difference between distributions before and after applying the smearing. This systematic
uncertainty will also be propagated through the entire analysis of the charge asymmetry
measurement, which will be discussed in Chapter 9. The systematic uncertainty is ap-
plied symmetrically to the nominal value of the smearing used. This is a very conservative
approach, however the uncertainty on the final value of the asymmetry remains subdom-
inant3. In future analyses, it may be possible to explore different forms for the correction
and derive a less conservative systematic uncertainty from this. Overall, a much better
agreement between data and simulation is seen once the corrections have been carried
out. The value of this smearing factor is similar in size to that seen in the Z+c production
analysis [90], with the value obtained here slightly smaller.

3This is due to an appropriate choice of width for the bins of dijet invariant mass in which the
measurement is made.
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The value of the smearing factor used is verified in a beauty-jet enriched region of
the data, to further suppress the low level of backgrounds that are present in the data
sample. To do this a requirement is placed on the corrected mass of each of the two jets
in the event. The corrected mass is an important quantity in distinguishing between jet
flavours and is defined as

Mcor =

√
M2 + p2 sin2 θ + p sin θ, (6.3)

where M and p are the invariant mass and momentum of particles that form the SV in
the jet and θ is the angle between the momentum and direction of flight of the SV [91].
This variable describes the minimum mass the particle that generated the SV can have
that is consistent with the direction of flight. The distribution of the corrected mass is
shown for simulated beauty and charm-jets in Figure 6.4. To reduce charm backgrounds
a requirement is placed on each jet in the event that the corrected mass, Mcor > 2.2GeV.
This requirement is measured in simulated events to be around 75% efficient for beauty-
jets and 13% efficient for charm-jets. The requirement is placed on both the simulated
and data samples. The value of the smearing factor found using these beauty-enriched
samples is found to be α = 0.0898. This agrees extremely well with the nominal value.

6.2 Jet energy scale
The next calibration for the jet energy is the scale. As discussed in Section 3.5 the jet
energy scale can be impacted by effects such as the track finding inefficiencies or incom-
plete neutral recovery. Mismodelling of these effects in simulation leads to a difference in
the jet energy and momentum distributions compared to data.

The dijet pT magnitude balance is not sensitive to the jet energy scale as any global
scaling of the jet pT will cancel in this measure. For this reason, a different event type
is needed. Z+jet events are therefore used where the Z subsequently decays to a pair of
muons. These events are used because the Z transverse momentum is precisely measured
when decaying to two muons, with a resolution of O(1%), and this is well modelled
in simulation [109]. Therefore any mismodelling effects seen will be dominated by the
modelling of the jet reconstruction. Similarly to the dijet case, the Z and jet are expected
to be produced back-to-back in the azimuthal plane and hence they should have equal
transverse momenta. In events where multiple jets are produced in association with the
Z, the balance between the leading jet and the Z need not be equal to satisfy momentum



Simulated jet calibration 105

Figure 6.4: Corrected mass distribution for b and c jets as measured in simulation.

conservation and hence in these events, the balance would differ from unity. Selection
criteria are therefore applied to help remove such events, as discussed below. This pT
magnitude balance in Z+jet events is defined as

BZ =
|pjet

T |
|pZT|

. (6.4)

Where this measure of the pT magnitude balance takes the same form as used in previous
LHCb analyses [83]. This measure is sensitive to mismodelling of the detector response
with regard to the jet energy scale. Comparison of BZ in simulation and data allows this
to be investigated. The energy scale derived here will be based on light-jets, however,
the particle flow algorithm shows very similar performance for light and HF jets [110].
Furthermore, previous studies at LHCb have confirmed that the energy scale is consistent
between HF and light-jets to within O(2%) [89].
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Figure 6.5: Distribution of the invariant mass of the two muons in Z+jet data events
where the Z subsequently decays to two muons. A clear peak is seen around the Z mass.

6.2.1 Event samples
This calibration is performed using the 2016 dataset collected with the LHCb detector
for proton-proton collisions at a centre-of-mass energy of 13 TeV. The Z+jet process
is also simulated in Pythia 8 [38], where the LO production of the Z produced in
association with a single jet is specified. The selections used for the Z+jet events in
this section of work are similar to a previous LHCb analysis which can be found in
Ref. [81]. Firstly, both muons from the Z→ µ+µ− decay are required to have transverse
momenta pT > 20GeV and pseudorapidities in the range 2.0 < η < 4.5. The invariant
mass of the dimuon pair must also be in the range 60 < mµµ < 120GeV. The event
is further required to have a reconstructed jet with transverse momentum pT > 20GeV
and pseudorapidity in the range 2.2 < η < 4.2. This jet must then be separated from
each of the reconstructed muons by a radius ∆R > 0.5. There is also a ‘back-to-back’
selection placed on the reconstructed Z and the jet, by requiring that their azimuthal
angular separation, ∆φ > 2.9 rad. As well as this, any additional jet in the event is
required to have a transverse momentum less than 25% of that of the highest pT jet in
the event. These final two criteria help to remove Z+multi-jet events, where BZ would
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not be expected to be unity. A total of 3,843 events are selected in data and 6,497 in
simulation. The purity of the selected Z+jet sample is greater than 99% [81,90,111]. The
reconstructed dimuon mass can be seen in Figure 6.5.

Figure 6.6: Comparison between data (black) and simulation (red) for the pT magnitude
balance in Z+jet events before scaling or smearing.

6.2.2 Correcting the Z+jet simulation
The pT magnitude balance for simulation and data in Z+jet events is shown in Figure
6.6. To determine the level of scaling required, the means of the pT magnitude balance
distributions are compared. It is important here to remove events where the Z boson
is produced in association with multiple jets. This is due to the fact that during the
production of the simulated samples, the LO production of a Z boson with a single jet is
specified. Multi-jet events are therefore not expected to be well modelled. The selection
discussed above removes these events, ensuring that the calibration process tests the
modelling of the detector response, as opposed to the modelling of the hard process in
the simulation. In addition to the requirements placed on the presence of a second jet
above, a selection of 0.5 < BZ < 1.3 is applied to events following similar criteria set
out in previous LHCb analyses [90]. The jet energy resolution must also be taken into
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Figure 6.7: Comparison of the mean in the pT magnitude balance distribution of Z + jet
events in data (black) and simulation (red) for different scale factors applied to the jet
pT in simulation. The data points generated from simulation are fit using a third-order
polynomial. The green dashed line shows where the mean value in simulation is equal to
that of data. A statistical uncertainty band of one standard deviation is shown for data
in grey. There is an uncertainty on the scaling applied to all jets to correct for detector
effects, as discussed in Section 3.5.. This uncertainty is shown as the dashed red lines
for the mean values in simulation. The statistical uncertainty band from the data and
the uncertainty on the jet energy scale can be converted to statistical and systematic
uncertainties, respectively, on the jet energy scale derived here as discussed in the main
body of the text. The scale factor is evaluated at s = 0.997± 0.012.

account, and so the pT of jets in the simulated sample are scaled and smeared as

psmeared
T = N(s pT, α (s pT)), (6.5)

where α = 0.0927 is the smearing factor determined in bb-dijets and the value of s is
chosen such that the distributions of BZ have the same mean in simulation and data.
The form of this smearing ensures that jets are smeared according to their rescaled
momentum4. The means of the distributions are shown for a range of scale factors in

4The pT magnitude balance in dijet events is unchanged by global scaling of the jet pT, so the value
of the smearing factor was insensitive to this scaling.
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Figure 6.8: Comparison between data (black) and simulation (green) for the pT balance
in Z+jet events after scaling and smearing the jet energy. A scale factor of unity is used
with a smearing factor of 0.0928, as discussed in the main body of the text. Uncertainty
bands shown for simulated events are a combination of the statistical and systematic
uncertainties owing to the uncertainty in the scale factor applied.

Figure 6.7. The results from simulation are fit using a third-order polynomial, with the
mean squared error of the fit minimised. From these results, it can be found that a
scale factor, s = 0.997 ± 0.007, needs to be applied to the pT of the simulated jets to
match the pT magnitude balance mean seen in data. The uncertainty here is a statistical
uncertainty associated with the determination of the mean in data. This is evaluated
by finding the maximum and minimum scale factors that can be applied whilst still
agreeing with the mean value in data to within one standard deviation. There is also an
uncertainty on the jet energy scale common to all analyses at LHCb, directly evaluated
when determining the jet energy correction in simulation, as discussed in Section 3.5.
This also gives an uncertainty on the mean of the pT distribution which is shown for
simulation by the dashed red lines in Figure 6.7. This uncertainty is then converted to
a systematic uncertainty on the scale factor by considering what scale factor would be
required to give agreement between data and simulation if the simulated jets were scaled
up and down by one standard deviation. The systematic and statistical uncertainties are
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Table 6.1: This table shows the scale factors needed to rescale the transverse momentum
of the jet in Z+jet events for different regions of the phase space. Uncertainties shown
are statistical from the determination of the mean transverse momentum balance in data.
Results are consistent with the nominal value of 0.997 across the phase space studied.
nPV is the number of primary vertices associated within the event.

Phase space requirement Scale factor

η < 3.3 0.993± 0.009

η > 3.3 1.012± 0.016

nPV = 1 1.005± 0.012

nPV = 2 0.993± 0.013

nPV ≥ 3 0.981± 0.032

20 < pT(jet) < 30GeV 1.000± 0.018

30 < pT(jet) < 40GeV 0.997± 0.014

pT(jet) > 40GeV 0.988± 0.011

combined in quadrature. To give a symmetric error, the largest out of the positive and
negative standard deviations is taken in both directions. The scale factor is evaluated
at s = 0.997 ± 0.012. The distribution of BZ is shown in data and simulated jets after
smearing and scaling in Figure 6.8. The systematic uncertainty associated with the scale
is shown as a green band. There is a significant improvement in the agreement between
the data and simulated events after scaling and smearing.

The scale factor is also measured in different regions of the phase space used in
the analysis. There is no significant variation of the scale factor with the jet pT, jet
pseudorapidity or the number of PVs in the event. The results for these studies are
shown in Table 6.1.

As this scale factor is consistent with unity, no additional scaling will be applied to jets
for the main analysis in this thesis. The uncertainty in this value will instead be considered
as a systematic uncertainty in Chapter 9. This is in addition to systematic uncertainties
associated with a calculation of the jet energy scaling applied to all reconstructed jets at
LHCb which will also be included in Chapter 9.

The smearing is applied to all simulated jets in the analysis. As the resolution on the
pseudorapidity and azimuthal angle of these jets is good and well modelled in simulation
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[83], this is applied in such a way as to keep these unchanged. The pT is scaled and
smeared as in Eq. (6.5) and the longitudinal momentum of the jet is then scaled in such
a way as to keep the direction of the jet the same. The jet energy is also scaled in this
way as it is expected that the resolution on this should be similar to the momentum.

6.3 Heavy flavour identification
This subsection reports work conducted by Dr William Barter carried out in close asso-
ciation with the author.

The identification of heavy flavour jets is an important part of jet analyses carried out
with the LHCb detector. This is done by the identification of SVs as discussed in Section
3.5. The properties of a SV in a jet are then used to identify whether the jet originated
from the hadronisation of beauty, charm or light quarks. This identification has been pre-
viously carried out using boosted decision trees (BDTs) that were trained on simulated
samples of b-, c- and light-jets with the full list of inputs detailed in Ref. [91]. There
are two BDTs that were utilised: one that distinguishes between heavy (b- or c-jets) and
light-jets, and one that distinguishes between b- and c-jets. The scores outputted by these
BDTs were then used to distinguish the flavour of the jets and used to perform fits to
ascertain the flavour composition of data samples. An example of this is shown in Figure
6.9 where the flavour composition of jets in B+jet events is obtained [91]. This figure also
shows imperfections in the modelling of the BDT score distributions. This is due to the
difficulties in modelling the various properties of the SV which leads to slight discrepan-
cies in the outputs of the BDT. Over the lifetime of the detector, the mismodelling of the
detection and properties of SVs has unfortunately worsened. One of the major reasons for
this is that the VELO has received significant radiation damage, leading to a decrease in
its performance [112]. This decrease in performance is not modelled well in the simula-
tion which has led to larger discrepancies between data and simulation [107,108]. For this
analysis, it is important to accurately obtain the purity of the selected dijet sample and
for this reason, it is necessary to calibrate the simulation such that it more accurately
models the data.

Attempting to correct the full set of inputs used by the BDTs would be a significant
undertaking. Instead, a single variable is chosen based on two requirements. First, it
must have good distinguishing power between charm-, beauty- and light-jets. Second,
a simple method for calibrating this variable should be obtainable. For these reasons,
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Figure 6.9: Fits to identify jet flavour in B+jet events using standard LHCb flavour
tagging BDTs. From Ref. [91].

the log(χ2
FD) of the SV is chosen. FD here stands for the flight distance, which is the

distance separating the SV from the PV associated with the dijet system. The χ2
FD gives

the significance of the flight distance and its compatibility with zero. This is an important
variable in identifying heavy flavour jets as heavy flavour hadrons are long-lived and travel
some distance in the detector before decaying. Distributions of this variable for beauty-,
charm- and light-jets as used in the fits for the main analysis can be found in Figure
7.2a. This variable, and its power to distinguish between jet flavours, relies heavily on
the excellent VELO performance and the ability to find and separate secondary decays
from the primary interactions. Inputs for this variable include the location of the vertices
and associated uncertainties, the latter of which are underestimated in simulation due
to mismodelling of the VELO degradation [107, 108]. Work carried out and detailed in
Ref. [108] indicates that it is possible to calibrate this variable and obtain good agreement
between data and simulation using an appropriate control channel. For these reasons, this
is the variable that is chosen in this analysis for distinguishing between jet flavours. The
work into calibrating this variable is detailed in the remainder of this section.

Calibrations of SV properties have been carried out before using dijet data at LHCb,
notably in Ref. [90]. The method involved a “tag-and-probe” approach, where a stringent
flavour (b or c) selection was applied to the tag jet leaving an enhanced flavour sample
in the probe. For the analysis cited this approach was useful as a correction could be
derived in dijet samples and then applied to Z+c-jet events. Unfortunately, this work
cannot easily be applied here as the corrections are derived in the samples on which
the measurement of the charge asymmetry is carried out. This would lead to strong
correlations between distributions in the simulated samples and the data that would be
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difficult to control. Instead, events containing B+ → J/ψK+ and B0 → J/ψK∗ decays
(and their antimatter conjugate processes) are used for the calibration process and the
log(χ2

FD) of the reconstructed B meson is compared in simulation and data5. These events
form a good proxy for the dijet events as they contain a SV with a clear, high-purity signal
providing easy selection. Importantly, they also have similar values of log(χ2

FD) to jets in
bb-dijet systems.

6.3.1 Event samples
To derive a correction for the χ2

FD variable B+ → J/ψK+ decays are used where the
J/ψ subsequently decays to two muons. The events used were studied in Ref. [113] and
the data files were kindly provided by the authors. The full LHCb 2016 dataset is used
to derive this calibration. The B+ mass reconstructed from the K+µµ decay products
can be seen in Figure 6.10. For deriving the correction, the selection on the B+ mass is
tightened by requiring that its mass is in the region 5230 < mB < 5320MeV.

The correction derived is tested using B0→ J/ψK∗ decays where the J/ψ subsequently
decays to two muons and the excited kaon undergoes a K∗ → K+π− decay. Again, the
data files used here were kindly provided by authors of Ref. [114].

6.3.2 Deriving a χ2
FD correction

In previous studies of the VELO degradation at LHCb and associated underestimation of
uncertainties in the simulation, it has been seen that a scaling of the χ2

FD variable delivers
good agreement between data and simulation [107,108] and so this method is considered
here. The scaling takes the form

χ2
FD → λχ2

FD, (6.6)

for some constant factor λ. The logarithm of the χ2
FD is often used which transforms as

log(χ2
FD) → log(χ2

FD) + log(λ). (6.7)

The value of λ is chosen such that the mean value of log(χ2
FD) agrees between data and

simulation. This is measured in bins of pT of the B+ candidate. This is fit with a function
of the type a0 + a1 exp(a2 pT) so that the correction can be applied on an event-by-event

5Whilst these events may also be in the dijet sample, they will make up a very small proportion of
the overall dataset. This due to the low branching fractions for these processes.
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Figure 6.10: The distribution of the B+ mass in B+→ J/ψK+ decays. Work for this plot
was carried out by Dr William Barter, in discussions with the author.

basis. The choice of shape for this fit is an empirical choice after observing the shape of
the correction. Parameterising the correction using the transverse momentum also means
that this correction is directly transferable from the B-meson decay to the SV. The SVs
of the jets used in the main analysis typically have a transverse momentum in the range
5 < pT < 20GeV. The parameters for the fit result are resampled using their covariance
matrix to find an uncertainty on the fit which is shown in Figure 6.11. The fit yields the
correction factor

log(λ) = −0.146 + 0.215× exp(−0.409 pT/GeV). (6.8)

For all but the lowest pT mesons, this correction is negative, showing that the value of
the log(χ2

FD) is overestimated in simulation. This implies more significant separation of
the SVs from the PV than is found in data. This is as expected, as the uncertainties in
simulation are underestimated leading to an overestimate of the significance of separation.
The correction factor is then applied to the log(χ2

FD) distribution in the B+ → J/ψK+

events and the distributions in simulation and data are compared in Figure 6.12. There
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Figure 6.11: The correction factor required to give agreement between simulation and
data is shown as black data points in bins of the pT of the B candidate. This is fit with
a function of the type y = a0 + a1 exp(a2 pT), this fit is shown as the red line. Using the
covariance matrix for this fit, the parameters ai are varied within their uncertainty bounds
and the resultant fits are plotted as grey lines. This indicates the level of uncertainty on
the fit. Work for this plot was carried out by Dr William Barter, in discussions with the
author.

is a clear improvement in the agreement between data and simulation after applying the
correction.

6.3.3 Cross-checks using B0→ J/ψK∗ decays
To provide a cross-check for the correction, B0→ J/ψK∗ decays are used. This constitutes
a four-body decay as opposed to the three-body decay used to derive the correction. This
helps confirm that the correction derived is robust to changes in the momentum profile
of the particles produced in the B decay. The correction derived in B+→ J/ψK+ is first
applied directly to simulated B0→ J/ψK∗ decays. The results of this are shown in Figure
6.13. There is again a good improvement seen between the data and simulation after the
correction is applied, showing that the correction is robust. This is important as it shows
that the correction derived in B+→ J/ψK+ decays is more generally applicable.
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An alternative correction can also be derived from the B0→ J/ψK∗ decays using the
same method as for the B+→ J/ψK+ decays. If this is done the fitted correction yields
a correction factor

log(λ) = −0.082 + 0.399× exp(−1.15 pT/GeV). (6.9)

This shows a difference from that derived previously in Eq. (6.8). Although the correction
is in the same direction, it is smaller here indicating the simulation better models these
decays. One reason for this may be the 4-body nature of this decay as opposed to the
3-body decay used previously. This difference perhaps indicates that further work needs
to be carried out for correcting the simulation to a level of high precision. However,
this is beyond the scope of this analysis and instead, both corrections can be implied
independently with a systematic uncertainty being assigned based on the difference in the
final results. For typical jets used in the analysis, this amounts to varying the correction
applied by roughly ±40%. This will be discussed in greater detail in Chapter 9.
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Figure 6.12: Applying a correction for the χ2
FD in simulated B+ → J/ψK+ decays. A

comparison is shown between the distributions of log(χ2
FD) in data (black), uncorrected

simulation (red) and simulation with the correction applied (blue). The ratio of the sim-
ulation to data is shown for the corrected and uncorrected simulation.
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Figure 6.13: Applying a correction for the log(χ2
FD) in simulated B0→ J/ψK∗ decays as

a cross-check. The correction here is derived in B0 → J/ψK+ decays. A comparison is
shown between the distributions of log(χ2

FD) in data (black), uncorrected simulation (red)
and simulation with the correction applied (blue). The ratio of the simulation to data is
shown for the corrected and uncorrected simulation.



Chapter 7

Determining the sample purity

Now that the simulation has been corrected for mismodelling effects, it is possible to begin
to determine the yield of forward and backward bb-dijet events in the data. This is done
by fitting the observed distribution of the variable log(χ2

FD) for forward and backward
events in the data using the simulated shapes for the signal and background distributions.

The data are fit to extract the number of bb-dijet events in each bin of mjj, using
extended log likelihood fits, as implemented in the RooFit package [115]. The bins of
dijet invariant mass have edges mjj = [50, 75, 105, 150]GeV. Fits are also performed to
underflow and overflow bins for events below the lower mass limit and above the upper
mass limit respectively1. Events in the underflow and overflow bins pass all of the other
selection requirements used in the analysis. The minimum dijet invariant mass in the
underflow bin is around 40 GeV due to the transverse momentum selection requirements
applied to the jets. Forward and backward events are considered separately since this
allows the asymmetry to be explicitly found. The fits are carried out using the variable
log(χ2

FD). The χ2
FD of a jet measures the compatibility of the flight distance of the SV with

zero, the calibration of which is discussed in Section 6.3. The main sources of contam-
ination are expected to be from charm-jets, either in cc-dijet events or bc-dijet events2.
Backgrounds from events containing light-jets, labelled q-jets, are also considered. These
backgrounds are possible as q-jets can potentially be mistagged with a SV and hence
incorrectly identified as HF jets. As light quarks don’t fly through the detector before
decaying in the same way that heavy quarks do, these SVs identified in the light-jets must

1A value of the asymmetry will not be explicitly determined in these bins. However, they are included
to allow the handling of events that migrate into and out of the analysis during the unfolding procedure.

2Although not explicitly included in the label, either, both or neither of the quarks in a bc-dijet could
be an antiquark. The label used is a useful shorthand to include all such events.

119
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be fake. For example, this can happen because of the finite detector resolution; occasion-
ally multiple particles associated with the PV are misreconstructed and a false secondary
vertex is identified. Using results from the previous analysis of the charge asymmetry in
beauty-dijets at LHCb, the contribution from q-jets is expected to be negligible.

The work in this chapter is laid out as follows. First, to confirm the negligible contri-
bution from q-jets, a one-dimensional fit is carried out to data using a single jet in the
event. This is followed by a theoretical estimation of the sample composition using other
results at the LHC, along with knowledge of the relevant efficiencies of selection require-
ments used in this analysis. Other possible backgrounds are then discussed. Finally, a
two-dimensional fit to the data will be performed using both jets in the event, in order
to extract the full event yields.

7.1 Estimation of dijet compositions

7.1.1 Light-jet fits
This subsection reports work conducted by Dr William Barter carried out in close asso-
ciation with the author.

To confirm that the light-jet component of the analysed data sample is negligible, a tem-
plate fit is performed using a b-jet, c-jet and light-jet component. Fits performed here are
one-dimensional with the log(χ2

FD) of a randomly selected jet from the dijet system used
for the fit. Templates are defined as one-dimensional histograms of this variable. The fit
is carried out in bins of the dijet invariant mass. To fill the b and c templates, jets are
taken from the simulated samples discussed in Section 5.1. To fill the light-jet template,
events are required that accurately modelled the behaviour of light-jets making it into
the final selection. To do this a technique previously used in LHCb analyses is employed
by finding jets with so-called “backwards travelling SVs” [91]. A backwards travelling SV
is one that lies in the negative z-direction relative to the PV associated with the event,
such that if the coordinates of the “SV−PV” position vector were inverted they would lie
within the jet. This configuration is shown in Figure 7.1. All other SV-tagging require-
ments are applied as normal. The tracks that form these fake SVs will be mismeasured
tracks associated with the PV. As a light-jet should be equally likely to fake a SV in front
of the PV as behind it [91], jets with backwards travelling SVs are used from data to fill
the light-jet template shapes. These SVs must be faked as a backward travelling SV can-
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Figure 7.1: Diagram showing the positions of the PV, SV and jet for a backward travelling
SV. The PV and SV are shown as black crosses. The tracks making up the SV are depicted
as dashed black lines and the jet is the green-shaded region, other tracks within the jet
are not shown. Tracks forming the SV truly originate from the PV but are reconstructed
as a SV due to mismeasurement. This diagram is not to scale.

not initiate forward-going particles in the jet. Events with backwards travelling SVs are
normally removed by selection requirements in the SV-tagging procedure. The backward
travelling SV events were confirmed to well model light, SV-tagged jets in Ref. [91]. The
events are taken from data meaning that there will be no issues with mismodelling the
jets in simulation. The shapes of the templates used are shown in Figure 7.2.

The fit results show that the light-jet component is consistent with zero in each of
the three central mass bins used in the analysis. The fit provides the largest light-jet
component in the 105–150 GeV bin, which is at the level of 0.15+0.80

−0.15% of the total events.
The result for this bin is shown in Figure 7.2. All other bins in the fit are also consistent
with no light-jet component. The light-jet component is therefore expected to be negligible
and hence is not considered for the full analysis fits. A systematic uncertainty associated
with the possible presence of a light-jet component will be evaluated in Chapter 9.

7.1.2 Theoretical estimation
The results set out in Section 7.1.1 can be cross-checked against other results at the LHC,
using knowledge of the various SV-tag and qTAG efficiencies. The production ratios of
dijets with different flavour compositions were measured at ATLAS in pp collisions with a
centre-of-mass energy of

√
s = 7TeV [116]. This was carried out in bins of the leading jet

pT, with the lowest bin being 40–60 GeV. Whilst this, and the angular coverage, do not
match the kinematics in the main analysis here, these numbers allow for a back-of-the-
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(a) (b)

Figure 7.2: (a) Single jet template shapes for b, c and light (labelled q) jets. (b) Fit result
from the 105-150 GeV bin using a single random jet from the event. A light-jet template
is included in the fit. This mass bin yielded the highest light-jet component, which is still
negligible and compatible with zero. The low level of light jets means the component is
not visible in the plot. Work for these plots was carried out by Dr William Barter, in
discussions with the author.

envelope check of the expected light quark contribution (as well as the contribution from
other dijet flavour compositions). Numbers from ATLAS are used as there is no analysis
that provides the production ratios of dijets at LHCb that includes mixed-flavour dijets.
The production ratios from ATLAS are shown in Table 7.1, with the results normalised
to the bb production fraction.

All events in the analysis are subject to the requirement that both jets are tagged
with a SV, the process for which is discussed in Section 3.5. The efficiency for a single
jet to be SV-tagged is measured in simulated jets produced for this analysis as: ∼ 50%

for a b-jet, ∼ 15% for a c-jet, and ∼ 0.5% for a q-jet. As both jets are required to be SV
tagged these probabilities must be combined for dijets of different flavour compositions.
The efficiency of tagging the dijets is shown in Table 7.1.

Next, the impact of requiring one jet in the event to pass the qTAG requirement is
considered. The efficiency of qTAG is determined using simulation for individual jets of
different flavours as described in Section 5.3. The efficiency of tagging a dijet event with
one jet flavour i and the second flavour j is given by

εij = 1− (1− εi)(1− εj),

= εi + εj − εi εj,

(7.1)

since only one jet needs to be tagged in the event. The results for dijets of different flavour
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compositions are again listed in Table 7.1.
Finally, for the dijets which have a mixed flavour (bc, bq and cq) the probability

that these jets are found back-to-back must be considered as this is included in the
fiducial requirements applied to the events. Whilst the jets in same-flavour dijet events
are generally both produced in the same process this is not necessarily true for mixed-
flavour events. The expectation that these jets are back-to-back therefore no longer holds.
It is assumed here for simplicity that the two jets are completely uncorrelated in the
direction that they are produced. Whilst this is the most extreme possible case such an
assumption is appropriate for the rough calculation carried out here. The probability that
two uncorrelated jets satisfy the criteria ∆φjet-jet > 2.6 rad is given by p = (π − 2.6)/π ≈
17%. For the purpose of this estimate, it is assumed that all same-flavour dijets will be
back-to-back in their azimuthal angle.

Using a combination of the values above it is possible to calculate a rough estimate
of the level of each dijet flavour in the final data sample. The total ratios are shown
in Table 7.1. The predicted light-jet contribution is below the level of 1%. This is in
good agreement with the single jet fits performed in Section 7.1.1. The result is also in
line with what was seen in the previous analysis of the charge asymmetry in beauty-jet
production at LHCb, where light-jet contributions were found to be negligible [95]. It
is important to note that the calculation provided here is approximate and relies upon
ATLAS measurements in a different region of the phase space. The final composition
ratios provided in Table 7.1 should not be taken to be an exact prediction. However, it
remains clear that dijets containing a light-jet are heavily suppressed by the requirements
of SV tagging and qTAG. This leaves the prediction that only bb, cc and bc components
are present at any noticeable level in the final sample, of which bb is dominant. This
further confirms the results of Section 7.1.

7.1.3 Contribution from tt decays
Decays of the top quarks in tt events can also yield bb-dijets and so their contribution is
discussed here. The contribution from tt events was considered in the first measurement
of the charge asymmetry at LHCb and it was found that this was negligible, with O(10) tt

events expected within the LHCb acceptance in the entire sample [95]. The cross-section
at the LHCb for tt is around 10 times larger at the centre-of-mass energy

√
s = 13TeV

compared to
√
s = 7TeV [117]. Therefore it is expected that the contribution to the

sample here is of O(100) events, making up < 0.01% of the total sample. This is still
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clearly a negligible contribution and tt events are not considered in this analysis3.

7.1.4 Contribution from τ decays
Another potential source of contamination in the sample is from τ decays. As these
particles have a similar lifetime to D mesons [13] it is possible that the decay might be
identified as a SV and lead to the reconstruction of a SV tagged jet. This may lead to
a background for the analysis if the τ is produced in association with another jet, or if
a τ pair is produced and both are identified as SV-tagged jets. Even in these cases is
unlikely for a τ to pass the qTAG requirements. To be tagged as a jet containing a SV
the τ could decay to three or more hadrons, but this does not also produce a muon and
so qTAG would not tag such a jet. Instead, the τ could decay directly to a muon, but
this muon is typically isolated and the misidentification of a lepton as a jet at LHCb
has a very low probability. Furthermore, the production mechanisms for τ leptons are
electroweak. This means the cross-section of τ production is suppressed relative to dijet
production mechanisms which include strong force processes. These potential sources of
τ background have been considered and it is found that the level of contamination is
less than 100 events, making up < 0.01% of the total sample. This level is also clearly
negligible and hence no further consideration is given to these types of event.

7.2 Two-dimensional fit procedure
A fit to the data is performed to extract the number of bb-dijet events in each bin of the
dijet invariant mass, for the forward and backward events separately. The only significant
sources of background contamination are expected to be from charm-jets, either in cc-dijet
events or mixed-flavour bc-dijet events.

Although flavour tagging BDTs have been used at LHCb [91], it is found in this
analysis that the data-simulation agreement is not sufficient in the output of these BDTs
to perform an accurate fit. This is largely due to detector degradation, which is discussed
in Section 6.3. Instead, the log(χ2

FD) of each jet is used to perform template fits. This

3It is noted that if the contribution were larger it would be important to discern where these effects
should be considered in the overall measurement. As the decay from tt events still produces a bb-dijet
event, it may be that this production method should be included in theoretical calculations, at which
point a measurement of the asymmetry would not need to remove these events from the sample. If instead
they remained excluded from theoretical calculations then these events would have to be accounted for
appropriately in the measurement, either by removing them or assigning some systematic uncertainty.
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variable has been calibrated using B+ → J/ψK+ decays with the procedure laid out in
Section 6.3. As shown in Figure 7.2 this gives good distinguishing power between the
three flavours of jets. Attempts were also made to calibrate the corrected mass of the
SVs, defined in Eq. (6.3), to carry out a fit to the data, following the strategy in the
first measurement of the charge asymmetry at LHCb [95]. However, this approach is not
useful here due to the level of mismodelling seen in simulation for this variable and the
significant difficulty associated with accurately calibrating it.

The fit is performed to a two-dimensional histogram of the data with variables
[log(χ2

FD(j0)), log(χ2
FD(j1))], where j0,1 are the two SV tagged jets in the event with

a random ordering. Random ordering is useful as for the mixed flavour bc events the jets
are equally likely to be of each flavour. This means that the template shapes are not
dependent upon the modelling of any variable used to order the jets. There are 20 × 20

bins4 with a range for each variable set to [3,14] which covers over 99% of events in the
data sample. The fits are performed for forward and backward events separately in each
bin of the dijet invariant mass. For the bb-dijet signal, the template PDF is sampled
from a two-dimensional histogram filled with simulated events, treating the simulation
identically to data when producing the templates. For the cc-dijet and the mixed flavour
bc-dijet backgrounds, the two-dimensional templates used in the fit are taken by con-
volving two one-dimensional distributions drawn from the relevant beauty and charm
simulated samples. This follows the approach considered in Ref. [106]. The templates are
shown in Figure 7.3. It can be seen from these distributions that the templates occupy
different regions of the phase space. It should be noted that in one dimension the bc

component cannot be distinguished from an equal combination of bb- and cc-dijets. The
power to distinguish these mixed-flavour dijets only comes with the full two-dimensional
template. The two-dimensional distribution in data is also shown in Figure 7.4.

As a cross-check, the cc template is also explicitly constructed as a two-dimensional
PDF in the same manner as the bb template5. This returns consistent values of the
asymmetry and is further documented in Section 9.2. It is challenging to produce a
template in the same manner for the bc component as there is no efficient option in
Pythia 8 to produce mixed-flavour dijets across the full phase space of the analysis [38].
A cross-check is also performed using one-dimensional templates of beauty and charm

4The number of bins was varied and the results remain consistent, with no significant change in
sensitivity seen.

5This is not used as the main analysis strategy due to the lower number of events in the cc simulation
for the 2016 run conditions. Additional simulation, produced using 2017 and 2018 run conditions, is used
for this cross-check.
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(a)

(b)

Figure 7.3: Template shapes used in the fit. Templates are defined as two-dimensional
histograms [log(χ2

FD(j0)), log(χ2
FD(j1))] with 20 × 20 bins and a fit range of [3, 14] for

each direction. Here j0 and j1 are the two jets in the event with a random ordering. (a)
A projection into the j0 direction. Due to the random ordering, this will be identical to
the j1 projection. (b) The two-dimensional template shapes.

which require no convolution to produce. This again returns consistent values of the
asymmetry and is documented further in Section 9.2.

Although forward and backward events are fit independently, the template shapes
are shared across the two directions and are filled with both forward and backward
events from the simulation. This is done as the template shapes have negligible differ-
ences between the forward and backward directions and sharing the events ensures that



128 Determining the sample purity

Figure 7.4: The two-dimensional distribution of the total data sample for the variables
used in the fit: [log(χ2

FD(j0)), log(χ
2
FD(j1))], where j0,1 are the two jets in the event with

a random ordering.

the statistical uncertainty associated with using a finite number of simulated events is
minimised. The variation of the template shapes between forward and backward events
is shown in Figure 7.5, as estimated in simulated bb-dijet events. Any variation of the
template shapes with the pseudorapidity of the jets is assumed to be well modelled by
the simulation.

The templates are used to determine the flavour composition of events in the data
using an extended log likelihood fit. The distribution of events in data is modelled as

Pdata = NbbPbb +NbcPbc +NccPcc, (7.2)

where Pij is the normalised distribution of events in the template with jet flavour com-
position ij and Nij is the number of these events. The number of each event type is
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Figure 7.5: Plot showing a projection of the template shape into the j0 axis and how this
varies for forward and backward events. These template shapes were measured in bb dijet
simulation. There is no significant difference between the shapes, motivating the sharing
of templates across both directions.

initialised based on the results from Section 7.1 and these are set to

Nbb = 0.90Ndata, (7.3)

Nbc = 0.05Ndata, (7.4)

Ncc = 0.05Ndata. (7.5)

The fit accounts for the statistical uncertainty in the shapes of the distributions ob-
served in data but the uncertainty on the templates generated from simulation must also
be taken into account. As it cannot be assumed that the template shapes are perfect,
these uncertainties and their impact on the fit results are discussed here, rather than
leaving this until a discussion of the full systematic uncertainties in the analysis. There
are three sources of uncertainty in the template shapes that are considered:

1. A systematic uncertainty in the form of the correction applied to the log(χ2
FD)

distribution derived in Section 6.3.
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2. The application of the log(χ2
FD) correction to charm-jets.

3. The statistical uncertainty on the template shapes in simulation.

To account for uncertainty on the form of the correction derived from B+ → J/ψK+

decays, two other corrections are applied in turn and the fit results are compared to the
nominal fit. The first alternative correction is that derived using B0 → J/ψK∗ decays
detailed in Section 6.3, referred to as the “K∗ correction”. The second alternative is
obtained by shifting the nominal correction an equal amount in the opposite direction to
that seen when using B0→ J/ψK∗ decays, referred to as the “2K−K∗ correction”. This is
broadly equivalent to varying the correction applied by ±40%. A systematic uncertainty
is then assigned by evaluating the maximal difference from the nominal fit compared to
the two alternatives.

It is expected that the log(χ2
FD) correction should also apply to charm-jets as the

issues that motivate the correction in beauty-jets are universal [107, 108]. A systematic
uncertainty is considered to account for this assumption. This is evaluated by not applying
any correction to charm-jets whilst still using the nominal correction for beauty-jets6.
Since charm-jets do not form a large proportion of jets in data, it is expected that this
effect will be small. A systematic uncertainty is then assigned by evaluating the difference
from the nominal fit compared with a fit using the uncalibrated charm-jet templates.

Finally, the template shapes in simulation are generated from a finite number of events
and, as such, will have a statistical uncertainty associated with them. The Beeston–Barlow
method [118] for propagating the uncertainties associated with a finite number of sim-
ulated events is sometimes used in HEP analyses. This method can suffer from issues
when using weighted events, as is done here, which is recognised in the original paper.
For these reasons and owing to the large number of simulated events compared to data,
the uncertainty is instead approximated using fit results from so-called toy studies. The
fits are repeated 500 times with the template shapes fluctuated within their statistical
uncertainties. Each of these repeats is referred to here as a toy. Here a systematic uncer-
tainty is assigned by evaluating the standard deviation on the results from these 500 toy
fits.

These three sources of uncertainty all provide an uncertainty on the template shapes.
As such they are added in quadrature to give a total systematic uncertainty on the fit.
This systematic uncertainty is then added in quadrature with the statistical uncertainty

6Whilst this is a conservative approach the uncertainty on the asymmetry from this source remains
small when compared to other sources of uncertainty.
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from the fit to yield an overall uncertainty in each mass bin of the fit.
The fit results for forward events are shown in Figure 7.6 and for backward events

in Figure 7.7, with the total uncertainty in each bin overlaid. The total yields from
the nominal fit are shown also in Table 7.2. The projections of the fit result have a
good agreement with data within the uncertainties associated with the finite size of the
data sample and variations in the template shapes from simulation. As well as this, the
numerical results are broadly consistent with the production cross-sections being similar
for bb- and cc-dijets given the much lower SV-tag and qTAG efficiencies in cc-dijets. Fit
results from the underflow and overflow bins are shown in Figures 7.8 and 7.9 for forward
and backward events respectively. The results in these underflow and overflow bins have a
minimal impact on the analysis as a whole. They are utilised only when considering events
that migrate into and out of the analysis during the unfolding process. Excluding these
bins from the analysis is found to have a negligible impact on the overall measurements.

It is necessary to correct the dijet yields for detector and mistagging effects (discussed
in the following chapter). However, it is possible at this stage to see the level of uncertainty
in an uncorrected measure of the asymmetry, here referred to as the “raw” asymmetry.
This is the asymmetry in the yield of forward and backward events taken directly from the
fit results. To achieve this, raw values of the asymmetry are calculated under each of the
above systematic variations considered and the shift in the value of the raw asymmetry
is taken as the systematic uncertainty. While the systematic variations can cause O(50−
100%) fluctuations in the background yield, the changes in the value of the asymmetry
are much smaller. This is due to the low level of background present in the sample
and because the variations in yield are highly correlated for the forward and backward
categories. For the K∗ and 2K −K∗ corrections, the largest deviation from the nominal
asymmetry is taken out of the two as both of these are concerned with the size of the
correction applied to the templates. The deviations from the nominal raw asymmetry
are shown in Table 7.3. For the uncertainty generated by the finite number of events in
simulated templates, the templates are fluctuated within their uncertainties for 500 toys
and the fit is repeated to extract raw asymmetries. The standard deviation is taken as
the systematic uncertainty from this source. The uncertainty from each systematic source
is considered separately and added in quadrature to yield a total uncertainty. This gives
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the values of the raw asymmetry as

Araw
50−75 = (0.21± 0.13± 0.13)%, (7.6)

Araw
75−105 = (0.7± 0.4± 0.2)%, (7.7)

Araw
105−150 = (0.1± 0.9± 0.6)%, (7.8)

where the subscript indicates the mass window, the first uncertainty is statistical and the
second is systematic. From this, it can be seen that the systematic and statistical uncer-
tainties associated with the fit in the lowest mass bin are roughly equivalent, whereas, in
the other two bins, statistical uncertainties are dominant. This is due to the fact the low-
est mass bin has a much higher overall yield of events than the other two bins as shown in
Table 7.2. The statistical uncertainties reported by the fit are also validated by running
500 toy fits with the data distributions fluctuated within their statistical uncertainties.
The results from this gave statistical uncertainties consistent with those returned from
the fit and provided above.

The distributions of forward and backward events in the mass windows now need to
be unfolded to correct for detector effects, which will be detailed in Chapter 8. These
unfolded yields will then be used to calculate the final value of the asymmetry, with
the systematic and statistical uncertainties propagated through this calculation. Further
cross-checks for these fit results will also be considered in Chapter 9.
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(a) (b)

(c) (d)

(e) (f)

Figure 7.6: Plots showing the fit results for the forward events projected into the two axes.
The uncertainty on the total fit is shown as a grey, hatched area and is a combination of
the statistical and systematic uncertainties discussed in the main body of the text. Dijet
invariant mass ranges are: top row: 50− 75GeV, middle row: 75− 105GeV, bottom row:
105− 150GeV.
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(a) (b)

(c) (d)

(e) (f)

Figure 7.7: Plots showing the fit results for the backward events projected into the two
axes. The uncertainty on the total fit is shown as a grey, hatched area and is a combination
of the statistical and systematic uncertainties discussed in the main body of the text. Dijet
invariant mass ranges are: top row: 50− 75GeV, middle row: 75− 105GeV, bottom row:
105− 150GeV.
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(a) (b)

(c) (d)

Figure 7.8: Plots showing the fit results for the forward events projected into the two
axes, in the underflow (top row) and overflow (bottom row) bins of dijet invariant mass.
The uncertainty on the total fit is shown as a grey, hatched area and is a combination
of the statistical and systematic uncertainties discussed in the main body of the text.
Events in the underflow and overflow bins pass all of the analysis selections but have a
dijet invariant mass reconstructed outside of that considered for the measurement of the
asymmetry. Events in the underflow bin are those reconstructed with a dijet invariant
mass below the analysis threshold of 50 GeV; these have a minimum reconstructed dijet
invariant mass of around 40 GeV due to selection requirements on the jet transverse
momentum. Events in the overflow bin are reconstructed with a dijet invariant mass
above 150 GeV.
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(a) (b)

(c) (d)

Figure 7.9: Plots showing the fit results for the backward events projected into the two
axes, in the underflow (top row) and overflow (bottom row) bins of dijet invariant mass.
The uncertainty on the total fit is shown as a grey, hatched area and is a combination
of the statistical and systematic uncertainties discussed in the main body of the text.
Events in the underflow and overflow bins pass all of the analysis selections but have a
dijet invariant mass reconstructed outside of that considered for the measurement of the
asymmetry. Events in the underflow bin are those reconstructed with a dijet invariant
mass below the analysis threshold of 50 GeV; these have a minimum reconstructed dijet
invariant mass of around 40 GeV due to selection requirements on the jet transverse
momentum. Events in the overflow bin are reconstructed with a dijet invariant mass
above 150 GeV.
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Chapter 8

Unfolding the measured results

Unfolding is a general term used to describe corrections that are applied to measured
results and distributions in order to recover the “true” values. These true values are
the values that would be obtained by a measurement under idealised conditions, not
distorted by effects such as the finite detector resolution. This is studied using simulated
events which model the detector effects on the true underlying information. It is assumed
in this work that the resolution on the dijet invariant mass does not change with the
pseudorapidity of the jets. This is because the jets are chosen to be significantly far from
the detector limits that edge effects should not be important. This assumption could be
studied in more detail in future iterations of this measurement.

The results of the fits performed in Chapter 7 provide a distribution of bb-dijet events
in bins of the dijet invariant mass in both the forward and backward directions. Here, there
are two aspects of the measurement that must be corrected for. First, bin migrations in the
distribution of the dijet invariant mass which is caused by the finite detector resolution
of this variable. Second, mistagging the charge of the event using qTAG which causes
migrations between the forward and backward categories.

It is found that the unfolding of the dijet invariant mass only has a small impact on
the final value of the asymmetry. This is driven by the width of the bins used in the
dijet invariant mass and the fact that the asymmetry does not vary significantly between
these bins. Multiple variations of the procedure were tested and gave differences in the
asymmetry that are small when compared with the statistical uncertainties. It is noted
therefore that whilst there may exist more rigorous testing and optimisation methods for
the unfolding, these are often much more complex and their use is unwarranted in this
case. Even though the impact on the measurement is minimal, work into the unfolding
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procedure is still laid out here to demonstrate this fact, and for completeness. When this
measurement is repeated using the full Run II data (or beyond that in Run III) it may be
necessary to analyse again the impact of the unfolding and the optimisation with regards
to the statistical and systematic uncertainties.

8.1 Dijet invariant mass
The asymmetry is measured in bins of the dijet invariant mass and for this, the yields of
events in these bins must be calculated. The fits documented in Chapter 7 provide this
for the invariant masses measured by the detector, but detector resolution effects mean
events can be reconstructed in different bins when compared with their true underlying
values. It is therefore required to unfold the distribution of events in the dijet invariant
mass for both the forward and backward categories.

The method for unfolding used here is Iterative Bayesian Unfolding, also referred to
as D’Agostini unfolding [119,120], implemented in Python in the package PyUnfold [121].
The basis for this unfolding method is the use of Bayes’ theorem

P (ti|rj) =
P (rj|ti)P (ti)∑
k [P (rj|tk)P (tk)]

, (8.1)

where the terms are defined as follows:

• P (rj|ti) is the conditional probability of an event being reconstructed in a dijet
invariant mass bin, rj, given it has a true value lying in the bin ti and vice versa
for P (ti|rj). These probabilities form a matrix, which is referred to as the response
matrix. This can be calculated using simulated events.

• P (ti) is the prior probability of having a true dijet invariant mass in a bin ti. This
is again taken initially from simulated events.

The result P (ti|rj) can then be applied to the measured distribution (with the measured
values forming a column vector) to recover an estimate of the true underlying distribution.
The principle of Iterative Bayesian Unfolding is the repeated application of Eq. (8.1), each
time updating the prior used to be the unfolded result from the previous iteration.

The bins of dijet invariant mass in which the asymmetry is measured have edges
[50, 75, 105, 150]GeV. For the unfolding process it is also beneficial to consider events
that migrate into and out of the range defined by these bins, which is done by including
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Figure 8.1: True and reconstructed distributions of the dijet invariant mass in simulated
events.

an underflow and an overflow bin. This goes beyond considerations made in Ref. [95]
which did not consider migrations in and out of the range in which the asymmetry
was measured. The initial yield of events in these bins is also determined during the fit
procedure with the results in Table 7.2. The underflow and overflow bins are filled with
events that pass the fiducial cuts described in Section 5.1 but otherwise have a dijet
invariant mass that is outside of the range of the main analysis bins1.

The distribution of true and reconstructed mass for simulated events is shown in
Figure 8.1. The truth distribution shown here is used as the initial prior in the unfolding
procedure. The response matrix is taken from the full set of simulated bb-dijet events
discussed in Section 5.1. The forward and backward events are therefore unfolded using
the same response matrix, as was also done in the previous measurement of the charge
asymmetry at LHCb [95]. This ensures that the impact of the uncertainty associated
with the finite size of the simulation sample is minimised in the unfolding procedure.

1An upper limit on the dijet invariant mass is set at 500 GeV for the overflow bin. The level of events
migrating between the main analysis bins to anything above this threshold is negligible.
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(a) (b)

Figure 8.2: (a) The corrections applied in the first round of the iterative unfolding pro-
cedure. These are taken directly from simulated bb-dijet events. The values in the matrix
give the probability that an event reconstructed within a dijet invariant mass bin came
from the respective true bin. (b) The response matrix taken directly from simulated bb-
dijet events. The values in the matrix give the probability that an event that has a true
dijet invariant mass in a given bin is reconstructed in the respective reconstruced bin.
In both plots OF and UF stand for underflow and overflow respectively, where all events
that pass the fiducial requirements but have a dijet invariant mass below 50 GeV are in-
cluded in the underflow bin and all those above 150 GeV in the overflow bin. This allows
for events to migrate into and out of the main analysis bins.

The corrections derived from this response matrix for the first iteration of the unfolding
are shown in Figure 8.2a. These corrections are taken directly from simulation and are
subsequently updated using the unfolded results for the following iterations. The values
in the matrix shown give the probability that an event reconstructed in a given bin came
from the respective truth bin. For bins associated with a reconstructed dijet invariant
mass above 75 GeV, the off-diagonal term corresponding to the truth bin immediately
below is relatively large. This is due to the falling distribution in the dijet invariant
mass, meaning that the number of events migrating across the boundary make up a
greater proportion of the bin they enter than the one they came from. An alternative
normalisation for this matrix is shown in Figure 8.2b, where the values in this matrix
give the probability that an event with a dijet invariant mass in a given truth bin are
reconstructed in the respective mass bin. This is the response matrix. From this it can
be seen that the probability of being reconstructed in a bin given the event started in the
equivalent truth bin is found to be greater than 70% in the three main analysis bins.
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The number of iterations for the procedure must also be chosen. Typically two or three
iterations are sufficient to accurately recover the true distribution [120]. Large numbers of
iterations are undesirable as the resulting distribution shows large fluctuations around the
true values with associated large uncertainties [119]. It is expected that the corrections
required here are small and that the prior distribution used will reasonably approximate
the true underlying distribution of the data. For these reasons, two iterations are chosen
as the nominal approach. Larger numbers of iterations are also trialled with the changes
in values of the unfolded asymmetry taken as a systematic. The asymmetry values before
unfolding and after unfolding with n = 2, 3 and 4 iterations are shown in Figure 8.3.

Having unfolded the yields separately for forward and backward events, the asymme-
tries are then determined to be

Aunfolded
50−75 = (0.25± 0.13± 0.03)%, (8.2)

Aunfolded
75−105 = (0.7± 0.4± 0.2)%, (8.3)

Aunfolded
105−150 = (0.1± 1.0± 0.3)%, (8.4)

where the systematic uncertainties are taken as the difference between the values mea-
sured when using two and four iterations. Note that the systematic uncertainties given
here only represent those associated with this unfolding procedure. The systematic un-
certainties found from the fit procedure have not been propagated through at this stage,
and instead, this will be carried out in Chapter 9. It can be seen by comparing these
results with the raw asymmetries presented at the end of Chapter 7 that the unfolding
procedure has only a small effect on the central values of the asymmetry. The shift, along
with any shift seen by varying the number of iterations, is smaller than the statistical
uncertainty on the values, as is also shown in Figure 8.3.

It is also possible to unfold distributions in simulated events and compare the result
to the true underlying distribution. This is used here to further check that the number
of iterations selected gives reasonable results. The sample used to generate the initial
prior and response matrix cannot exactly match the distribution to be unfolded, else one
iteration alone will give perfect agreement. Instead, half of the simulated events are taken
and reweighted such that the distribution of the transverse momentum of the leading jet
matches that seen in data. The other half of simulated events are not reweighted and are
used to generate the response matrix and prior distribution. The results for this unfolding
check are shown in Figure 8.4 for n = 2, 3 and 4 iterations. The difference between the
yields from two and four iterations is again taken as a systematic, which is shown on the
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Figure 8.3: The value of the unfolded asymmetry as a function of the number of iterations
used. Values of the asymmetry are shown for the three analysis bins of the dijet invariant
mass. The result before unfolding is also shown and labelled ‘Raw’. The uncertainty shown
is the statistical uncertainty associated with the finite size of the data sample. It is clear
that the central value of the asymmetry is relatively insensitive to the number of iterations
used when compared to the size of the statistical uncertainty shown.
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Figure 8.4: To check the unfolding procedure described in the main body of the text,
simulated events are unfolded using n = 2, 3 and 4 iterations. Two iterations is the
nominal value used in the analysis and a systematic uncertainty is calculated as the
difference between this result and that using four iterations. This is the uncertainty shown
on the results for n = 2. Statistical uncertainties are too small to be visible. There is good
agreement between the unfolded distribution and the true underlying distribution.

plot. With this, there is agreement at the level of 1σ between the true distribution and
the unfolded distribution after two iterations2.

8.2 Mistagging from qTAG
Tagging the charge of the jets is crucial for determining whether an event is categorised
as forward or backward. The procedure used is laid out in Section 5.3 and is referred to as
qTAG. Mistagging the charge leads to the incorrect forward-backward assignment which
has the effect of diluting the measured value of the asymmetry. It is crucial to correct for

2The unfolded results after two iterations are also seen to have the best agreement with the true
distribution when compared with a larger number of iterations. This further motivates n = 2 as the
number of iterations to use for the nominal result.
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this effect. The correction factor is defined by

D = 1− 2ω, (8.5)

where ω is the rate of incorrectly tagging events, and the correction factor D is referred to
as the dilution factor. The measured value of the asymmetry is corrected by dividing by
the dilution factor as shown in Eq. (5.3). As discussed in Section 5.3, the main causes of
event mistagging are: b→ c→ µX type decays, where the muon identified now originates
from a semi-leptonic c decay; and B-meson oscillations. The dilution factor is estimated
in the three bins of dijet invariant mass, using simulated events. These dilution factors
are shown in Figure 8.5. The values in the three bins of invariant mass are

D50−75 = 0.5600± 0.0008, (8.6)

D75−105 = 0.5494± 0.0009, (8.7)

D105−150 = 0.5535± 0.0012, (8.8)

where the uncertainties given here are statistical. These dilution factors can be compared
with the theoretical performance calculated in Section 5.3.1, where the dilution factor
is predicted to be around Dtheoretical ≈ 54%. This gives confidence that the charge tag-
ging procedure is behaving as expected. Applying this dilution correction gives the final
unfolded values of the asymmetry as

A50−75 = (0.45± 0.23)%, (8.9)

A75−105 = (1.3± 0.8)%, (8.10)

A105−150 = (0.2± 1.8)%, (8.11)

where the uncertainties given here are statistical. A data-driven validation of the qTAG
performance, and the assignment of a systematic uncertainty to cover mismodelling of
this in simulation, is discussed in Chapter 9.
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Figure 8.5: The dilution factor in bins of the dijet invariant mass as measured in simulated
events.





Chapter 9

Systematic uncertainties and
cross-checks

The statistical uncertainty on the asymmetry due to the limited number of events in data
has already been accounted for and is given with the central values at the end of Chapter
8. It is also necessary to evaluate the systematic uncertainties on this measurement.
Systematic uncertainties quantify possible variations in the measurement originating from
other sources. These are difficult to evaluate precisely. If there was a clear systematic bias
present then it would be possible to correct for this explicitly. Instead, the size of these
uncertainties is estimated and provides an uncertainty band on the final measurement.
Some of the sources of systematic uncertainty have already been discussed in the previous
chapters, however, there are further sources that have not yet been covered. Each source
of systematic uncertainty and methods for determining their size will be discussed in
turn, and these will be fully propagated through the analysis to give an uncertainty on
the final unfolded value of the asymmetry. Systematic uncertainties here are all presented
as absolute shifts in the values of the unfolded, dilution-corrected asymmetry, measured
in percent.

In addition, results from cross-checks to the measurement are discussed. These deal
with making alternative but related measurements to confirm that the results are as
expected and give further confidence in the analysis.
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9.1 Systematic uncertainties

9.1.1 Fit template shapes
The fits carried out in Chapter 7 use the log(χ2

FD) variable. As discussed in the same
section, this variable requires correction due to mismodelling effects. The size of this
correction is derived using B+ → J/ψK+ decays for the nominal result. To account for
the uncertainty on this correction an alternative value is also derived using B0→ J/ψK∗

decays and the fits are repeated using this value. A third correction is also obtained by
finding the difference between the two derived corrections and adding this difference to
the nominal correction. In Chapter 7 the systematic uncertainty on the raw asymmetry
is determined. Here, the fit results for the alternative corrections are propagated through
the remaining steps in the analysis, being unfolded and corrected for mistagging effects.
The difference in the values of the asymmetry is then calculated between the nominal
correction and the two alternative approaches. The maximal differences are taken as the
systematic uncertainty in each bin. These are evaluated as

σ
χ2

FD
50−75 = 0.21%, (9.1)

σ
χ2

FD
75−105 = 0.30%, (9.2)

σ
χ2

FD
105−150 = 1.1%. (9.3)

These systematic uncertainties are relatively important as the shape of the beauty tem-
plates has a significant impact on the yields returned from the template fits.

The corrections to the template shapes are derived in beauty decays but are also
applied to charm-jets in the analysis, as it is expected that the mismodelling effects are
similar [107,108]. A systematic uncertainty is also assigned to account for this assumption.
The analysis is repeated, maintaining the nominal correction for beauty-jets, but applying
no correction to the simulated charm-jet events. The difference between the unfolded,
dilution-corrected asymmetry for this and the nominal result is taken as the systematic
uncertainty. This is evaluated as

σc-cor
50−75 = 0.0029%, (9.4)

σc-cor
75−105 = 0.08%, (9.5)

σc-cor
105−150 = 0.14%. (9.6)
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Whilst removing the correction entirely is a very conservative approach, the calculated
systematic uncertainty remains small in comparison to other sources. This is due to the
fact that the charm component of the data sample is small.

9.1.2 Unfolding procedure
The unfolding procedure used in this analysis to correct for migrations in the dijet in-
variant mass is Iterative Bayesian Unfolding [119,120]. The number of iterations must be
chosen in this method and a systematic uncertainty is assigned by varying the number
used and calculating the difference in the corrected asymmetry. The systematic uncertain-
ties are evaluated in Chapter 8 and reported for results before correcting for the qTAG
dilution. After applying the dilution correction, the final systematic uncertainties from
this source are

σunf.
50−75 = 0.05%, (9.7)

σunf.
75−105 = 0.28%, (9.8)

σunf.
105−150 = 0.5%. (9.9)

9.1.3 Dilution factor
The dilution factor used to correct for misidentifying the charge of the jets with qTAG
is measured using simulated bb-dijet events (as opposed to being directly measured in
data). This approach has two advantages. First, the simulation is free from backgrounds
which might bias a measurement of the correction. Second, the simulation contains truth
information on the charge of the quarks originating the jets which allows for the dilution
factor to be found directly and simply. However, it is important to confirm that the value
of the correction derived in simulation accurately matches the dilution in data. Despite
the lack of truth information for the jets in data, it is also possible to derive a correction
using events where both jets are tagged. For events in which both jets are correctly tagged,
true bb events would receive an opposite sign tag for each jet. Therefore, if both jets are
tagged with the same sign of muon then one jet must be correctly tagged and one must be
incorrectly tagged. If jets are tagged with an opposite sign then either both are correctly
tagged, or both are incorrectly tagged. The rate at which jets are incorrectly tagged, ω,
can thus be calculated from the number of events with jets tagged with the same sign
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(NSS) and opposite sign (NOS):

NOS =
(
(1− ω)2 + ω2

)
Ntagged, (9.10)

NSS = 2ω (1− ω)Ntagged. (9.11)

These equations are quadratic in ω and, hence, give two solutions. Both of these solutions
lie in the range 0− 1 and they are related by ω1 = 1− ω2. In effect, the correct tag rate
and the incorrect tag rate are solutions to the equations. For this reason, the solution
that satisfies ω < 0.5 is taken when identifying the incorrect tag rate. Requiring that
both jets are tagged in the event also reduces the backgrounds as the efficiency of qTAG
for charm-jets is lower, as discussed in Section 5.3. After requiring both jets in the event
to be tagged by qTAG, there remain 46,715 events in data, around 3% of the single
tagged sample. It is important to note that this value does not correspond to the single
jet efficiency for qTAG. The probability of tagging both jets in the event given that one
is already tagged can be calculated using Bayes’ theorem

P (NT = 2 |NT ≥ 1) =
P (NT ≥ 1 |NT = 2)P (NT = 2)

P (NT ≥ 1)
, (9.12)

=
ε

2− ε
, (9.13)

where NT is the number of tagged jets and ε is the efficiency of qTAG tagging a single jet.
For small values of ε, this leaves the probability of tagging both jets in the event given
one is already tagged as roughly half of the single tag efficiency. To further reduce charm
backgrounds, a requirement is placed on the corrected mass of the jets, defined in Eq.
(6.3). The distributions of this variable in b- and c-jets are shown in Figure 6.4. To reduce
charm backgrounds a requirement is placed on each jet in the event that the corrected
mass, Mcor > 2.2GeV. In simulation this requirement is measured to be around 55%
efficient for bb-dijets, 2% for cc-dijets events and 10% efficient for bc-dijets1. Having this
requirement along with both jets satisfying qTAG will reduce any charm backgrounds to
sufficiently low levels that they can be neglected while studying systematic effects.

The dilution factor is then measured in doubly tagged data and simulated bb-dijet
events using the same method, referred to as ‘reco’. The values for the dilution factors
in data and simulated events that contain two tagged jets are shown in Figure 9.1. The

1This is not used as a selection requirement in the main analysis due to the difficulty in accurately
modelling it in simulation. The use of such requirements in future updates to this measurement is
discussed in Chapter 10.
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Figure 9.1: Dilution factor in data and simulated events with two qTAG-tagged jets. The
dilution factor is measured in simulated events using two methods. The ‘Reco’ method
uses only the reconstructed variables and the dilution factor is evaluated by examining
the number of events where both jets carry the same sign of tag. This approach is fully
discussed in the main body of the text and is also used for the data events. The ‘Truth’
method compares the charge of the tag assigned by qTAG with truth variables relating
to the charge of b quark that initiated the jet.

value of the dilution factor determined using truth values in the same selected, simulated
events with two tagged jets is also measured. There is good agreement between the values
obtained using the truth and reco methods which gives confidence in the final values used.
The measured dilution factors are listed in Table 9.1. The ratio between the values of
the dilution factor measured in data and simulation can then be calculated. These ratios
can be used to scale the dilution factor measured in the full set of simulated events. The
dilution correction is then repeated with the rescaled values and the difference in the
final value of the asymmetry is taken as a systematic uncertainty. The ratios by which
the dilution factor in each bin of the dijet invariant mass is scaled are then

R50−75 = 0.988, (9.14)

R75−105 = 0.925, (9.15)

R105−150 = 0.868. (9.16)
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Table 9.1: Dilution factors measured in double qTAG events in simulated events (MC)
and data. The uncertainties given in this table are statistical. In simulation, two methods
are used to evaluate the dilution factor. In the ‘MC reco’ method the number of dijets
with the same flavour tags is used to calculate the mistag rate. In ‘MC truth’ the true jet
flavour is used to evaluate the mistag rate. These methods are in good agreement with
each other.

Dijet mass / GeV Data MC reco MC truth

50-75 0.517± 0.007 0.523± 0.006 0.526± 0.004

75-105 0.493± 0.014 0.534± 0.007 0.531± 0.005

105-150 0.48± 0.04 0.553± 0.011 0.554± 0.007

Using these values gives a final systematic uncertainty on the values of the asymmetry as

σdil.
50−75 = 0.006%, (9.17)

σdil.
75−105 = 0.10%, (9.18)

σdil.
105−150 = 0.029%. (9.19)

These are relatively small when compared to other systematic uncertainties in the anal-
ysis. The impact in the highest mass bin is small as the asymmetry itself is small in
this bin and the dilution correction is multiplicative to the value of the asymmetry. This
means that there can be uncertainties on the dilution factor of O(10%) without producing
a significant systematic uncertainty on the asymmetry. In addition, the dilution factors
derived in data could be used directly in the measurement without a significant shift in
the final results.

9.1.4 Limited simulated events
The finite number of simulated events gives rise to statistical uncertainties, impacting
both the templates used in the fits as well as the response matrix in the unfolding proce-
dure. To account for this, pseudoexperiments are carried out with the templates and the
response matrix fluctuated within their uncertainty bands. There are 500 pseudoexper-
iments carried out and the standard deviation on the final unfolded, corrected value of
the asymmetry in these pseudoexperiments is taken as the systematic uncertainty from
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this source. These uncertainties are evaluated at

σMC
50−75 = 0.11%, (9.20)

σMC
75−105 = 0.34%, (9.21)

σMC
105−150 = 0.7%. (9.22)

The size of these systematic uncertainties is mostly dominated by the contribution of the
uncertainty from the template fits.

9.1.5 Jet energy scale and resolution
As discussed in Section 3.5, there is an uncertainty associated with the jet energy scale
(JES) and resolution (JER) in simulated events.

Jets first have their reconstructed energy rescaled to account for detector effects, but
this rescaling has an associated uncertainty [83] which must be accounted for in this
measurement. The scale and resolution of the jet energy are also investigated explicitly
in this analysis to account for mismodelling by using the pT balance in Z+jet and bb-dijet
events. These are both discussed in Section 3.5 and again an associated uncertainty with
the required scaling and smearing is derived.

There are then three sources of uncertainty associated with the jet energy:

• Uncertainty on the scale factor derived from simulation to correct for detector
effects. This is referred to here as the “JES (simulation)” uncertainty. Events are
produced with the uncertainty on the rescaling provided following work in Ref. [83].

• Uncertainty on the required scaling to correct for mismodelling of the JES in simu-
lation. This is investigated explicitly in this analysis by comparing Z+jet events in
data and simulation. This is referred to here as the “JES (data-MC)” uncertainty.

• Uncertainty on the required energy smearing to correct for mismodelling of the JER
in simulation. This is investigated explicitly in this analysis by comparing bb-dijet
events in data and simulation. This is referred to as the JER uncertainty.

Each of these is considered in turn. For uncertainties on the JES the jet energies in sim-
ulation are rescaled to 1σ above and 1σ below their nominal values using the uncertainty
on the scale factor. The full analysis is then repeated. To propagate the uncertainty on the
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Table 9.2: Systematic uncertainties on the final unfolded, dilution corrected values of the
asymmetry associated with the jet energy scale (JES) and resolution (JER). The JES has
two sources of uncertainty. The first originates from the scaling that is applied to correct
for detector effects derived from simulation: JES (simulation). The second comes from
the rescaling that is applied in the Z+jet studies carried out in this thesis to correct for
mismodelling: JES (data-MC). The level of precision quoted for the individual sources is
set by the dominant systematic for a given dijet invariant mass bin.

Uncertainty source

Dijet mass / GeV JER / % JES (simulation) / % JES (data-MC) / %

50-75 0.08 0.02 0.02

75-105 0.22 0.11 0.10

105-150 0.7 0.3 0.4

JER, the smearing is turned off and again the full analysis is repeated2. The differences in
the final values of the asymmetry between these results and the nominal are then taken
as the systematic uncertainty for each of the three sources. The systematic uncertainty
associated with each of these is listed in Table 9.2. From this, it can be seen that of the
three, the uncertainty associated with the JER is dominant3. Taken individually, none of
these sources of uncertainty are either notably large or small with regard to other sources
of systematic uncertainty in this analysis. They are added in quadrature here to give an
overall uncertainty associated with the jet energy and scale in each of the three dijet
invariant mass bins, which are calculated as

σJet-energy
50−75 = 0.08%, (9.23)

σJet-energy
75−105 = 0.26%, (9.24)

σJet-energy
105−150 = 0.9%. (9.25)

2This is again a conservative approach. In future iterations of this measurement, it may be desirable
to derive corrections using alternative parameterisations and use these to calculate a less conservative
systematic uncertainty.

3It is unsurprising that the uncertainty associated with the JER is dominant relative to the un-
certainties associated with the JES, due to the conservative approach taken in estimating this effect.
Nevertheless, this uncertainty remains small compared to the statistical uncertainty.
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9.1.6 Pseudorapidity resolution
There is good resolution on measurements of the direction of jets in the LHCb detector.
Uncertainties on the direction of the jet in η − φ space are typically around ∆R ∼ 0.05,
with R =

√
η2 + φ2 [83]. However, it is still possible that mismeasurement of the angles

leads to the incorrect assignment of a forward or backward event. To account for this the
fraction of events in simulated bb-dijet events in which the true pseudorapidity of the two
jets are in the opposite order to the reconstructed values is measured. Similarly to the
mistagging of events caused by qTAG, this leads to a dilution of the true asymmetry by

Dη = 1− 2rη, (9.26)

where rη is the rate at which events are mistagged as forward/backward caused by the
incorrect measurement of the jet direction. These mistagging rates are measured in bins
of the dijet invariant mass in simulated events, giving

rη50−75 = (1.962± 0.014)%, (9.27)

rη75−105 = (1.239± 0.013)%, (9.28)

rη105−150 = (1.013± 0.015)%. (9.29)

The difference in the final result when correcting for this effect is taken as a systematic
uncertainty. This is found to be negligible:

σ
η
50−75 = 0.018%, (9.30)

σ
η
75−105 = 0.033%, (9.31)

σ
η
105−150 = 0.004%. (9.32)

9.1.7 Non-uniform efficiency effects
The next systematic uncertainty that is considered is due to the detector having a non-
uniform efficiency for selecting and reconstructing dijet events. This is expected to be
small. Events can have a different efficiency through the analysis based on their kine-
matics. This can create a bias if the selection sculpts the phase-space of events to favour
regions where the asymmetry is larger or smaller. To account for this, the efficiency of
events through the trigger, the SV tagger and qTAG is measured using simulated events
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in bins of the difference of pseudorapidity between the two jets. The overall efficiencies
can be seen in Figure 9.2. The shape of this efficiency is driven by a small reduction
in the SV tagging efficiency near the detector edge, coupled with the trigger efficiency
falling with pseudorapidity. These values are then used to weight the data events by the
inverse of the efficiency, as a proxy for a measurement if the efficiency was flat. The full
analysis is then repeated, and the difference in the final values of the asymmetry is again
taken as a systematic. As expected, the change in the final results is negligible, with the
systematic uncertainty evaluated as4

σeff.
50−75 = 0.04%, (9.33)

σeff.
75−105 = 0.004%, (9.34)

σeff.
105−150 = 0.07%. (9.35)

9.1.8 Light-jet contamination
Light-jet contributions to the data sample are expected to be negligible, as discussed
in Section 7.1. To account for potential contamination from light-jets, for example in
bq-dijets, a systematic uncertainty is assigned. For this, it is assumed that the light-jet
contribution is at the level of 1% of the total event yield. The theoretical calculations on
the dijet composition yield gave an expected light-jet contribution at <1% and this is
also the highest upper bound from the single jet fits carried out in Section 7.1. Assuming
that these events have no asymmetry and hence are equally split between forward and
backward events, and (as a worst case) that all of these events are assigned to the bb-dijet
yield in the fit, the impact on the final asymmetry can be estimated. The presence of
this additional background would then reduce the measured value of the asymmetry by
a multiplicative factor of 0.99, giving the systematic uncertainty in each bin as

σlight-jet
50−75 = 0.004%, (9.36)

σlight-jet
75−105 = 0.013%, (9.37)

σlight-jet
105−150 = 0.0020%. (9.38)

4It should also be noted that instead of a log likelihood fit, a χ2 fit is carried out here as this correctly
handles the weighted data events and uncertainty propagation. This systematic then additionally includes
an uncertainty associated with using a different fit procedure. As these uncertainties are found to be small
(when compared to others within the analysis) this additional check is helpful as it gives confidence in
the procedure used.
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Figure 9.2: The efficiency of the trigger, SV tagger and qTAG combined for events in bins
of the difference in jet pseudorapidities, ∆η. These efficiencies are measured in simulated
events.

These uncertainties are clearly negligible in comparison to the other uncertainties eval-
uated. Indeed, even if the light-jet contribution is assumed to be much larger, or the
bq-dijets had an asymmetry, this would still yield uncertainties that are negligible in
comparison to the dominant systematic uncertainties.

9.1.9 Overall systematic uncertainty
The systematic uncertainties from all of the sources are added in quadrature to yield a
total systematic uncertainty on the final values of the asymmetry. The individual values
and total systematic are listed in Table 9.3. This gives the final measured values of the
asymmetry as

A50−75 = (0.45± 0.23± 0.26)%, (9.39)

A75−105 = (1.3± 0.8± 0.6)%, (9.40)

A105−150 = (0.2± 1.8± 1.6)%, (9.41)
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Table 9.3: Summary of systematic uncertainties. All values are given as absolute shifts in
the asymmetry measured in %. The level of precision quoted for the individual sources
is set by the dominant systematic for a given dijet invariant mass bin. For uncertainties
which are quoted as zero a more precise value can be found in the main body of the text.
The statistical uncertainties in each bin are also shown to aid comparison.

Dijet invariant mass / GeV

Uncertainty source 50-75 75-105 105-150

χ2
FD correction 0.21 0.30 1.1

Charm correction 0.00 0.08 0.1

MC Stats 0.11 0.34 0.7

Unfolding procedure 0.05 0.28 0.5

Jet energy resolution 0.08 0.22 0.7

Jet energy scale (data-MC) 0.02 0.10 0.4

Jet energy scale (simulation) 0.02 0.11 0.3

Pseudorapidity resolution 0.02 0.03 0.0

Non-uniform efficiency 0.04 0.00 0.1

Dilution factor 0.01 0.10 0.0

Light-jet contribution 0.00 0.01 0.0

Total systematic uncertainty 0.26 0.60 1.6

Statistical uncertainty 0.23 0.81 1.8
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where the first uncertainty is statistical and the second systematic. From this, it can be
seen that the systematic and statistical uncertainties are reasonably balanced. It is there-
fore important, before proceeding to future measurements using the full LHCb Run II
dataset, to consider how the systematic uncertainty could be reduced. The largest uncer-
tainty in all three analysis bins originates from the template shapes used in the analysis
(this includes ‘MC Stats’, with the uncertainty in the fit providing the dominant contri-
bution to this source). Therefore, understanding in better detail the detector degradation
and associated mismodelling may help in providing corrections that reduce this source of
systematic uncertainty. Other approaches are also discussed when considering potential
improvements to the analysis in Chapter 10.

9.2 Cross-checks
A number of cross-checks have been carried out to ensure that the results are robust and
to give confidence in the methods used. These will be detailed in turn.

9.2.1 Fit procedure
The fits used in the nominal analysis rely on the use of the convolution method to produce
background samples, as detailed in Section 7.2. A cross-check is carried out here that does
not rely on this method by instead fitting one-dimensional templates to the data. The
two jets in the event are ordered by their corrected mass, Mcor, where j1 has a larger
Mcor. The distributions of this variable in b- and c-jets are shown in Figure 6.4. For a
randomly selected b- and c-jet, the probability that the b-jet has a higher corrected mass
is greater than 80% as measured in simulation. Therefore the ordering means that for
mixed flavour bc-dijets, the b-jet is more likely to be found labelled as j1 and the c-jet as
j0. Fits are then performed to the log(χ2

FD) of j0, using one-dimensional templates with
20 bins. By fitting the j0 distributions, bc-dijets are more likely to be represented by the
c-jet in the event and hence be included in the c-jet yield. The b-jet yield from the fit
will mostly come from bb-dijets with very small contamination from bc-dijets where the
b-jet has a lower corrected mass than the c-jet. An example of the fit results is shown in
Figure 9.3 for forward events in the dijet invariant mass range mjj ∈ [75, 105]GeV.

The raw asymmetry values are evaluated for this cross-check directly from the b-jet
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Figure 9.3: Fit result from the one-dimensional fit for forward events in the dijet invariant
mass range mjj ∈ [75, 105]GeV. This one-dimensional fit is performed as a cross-check to
the main analysis. The uncertainty in the fit contributions shown here is the statistical
uncertainty of the fit itself and does not include any systematic contributions from vari-
ations to the template shapes.

yields as

A1D
50−75 = (0.23± 0.18)% [0.21± 0.13%], (9.42)

A1D
75−105 = (0.70± 0.30)% [0.7± 0.4%], (9.43)

A1D
105−150 = (0.1± 0.7)% [0.1± 0.9%], (9.44)

where the uncertainty shown is just the statistical uncertainty associated with the fit,
and no unfolding or dilution correction has been applied (this leaves the uncertainties and
central values roughly half the size of the final result). The raw asymmetry results from the
nominal analysis are shown in square brackets, with just the statistical uncertainty shown
here. The central values are in very good agreement, demonstrating the reliability of the
two-dimensional fit using the convolution method. Although the statistical uncertainties
in this one-dimensional fit are slightly lower than the nominal method in the higher two
mass bins, this method is not used for the nominal analysis owing to the lack of a robust



Systematic uncertainties and cross-checks 163

treatment of the bc-dijet component. It would be important to accurately determine
the level of bc-dijet contamination in the b-jet yield from the one-dimensional fit. This
would rely on good modelling of the corrected mass which, as with other SV-tagging-
related observables, is not the case owing to detector degradation not being accurately
modelled in simulation. Were this method treated as the nominal approach, a significant
additional systematic uncertainty would likely be needed to account for the modelling of
the corrected mass variable.

An alternative cross-check is also carried out to check the use of the convolution
method for the cc-dijet sample in the two-dimensional fits used in the nominal analysis.
A two-dimensional template is built in the same manner as the bb-dijet template, con-
structed directly from the simulated samples without using a convolution. To increase
the number of events, and hence decrease statistical fluctuations in the template, extra
simulated events are used which are produced under 2017 and 2018 run conditions. These
events are otherwise identical to the cc simulated sample set out in Section 5.1. A tem-
plate is constructed from a combination of the 2016, 2017 and 2018 simulated samples.
The fit used in the nominal analysis is repeated with the convolved cc template replaced
using this alternative template. The raw values of the asymmetry after the fit are then
extracted as

Acc−no−conv.
50−75 = (0.17± 0.12)%, (9.45)

Acc−no−conv.
75−105 = (0.7± 0.5)%, (9.46)

Acc−no−conv.
105−150 = (−0.1± 0.9)%, (9.47)

these again show little variation from the nominal results found in Chapter 7. The com-
bination of these cross-checks gives confidence that the use of the convolution samples
does not significantly bias the measured results.

9.2.2 Magnet polarity
The LHCb magnet bends particles of opposite charge in opposite directions and so they
interact with different parts of the detector. Systematic effects could then come from de-
tection or trigger efficiencies varying across the phase space of the detector. The polarity
of the magnet is reversed periodically during data taking, with the integrated luminosities
achieved in each configuration agreeing at the 2% level. This is important as many sys-
tematic effects will cancel out when averaging the results from the two different polarities.
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The asymmetry is measured separately for the two different magnet polarities to ensure
there are no large systematic biases that could affect the combined measurement. The
data sample is split into events where the magnet had the polarity up (MU) and those
where it was down (MD). The fits are repeated and the difference in the raw asymmetries
is evaluated at

∆AMU-MD
50−75 = (0.7± 0.4)%, (9.48)

∆AMU-MD
75−105 = (1.1± 0.7)%, (9.49)

∆AMU-MD
105−150 = (0.0± 1.8)%, (9.50)

where the uncertainty reported is statistical. There is no deviation from zero larger than
2σ in any single bin. It is potentially of note that the two lowest mass bins do exhibit
tensions at the level of 1.5–2σ. However, a χ2 test for the compatibility of the three results
with zero returns a p-value of 10%. Additionally, the systematic uncertainties have not
been re-evaluated for these split measurements and hence are not used here to quantify
the agreement between the samples. This cross-check therefore potentially underestimates
uncertainties on the asymmetry difference between the two polarities, and as such the
potential discrepancies estimated here are a worst-case scenario. Despite this, there is
no significant evidence here that there is a systematic difference between the datasets
collected with the different magnetic field configurations.

9.2.3 Muon transverse momentum
The nominal analysis places no requirements on the muons selected during the qTAG
procedure other than that the muon is the highest pT, displaced track in the jet, and that
the L0MuonEW trigger is responsible for selecting the event5. Although previous studies
have suggested that muons with a lower transverse momentum should be well behaved,
asymmetries in the detection and trigger reconstruction efficiencies are most prevalent
at lower momentum [100]. For this reason, the values of the asymmetry are checked by
making the measurement with a selection requirement placed on the transverse momen-
tum of muons identified in the qTAG procedure of pT(µ) > 6GeV. The value is chosen
to match the nominal selection placed with the L0MuonEW requirement and removes only

5The L0MuonEW requires the muon to have a pT greater than 6 GeV but has poor momentum resolu-
tion, at the level of 25% which allows some lower momentum muons to pass through. See Chapter 3 for
more details.
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around 4% of events in simulation. This requirement also restricts the measurement to
tracks which are bent less by the magnetic field, allowing a further test of the effects set
out in the MU vs MD cross-check above. After this requirement is placed on the data
and simulated samples the fits are repeated yielding the raw asymmetry values

Aµ>6
50−75 = (0.28± 0.19)%, (9.51)

Aµ>6
75−105 = (0.7± 0.4)%, (9.52)

Aµ>6
105−150 = (0.1± 0.9)%. (9.53)

These can be compared with the raw asymmetries from the nominal analysis, which
are found in Chapter 7. This measurement is made on a subset of the data used in the
nominal analysis, so the results here are expected to be correlated to those in the nominal
approach. Therefore consistency is checked using the formula set out in Ref. [122], with
the squared uncertainty on the difference between the two results set by the difference in
quadrature of the uncertainties on the two results individually: σ2 = σ2

nom − σ2
µ>6. The

difference in the central values is then evaluated as

∆Aµ>6
50−75 = (−0.07± 0.14)%, (9.54)

∆Aµ>6
75−105 = (0.00± 0.15)%, (9.55)

∆Aµ>6
105−150 = (−0.05± 0.13)%. (9.56)

It can be seen that in all bins the agreement is better than 1σ.

9.2.4 Trigger requirements
To give further confidence that the potential discrepancies seen in the magnet polarity
cross-check carried out above are not of concern a final cross-check is carried out. It
is known that muon triggers can exhibit asymmetries between µ+ and µ− for a given
polarity, although these largely cancel when averaging across the two polarities [100].
Due to this potential asymmetry in the muon trigger used, the analysis is once more
repeated using the L0Hadron trigger line instead of the L0MuonEW trigger line. The values
in the raw asymmetries when using this trigger line show agreement between the MU and
MD samples at the level of 1σ or better in all bins of the analysis. The results using the
combined MU and MD samples are also compared for use of each of the two L0 trigger
lines. To do this, the data sample is split in two, with one half requiring the L0MuonEW



166 Systematic uncertainties and cross-checks

trigger line and the other half requiring the L0Hadron trigger line. This split is done to
remove statistical correlations between the two subsamples. The fits are carried out on
these samples and the raw asymmetries are extracted from the measured bb-dijet yields.
The difference in the asymmetries for use of the two trigger lines is evaluated as

∆Atrigger
50−75 = (−0.1± 0.5)%, (9.57)

∆Atrigger
75−105 = (0.7± 0.8)%, (9.58)

∆Atrigger
105−150 = (1.7± 1.6)%, (9.59)

which again show agreement at around 1σ or better6. These results suggest that even if
there were a systematic bias in the muon triggers responsible for the small discrepancies
in the magnet polarity cross-check, then these effects cancel when combining the two
polarities.

Despite this good performance, the L0Hadron trigger line is not used in the nominal
analysis since there is a global event cut in the trigger, which may bias the event selection
as discussed in Section 5.2. Furthermore, the L0MuonEW trigger has a higher efficiency for
this analysis. Around 75% of events pass the L0MuonEW trigger line, with only around
55% of events passing the L0Hadron trigger.

6Whilst the uncertainty on this cross-check is larger than the uncertainty on the nominal measure-
ment, this agreement is still encouraging and shows the measurement is robust.
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Discussion

10.1 Results
The charge asymmetry in beauty-dijet production is measured in three bins of the dijet
invariant mass. To carry out this measurement data and simulated samples are prepared.
Next, a method for distinguishing b- and b-jets in the event is developed and tested
utilising the muons from semileptonic decays. The simulated samples are then calibrated
to data to correct for mismodelling. Fits to the data are carried out to extract the bb-dijet
yields and these yields are unfolded for migrations in the dijet invariant mass. This allows
for a measurement of the asymmetry to be made from the unfolded yields which is then
corrected for the mistagging of the qTAG method. A number of systematic uncertainties
are evaluated. The final measured results are

A50−75 = (0.45± 0.23± 0.26)%, (10.1)

A75−105 = (1.3± 0.8± 0.6)%, (10.2)

A105−150 = (0.2± 1.8± 1.6)%, (10.3)

where the first uncertainty is statistical and the second systematic. Theoretical predictions
have been made at NLO in the SM [92]. The authors of this prediction are thanked for
providing their results in a form that allows bins to be combined. Here, the predictions
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using a nominal renormalisation and factorisation scale of µ0 = ET̄ ,b are taken. This gives

ASM
60−75 = (0.43± 0.21)%, (10.4)

ASM
75−105 = (1.43± 0.19)%, (10.5)

ASM
105−150 = (0.95± 0.29)%, (10.6)

where the uncertainty here is evaluated using scale variations as discussed in Chapter
4, but where PDF uncertainties are not evaluated [92]. It should be noted that the first
mass bin is narrower for the theoretical predictions. The authors of Ref. [92] confirmed
in discussion that this is because the asymmetry in the 50 − 60GeV region is small
but hard to formally predict at NLO. Both the measured results and the theoretical
predictions are shown in Figure 10.1. The results are seen to agree to within 1σ with
theoretical predictions in all three bins. An additional set of theoretical predictions are
also included in this plot from Ref. [96]. These have a lower level of formal accuracy, but
predictions at lower order are easier to make in the low mass region. The inclusion of this
set of predictions therefore gives coverage for the lowest values of invariant dijet mass
considered in this analysis. Again, the agreement between these theoretical predictions
and measured values is within 1σ in each bin.

This constitutes the first measurement of the charge asymmetry in beauty-dijet pro-
duction in proton-proton collisions at a centre-of-mass energy of 13 TeV. As with the
previous measurement carried out using the LHCb detector, it shows no tension with the
Standard Model predictions. This measurement constitutes a test of SM at a precision
of below the percent level. This level of precision can be challenging for measurements
involving QCD contributions but is made possible by the nature of asymmetry measure-
ments, which allow for many uncertainties in the measurement and theoretical predictions
to cancel.

10.2 Future related measurements

10.2.1 Full Run II measurement
The measurement provided in this thesis uses only the 2016 dataset gathered with the
LHCb detector, corresponding to an integrated luminosity of 1.7 fb−1. The clear next
step for this measurement would be to use the full Run II data, which would roughly
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Figure 10.1: The measured values of the charge asymmetry in bb-dijets compared with
theoretical predictions. The outer error bars for data are the statistical and systematic
uncertainties added in quadrature, the inner bars show the size of the statistical uncer-
tainty alone. Theoretical predictions shown in green are from Ref. [92], with uncertainties
shown as shaded green areas. Theoretical predictions shown in red are from Ref. [96], the
uncertainties are shown as red hatched areas. The predictions shown in green are carried
out using higher-order calculations than those shown in red.

correspond to tripling the size of the dataset. Whilst this would reduce the statistical
uncertainties, additional work would also need to be carried out to reduce the considerable
systematic uncertainties seen during this analysis.

Most notable are the uncertainties around the template shapes pertaining to the
correction that must be applied to the χ2

FD distribution. It would benefit this proposed
update to have a more detailed understanding of the mismodelling seen in the simulation.
Ideally, not only would the χ2

FD distribution be corrected, but also other properties of the
SV which have also been observed to exhibit significant mismodelling. A full correction
of these variables, coupled with a retraining or an updating of the LHCb flavour tagging
BDTs could reduce these uncertainties to a level where the overall systematic uncertainty
would not be dominant when carrying out a measurement on the full Run II dataset.
A larger number of simulated events would also be required, but this is more simple to
overcome.
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If it is determined that fully correcting the simulation and retraining the BDTs is too
demanding of LHCb resources, an alternative approach may also be possible. Backgrounds
could be removed from the data sample with a selection requirement on theMcor of the two
jets. So far in this thesis, the Mcor variable has only been used for the study of systematic
uncertainties associated with the qTAG method, to validate the jet pT smearing factor in
a beauty-enriched region of the phase space and in a cross-check of the fit results where
jets were ordered based on their Mcor. It is not used in the nominal analysis presented
as there are significant issues with the modelling of the variable in simulation, coupled
with the fact that this variable is difficult to accurately calibrate. One reason for this
difficulty is that the variable is heavily dependent upon the decay channel examined. For
example, in the fully reconstructed b decays that are used to correct the log(χ2

FD) in this
analysis, the corrected mass will be exactly the mass of the B meson with some width
associated with the detector resolution. This is because the corrected mass is accounting
for missing momentum in the system and there is none in a fully reconstructed decay. To
correct the Mcor variable for all jets in the analysis would therefore be a large undertaking,
with significant time and resources required. Furthermore, it remains unclear if such a
correction would be possible without introducing significant systematic uncertainties into
the analysis. However, if such corrections are found to be possible, and allow accurate
modelling of the Mcor variable, a significant portion of the backgrounds to this analysis
could be removed by requiring each jet to have Mcor > T , for some threshold value T .
The level of background remaining could then be determined by fitting the Mcor < T

region and scaling the result to the signal region. This would remove the need for a full
fit of the signal region. Assuming the signal region has a high purity, the uncertainty on
the level of background would remain relatively small in comparison to the uncertainties
seen in the present analysis and hence could help bring systematic uncertainties under
greater control. This route may be preferred to a full correction of multiple variables and
should be considered in the future alongside the approach given in this thesis.

To provide a quick test of the potential sensitivity of such a method, the asymmetry
is measured in a bb-dijet enriched region in the samples used throughout this analysis.
For this example a Mcor threshold value of T = 2.2GeV is chosen. This is done with-
out considering background charm-jets and no calibration of the Mcor variable has been
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carried out. The raw asymmetry of events in this region is measured as

AMcor
50−75 = (0.15± 0.15)%, (10.7)

AMcor
75−105 = (0.30± 0.25)%, (10.8)

AMcor
105−150 = (−0.2± 0.6)%, (10.9)

where the uncertainties provided are statistical. It can be seen by comparing these to
the raw asymmetries given in Chapter 7 that there is a slight reduction of the statistical
uncertainty in the upper two mass bins using this new method. Using the fits, these
uncertainties are at the level of 0.4% and 0.9% for the 75–105 GeV and 105–150 GeV bins
respectively. This route therefore shows promise but would require careful correction of
the Mcor variable, as well as evaluation of the systematic uncertainties associated with
using such a method. For now, these numbers serve as one final cross-check on the nominal
results presented in this analysis.

Work must also be continued on the theoretical predictions, with the aim of making
these even more precise. This is true particularly in the lowest bin of the invariant dijet
mass, where the NLO predictions have an uncertainty comparable with the uncertainty
provided in this measurement.

10.2.2 Asymmetry in charm-dijet production
A logical extension to the measurement in bb-dijet production would be to measure the
same property in cc-dijet production. This would allow for a ratio of the two asymmetries
to be taken, leading to the cancellation of theoretical uncertainties in the SM prediction
[92]. If carried out on the full Run II data, and with additional work on the theoretical
predictions, the ratio of the two asymmetries has the potential to provide constraints
on the Zbb and Zcc couplings at a level competitive with LEP measurements [92]. This
measurement will unfortunately not be able to follow exactly the same prescription as is
used here for the bb asymmetry measurement. The charge tagging method used, qTAG,
preferentially selects bb-dijet events, leaving too few cc-dijet events to make a useful
measurement of the charm asymmetry. Instead, some other charge tagging method must
be developed. One option would be to use D0→ K−π+ decays, which has a 4% branching
fraction. This decay can be fully reconstructed and the mass of the Kπ system can be
used to select the charm-jets. The charge of the K (or π) can also be used to identify
the charge of the c quark. To remove B → DX → KπX type backgrounds, selection
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requirements could be used to remove events where the reconstructed D meson does
not point back to the PV, as this would indicate that it had been produced from some
secondary decay. The analysis of the charge asymmetry in charm production could then
proceed in a similar way to the analysis presented here.

Alternatively, if the simulation of bb-dijets and cc-dijets are well corrected, it may
be possible to train a machine learning classifier to tag the jets for their flavour with a
result that gives more separation between the flavours than is currently available using
the LHCb flavour BDTs1, and with a high efficiency for both beauty and charm-jets.
If sufficient separation is achieved it may be possible to use a charge tagging method
that need not favourably select beauty or charm-jets, instead relying on the performance
of this new classifier to accurately extract the relevant cc yield. In this case, it may be
possible to relax the criteria used in qTAG and use this relaxed qTAG to tag the jets. For
example, currently, the displaced track with the highest transverse momentum is selected
and if this is a muon then the event is qTAG. Instead, it may be possible to locate the
muon with the highest transverse momentum in the jet and tag the jet if this muon has
a significant impact parameter. The level required would not be achievable easily. This
would require significant work into potential classifying algorithms and careful calibration
of multiple input variables for use in these algorithms to ensure that these variables are
accurately modelled in simulated events.

There may also be alternative charge tagging options which have not been explored
here. Whichever charge tagging method is chosen, it will clearly be necessary to investigate
and optimise this method to ensure the best measurement of the charge asymmetry in
charm-jets.

1These are currently also not used in this analysis due to the mismodelling of SV properties discussed
in this thesis.
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Conclusion

This thesis presents a measurement of the charge asymmetry in beauty-dijet production
at LHCb, with all stages of the analysis carried out by the author. The measurement uses
the 2016 dataset of proton-proton collisions gathered by the detector, corresponding to an
integrated luminosity of 1.7 fb−1. This is the first measurement of the charge asymmetry in
beauty-dijet production in proton-proton collisions at a centre-of-mass energy of 13 TeV.
The measurement is carried out in three bins of the dijet invariant mass, in order to
examine the varying contributions from QCD and electroweak production methods. The
results are shown to agree with state-of-the-art NLO theoretical predictions in each of
the dijet invariant mass bins that are considered. This represents a test of the SM at a
precision at the percent level, made possible by the cancellation of uncertainties in both
the theoretical predictions and the measurement of the asymmetry.

Furthermore, this thesis lays the groundwork for a future measurement of the charge
asymmetry in beauty-dijet production using the full Run II dataset. It is shown in this
analysis that improvements to the modelling of the detector response provided in simu-
lation are necessary in order to reduce systematic uncertainties when a larger dataset is
used. Suggestions for alternative analysis strategies have also been laid out in this thesis
that may help circumvent mismodelling issues.

A measurement of the charge asymmetry in charm-dijet production may also be pos-
sible with the LHCb detector. New methods to tag the charge of charm-jets will likely
need to be developed to achieve such a goal, with initial suggestions for this provided in
this thesis. If accurate determinations of both the charm- and beauty-dijet production
asymmetries are achieved, it may be possible to achieve a sensitivity to the Zbb and Zcc
couplings at a level competitive with that seen in LEP studies. This would also require
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further improvement in the theoretical understanding.
New data is now being taken at the LHC during Run III. This will lead to new results

that will begin to emerge from a variety of physics programs. What we will learn over the
coming years remains to be seen. However, one thing is clear: rigorous testing of the SM
and searches for NP will continue across multiple different experiments around the world.
It is only with such studies that a greater understanding of the nature of our universe
will be achieved.
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Appendix A

Effects of mistagging jet charge

Here the effects of mistagging the charge of jets on the measured value of the asymmetry
and the associated uncertainty will be derived. Variables will be given the superscript
“true” or “meas.” for the true underlying values and values that are measured by the de-
tector respectively. The number of forward and backward events measured by the detector
is given by

N(∆η > 0) = Nmeas.
F ,

N(∆η < 0) = Nmeas.
B ,

where ∆η = ηb − ηb is the difference in pseudorapidity between the b quark and b quark.
The total number of tagged events is given by Ntagged = Nmeas.

F + Nmeas.
B . Therefore the

probability, p, that an event is assigned into the Nmeas.
F set of events is

p =
Nmeas.

F

Ntagged
.

Similarly, the probability, q, that an event is assigned into the Nmeas.
B set of events is

q =
Nmeas.

B

Ntagged
= (1− p).

This is a binomial distribution (as an event must be placed in either group), and therefore
the variance in Nmeas.

F is
σ2
Nmeas.

F
= Ntagged p (1− p).
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The measured asymmetry can also be rewritten

Ameas. = p− (1− p) = 2p− 1,

and hence

σ2
A = 4σ2

p,

=
4σ2

Nmeas.
F

N2
tagged

,

=
4p (1− p)

Ntagged
,

=
1− (Ameas.)2

Ntagged
.

The number of tagged events can be related to the total number of events by

Ntagged = εNtot,

where ε is the efficiency of the tagging procedure. This gives a variance in the measured
value of the asymmetry

σ2
A =

1− (Ameas.)2

εNtot
.

The true value of the asymmetry (i.e. if there were no mistagging) in the selected sample
is given by

Atrue =
N true

F −N true
B

N true
F +N true

B

,

where N true
F + N true

B = Ntagged still holds. The measured values of Nmeas.
F and Nmeas.

B are
related to these values by

Nmeas.
F = (1− ω)N true

F + ωN true
B ,

Nmeas.
B = (1− ω)N true

B + ωN true
F ,

where ω is the probability of incorrectly tagging an event, and hence (1 − ω) is the
probability of correctly tagging an event. Therefore the measured asymmetry can be
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rewritten in terms of these true values

Ameas. =
1

Ntagged

[
(1− ω)N true

F + ωN true
B

]
−
[
(1− ω)N true

B + ωN true
F

]
,

= (1− 2ω)
N true

F −N true
B

Ntagged
,

= (1− 2ω)Atrue,

= DAtrue,

where D = (1−2ω) is called the dilution factor. This dilution factor allows the measured
value of the asymmetry to be corrected to give an estimate on the true value of the
asymmetry. The uncertainty on this estimate is then given by

σ2
true =

σ2
A

D2
,

=
1− (Ameas.)2

εD2Ntot
.

In studies presented in this thesis, the asymmetry is expected to be O(1%). Therefore,
the assumption (Ameas.)2 � 1 can be made, giving

σ2
true =

1

εD2Ntot
.

The analysis is optimised when this uncertainty is minimised or, equivalently, when the
metric εD2 is maximised. This metric gives a measure of the statistical significance of a
result and will depend on the exact selection used on the data. It should give a balance
between penalising mistagging events (which will give a small value of D) and placing
tight selection requirements on the data (which will give a small value of ε).
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