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“I was born not knowing and have had only a little time to change that here and there.”

- Richard P. Feynman





Abstract

The determination of the initial b quark content of neutral B mesons using various tech-

niques of flavour tagging has been studied for the ATLAS experiment at the Large Hadron

Collider at CERN near Geneva. This work mainly focuses on opposite side soft muon

flavour tagging on the hadronic decay channels B0
s → D−s π

+ and B0
s → D−s a

+
1 with

D−s → φ(K+,K−)π− and a+
1 → ρ0(π+, π−)π+. These hadronic decay channels will be

used for the measurement of the B0
s oscillation frequency ∆ms. This study has been

performed on fully simulated and reconstructed Monte Carlo data sets.

Multi muon trigger scenarios have been evaluated to be prepared for data taking

at design luminosities. A flavour tagging software has been developed and implemented

into the ATLAS Athena software framework. The probabilities for wrong tags Pw have

been evaluated to be (22.30+0.56
−0.55) % for B0

s → D−s π
+ and (23.31+0.56

−0.55) % for B0
s →

D−s a
+
1 , the tagging power has been found to be 0.303 ± 0.005 for B0

s → D−s π
+ and

0.281 ± 0.005 for B0
s → D−s a

+
1 . The sources of wrong tags have been identified and

its kinematic dependencies studied in detail. Based on multivariate methods combining

kinematic variables, a software for the calculation of a per-event wrong tag fraction has

been developed and validated.





Zusammenfassung

In dieser Arbeit wurden verschiedene Methoden zur Bestimmung der Flavour neutraler

B Quarks bei der Entstehung für das ATLAS Experiment am Large Hadron Collider am

CERN bei Genf untersucht. Das Hauptaugenmerk dieser Arbeit liegt auf der Bestimmung

der B0
s Flavour in den hadronischen Zerfallskanälen B0

s → D−s π
+ und B0

s → D−s a
+
1 mit

D−s → φ(K+,K−)π− und a+
1 → ρ0(π+, π−)π+ durch ein gegenüberliegendes niederen-

ergetisches Myon. Die beiden hadronischen Zerfallskanäle werden für die Messung der

B0
s Oszillationsfrequenz benötigt. Diese Arbeit wurde mit vollständig simulierten und

rekonstruierten Monte Carlo Daten durchgeführt.

Für die Datennahme bei Design-Luminosität wurden verschiedene Multi-Myonen

Triggerszenarios untersucht. Eine Software zur Bestimmung des Flavour Tags wurde en-

twickelt und in das ATLAS Athena Framework implementiert. Die Wahrscheinlichkeiten

für einen falschen Flavour Tag Pw wurden ermittelt: (22.30+0.56
−0.55) % für B0

s → D−s π
+ und

(23.31+0.56
−0.55) % für B0

s → D−s a
+
1 . Die Tagging Power ist 0.303 ± 0.005 für B0

s → D−s π
+

und 0.281 ± 0.005 für B0
s → D−s a

+
1 . Die verschiedenen Quellen eines falschen Flavour

Tags wurden identifiziert und ihre kinematischen Abhängigkeiten im Detail studiert. Im

Zuge dieser Arbeit wurde eine multivariate Analysesoftware verwendet, mit Hilfe derer

verschiedene Variablen so kombiniert werden, dass eine Per-Event Wahrscheinlichkeit für

einen falschen Flavour Tag bestimmt werden kann.
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CHAPTER

ONE

Introduction and Motivation

The adventurous history of Particle Physics is a story of remarkable success, affected by

an exemplary interplay between theory and experiment. Some of the most impressive

ideas have been regarded as not measurable at all...

“I’ve done a terrible thing today, something which no theoretical

physicist should ever do. I have suggested something that can

never be verified experimentally”

- Wolfgang Pauli [102]

... whereas some experimental results messed up the understanding of Particle Physics

at that time. One beautiful example of this interplay is the discovery of parity violation.

The measurement of pionic kaon decays lead C.N.Yang and T.D.Lee to their famous the-

orem about parity violation in the β-decay [115], which in return has been experimentally

tested within a few month by C.S.Wu and her co-workers [152]. The list of particles

theoretically predicted at first and later on discovered in experiments is long. One of

the most famous examples is the discovery of the W± and Z0 bosons by the UA1 and
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UA2 experiments at the Super Proton Synchrotron SPS at the European Organisation for

Nuclear Research CERN in Geneva. At Fermilab near Chicago the heavy flavour quarks

bottom and top predicted by theory have been discovered, as well as the tau neutrino.

Currently the success story of Particle Physics continues. The experiments unraveling

the secrets of matter and its interaction over the years became larger and more precise,

driving the instrumentation and technology to the very cutting edge. One can compare

the advancing measurements in Particle Physics to the corresponding experiments in

Astrophysics. In both fields scientists were and still are building machines, which uncover

physical phenomena, searching for the frontiers of our universe on small and big scales

alike:

“We find them smaller and fainter, in constantly increasing

numbers, and we know that we are reaching into space, farther

and farther, until, with the faintest nebulae that can be detected

with the greatest telescopes, we arrive at the frontier of the known

universe.”

- Edwin Powell Hubble

The Large Hadron Collider LHC is the next generation machine in Particle Physics,

enabling physicists to push the boundaries of our understanding of the world. The LHC

has started operation in 2009, in the first year a large number of collision events have

been recorded (see e.g. Figure 1.1). The plans of the particle physicists with the LHC

are ambitious. One of the biggest puzzles of modern science is the origin of mass. The

experiments at the LHC are designed to detect the Higgs boson, a particle emerging from

the Higgs Mechanism, which generates masses for the two massive W± and Z0 as well

as for bosons for quarks and leptons. Apart from that, the experiments at the LHC

have the capability to measure a wide range of physical phenomena beyond the Standard

Model of Particle Physics. Many groups around the world hope to discover so-called

supersymmetric particles. Further topics amongst many cover grand unified theories,

extra dimensions, technicolor or string models.

Alongside the discovery of new particles and phenomena, the four experiments at

the LHC are designed to perform a large number of precision measurements, confining

the parameters of the Standard Model of Particle Physics or eventually uncovering hints

for physics beyond the Standard Model. Measurements of the QCD properties of the

proton-proton collisions itself are planned. Most parameters of the Standard Model will
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be measured at higher precision and the properties and decays of the heavy quarks bottom

and top will be determined.

“There are two possible outcomes: if the result confirms the

hypothesis, then you’ve made a measurement. If the result is

contrary to the hypothesis, then you’ve made a discovery.”

- Enrico Fermi

Within the physics of the bottom quark, scientists are trying to solve the big puzzle

of the asymmetry between matter and anti-matter in our universe. Without a few ex-

ceptions due to radioactivity and collisions of cosmic rays with the matter on our earth,

no occurrence of anti-particles have been found. Looking deep into the universe with

satellite experiments, no evidence for regions consisting of anti-matter have been found

so far. In the Standard Model of Particle Physics the asymmetry between particles and

anti-particles is explained by CP violation. However, regarding the current understanding

of the big bang, matter and anti-matter have been produced in equal amounts. The CP
violation in the Standard Model of Particle Physics is too small to explain the asymmetry

observed in our universe.

At the ATLAS experiment, CP violation will be measured in decay channels of the the

neutral B0
s meson, e.g. in the gold-plated decay channel B0

s → J/ψφ with J/ψ → µ+µ−

and φ → K+K−. As the B0
s meson and its anti-particle B̄0

s are oscillating with the

frequency ∆ms
1, one crucial ingredient for this measurement is the identification of the

B0
s flavour at production time and at decay time. In the measurement of CP violation the

parameter ∆ms is used as one key parameter. While ∆ms already has been measured by

the Fermilab experiments CDF and DØ, this value will be measured with high precision

at the LHC. At the ATLAS experiment this measurement is planned to be performed

with hadronic decay channels, in which the final state explicitly is related to the flavour

at decay time, as e.g. B0
s → Ds(φπ)π.

This thesis focuses on the determination of the initial flavour of the B0
s meson, using

the technique of flavour tagging. In Chapter 2 the theory on which this work is based

is outlined. In Chapter 3 the underlying experimental environment, the LHC and the

ATLAS detector, are described. Chapter 4 is dedicated to the Monte Carlo techniques

and event reconstruction used by the author to create and reconstruct the required Monte

1The oscillation between the two flavour eigenstates B0
s and B̄0

s has the frequency ∆ms, the mass
difference between the two mass eigenstates of the B0

s meson.
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Carlo data samples. The various observables relevant for flavour tagging as well as possible

flavour tagging methods are introduced in Chapter 5. In Chapter 6 the trigger used

in this thesis is discussed. Furthermore, various trigger scenarios have been studied in

detail by the author in order to understand all effects of the trigger on flavour tagging.

Finally, in Chapter 7 the reconstruction and results of soft lepton flavour tagging on the

two hadronic decay channels B0
s → D−s π

+ and B0
s → D−s a

+
1 are presented. A detailed

background analysis has been performed and multivariate analysis techniques have been

used to develop an per-event wrong tag fraction.

Figure 1.1: Event display of a heavy ion collision with a candidate of the
decay J/ψ → µ+µ−. The event passes the selection requirements for J/ψ
candidates in [36]. Figure taken from the event displays on [20].



CHAPTER

TWO

Theoretical Background

In the following chapter the theory on which this work is based on is summarised. In

the beginning, the Standard Model of Particle Physics will be introduced, followed by

a short introduction into CP violation and a few comments on various topics from the

field of B Physics, which are useful as background to this thesis. Excellent textbooks like

[54, 96, 120, 122, 129] give a more elaborate introduction into the field of Particle Physics.

2.1 The Standard Model of Particle Physics

Particle Physics deals with the science of the fundamental components of matter and the

interactions between them. Up to date the most accurate and best understood model

is the so-called Standard Model of Particle Physics, a relativistic quantum field theory

[92–94, 134, 149]. Accurate lectures on QED and QCD can be found in [131, 132].

Within the Standard Model, matter is made out of fermions with spin 1/2 in units

of ~, obeying the Fermi-Dirac statistics. Fermions can be categorised into quarks and

5
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Matter Type Generations Electric charge

I II III

Leptons

(
e−

νe

) (
µ−

νµ

) (
τ−

ντ

)
−1

0

Quarks

(
u

d

) (
c

s

) (
t

b

)
+2/3

−1/3

Table 2.1: The three generations of fermions, divided into quarks and leptons.
Electrons, muons and tau-leptons have an electric charge of −1 in units of the
elementary charge, whereas their corresponding neutrinos are neutral. The
up-type quarks have an electric charge of +2/3, the down-type quarks −1/3.

leptons, the building blocks of all matter around us. These particles can be organised in

three generations, as shown in Table 2.1.

Each generation or family consists of two doublet of fermions. A quark doublet

contains one up-type quark with charge +2/3 and one down-type quark with charge

−1/3, charge in units of the elementary charge e. Quarks can interact via the strong,

weak and electromagnetic force. A leptonic doublet contains an electron-, muon- or tau-

lepton with charge −1, and associated a neutrino with charge 0. The charged leptons

interact weakly and electromagnetic, while the neutral leptons can only interact weakly.

Each particle has its anti-particle.

In the Standard Model, the interactions between the fermions are described by funda-

mental gauge interactions, mediated by gauge vector-bosons following the Bose-Einstein

statistics, with spin 1 in units of ~:

• electromagnetic interaction: one gauge boson, photon γ

• weak interaction: three gauge bosons, W±, Z0

• strong interaction: eight gluons

The Standard Model is a relativistic quantum field theory based on symmetry groups.

The Standard Model Lagrangian is invariant under the local gauge transformation from

the symmetry group describing the strong, weak and electromagnetic forces, written as
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SU(3)C ⊗ SU(2)L ⊗ U(1)Y . (2.1)

The group SU(3)C is the symmetry group generating the strong interaction. The

force is mediated by an octet of gluons. The strong interaction conserves the colour

quantum number, which is the strong equivalent of the electromagnetic charge.

The tensor product of the two symmetry groups SU(2)L ⊗ U(1)Y generates electro-

magnetic and weak interaction. The vector bosons mediating the electroweak force are the

massless photon γ and the bosons W± and Z0, which are themselves massive particles.

The electroweak interaction conserves the weak hypercharge.

Within the Standard Model, the mass of electroweak bosons is generated by the

spontaneous symmetry breaking mechanism, introducing a scalar particle, the so-called

Higgs boson H [99]. While not measured at present state, the discovery of the Higgs boson

is one of the main physics tasks of the Large Hadron Collider LHC and its experiments.

In the following sections some concepts of the Standard Model of Particle Physics

are outlined.

2.1.1 Quantum Electrodynamics

The simplest gauge example of a relativistic quantum field theory is the Quantum Elec-

trodynamics QED with its underlying unitary symmetry group U(1).

Considering the Lagrangian density of the Dirac equation

L = iψ̄γµ∂µψ −mψ̄ψ, (2.2)

with the standard Dirac gamma matrices γµ, m, the mass of the fermion, the indices

µ = 0, ..., 3 and the spin 1/2 fermion written as Dirac spinor is

ψ =

(
ψR

ψL

)
, ψ̄ = ψ†γ0. (2.3)

The unitary group U(1) has one generator α(x):
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ψ → e−iα(x)ψ. (2.4)

While the mass term mψ̄ψ is invariant under a local U(1) transformation, the deriva-

tive in the first term of (2.2) breaks this invariance as ∂µα(x) 6= 0. In order to keep the

invariance, a covariant derivative Dµ has to be introduced adding a vector field Aµ:

∂µ → Dµ = ∂µ − iqAµ, (2.5)

where the Aµ transforms under U(1) in the following way:

Aµ → Aµ +
1

q
∂µAµ. (2.6)

The introduction of the new vector field leads to the desired invariance of the first

term of the Lagrangian (2.2):

Dµψ → Dµψ
′ = e−iα(x)Dµψ. (2.7)

The requirement of invariance under a local U(1) transformation introduces a vector

field, which can be identified as the physical photon field. Therefore, the field strength

tensor has to be added to the Lagrangian leading to the final Lagrangian of Quantum

Electrodynamics

L = ψ̄ (iγµDµ −m)ψ − 1

4
FµνF

µν

= ψ̄ (iγµ∂µ −m)ψ − 1

4
FµνF

µν + qψ̄γµAµψ, (2.8)

where Fµν = ∂µAν − ∂νAµ is the gauge invariant field strength tensor of the photon

field. Due to the form of the covariant derivative Dµ in (2.5) the coupling of the form

qψ̄γµAµψ can be identified, where q represents the strength of the coupling, the charge

of the particle.

The requirement of gauge invariance forbids the introduction of a mass term of the

type m2AµA
µ/2, hence the photon is required to be massless in QED.
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Leptons Quarks t3

(
νe

e−

)
L

(
νµ

µ−

)
L

(
ντ

τ−

)
L

(
u

d′

)
L

(
c

s′

)
L

(
t

b′

)
L

+1/2

-1/2

e−R, µ−R, τ−R uR, d′R, cR, s′R, tR, b′R 0

Table 2.2: Left-handed fermion doublets and right-handed fermion singlets
with their assigned weak isospin.

2.1.2 Electroweak Theory

For the construction of the electroweak theory, some experimental ingredients have to

be taken into account. Regarding the chirality, no right-handed neutrinos have been

observed. The measurements indicate only left-handed neutrinos and right-handed anti-

neutrinos. Next, while under weak interactions the flavour of leptons is conserved, this is

not valid for quarks, for example in the weak decay of hadrons like the kaon K±. Another

experimental result is the non-zero mass of the weak bosons W± and Z0, while the photon

is massless.

All those ingredients have to be taken care of and will be used in this chapter in order

to design the electroweak theory.

In the first part, the Glashow-Salam-Weinberg Model of the electroweak symmetry

group SU(2)L ⊗U(1)Y is described. In the second part, the Higgs mechanism is used for

the generation of the bosons masses.

2.1.2.1 The Glashow-Salam-Weinberg Model

The symmetry group for the weak interaction is SU(2)L, where L denotes the chiral

component of the fermion field which is involved in this interaction. In Table 2.2 the

fermions are listed as left-handed fermion fields, as weak isospin doublet and as right-

handed fermion singlets taking into account the non-existence of right-handed neutrinos.

In the left-handed scheme, the members of a doublet have a charge difference of 1. There-

fore a transition within one doublet has the charge ±1. The weak interaction conserves

the lepton number.
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Like in the case of QED, the SU(2) gauge symmetry starts with the Lagrangian of

the free fermions without any field, but this time the high-energy limit will be used in

order to avoid a mass term. The masses of fermions will be discussed later in this chapter.

Therefore, the Lagrangian for the fermions can be written as

L = iψ̄γµ∂µψ

= iψ̄Lγ
µ∂µψL + iψ̄Rγ

µ∂µψR, (2.9)

where the fermion spinor ψ = ψL + ψR is the sum of the left- and right-handed

spinors. Note, neutrinos only exist as left-handed particles.

We require the left-handed part to be invariant under a transformation U(x) of the

group SU(2)L:

ψL → ψL′ = U(x)ψL

= e
ig
2
~τ ~β(x)ψL, (2.10)

where ~τ is the vector of the Pauli matrices (generators of the SU(2) group) and the

vector ~β(x) indicates the dependence on space-time of the transformation. Analogous

to (2.5) for the QED, the gauge invariance can be maintained by introducing three new

vector fields W ν
µ associated to three vector bosons W 1, W 2 and W 3 into the covariant

derivative

∂µ → DSU(2)
µ = ∂µ +

ig

2
~τ ~Wµ. (2.11)

Substituting the derivative ∂µ of the left-handed part in (2.9) with the covariant

derivative, we get an additional term in the Lagrangian:

Lw = −g
2
ψ̄Lγ

µ~τ ~WµψL. (2.12)

For the unification, the invariance under a transformation U(1) is required on both,

the left- and right handed terms in (2.9). In order to keep LL+R invariant under a trans-

formation U(1), one additional gauge field Bµ is introduced in the covariant derivative:
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∂µ → DU(1)
µ = ∂µ +

ig′

2
Y Bµ. (2.13)

Now we apply the weak covariant derivative from SU(2)L in (2.11) only on the left-

handed part in (2.9) and the covariant derivative from U(1)Y in (2.13) on both terms,

the left-handed and the right-handed part. We receive a new Lagrangian invariant under

a transformation SU(2)L ⊗ U(1)Y :

L = − iψ̄L(γµ∂µ + i
g

2
γµ~τ ~Wµ + i

g′

2
γµY Bµ)ψL

− iψ̄R(γµ∂µ + i
g′

2
γµY Bµ)ψR. (2.14)

For a proper description of the four physical vector bosons W±, Z0 and the photon,

the four gauge fields in ~Wµ and Bµ have to be written as

W±µ =
1√
2

(W 1
µ ∓W 2

µ), (2.15)

Aµ = W 3
µ sinΘw +Bµ cosΘw, (2.16)

Zµ = W 3
µ cosΘw −Bµ sinΘw. (2.17)

The weak mixing angle or Weinberg angle Θw is defined as

cosΘw =
g′2√
g2 + g′2

. (2.18)

In terms of the couplings the electromagnet charge e can be written as

e = g′ sinΘw = g cosΘw. (2.19)

With those ingredients, the final Lagrangian of the electroweak interaction can be

written as

Lw = −gW±µ jµ± + eAµj
µ
em − Zµ

e

sinΘw cosΘw
jµNC . (2.20)
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The first term in (2.20) describes the charged current interaction of the W± bosons,

coupling to electrons and neutrinos in the form jµ+ = ψ̄νLγ
µψeL and jµ− = −ψ̄eLγµψνL.

The second component describes the electromagnetic interaction of the photon field Aµ

on electrons in the form jµem = ψ̄eLγ
µψeL + ψ̄eRγ

µψeR. The last term describes the

neutral current interaction of the neutral Z0 vector boson in the form jµNC = ψ̄νLγ
µψνL−

ψ̄eLγ
µψeL + sin2Θwj

µ
em.

2.1.2.2 The Higgs Mechanism

The gauge invariance implies, that all the spin-1 gauge bosons have zero mass. However,

the W± and the Z0 bosons have non-zero masses, discovered by the UA1 and UA2 collab-

orations at the SPS. Therefore it is necessary to introduce additional mass terms of the

type 1
2m

2φµφ
µ. In the Standard Model of Particle Physics the mechanism of spontaneous

symmetry breaking is used to generate these masses [81, 98, 99].

A complex, scalar SU(2) doublet field, the Higgs field, is introduced as

Φ =

√
1

2

(
η1 + iη2

η3 + iη4

)
, (2.21)

assuming a self-interacting potential V (Φ) in the Lagrangian of the form

LH = (DµΦ)†(DµΦ)− V (Φ) =

= (DµΦ)†(DµΦ)− µ2Φ†Φ− λ(Φ†Φ)2. (2.22)

Requiring λ > 0 with µ2 > 0 leading to a potential with one unique minimum,

spontaneous symmetry breaking would not occur. However, requiring a negative value of

µ2 < 0 leads to a surface as shown in Figure 2.1 (a), or as a cross section through the

centre in (b). In this case, the potential has a ring of absolute minima at

Φ†Φ = v2
0 = −µ

2

2λ
. (2.23)

On the manifold of the minimum potential V (Φ) the potential is invariant under a

SU(2) transformation. However, one direction can be chosen in order to remove three out

of the four field components of the complex doublet field Φ into three massless Goldstone
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(a)

|Φ|

V

v0/
√
2

(b)

Figure 2.1: The Higgs potential V (Φ) with µ2 < 0 and λ > 0. As illustrated
in (a), the potential has the form of a Mexican-hat, the minimum of the
potential is located on a ring. Figure (b) shows a cross section through the
centre of the potential, illustrating the minimum of the potential V (Φ) at
v0/
√

2.

bosons and one physical Higgs field. With Φ expanded around one local minimum η1 =

η2 = η4 = 0 and η3 = v0

Φ =

√
1

2

(
0

v0 + h(x)

)
(2.24)

and the covariant derivative in SU(2)⊗ U(1) from (2.11) and (2.13)

∂µ → Dµ = ∂µ +
ig

2
~τ ~Wµ +

ig′

2
Y Bµ (2.25)

in the Lagrangian (2.22), the following kinetic terms for the spin-1 bosons W± and

Z0 as written in (2.15) and (2.17) can be obtained:

LW/Z =
g2v2

0

8
W+
µ W

+µ +
g2v2

0

8
W−µ W

−µ +
(g2 − g′2)v2

0

8
ZµZ

µ. (2.26)

By comparing these terms with a typical boson mass term of the form 1
2m

2AµA
µ, the

coupling of the W± and Z0 bosons to the non-zero expectation value of the Higgs field

gives us a mass ratio between these two bosons:

mW

mZ
= cosΘw =

1

mZ
· gv0

2
. (2.27)
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From the four initial fields in (2.21), three Goldstone bosons have become longitudinal

polarised modes of the massive gauge bosons, while the fourth field remains as massive,

scalar Higgs boson with mass

mH = 2v0

√
λ, (2.28)

which cannot be predicted by the other parameters of the Standard Model of Particle

Physics. The measurement of the Higgs boson mass poses one of the main tasks in order

to complement all parameters of the Standard Model and to fully understand the mass

generation of the heavy gauge bosons.

2.1.3 Quantum Chromodynamics

Quantum Chromodynamics (QCD) describes the strong interaction between particles

which carry a colour charge, namely quarks and gluons. Quarks and gluons often are

referred as partons. Bound states of quarks are called hadrons, colour-neutral states of a

quark and an anti-quark called mesons, or alternatively three (anti)-quarks described by

QCD called baryons. Beside the coupling of the partons in hadrons, the strong interaction

is responsible for the binding of baryons in nucleons.

The theory is based on the gauge symmetry SU(3)C , where C indicates the three

colour charges r, g and b. Each quark, independent of its flavour (u, d, s, ...), carries

a colour charge. The generators of the SU(3) group are the eight gauge bosons, gluons.

They have a zero electric charge, comparable to photons, but they couple to the colour

charge. As shown in experiments (e.g. [15]) with charmonium (cc̄) and bottomium (bb̄),

the strong interaction is flavour independent.

In QCD the Dirac spinor for a quark q of flavour f ∈ {u, d, s, c, b, t} written as

ψf = (q1
f , q

2
f , q

3
f ), where the indices {1, 2, 3} correspond to the colours {r, g, b}, has to be

considered. Analogous to the QED, a Lagrangian similar to (2.2) for the free quark can

be built:

L =
∑
f

ψ̄f (iγµ∂µ −mf )ψf . (2.29)

This Lagrangian is invariant under a global SU(3) transformation U(x) in the colour

space:
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ψf → ψ′f = Uψf

= e−igs
λa

2
θaψf , (2.30)

where gs is the coupling strength of the strong interaction, the Gell-Mann matrices λa

with a ∈ {1, 2, ..., 8} are the eight generators of the SU(3) algebra and θa is an arbitrary

8-vector. The Gell-Mann matrices follow the commutation relation

[λa, λb] = 2ifa,b,cλc, (2.31)

where fa,b,c is the real and antisymmetric structure functions of the SU(3) group.

The requirement for local gauge invariance by substituting the constant θa by a space-

time dependent θa(x) does not hold, but like in QED the derivative has to be substituted

by a modified covariant derivative

∂µ → Dµ = ∂µ + igs
λa

2
Gaµ, (2.32)

where the gluon fields Gaµ transform as

G′µa = U(x)Gµa = Gµa + ∂µ + gsf
abcθb(x)Gµc . (2.33)

Introducing the corresponding gluon field strength tensor

Gµνa (x) = ∂µGνa − ∂νGµa + gsf
abcGµaG

ν
a (2.34)

leads to the local SU(3)c invariant full Lagrangian of the QCD

L =
∑
f

Ψ̄αf (iγµDµ −mf )Ψαf −
1

4
Gµνa Gaµν , (2.35)

which can be written in the following terms:
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L =
∑
f

q̄fα(iγµ∂µ −mf )qαf −
1

4
(∂µGνa − ∂νGµa)(∂µG

a
ν − ∂νGaµ)

− gsGµa
∑
f

q̄αf γµ

(
λa

2

)
αβ

qβf

− gs
2

(∂µGνa − ∂νGµa)GbµG
c
µ −

g2
s

4
fabcfadeG

µ
bG

µ
cG

d
µG

e
µ. (2.36)

2.1.3.1 Confinement and Asymptotic Freedom

Due to the non-abelian character of the symmetry group SU(3)c, next to the kinetic term

of the quarks and gluons in the first line of (2.36) and the colour interaction between quarks

and gluons in line two, the third line represents the gluon self-interaction as shown in

Figure 2.2. This special feature leads to two important properties of the QCD: confinement

and asymptotic freedom.

(a) (b)

Figure 2.2: Gluon self-interaction due to the non-abelian character of the
SU(3)c allows the interaction between three (a) or four (b) gluons.

First, coloured particles are postulated to exist only in confined colour-singlet states,

i.e. hadrons. This behaviour is called colour confinement. Therefore, quarks are bound

in colour-singlet states, either as a baryon B or as a meson M :

B =
1√
6
εa,b,c |qa, qb, qc〉 (2.37)

M =
1√
2
δa,ā |qaq̄ā〉, (2.38)

where a, b, c ∈ {1, 2, 3} (according to r, g and b). Confinement implies, that no free

quarks can be observed, which is in accordance to current measurements. Due to confine-

ment also gluons cannot be found free, however bound multi-gluon states or glueballs are

not forbidden in theory.
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The second striking property of QCD is asymptotic freedom [95], describing the in-

teraction between quarks at short distances less then 0.1 fm. With decreasing distance

the strong interaction weakens, hence the partons can move nearly non-interacting within

those short spacings. Due to asymptotic freedom, within the boundaries of a hadronic

state, the partons can move nearly without interaction.

Combining the two regimes of confinement and asymptotic freedom gives the current

understanding of the interaction between two quarks: at small distance, two quarks are

strongly bound as hadrons. The binding energy increases with the distance between the

two quarks, rendering the possibility for new particles to be created in the colour field.

2.1.3.2 The Strong Coupling Constant αs

Perturbative calculations of scattering amplitudes are straightforward at the lowest order

tree level. Considering higher orders in the coupling constant αs = g2
s/4π introduces

Feynman diagrams containing loops of bosons and fermions, which leads to divergencies.

The isolation and removing of these divergences, using the techniques of renormalisation,

introduces a scale parameter µ with the dimension of mass, given by the point, where

the removing of the divergent terms was performed. For large values of the transferred

4-momentum Q2, the coupling constant can be written as

αs(Q
2) =

αs(µ
2)

1 + αs(µ2)
33−2nf

12π log |Q2/µ2|
, (2.39)

where nf denotes the number of quark flavours involved (nf = 6) and αs(µ) the

strong coupling constant at the scale value, e.g. αs(M
0
Z) = 0.118 (here: nf = 5, as the

top-quark mass is much larger than mZ). Written in other terms, αs becomes

αs(Q
2) =

12π

(33− 2nf ) log(Q2/Λ2
QCD)

, (2.40)

where the scale ΛQCD ≈ 200 MeV can be seen as the boundary between colour

confined bound states and asymptotic free partons. For Q2 values much larger than ΛQCD,

in the regime of asymptotic freedom, the coupling is small and perturbative calculations

can be used, whereas at small Q2 the quarks and gluons are bound within hadrons.

In Figure 2.3 the running coupling constant αs is shown as a function of Q. For

values of αs with a large 4-momentum transfer Q→∞ or, in other words, small distances,
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the coupling clearly shows the behaviour of asymptotic freedom. However, despite the

perturbative results for these calculations show a plausible behaviour at small energies,

the perturbative theory is not valid anymore at Q ≈ 1GeV .

Figure 2.3: Summary on the measurements of the running coupling constant
αs. This figure is taken from [53].

2.2 Physics at the Large Hadron Collider

In hadron collisions at the Large Hadron Collider LHC dense clouds of protons collide

at high energies, producing new particles in deep inelastic scattering events. Due to the

proton structure at high energies, these kind of events have a complex structure, outlined

in the following Chapter 2.2.1. Especially the production of heavy quark pairs, crucial for

this thesis, is discussed in Chapter 2.2.2.

2.2.1 Proton Proton Collisions

In order to understand the collision of two protons, the internal structure of hadrons at

high energies has to be understood. A detailed review can be found in [62].
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(a) (b) (c)

Figure 2.4: Lowest order quantum fluctuations in QCD. There exists no
analogous interaction in QED to the gluon-gluon interaction shown in (c),
whereas the emission and subsequent absorption of gluons in (a) and the qq̄
pair production and subsequent annihilation are analogue to fluctuations in
QED.
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Figure 2.5: Parton distribution functions for two different energies Q2 =
10 GeV2 and Q2 = 104 GeV2. The gluon is downscaled. This figure is taken
from [121] (MSTW 2008 NLO PDFs), plot by G. Watt.

At high energies, the proton cannot be considered as a simple three-quark state,

but rather as a complex and highly dynamic superposition of a sea of gluons and quark-

antiquark pairs around three valence quarks. The mechanisms of these additional partons

have been established in QCD (Chapter 2.1.3) and in first order can be explained by

asymptotic freedom. The short distance between the partons give rise to loops as shown

in Figure 2.4, leading to the complex structure of the proton.

The hadrons momentum is added up by the sum of the partons momenta. Parton

density functions (PDFs) fi(x,Q
2) describe the probability to find a parton i with a

fraction x (Bjorken-x) of the protons longitudinal momentum. The inner structure of
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(a)

(b)

(c)UE

HP

p p

Figure 2.6: A schematic drawing of a typical proton-proton collision with
hard inelastic scattering: one hard process (HP) creates particles with high
transverse momentum pT , while the other partons (gluons and quarks) within
the proton cloud create particle jets with small pT , the so-called underlying
event (UE).

a high energy nucleon can be probed by deep inelastic scattering of a lepton with the

nucleon by the processes ln → lX. As shown in Figure 2.5 from the MSTW 2008 NLO,

at low x the gluons g/10 dominate. Remark, the gluon is downscaled by a factor of 10.

The distributions of the u- and d-quarks at high x are higher than the distributions of

their corresponding anti-particles due to the valence quarks in the proton.

2.2.1.1 Hard Process and Underlying Event

Consequently, the collision of two protons cannot only be described by the interaction of

two valence quarks, but the collision rather looks like a complicated event as shown in a

simplified form in Figure 2.6. The process of prior physics interest is a hard process HP, in

which two partons have a large energy transfer, enabling them to leave the confinement of

the two protons. However, various additional processes take place during such a collision.

The primary debris in such a collision is summarised as underlying event UE, which is often

defined as all outgoing particles in one proton collision except the products of the hard

process. The underlying event leads to predominantly soft scattering of the remaining

partons into showers with large pseudorapidity, i.e. into the very forward direction.

The partons created in both, the hard process and the underlying event, loose energy

through radiation in a cascade of parton emissions, creating parton showers. As soon as
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Figure 2.7: Illustration of a proton proton collision and the subsequent pro-
cess of fragmentation and hadronisation. Adapted from [112].

the partons have lost most of their energy, due to confinement quarks and gluons recom-

bine to colour singlet states. This process is called hadronisation. Hadrons containing b-

and/or b̄ quark(s) are called B hadrons,

In Figure 2.7 a proton proton collision is illustrated, starting from the collision of the

two parton clouds, creating both, an underlying event and particles from a hard process,

and finally undergoing fragmentation and hadronisation.

2.2.1.2 Pile-up

At the Large Hadron Collider, not just two protons collide, but two bunches of protons

interact in the centre of the ATLAS experiment. It is very unlikely to have more than

one event with a high pT hard scattering process in one bunch crossing. However, with

increasing luminosity the number of minimum bias events without any high pT contribu-

tion increases, referred to as pile-up events. At a low luminosity of L = 1033 cm−2s−1 the

number of minimum bias events in one bunch crossing is expected to be 2.3, at the LHC

design luminosity of L = 1034 cm−2s−1 23 minimum bias events per bunch crossing are

expected.
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2.2.2 Heavy Flavour Production at the Large Hadron Collider

The total cross section of pp → X has been calculated in [63], the bb̄ production in

pp→ bbX is discussed at leading order in [126], higher order corrections are discussed in

[63].

The hard process responsible for the production of particles and jets in the preferred

direction perpendicular to the beam pipe is a 2 → 2 scattering of two partons. The

production of heavy quark pairs occurs mainly through the QCD processes as shown in

leading order in Figure 2.8.

q̄

q b

b̄

(a)

g

g b

b̄

(b)

g

g b

b̄

(c)

Figure 2.8: Leading order heavy flavour creation in hard QCD processes
responsible for bb̄ production in proton-proton collisions: quark-antiquark
annihilation (a), gluon-gluon fusion (b) and gluon-splitting (c).

At leading order, the main bb̄ production processes in proton collisions are quark-

antiquark annihilation (a), gluon-fusion (b) and gluon-splitting (c). Hence, the production

of heavy flavours is very sensitive on the gluon content as well as the valence- and sea-quark

content, correspondingly the PDFs described in Chapter 2.2.1 have to be investigated

properly. At the LHC the dominant process for the heavy quark pair production is gluon-

fusion.

The bb̄ production cross section can be calculated by summing over all possible con-

figurations of the leading order diagrams, taking into account all possible states for the

incoming particles (flavours, colours, spins and momenta). The total cross section can be

written as

σbb̄(
√
s,m2

b) =
∑
i,j

∫
x1

∫
x2

dx1dx2fi(x1, µ
2)fj(x2, µ

2)× σ̂ij(ŝ = x1x2s,m
2
b , µ

2), (2.41)

where σ̂ij is the cross section for one QCD process of two partons i and j into a

bb̄ pair, and fi/j the PDF of the corresponding parton. At the LHC at a centre of mass
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b hadron in Z0 → bb̄ at Tevatron combined

B+, B0 (40.2± 0.9)% (33.2± 3.0)% (40.0± 1.2)%

B0
s (10.5± 0.9)% (12.2± 1.4)% (11.5± 1.3)%

B baryons (9.0± 1.5)% (21.4± 6.8)% (8.5± 2.1)%

Table 2.3: The fractions of B hadrons in Z0 → bb̄ decays, in pp̄ collisions at√
s = 1.8 TeV and the combined results [125].

energy of
√
s = 14 TeV, the bb̄ pair production cross section is estimated to be of the order

500 µb, as shown in Figure 2.9. Accordingly one out of 100 collision events contain a bb̄

pair. At the LHC design luminosity of L = 1034 cm−2s−1 this cross section corresponds

to a bb̄ production rate of 500 kHz, by far exceeding even the first level trigger rate of

75 kHz at ATLAS (see Chapter 3.9).

The fractions of weakly decaying B hadrons have been measured in the decays Z0 →
bb̄ at the experiments and in pp̄ collisions at

√
s = 1.8 TeV at the Tevatron. The results,

summarised in [125], are shown in Table 2.3.

In proton-proton collisions with a bb̄ pair, the two resulting B hadrons predominantly

are produced in the forward direction, i.e. they have small angles with respect to the

initial proton momentum. However, as shown in Figure 2.10, the acceptance for the

measurement of B hadron pairs at ATLAS is above 34%. The figure shows the flight

direction of the two B hadrons and the acceptance of the two LHC experiments ATLAS

and LHCb. The angles are converted into pseudorapidity2 η, where η = 0 corresponds to

the plane perpendicular to the initial proton momentum. While the layout of the ATLAS

experiment primarily aims at the detection of particles perpendicular to the beam axis,

the quasi-hermetic design allows this excellent B hadron acceptance.

2.3 CP Violation and Bs Mixing

In the following, the physics processes of B0
s mixing and CP violation in B physics are

introduced in Chapter 2.3.2 and Chapter 2.3.3, respectively. Within the Standard Model

2More details on pseudorapidity in Chapter 3.2
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Figure 2.9: Standard Model calculations for the total cross section in proton-
(anti)proton collisions at Tevatron and at the LHC as a function of the centre-
of-mass energy. The inclusive bb̄ production cross section, increasing with
the collision energy, is estimated to be two orders of magnitude below the
total cross section. The Figure is taken from [62], updated plot (2009) by J.
Stirling.
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Figure 2.10: Pseudorapidity distribution of two B hadrons created in a
hadronic bb̄ pair event. Superimposed, the two squares display the accep-
tances of ATLAS and LHCb experiments. Figure adapted from [154], based
on a simulation with PYTHIA [139]

of Particle Physics both, mixing and CP violation, are described by the Cabibo-Kobayashi-

Maskawa matrix, which will be discussed in Chapter 2.3.1. A detailed description of the

CKM matrix can be found in [66, 100].

2.3.1 The Cabibo-Kobayashi-Maskawa Matrix

In the theoretical framework of electroweak coupling, the interaction does not couple to

the mass eigenstates of the quarks, but rather to a linear combination of up-type u, c, t or

down-type d, s, b quarks. The usual convention denotes the down-type quarks as mixed

gauge eigenstates, however this choice is arbitrary. The set of electroweak eigenstates can

be written as


d′

s′

b′

 = VCKM


d

s

b

 , (2.42)

where VCKM in detail is written as
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VCKM =


Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

 . (2.43)

The complex 3× 3 matrix VCKM is called Cabibbo-Kobayashi-Maskawa (CKM) ma-

trix [61, 111]. The coupling strength of a charged current transition of e.g. a down-type

quark d into an up-type quark u of the type u→ dW− is proportional to the corresponding

matrix element Vud.

Using the methods of the CKMFitter group, the current world average of the mag-

nitudes of the CKM matrix elements fitted by the UTFit- and CKMFitter Collaboration

[55, 67] are:

VCKM =


0.974(19± 22) 0.22(50± 10) 0.003(59± 16)

−0.22(56± 10) 0.973(34± 23) 0.04(15+10
−11)

0.008(74+26
−37) −0.040(70± 10) 0.9991(33+44

−43)

 . (2.44)

2.3.1.1 CKM Matrix in Standard Parametrisation

The CKM matrix is unitary, which corresponds to the absence of flavour changing neutral

currents (FCNC) processes at tree level in the electroweak theory. The requirement for

unitarity reduces the number of 18 parameters of the complex 3 × 3 matrix to nine,

three rotational Euler angles and six complex phases. It can be shown, that five of these

six angles are not observable and therefore can be eliminated into one global phase. In

general, for an N × N quark mixing matrix, the number of Euler angles is 1
2N(N − 1)

and the number of complex phases is 1
2(N − 1)(N − 2). Therefore, for the CKM matrix,

the three Euler angles are denoted as Θ12, Θ13 and Θ23, the complex CP violating phase

is written as δ.

These four parameters can be used to give the standard parametrisation [69] as e.g.

advocated by the Particle Data Group PDG [125]:

VCKM =


c12c13 s12c13 s13e

−iδ

−s12c23 − c12s23s13e
iδ c12c23 − s12s23s13e

iδ s23c13

s12s23 − c12c23s13e
iδ −c12s23 − s12c23s13e

iδ c23c13

 (2.45)
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where cij = cos Θij and sij = sin Θij . The main advantage of this parametrisation

emerges when forcing all but one angle Θij to zero. Assuming Θ13 = Θ23 = 0 and

Θ12 = ΘC , where ΘC is the Cabibbo angle, the resulting CKM matrix becomes

VCKM =


cosΘC sinΘC 0

− sinΘC cosΘC 0

0 0 1

 , (2.46)

the mixing matrix for the first two quark families, initially introduced in [61] in the

absence of the heavy flavours b and t.

However, experimental measurements reveal the hierarchical structure of the three

mixing angles:

s12 = 0.22 >> s23 = O(10−2) >> s13 = O(10−3) (2.47)

2.3.1.2 CKM Matrix in Wolfenstein Parametrisation

Taking the hierarchy of the measured values in (2.44) into account, one realises that

the diagonal elements are close to one, while the off-diagonal elements become smaller

with increasing distance to the diagonal. The Wolfenstein parametrisation [151] uses this

hierarchy by introducing an alternative parametrisation:

s12 = λ

s23 = Aλ2

s13e
−iδ = Aλ3(ρ− iη). (2.48)

Expanding the matrix (2.45) as a series in powers of the small value λ up to O(λ3),

the CKM matrix becomes

VCKM =


1− λ2

2 − λ4

8 λ Aλ3(ρ− iη)

−λ 1− λ2

2 Aλ2

Aλ3(1− ρ− iη) −Aλ2 + 1
2Aλ

4(1− 2(ρ+ iη)) 1− A2λ4

2

 . (2.49)

Note, that the element Vub still is the exact value without any higher order contribu-

tion.
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In the Wolfenstein parametrisation the suppression of transitions between the quark

families becomes obvious in powers of λ. While transitions within one family are of the

order λ0 = 1, transitions between the adjacent families Vus, Vcd (Vts, Vcb) are of the order

λ1 (λ2), and the transition from the heavy flavour quarks t and b to the light quarks d

and u are suppressed by a factor of λ3.

2.3.1.3 Unitary Triangles

As stated before, the CKM matrix is a unitary matrix. Therefore the matrix elements

have to fulfil the equation

VCKMV
†
CKM = 1 = V †CKMVCKM , (2.50)

where 1 is the identity 3 × 3 matrix. This relation can be written in a total of 18

equations, dealing with the line j and row k. The six diagonal equations (i = k) are

equal one, representing the normalisation. From the twelve remaining equations, six are

identical to the other six by swapping i and k, giving us a total of six orthogonality

relations:

VudVub
∗ + VcdVcb

∗ + VtdVtb
∗ = 0 (2.51)

VudVus
∗ + VcdVcs

∗ + VtdVts
∗ = 0 (2.52)

VusVub
∗ + VcsVcb

∗ + VtsVtb
∗ = 0 (2.53)

Vud
∗Vcd + Vus

∗Vcs + Vub
∗Vcb = 0 (2.54)

Vud
∗Vtd + Vus

∗Vts + Vub
∗Vtb = 0 (2.55)

Vcd
∗Vtd + Vcs

∗Vts + Vcb
∗Vtb = 0 (2.56)

These equations can be interpreted as triangles in the complex plane, each term

representing one side of the triangle. In the Wolfenstein parametrisation, the three sides

of the triangles (2.52), (2.53), (2.54) and (2.56) strongly vary in length (between O(λ)

and O(λ5)), hence they are squashed. However, the side length of the triangles (2.51)

and (2.55) are of the same lowest order of O(Aλ3), neglecting higher order terms they

are identical. The triangles can be rescaled by dividing the equations with VcdVcb
∗ =

Vus
∗Vts = Aλ3. They can be written as
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Figure 2.11: The two unitary triangles of the CKM matrix, the triangle (2.57)
corresponding to (a), the triangle (2.58) to (b).

VtdVtb
∗

VcdVcb
∗ +

VcdVcb
∗

VcdVcb
∗ +

VudVub
∗

VcdVcb
∗ = 0 (2.57)

Vud
∗Vtd

Vus
∗Vts

+
Vus
∗Vts

Vus
∗Vts

+
Vub
∗Vtb

Vus
∗Vts

= 0 (2.58)

(1− ρ− iη) + (−1) + (ρ+ iη) = 0 (2.59)

The equation shown in (2.59) is often referred as the unitarity triangle. Taking into

account the higher order terms O(λ5) introduces additional terms, the two triangles (2.57)

and (2.58) are no more identical. More detailed calculations in higher order can be found

in Appendix A. By introducing a new set of parameters defined as

ρ̄+ iη̄ = −VudVub
∗

VcdVcb
∗

= (ρ+ iη)(1− λ2/2) (2.60)

the triangle (2.57) in Figure 2.11 (a) can be aligned with the real axis. However, as

shown in Figure 2.11 (b), the higher order terms in the triangle (2.58) introduce a small

angle χ = λ2η between the real axis and the base of the triangle. This angle can be

probed through certain CP-violating processes.

The three angles of the Unitary Triangle α, β and γ (or in an alternative nomenclature

φ1, φ2 and φ3) in Figure 2.11 (a) are
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α = φ2 = arg

(
− VtdVtb

∗

VudVub
∗

)
(2.61)

β = φ1 = arg

(
−VcdVcb

∗

VtdVtb
∗

)
(2.62)

γ = φ3 = arg

(
−VudVub

∗

VcdVcb
∗

)
. (2.63)

As shown by Jarlskog [103, 104], all six unitary triangles (2.51)-(2.56) have an iden-

tical area of the order O(10−5), half of the Jarlskog Invariant J , which can be expressed

in terms of the CKM matrix elements:

J = s12s23s13c12c23c
2
13 sin δ. (2.64)

2.3.1.4 Measuring the Unitary Triangle

Despite the Unitary triangle just is a graphical interpretation of the CKM matrix, the

precise measurement of its sides and angles is an excellent test for the Standard Model.

Deviations from a closed triangle would be a strong indicator for physics beyond the

current Standard Model.

Assuming unitary of the CKM matrix (α+β+γ = 180◦), the CP violation is described

by a single global phase and a total of three quark generations, the apex of the triangle has

to be measured as precise as possible. Under these assumptions and using the Unitary

Triangle as shown in Figure 2.11 (a), the aim is to constrain the apex of the triangle,

taking into account as many measurements as possible. All measurements should agree

with each other, contradictions are indicators for physics beyond the Standard Model.

Currently two main working groups perform global fits of the Unitary Triangle: while

the UTFit collaboration [55] is using a Bayesian statistics model, the CKMFitter collab-

oration [68] uses a frequentist approach.

Both collaborations use the parameters listed in Table 2.4. A large number of exper-

iments and collaborations contributed for the measurement of these parameters, as the

B-factories BaBar [39] and Belle [49], the two major Tevatron experiments CDF and DØ,

CLEO [148] and the LEP experiments as well as experiments for kaon physics. Future

results from the LHC experiments and Super-B factories are expected to further increase

the number of measurements, further increasing the precision.
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Figure 2.12: Current constraints on the Unitary Triangle in the (ρ̄,η̄) plane,
including the most recent inputs in the global CKM fits as of summer 2010.
Top figure provided by the CKMFitter collaboration [68], bottom figure pro-
vided by the UTFit collaboration [55], both presented at the ICHEP 2010.
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Parameter Valuea Experimental Method

|Vud| 0.97425± 0.00022
superallowed nuclear β-decays, neutron

β-decay and pion β-decay

|Vus| 0.2252± 0.0009
semileptonic kaon decays, e.g.:

K0
L → πeν̄e, K

0
L → πµν̄µ, K±L → π0eν̄e, ...

|Vub| (3.89± 0.44)× 10−3 inclusive B → Xulν̄l,

exclusive B →Mlν̄l with M = π, ρ, ω,η
di-muon production in DIS of

neutrinos and anti-neutrinos,

semileptonic charme decays:

D → Klν̄, D → πlν̄

|Vcd| 0.230± 0.011

|Vcs| 1.023± 0.036

|Vcb| (40.6± 1.3)× 10−3 inclusive semileptonic b decays to charm,

exclusive B → D(∗)lν̄l

∆md 0.507± 0.005 ps−1 time dependent analysis of B0
d − B̄0

d

decay channels

∆ms 17.77± 0.12 ps−1 time dependent analysis of B0
s − B̄0

s

decay channels

α (89.0+4.4
−4.2)◦

time dependent CP asymmetries in b→ uūd:

B0
d → π+π−, B0

d → ρ+ρ−, B0
d → ρ±π∓

β sin 2β = 0.673± 0.023
b→ cc̄s decays (B0

d → charmonium+K0
S,L):

B0
d → J/ψK0

S , B0
d → ψ(2S)K, ...

γ (73+22
−25)◦

interference of b→ cūs and b→ uc̄s:

B− → D0K− / B− → D̄0K−

εK (2.228± 0.011)× 10−3 Indirect CP violation in K0 − K̄0 mixing

Table 2.4: Input parameters for the Unitary Triangle fit [55, 68], the world
average values and experimental methods used for the measurement of those
parameters.

aValues taken from Particle Data Group [125]
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Parameter Fit results CKMFitter Fit results UTFit

λ 0.22543± 0.00077 0.22545± 0.00065

A 0.812+0.013
−0.027 0.8095± 0.0095

ρ̄ 0.144± 0.025 0.132± 0.02

η̄ 0.342+0.016
−0.015 0.358± 0.012

Table 2.5: Results of the two Unitary Triangle fits, left by the CKMFitter
group [68], right by the UTFit collaboration [55].

The measured values of the six CKM matrix elements |Vud|, |Vus|, |Vub|, |Vcd|, |Vcs|
and |Vcb| are used in the fits, experimentally measured by the methods briefly described

in Table 2.4. The B0
d,s − B̄0

d,s oscillation frequencies ∆md,s are proportional to the top

matrix elements as

∆mf ∼ |VtfVtb|2, f = d, s. (2.65)

The two parameters ∆md and ∆ms are the main ingredients constraining the length

of triangle side |VtdV ∗tb|/|VcdV ∗cb| in Figure 2.11 (a). In addition to the sides of the triangle

the three angles α, β and γ are measured by various B meson decays. The K0 − K̄0 CP
violation parameter εK leads to an approximately hyperbolic constrain on the triangles

apex.

The result of the current Unitary Triangle fits by the CKMFitter collaboration and

the UTFit collaboration (ICHEP 2010) are shown in Figure 2.12. The fit results for the

two collaborations are summarised in Table 2.5. They both are in good agreement with

each other and with the Standard Model expectations.

2.3.2 Bs oscillations

For the determination of the initial flavour of a decaying B meson, flavour tagging is the

method of choice. Therefore a short introduction into the topic of B0
s mixing is presented.

There are two neutral B0 mesons, the two flavour eigenstates B0
d = |b̄, d〉 and B0

s =

|b̄, s〉 and their anti-particles. Like the neutral kaon system, the two B mesons appear

as a superposition of a particle and an anti-particle, B0 − B̄0 with B0 = (B0
d , B

0
s ). In
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Figure 2.13: Leading order box diagrams for the oscillation of a B0
s,d meson

in its anti-particle.

the further discussion the indices d and s are left out for the sake of simplicity, as the

calculations for both neutral B mesons are the same. In the Standard Model neutral

meson mixing in lowest order is described as box diagrams as shown in Figure 2.13, built

by two W bosons and two up-type quarks. Because of the large magnitude of the Vtb

matrix element, the contributions of the two lower mass quarks up and charm can be

neglected as shown in [136]. Due to this phenomenon an initial pure B0 or B̄0 state has

to be treated as a time dependent linear combination of B0 or B̄0 states.

We assume CPT conservation in the following discussion. To describe the propa-

gation of neutral B mesons with time, the particles have to be written as their mass

eigenstates, the light |BL〉 and the heavy |BH〉, which can be written as linear combina-

tions of the flavour eigenstates in the form

|BH(t)〉 = p(t)|B0
q 〉 − q(t)|B̄0

q 〉 (2.66)

|BL(t)〉 = p(t)|B0
q 〉+ q(t)|B̄0

q 〉. (2.67)

If CPT is violated in B meson mixing [109], a third complex parameter z has to be

introduced in the form p→ p
√

1∓ z and q → q
√

1± z in the equations (2.66) and (2.67).

In the following discussion we assume that the CPT symmetry holds and therefore we

can set z = 0, consequently the parameters p and q fulfil the normalisation
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|p(t)|2 + |q(t)|2 = 1. (2.68)

The time evolution of a propagating particle is described by an effective 2× 2 time-

independent Hamiltonian

H = M− i

2
Γ, (2.69)

where M is the mass matrix and Γ is the decay matrix. The effective hamiltonian H
describes the evolution of the time dependent mixing parameters p and q:

H
(
p(t)

q(t)

)
=

(
M11 − i

2Γ11 M12 − i
2Γ12

M21 − i
2Γ21 M22 − i

2Γ22

)(
p(t)

q(t)

)
. (2.70)

Due to Hermeticity the off-diagonal matrix elements simplify to M12 = M∗21 and

Γ12 = Γ∗21, and due to CPT conservation the diagonal elements are M11 = M22 = M0

and Γ11 = Γ22 = Γ0, leading to

H =

(
M0 − i

2Γ0 M12 − i
2Γ12

M∗12 − i
2Γ∗12 M0 − i

2Γ0

)
. (2.71)

In total, the eigenvalues calculated out of (2.70) are given by

λL,H =

(
M0 −

i

2
Γ0

)
± q

p

(
M12 −

i

2
Γ12

)
(2.72)

and p and q can be written as

(
q

p

)2

=
M∗12 − i

2Γ∗12

M12 − i
2Γ12

. (2.73)

It is useful to introduce the mass difference of the two eigenstates |BH〉 and |BL〉 as

the difference of the real parts of the eigenvalues in (2.72):

∆m = Re(λH − λL) = MH −ML = 2|M12|. (2.74)
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The mass difference is positive by definition. The average mass of the mixed quark

system B0 − B̄0 is

m =
mH +mL

2
= M0. (2.75)

Furthermore, it is convenient to define similar expressions for the decay widths of

the two mass eigenstates. Taking into account the imaginary part of the eigenvalues, the

difference of the decay width of the two mass eigenstates is defined as

∆Γ = −2I(λH − λL) = ΓH − ΓL =
4Re(M12Γ∗12)

∆m
(2.76)

and the average decay width is

Γ = −2Im(λH − λL) =
ΓH + ΓL

2
= Γ0. (2.77)

While ∆m is positive by definition, the sign of the difference in the decay width has

to be measured experimentally. In the case of K mesons ∆Γ is negative and for D mesons

∆Γ is positive. Standard Model calculations predict a negative value for B mesons.

With all those ingredients the time evolution of an initial pure flavour eigenstate |B0〉
can be written in the following way:

|B0(t)〉 = g+(t)|B0〉+
p

q
g−(t)|B̄0〉 (2.78)

|B̄0(t)〉 = g+(t)|B̄0〉+
p

q
g−(t)|B0〉, (2.79)

where g+(t) and g−(t) are the time dependent probability amplitudes of an initial

flavour eigenstate |B0〉 or |B̄0〉 to be observed after time t with the same flavour (g+) or

with the opposite flavour (g−):

g±(t) =
1

2

[
e−i(M0− 1

2
Γ0)t ± e−i(M12− 1

2
Γ12)t

]
. (2.80)

From Equation 2.78 and 2.79 the probability for the measurement of one of the states

|B0
q (t)〉 or |B̄0(t)〉 at a time t from an initial pure flavour eigenstate |B0(t)〉 is
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Figure 2.14: The time dependent probability for an initial flavour eigenstate
B0
q meson to be observed as B0

q or its anti-particle, B̄0
q . In (a) this probability

is shown for the B0
d meson, in (b) for B0

s with the current measured values
for Γq and ∆mq as presented by the Particle Data Group PDG [136].

P(t)(B0 → B0) = |〈B0|B0(t)〉|2 = |g+(t)|2 (2.81)

P(t)(B0 → B̄0) = |〈B̄0|B0(t)〉|2 =

∣∣∣∣pq
∣∣∣∣ |g−(t)|2, (2.82)

where the time dependent probability distribution is

|g±(t)|2 =
e−Γt

2

[
cosh

(
∆Γt

2

)
± cos (∆mt)

]
. (2.83)

The last term in (2.83) describes the time dependent oscillation between the two

flavour eigenstates |B0
q 〉 and |B̄0

q 〉 with the oscillation frequency ∆mq of the two neutral

mesons B0
q (q = d, s). In Figure 2.14 the time dependent probability corresponding to

(2.83) of an initial B0
q meson to be observed as B0

q or as B̄0
0 is shown with the current

world average values of experimentally measured ∆md,s and Γd,s, listed in Table 2.6.

Some measurements in which flavour tagging methods are crucial for are described in the

following paragraphs.

The mass difference ∆mq can be studied in two experimental ways. An indirect

method is the measurement of the time integrated mixing probability, which is defined as
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Parameter B0
d B0

s

mq[ MeV] 5279.50± 0.30 5366.3± 0.6

∆mq[ ps−1] 0.507± 0.005 17.77± 0.12

τq[ ps] 1.525± 0.009 1.472+0.024
−0.026

∆Γq[ ps−1] SM: O(10−3) 0.062+0.034
+0.037

xq 0.774± 0.008 26.2± 0.5

χq 0.1872± 0.0024 0.49927± 0.00003

Table 2.6: World average results of various parameters of the two neutral B
mesons systems, B0

d and B0
s , taken from the Particle Data Group PDG [136].

No direct evidence for a non negligible ∆Γd has been found, yet.

χ(B0
q → B̄0

q ) =

∫
|〈B̄0

q |B0
q (t)〉|2dt∫

|〈B0
q |B0

q (t)〉|2dt+
∫
|〈B̄0

q |B0
q (t)〉|2dt

(2.84)

=
x2
q + y2

q

2(x2
q + 1)

, (2.85)

where the two dimensionless parameters xq and yq are defined as

xq =
∆mq

Γq
(2.86)

yq =
∆Γq
2Γq

. (2.87)

The parameter xq is the ratio of oscillation and decay rate, therefore describing the

likelihood of oscillations before the decay. In Figure 2.15 the integrated mixing probability

is shown as a function of the mixing parameter xs under the assumption xq � yq, which is

valid for neutral B mesons, but not for kaons. For the B0
d meson, with xd = 0.774±0.008,

the integrated probability of χd = 0.1872±0.0024 allows a good measurement of ∆md. The

first results measuring B0
d mixing, using a time integrated method, were independently

reported by the ARGUS collaboration [19] and the UA1 collaboration [145] in 1986. As

the integrated probability converges already at small values to the theoretical maximum

of χ = 0.5, the large oscillation frequency in the B0
s system, resulting in xs = 26.2 ± 0.5

does not allow a proper measurement of ∆ms with this method.
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Figure 2.15: The time integrated mixing probability as defined in (2.85) as
a function of xq = ∆mq/Γq. The dotted line at xd = 0.771 displays the
measured χd = 0.1872 ± 0.0024 for B0

d mesons. For the B0
s meson with

xs = 26.2 ± 0.5 the integrated probability already is close to the maximum
χs = 0.49927± 0.00003. Values taken from PDG [125].

A direct measurement of the oscillation frequency ∆mq is a time dependent analysis

of the probability distribution by measuring the proper lifetime of Bq mesons and their

mixing state. In order to measure this distribution, both, the initial and the final state

of the B0
q meson, have to be measured. The final state can be measured by analysing the

flavour specific decay products of the B0
q meson, the initial state has to be determined by

methods of flavour tagging.

The combined results of the measurements of ∆md are shown in Figure 2.16, compiled

by the Heavy Flavour Averaging Group HFAG for the Particle Data Group PDG.

The first and so far only measurement of ∆ms, considered by the HFAG, has been

peformed by the CDF collaboration in 2006 [65], resulting in

∆ms = 17.77± 0.10(stat)± 0.07(syst) ps−1. (2.88)

Within the Standard Model, the lifetime difference ∆Γ = ΓH − ΓL is expected to be

of the order O(10−2) · xq. For the B0
d meson this value is of the order O(10−3), negligible

small. However, for the B0
s meson a global fit including data from ALEPH, DELPHI, DØ

and CDF by the HFAG in absence of CP violation results in

∆Γs = 0.062+0.034
+0.037. (2.89)
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0.4 0.45 0.5 0.55

md (ps-1)

World average
for PDG 2010

 0.507 ± 0.005 ps-1

CLEO+ARGUS
( d measurements)

 0.496 ± 0.032 ps-1

Average of above
after adjustments

 0.508 ± 0.005 ps-1

BELLE *
(3 analyses)

 0.509 ± 0.004 ± 0.005 ps-1

BABAR *
(4 analyses)

 0.506 ± 0.006 ± 0.004 ps-1

D0 
(1 analysis)

 0.506 ± 0.020 ± 0.016 ps-1

CDF1 *
(4 analyses)

 0.495 ± 0.033 ± 0.027 ps-1

OPAL 
(5 analyses)

 0.479 ± 0.018 ± 0.015 ps-1

L3 
(3 analyses)

 0.444 ± 0.028 ± 0.028 ps-1

DELPHI *
(5 analyses)

 0.519 ± 0.018 ± 0.011 ps-1

ALEPH 
(3 analyses)

 0.446 ± 0.026 ± 0.019 ps-1

 * HFAG average
    without adjustments

Figure 2.16: Averaged measurements of ∆md of LEP and Tevatron experi-
ments, the B factories BaBar and Belle and the χd measurements of CLEO
and ARGUS converted into a ∆md measurement, giving ∆md = 0.507±0.005
[44].

2.3.3 CP Violation in the neutral B system

CP violation has been introduced as a complex phase in the CKM matrix in Chapter

2.3.1. Up to now, CP violation has been found in weak interactions of neutral K mesons

and B mesons. In the kaon system indirect CP violation has been discovered in 1964 [70].

In 1999 direct CP violation has been discovered by the NA48 collaboration at CERN [124]

and the KTeV experiment at Tevatron [113]. In 2001 the B factories BaBar and Belle

observed CP violation in the B sector [38, 48]. In addition to mixing and CP violation in

the K and B systems, evidence for D0 − D̄0 mixing has been found [41, 51], whereas CP
violation has not been observed, yet. The main problem in the measurement of charm

mixing is long oscillation time compared to the short lifetime of the D mesons.

While there are measurements of asymmetries with untagged mesons revealing CP
violation, in most measurements both, the initial and final state of the mesons, need to be
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known. Therefore the upcoming sections gives a short outline on CP violation [11, 79, 109]

in the neutral B system: CP violation in the decay of B mesons, also known as direct

CP violation, CP violation in mixing and CP violation in the interference of mixing and

decay, the latter two known as indirect CP violation.

2.3.3.1 CP Violation in the decay

Direct CP violation can be observed in neutral mesons as well as in charged mesons.

However, with regard to flavour tagging, only neutral mesons are of interest. For the

direct CP violation in the decay of a B meson, the time dependent decay amplitudes of

the process B0 → f are:

Af = 〈f |H|B0〉, Āf = 〈f |H|B̄0〉,
Af̄ = 〈f̄ |H|B0〉, Āf̄ = 〈f̄ |H|B̄0〉,

(2.90)

where f is a multiple particle final state and f̄ its CP conjugate. The effect of the

CP operator on the initial and final states can be written as:

CP|f〉 = eiξf |f̄〉, CP|B0〉 = eiξB |B̄0〉,
CP|f̄〉 = e−iξf |f〉, CP|B̄0〉 = e−iξB |B0〉,

(2.91)

where ξB and ξf are arbitrary phases. Assuming CP invariance, the decay amplitudes

are of the same magnitude and have an arbitrary phase:

|Āf̄ | = ei(ξf−ξB)Af . (2.92)

Deviations from the above relation are called direct CP violation, resulting in

∣∣∣∣∣Āf̄Af
∣∣∣∣∣ 6= 1. (2.93)

Direct CP violation has been observed the first time in 1999 by the NA48 collabo-

ration [124] and the KTeV experiment [113] in the decay of kaons into two pions. In the

B system CP violation has been measured in the decay channel B0
d → K+π−, using the

following asymmetry:



42

AdirCP =
Γ(B̄0

d → K+π−)− Γ(
¯̄
B0
d → K−π+)

Γ(B̄0
d → K+π−) + Γ(

¯̄
B0
d → K−π+)

. (2.94)

This asymmetry was first measured by BaBar [40] and Belle [50] in 2004. The current

world average measured value is AdirCP(B0
d → K+π−) = −0.098± 0.013 [125].

2.3.3.2 CP Violation in B mixing

As shown in the previous chapter, the mass eigenstates of neutral B mesons are superpo-

sitions of the two flavour eigenstates B0 and B̄0, shown in (2.66) and (2.67), introducing

the two parameters p and q. The CP transformation on the flavour eigenstates introduces

an aribtrary phase ξ:

CP|B0〉 = eiξ|B̄0〉, CP|B̄0〉 = e−iξ|B0〉. (2.95)

It can be shown, that the off-diagonal matrix elements in (2.70) fulfil the relation

M21 = M12e
2iξ, Γ21 = Γ12e

2iξ, (2.96)

and due to hermeticity of both M and Γ in (2.69)

M∗12 = M12e
2iξ, Γ∗12 = Γ12e

2iξ. (2.97)

Inserting these relations into Equation (2.73) gives a condition for CP invariance in

the B meson mixing:

∣∣∣∣qp
∣∣∣∣ = 1 ⇔ H = HCP . (2.98)

CP violation in mixing is well known and has been observed in semi-leptonic decays

of the K0 mesons. This indirect CP violation has not been measured yet in the B sector,

which could become possible by the measurement of the asymmetry
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AindirCP =
Γ(B̄0 → l−ν̄X)− Γ(B0 → l+νX)

Γ(B̄0 → l−ν̄X) + Γ(B0 → l+νX)
=

1− |q/p|4
1 + |q/p|4 . (2.99)

As 1− |q/p|2 is expected to be small in the B0
d system (' O(10−3)) and even smaller

in the B0
s system (. O(10−4)), indirect CP violation in the B system is expected to be

very small. Recent results from the two B factories BaBar and Belle on B0
d mesons have

been combined and yield |q/p|d = 1.0002±0.0020. There are no results on the B0
s mesons

yet.

2.3.3.3 Mixing induced CP Violation

If neither of the two above types of CP violations occurs in a decay, CP violation could

arise from the interference between mixing and the decay. Assume a decay without mixing

of the type B0 → f and a decay with mixing of the type B0 → B̄0 → f . Notice

the requirement of decays into a common final state from both, B0 and B̄0. In such a

scenario, while both, mixing and the decay, separately are CP invariant, the interference

term generates an additional complex parameter describing CP violation:

λf =
q

p

Āf
Af

. (2.100)

If CP is conserved, two conditions for λf on the absolute value and the complex phase

are

λf =
1

λf̄
(2.101)

arg(λf ) + arg(λf̄ ) = 0 (2.102)

Since the condition in equation (2.102) is arising from the interference of the phases

from mixing and decay amplitudes, a violation of this condition is called mixing induced

CP violation. In Figure 2.17 two examples of such interferences are shown for the B0
s

system.

For the measurement of mixing induced CP violation the time dependent asymmetry

ACP(t) can be written as
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B0
s

B̄0
s

J/ψ φ

ei2(χ+π)

D±
s K∓B0

s

B̄0
s

ei2(χ+π) eiγ

Figure 2.17: Illustration of interfering decay paths in the decays B0
s → J/ψφ

and B0
s → D±K∓ and the resulting phase differences.

ACP(t) =
Γf (B0(t)→ f)− Γf̄ (B0(t)→ f)

Γf (t) + Γf̄ (t)

=
(1− |λ|2) cos(∆mt) + 2Im(λf ) sin(∆mt)

(1 + |λ|2) cosh(∆Γt
2 ) + 2Re(λf ) sinh(∆Γt

2 )
. (2.103)

As shown in the left illustration in Figure 2.17, this asymmetry can be used to measure

the weak mixing phase φs. In addition, by measuring the decay channel B0
s → D±K∓,

angle γ of the unitary triangle could be measured.

The decay channel B0
s → J/ψφ with J/ψ → µ+µ− and φ → K+K−, the so-called

gold-plated decay channel, is of special interest at ATLAS. This channel has a clean exper-

imental signature and a straightforward di-muon trigger allows easy triggering. A detailed

angular analysis of the decay products allows the extraction of various independent pa-

rameters:

• the mass and decay lifetime of B0
s

• the mixing paramter ∆ΓB

• the weak mixing phase φs = −2χ = −2ηλ

As B0
s is a pseudo-scalar and J/ψ and φ both are vector mesons, with a statistical

approach the three decay amplitudes in this decay (two CP even and one CP odd) can

be disentangled by analysing the decay angles defined in Figure 2.18. Fits of the Unitary

Triangle, in which the Standard Model of Particle Physics is assumed, predict a very

small B0
s mixing phase of φs ∼ 0.04 radians [116]. However, physics beyond the Standard

Model could introduce additional contributions from new processes in the box diagram

deviating the expected value. Therefore, the decay channel B0
s → J/ψφ is regarded as a

good candidate for measuring effects of physics beyond the Standard Model.
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J/ψ

φ

µ+

µ−

K−

K+

ϑφ

ϑJ/ψ

ϕJ/ψ

Figure 2.18: Angles of the decay B0
s → J/ψ(µ+µ−)φ(K+K−) in the B0

s rest
frame.





CHAPTER

THREE

The ATLAS Detector and the

Large Hadron Collider

The ATLAS detector (A Large Toroidal LHC Apparatus) is one out of four detectors

at the Large Hadron Collider (LHC). The LHC at CERN is a proton proton collider

extending the frontiers of high energy physics to a new level in multiple aspects.

Chapter 3.1 will give an overview on the LHC, the LHC detectors and the proton

beams. After a short introduction in the coordinate system and the nomenclature in

Chapter 3.2, the ATLAS detector will be discussed in detail in the Chapters 3.3 to 3.8,

with a special focus on the detector components crucial for this thesis. The detector

components will be described, starting from the Inner Detector following the particles

track to the very outer Muon Chambers. Finally, the trigger system and the data storage

will be explained in the Chapters 3.9 and 3.10.

47
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3.1 The Large Hadron Collider

The LHC [52, 59, 60, 85, 130] works as an accelerator and storage ring for proton-proton

collisions rather than proton-anti-proton collisions. Therefore the LHC consists of two

rings with counter-rotating beams. The LHC is constructed in the 26.7 km circular

tunnel of the Large Electron-Positron Collider (LEP) [117] at the European Organisation

for Nuclear Research (CERN) in Geneva, Switzerland. The tunnel is built in a depth

between 50 m and 175 m, the ATLAS detector is built in a cavern 75 m underground.

Figure 3.1: Schematic Overview of the Large Hadron Collider. Protons ac-
celerate sequently, starting at the LINAC, going through the PSB, PS and
SPS entering the LHC at an energy of 450 MeV. More details can be found
in [52].

In the LHC bunches of protons are injected from the Super Proton Synchrotron (SPS)

with an energy of 450 MeV and then accelerated using a system of eight superconducting

cavities per beams. A schematic overview of the proton acceleration chain is shown in

Figure 3.1. The proton energy is determined by the given curvature of the LHC tunnel

and the maximum field of the dipole magnets responsible for bending the beam. Cooled to

a temperature of 1.9 K (superfluid helium) the magnets deliver a nominal field of 8.33 T,

providing a beam energy of 7 TeV or proton-proton collisions at a centre of mass energy of
√
s = 14 TeV. Compared to the centre of mass energy of 1.96 TeV for proton-anti-proton

collisions at Tevatron, the sensitivity for new physics increases significantly.

Bending, steering and focusing of the proton beam is controlled with over 9000 mag-

nets. The 1232 dipole magnets responsible for the bending are supported by multipole

corrector magnets (sextupoles, octupoles and decapoles) to stabilise the beam. The 392
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main quadrupole magnets and the associated corrector magnets (dipoles, sextupoles and

octupoles) are responsible for the beam focus. The final focusing of the beams around

the four interaction points is caused by dedicated high aperture triplet quadrupoles.

Along with the beam energy the second parameter crucial for the LHC is the lumi-

nosity, which in principle defines the number of collisions per time interval for a given

cross section. A high luminosity can be reached by colliding beams with a high number

of protons per beam on a small area with a high frequency. Luminosity can be expressed

by the following term:

L =
N2
b nbfrev

4πσ∗xσ
∗
y

F, (3.1)

where Nb is the number of protons per bunch, nb is the number of bunches per beam,

frev is the revolution frequency and σ∗x,y the RMS of the transverse beam size at the

interaction point in x- and y-direction. Often the beam size is written as a product of the

two beam parameters, the transverse beam emittance that corresponds to the phase space

covered by the beam ε and the betatron function β∗. Due to the crossing angle at the

interaction point Θc the luminosity is decreased by the geometric luminosity reduction

factor F :

F =

(
1 +

(
Θcσz
2σ∗

)2
)− 1

2

, (3.2)

where σz is the RMS of the bunch length in beam direction and σ∗ the RMS of the

transverse beam size. At design luminosity F gives a reduction of ∼ 16%. LHC will be

running at peak design luminosity of L = 1034 cm−2s−1, with nb = 2808 bunches per

beam, each bunch consisting of approximately 1.15 × 1011 protons and a bunch crossing

interval of 25 ns. The main beam parameters are listed in Table 3.1.

The overview of the LHC and its experiments is shown in Figure 3.2. Four main detec-

tors have been installed at the four interaction points: the two general purpose detectors

ATLAS and CMS (Compact Muon Solenoid) [71], located at the two opposite points of

the LHC, Point 1 and 5 respectively, LHCb (Large Hadron Collider beauty) [118] at Point

8 and ALICE (A Large Ion Collider Experiment) [16] at Point 2. Around the interaction
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Parameter Value

Beam Energy 7 TeV / γrel = 7461

Injection Energy 450 MeV / γrel = 480

Luminosity 1034 cm−2s−1

Number of bunches 2808 out of 3564 spaces

Protons per bunch 1.15× 1011

Relativistic gamma factor γ 7461

Bunch spacing 24.95 ns

Beam current 0.584 A

RMS Bunch length 7.55 cm

RMS beam size σ∗ in pipe ∼ 0.2 mm

RMS beam size σ∗ at Point 1 16.7 µm

Crossing angle Θc at Point 1 285 µrad

Table 3.1: Beam parameters of the Large Hadron Collider for proton-proton
collisions [60].

points of ATLAS and CMS the two smaller detectors LHCf (Large Hadron Collider for-

ward) [119] and TOTEM (Total Elastic and diffractive cross section measurement) [144]

have been installed.

The two high luminosity experiments ATLAS and CMS are general purpose detector.

While the main motivation of the two experiments is to unravel the electroweak symmetry

breaking and to discover the Higgs boson, the two collaborations cover a broad range of

searches within the standard model and beyond. Examples are the discovery of super-

symmetric particles and remnants of dark matter, CP violation, heavy flavour physics

and the precision measurement of standard model parameters.

From the detector principle ATLAS and CMS both are detectors covering most of

the 4π solid angle around the interaction point. The main emphasis in both experiments

are collisions with a high transverse momentum transfer. They are constructed to detect

and identify particles produced in 14 TeV proton-proton collisions. ATLAS and CMS

are able to detect, identify and absorb electrons and pions up to an energy of 1 TeV and

measure the momenta of 1 TeV muons.
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Figure 3.2: Overview of the Large hadron collider and the four main exper-
iments. The depths of the tunnels varies in the range of 50 m − 175 m, the
diameter of the ring is approximately 8.6 km.

One major difference between the two experiments is the choice of the magnet system

and, in conjunction with this choice, the muon system. The CMS collaboration decided

to use a single large-scale 4 T solenoid, which provides an excellent momentum resolution

in the Inner Detector, enclosed in a 12000 t return yoke with embedded muon chambers.

The drawback of this layout is the reduced space for the calorimeter inside the coil and

limited performance for stand-alone muon reconstruction and triggering. ATLAS uses a

small 2 T solenoid for the tracking system and a huge toroidal magnetic system for the

muon spectrometer, which allows a stand-alone muon reconstruction over a large polar

angle with a high momentum resolution. On the downside the toroid system is large scale

an very expensive. The difference in the layout has a large impact on the size and mass

of the two experiments: with a length of 46 m and a diameter of 22 m at a mass of 7000 t

ATLAS is considerable larger but lighter than the CMS with a length of 22 m, a diameter

of 15 m and a mass of 12500 t.

A second major difference is the choice of calorimeter. CMS uses a homogeneous

PbWO4 scintillating crystal calorimeter, giving a special emphasis on an excellent energy



52

resolution and lateral segmentation. The ATLAS experiment uses a LAr-Pb sampling

calorimeter with a lower energy resolution, a comparable excellent lateral segmentation

and an additional longitudinal segmentation, providing the needed e/γ separation. The

energy resolutions of the electromagnetic and hadronic calorimeters of the two detectors

are shown in Figure 3.3.
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Figure 3.3: Energy measurement resolution in the calorimeter σE/E for the
two detectors ATLAS and CMS. Figure (a) shows the resolution of the elec-
tromagnetic calorimeter, Figure (b) for the hadronic calorimeter.

The ALICE detector is a general purpose heavy ion detector, devoted to the sector

of strong interactions, the QCD, especially the investigation of strong interacting matter

and quark gluon plasma under very high energy density and temperature. The heavy ion

runs at LHC mainly are dedicated to the collision of lead ions 208
82 Pb82+, but collisions

of lighter ions and proton nucleus collisions are planned, too. With the dipole field of

8.33 T the lead ions will collide at an energy of 2.76 TeV per nucleon or a centre of mass

energy of 1150 TeV with a nominal luminosity of 1027 cm−2s−1. While heavy ion collisions

mainly concentrate on the ALICE experiment, ATLAS and CMS both will study heavy

ion collisions at the same luminosity.

A completely different kind of experiment is the LHCb detector, which aims at heavy

flavour physics. The scientific program places special emphasis physics with hadrons

containing b quarks like CP violation, rare B hadron decays and physics beyond the

Standard Model. In contrary to the other main experiments LHCb is not covering the 4π

solid angle around the interaction point, but it is built as a single arm detector in forward

direction.

The TOTEM experiment aims for the measurement of the total proton-proton cross-

section with a luminosity independent method. The experiment is partly integrated
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into the CMS detector and complemented by additional detectors placed about 147 m

and 220 m from the interaction point. This layout gives a pseudo-rapidity range of

|3.1| ≤ η ≤ |6.5| allowing a detailed measurement of elastic and diffractive scattering into

the very forward direction close to the beam pipe, to study the proton structure. In Fig-

ure 3.4 the typical range in pseudo-rapidity and in polar angle is shown for the ATLAS

detector (a) and for the TOTEM experiment.
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Figure 3.4: Pseudo-rapidity η shown as a function of the polar angle Θ. In
Figure (a) the pseudo-rapidity is shown for the typical range in the ATLAS
detector, Figure (b) shows the close angles in the TOTEM experiment, illus-
trated with the dashed line.

The LHCf experiment, built ±140 m around Point 1 (ATLAS detector), covers a

pseudo-rapidity of |η| ≥ 8.4. Neutral particles scattered into the very forward direction

will be detected for a data taking time of a few month, until the luminosity exceeds

1030 cm−2s−1. These measurements will allow the calibration of hadron interaction models

of cosmic rays at extremely high energy up to a laboratory equivalent of 1017 eV.

3.2 Coordinate System and Nomenclature

Since the coordinate system and various observables are repeatedly used in this work, this

chapter describes the most common used. The ATLAS experiment uses a right handed

coordinate system, with the z-axis pointing along the LHC beam pipe, and the plane

perpendicular to the beam pipe defines the x-y-plane. The positive x-axis is pointing

from the interaction point towards the centre of the LHC, the positive y-axis is going

upwards. The positive side of the z-axis is pointing towards the side A (direction Geneva)

of the ATLAS detector, while negative z-values are assigned to the side C (direction Jura).

Side B consequently is defined as the plane where z = 0.



54

Due to the cylindrical symmetry of the ATLAS detector, the use of cylindric coor-

dinates (ϕ, θ and R) is useful. In this coordinate system the transverse distance to the

z-axis is defined as the radius R. The azimuthal angle φ is measured around the beam

axis, starting with ϕ = 0 on the x-axis and ϕ = π/2 on the y-axis. Usually the azimuthal

angle is defined within ϕ ∈ [−π, π]. The polar angle θ is defined within ϕ ∈ [0, π], where

θ = 0 is on the positive z-axis. In terms of the particles momentum components px, py

and pz, the two angles ϕ and θ can be written as:

tanφ =
px
py

(3.3)

tan θ =

√
p2
x + p2

y

pz
. (3.4)

A more convenient way to express the polar angle θ is to use the pseudo-rapidity,

which either can be expressed in terms of the polar angle or in terms of the particles

momentum:

η = − ln

(
tan

(
θ

2

))
= −1

2
ln

( |~p| − pz
|~p|+ pz

)
. (3.5)

While the pseudo-rapidity is invariant under a Lorentz transformation, in the high

energy limit of massless particles (E >> mc2) the pseudo-rapidity becomes equal to the

rapidity

y =
1

2
ln

(
E − pz
E + pz

)
, (3.6)

which is Lorentz invariant under longitudinal boost. In addition, for the x-y-plane, η

is equal to zero, in beam direction η goes to ±∞ which corresponds to θ = 0 and θ = π.

The direction of a particle can be described in the pseudo-rapidity-azimuthal space.

As sketched in Figure 3.5 the difference in the direction of two particles can be defined in

η and ϕ as ∆R:
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η
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∆η

P2
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Figure 3.5: The tracks of two particles P1 and P2 in the η-ϕ-space and the
distrance ∆R between them.

∆R =
√

∆η2 + ∆ϕ2. (3.7)

In hadron collisions, the trajectory of a particle is defined by various kinematic vari-

ables. The projection of the initial particles momentum p on the x-y-plane is defined as

the transverse momentum pT and the projection on the z-axis corresponds to the lon-

gitudinal momentum pL. In the same manner the energy E can be split into the two

components ET and EL. The transverse distance of the trajectories closest approach to

the beam axis is defined as the transverse impact parameter d0. Accordingly, the distance

along the z-axis to the closest approach to the interaction point is defined as longitudinal

impact parameter z0.

3.3 The ATLAS Detector - Overview

The ATLAS detector is a general purpose detector located at Point 1 (see Figure 3.2) in

a depth of approximately 80 m. An overview of the ATLAS detector layout is shown in

Figure 3.6.

The detector layout consists of detector components arranged in layers concentrically

around the collision point, as illustrated in Figure 3.7. The layer closest to the interac-

tion point is the Inner Detector, dedicated to the measurement of charged particle tracks,

allowing the reconstruction of the particles charge, momentum and production vertex.

In Chapter 3.5 the components of the Inner Detector are described in more detail. The

next two layers are designed to measure the energy deposit of electrons and photons, the
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Figure 3.6: Schematic Overview of the ATLAS Detector

electromagnetic calorimeter, and of hadrons in the hadronic calorimeter. The various

calorimeter types are described in Chapter 3.6. The outermost layer is the muon spec-

trometer, which is responsible for the large size of of the ATLAS detector. In the muon

spectrometer, described in Chapter 3.7, the muons momentum can be measured at high

precision. Within the Standard Model the only particles considered as stable, which are

not accessible with those layers, are neutrinos, which can only be measured indirectly by

evaluating the missing transverse Energy ET,miss.

The elaborated Magnet System, responsible for the bending of charged particles in

the Inner Detector and in the Muon System is described in Chapter 3.4. In Chapter

3.9 the event selection and the trigger system are detailed, and in Chapter 3.10 the data

acquisition is summarised.

3.4 Magnetic System

The outer dimension of the ATLAS detector is dominated by the huge magnetic system

AtlasMagnetSystemTDR with a diameter of 22 m and a length of 26 m. In total, the

magnetic system consists of four magnets: the Central Solenoid CS [24, 153], the Barrel

Toroid BT [42] and two End-cap Toroids ECT [25], arranged as shown in Figure 3.8.
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Figure 3.7: Event cross section in the ATLAS detector. Charged tracks from
protons, electrons and muons create signals in the Inner Detector, photons,
electrons and hadrons deposit their energy in the calorimeter. Muons cre-
ate tracks through the whole detector cross section, and muons can only be
detected as missing transverse energy.

With a length of 5.8 m and a diameter of 2.5 m, the CS is placed inside the calorime-

ter, embedding the Inner Detector with an axial magnetic field of 2 T, bending charged

particles into the R−ϕ plane. In order to minimise interactions of the particles with the

detector material, the thickness of the solenoid has to be kept as low as possible. Too

many interactions would have a negative influence on resolution of the energy measure-

ment. The magnetic field of the CS is created by a single layer of NbTi superconducting

magnet winding at a temperature of 4.5 K, embedded into an Al support cylinder. The

CS is integrated into the cryostat of the LAr electromagnetic calorimeter, minimising the

need for additional support material. For particles traversing the magnet at normal in-

cidence the material contributes with a radiation length of 0.66 X0. The distance to the

Barrel Toroid is large enough, so that the toroidal field does not influence the solenoidal

central field of the CS. However, unlike the BT the magnetised steel of the tile calorimeter

and its support girders influence the magnetic field of the CS in the order of 4 %. The

calorimeter and its girders work as a partial return yoke for the magnetic flux lines.
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Figure 3.8: Schematic overview on the geometry of the Central Solenoid
embedded in the tile calorimeter steel. The eight Barrel Toroid coils, with
the end-cap coils interleaved are shown in red. [33]

In the outermost part of the detector, the muon system, the particle tracks are bent

in a more complex magnetic system. The outer magnetic system consists of three air-core

toroids, one large Central Toroid with a magnetic field of 0.5 T and two End-cap Toroids

with a field of 1 T. The three toroidal magnets provide a magnetic field configuration

in which the field lines mostly are orthogonal to the particles trajectories. As shown in

Figure 3.8 each toroidal system consist of eight superconducting coils cooled to 4.5 K.

The BT covers the pseudo-rapidity range of |η| < 1.6, the two ECTs the range between

1.4 < |η| < 2.7. In the region between 1.4 < |η| < 1.6 the BT overlaps with the ECTs. In

order to provide a good bending power in this interface region, the ECTs are rotated by

an angle of π/4 in the R− ϕ plane with respect to the BT.

3.5 Inner Detector

The innermost part of a typical particle detector, the Inner Detector, is constructed to

measure the tracks of all charged particles. In the case of the LHC at design luminosity an

estimated number of 1000 particles emerge from the collision point every 25 ns within |η| <
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2.5. These extreme conditions dictate detector elements fulfilling several characteristics,

like materials able to handle extreme radiation conditions, a high space point granularity

in order to separate all tracks even close to the collision point and fast electronics to

keep up with the high collision rate. Figure 3.9 shows an overview of the ATLAS Inner

Detector.

The decay time of B mesons (except onia states) has a life time of the order τ =

O(10−12 s) giving an average flight distance of cτ = O(100 µm). These short distances

need a precise reconstruction of both, the primary and and the secondary vertices. The

precision of the vertexing depends on the reconstruction of all individual tracks, demand-

ing a high number of layers, each with a large granularity and high precision. In addition,

the short decay time of B mesons require a space point as close as possible to the primary

pp vertex. In the ATLAS detector the layer closest to the collision point, the so called

b-layer, still is at a radius of 50.5 mm.

Particles passing through the Inner Detector permanently interact with the detector

material, not only providing the desirable signal, but on the other side suffering from

diffraction. Therefore, adding additional layers of detectors on one hand side improve

the tracking and vertexing, on the other hand the additional detector and electronics

material decrease the tracking precision. Furthermore, the maximum tracking precision

and efficiency is constrained by the financial budget available.

Figure 3.9: Schematic overview of the ATLAS Inner Detector
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Figure 3.10: Schematic overview of the Inner Detector, including the radial
distance of the various layers. [33]

The Inner Detector of the ATLAS experiment [26, 27, 33] meets those requirements

with three main detector parts, as shown in Figure 3.9. The three parts are separated

in a barrel and two end-cap regions. In the barrel region, the innermost part closest

to the collision point is a silicon pixel detector (Pixel Detector, Chapter 3.5.1), with

a total number of three layers of silicon pixel modules with radial distances between

50.5 mm and 122.5 mm. Following the same physical principle, a silicon microstrip

detector (Semiconductor Tracker SCT, Chapter 3.5.2) provides four additional layers at

radii between 299 mm and 514 mm. The Transition Radiation Tracker TRT (Chapter

3.5.3) is the outermost layer of the Inner Detector, starting at radius 554 mm up to

1082 mm. Its dimension defines the total diameter of the Inner Detector of approximately

2.1 m.

In order to provide a good coverage in pseudo-rapidity, end-cap disks of the Pixel

detector and SCT are designed to cover particle tracks up to a pseudo-rapidity of |η| = 2.5.

The TRT end-cap can cover particles up to approximately |η| = 2.0. Figure 3.11 shows the

η coverage of the end-cap disks in more detail. Including all of the supporting structure,

the cylindrical envelope holding the Inner Detector in total has a length of 7.0 m.

The inner solenoidal magnet system surrounding the Inner Detector is creating an
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Figure 3.11: Schematic overview of the Inner Detector end caps and the
dependence on the pseudo-rapidity η. [33]
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Figure 3.12: Material distribution in units of radiation length X0 (a) and
nuclear ineteraciton length λ (b) at the exit of the Inner Detector envelope
as a function of |η| and averaged over ϕ. [33]

axial symmetric magnetic field of 2 T bending charged particles into the R−ϕ plane due

to the Lorentz force. This allows the measurement of the particles transverse momenta

down to a minimum of pT = 0.5 GeV. Particles with a pT lower than 0.5 GeV are bended

to very small radii, preventing the particles to leave the Inner Detector. Additional, at

low momentum the efficiency is reduced due to large material effects.

In order to scope with energy loss of the particles with the detector material, both

the Inner Detector and the solenoid magnet system are required to have a low radiation

length X0 and nuclear interaction length λ. In the barrel region (|η| < 0.6), both X0

and λ are kept at a value below 0.5 averaged over ϕ. Particles traversing Inner Detector
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end-cap elements between (0.6 < |η| < 0.6) pass through matter corresponding to X0

and λ in the order of 0.5 − 2.5, strongly depending on the pseudo-rapidity as shown in

Figure 3.12.

3.5.1 Pixel Detector

The innermost part of the Inner Detector consist of silicon pixel detectors [1, 150].

Three barrel layers are arranged on concentric cylinders around the beam axis at radii of

50.5 mm, 88.5 mm and 122.5 mm with a length of 800.1 mm. Three end-cap disks per-

pendicular to the beam axis are built at distances in z-direction of ±495 mm, ±580 mm

and ±650 mm, respectively. In Figure 3.13 the alignment of the layers and disks within

the support structure are shown.

The Pixel Detector consists of 1744 Modules, each with 47232 pixels, where 286,

494 and 676 modules are in the three barrel layers respectively, and each of the six

disks consists of 48 Modules. In total this gives a number of approximately 80.4 million

read-out channels for the Pixel Detector. The active detection area of each module is

16.4× 60.8 mm2, giving a total detection area of approximately 1.8 m2.

A pixel module is made of a n-type oxygenated silicon wafer with p+ implanted on

one side, and n+ implanted regions (pixels) on the other side. Charged particles passing

the detector create electron-hole pairs, the created charge then is collected in the pixels

Figure 3.13: The alignment of the silicon pixel detectors into three barrel
layers and three disks each side. [1]
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due to the applied voltage. The initial operation voltage is about 150 V, but could reach

up to 600 V to keep up the charge collection. A pixel supplies a signal, if the collected

charge exceeds a certain threshold.

90% of the pixels have a size of 50 × 400 µm2, the rest of the pixels, close to the

front-end electronics, have a resolution of 50×600 µm2. The pixels are arranged in R−ϕ
and z in the barrel regions and in R − ϕ and R in the disks. The intrinsic measurement

accuracy in the azimuth R−ϕ is 10 µm, the axial accuracy in z is 115 µm. In the end-cap

disks, the axial resolutions transforms into a radial resolution in R of 115 µm.

Due to the high irradiation close to the collision point, the material of the pixel

sensors suffer from depletion. At the design luminosity of L = 1034 cm−2s−1 the expected

dose for the first layer, called “vertexing layer” or “b-layer”, is expected to be around

500 kGy, the two other layers will reach this dose after the ten-year design lifetime of

the experiment. Testbeam experiments have shown, that the detection efficiency of an

unirradiated module is 99.9%, whereas irradiated modules have a reduced efficiency of

96.4% up to 98.4%. Therefore, the “b-layer” will have to be replaced after three years of

running at design luminosity, the two other layers are expected to run for lifetime of the

experiment.

3.5.2 Semiconductor Tracker

The barrel and end-caps of the Semiconductor Tracker SCT are described in detail in

[5, 6]. In the SCT stereo pairs of microstrip layers are arranged in four co-axial layers in

the barrel region and in nine end-cap modules on each side, as shown in the schematic

overview of the Inner Detector in Figure 3.9. The radial distance of the barrel layers is

299 mm, 371 mm, 443 mm and 514 mm respectively, as shown in Figure 3.10. The SCT

end-caps are placed on both sides with distances between and the coverage in pseudo-

rapidity in Figure 3.11.

The detector principle is similar to the Pixel Detector: electron-hole pairs are created

by charged particles and the charges are collected in one end of a strip. The operation

voltage is of the order 250 V to 350 V. Instead of pixel elements, the position of a particle

in the barrel region is measured with a double layer of microstrip sensors, one layer with

strips parallel to the beam pipe for the precise measurement of ϕ and the other one with

a stereo angle of 40 mrad. In the end-caps, perpendicular to the beam pipe, one layer is

arranged radial, the other layer again with a stereo angle of 40 mrad. The microstrips
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have a pitch width of 80 µm and a length of 6 cm. The angle is chosen that small in order

to avoid ambiguities when two particles are passing the same area in the SCT.

The SCT consists of 2112 modules in the barrel region and 1976 modules in the 18

end-caps. The total area covered by the SCT is 63 m2, with a total of 6.3 million of

read-out channels. In the barrel region, the intrinsic measurement accuracy is 17 µm in

the ϕ-direction and 580 µm in z-direction. Rotated to a position perpendicular to the

beam pipe, the measurement accuracy in the end-caps is translated into 17 µm in the

ϕ-direction and 580 µm in R-direction.

3.5.3 Transition Radiation Tracker

The outermost sub-detector of the Inner Detector is the Transition Radiation Tracker

TRT, described in detail in [2] and illustrated in Figure 3.9.

In the TRT particles are detected by taking advantage of the transition radiation

effect. Relativistic charged particles emit transition radiation X-ray photons when crossing

the interface of two materials with different dielectric constants. The energy loss of the

particles per crossing is depending on the relativistic Lorentz factor γ = E/mc2, hence the

intensity of the radiation is proportional to the particles energy and mass. Therefore, the

number of photons produced in one transition increases with decreasing mass, providing

a good way to distinguish between electrons and pions. With special emphasis on the

ATLAS TRT, this effect is described in detail in [12]. E.g. at a transverse momentum of

pT = 25 GeV the electron identification efficiency is about 90%, whereas the probability

of misidentifying a pion as an electron is in the order of a few percent [34]. The radiation

is emitted mainly in the direction of the particles trajectory, with a peak at an angle of

Θ = 1/γ.

The X-rays typically are measured by gaseous detectors embedded in transition ra-

diation material. In the case of ATLAS, the transition radiation material in the barrel

region is a matrix of polypropylene fibres [3]. In the two end-cap detectors the transition

radiation material consists of thin polypropylene foils with a thickness of 15 µm and a

polypropylene net between the foils [4].

The detectors in the ATLAS TRT are kapton (polyimide) straw tubes coated with

a conductive material. The diameter of the tubes is 4 mm, the length is 144 cm for the

tubes in the barrel, 37 cm in the end-cap. The straw tubes are filled with 70% of Xe,

27% of CO2 and 3% O2. The xenon ensures a good X-ray absorption, the CO2 and O2
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are responsible for a short drift time and photon-quenching. While the straw tube works

as a cathode, the anode in the centre of the tube is a 31 µm tungsten wire plated with a

thin film of gold.

The 52, 544 tubes in the barrel are divided in the middle of each tube, hence the

tungsten wire is electrically split in two parts read out on each side. The straw tubes are

arranged parallel to the beam pipe. In the end-caps, the 245, 670 straw tubes arranged

radial are read out at the outer radius. This gives a total number of read-out channels of

approximately 350, 000.

As shown in Figure 3.11, the TRT end-caps can detect particles with a pseudo-

rapidity of |η| < 2.0. The barrel TRT can detect particles with a pseudo-rapidity of

|η| < 1.0, where charged tracks will traverse at least 36 straws. An electron with a

transverse momentum of pT = 2 GeV will typically leave seven high-threshold hits at

|η| = 0. At high η particles will traverse up to 22 straw tubes in the end-caps. The

intrinsic measurement accuracy for a single straw tube is 130 µm in the R−ϕ plane. Due

to the high number of space points, this uncertainty can be compensated, as shown for a

TRT prototype in the testbeam [13].

3.6 Calorimeter

In general, the energy of all stable particles but muons and neutrinos can be measured in

a calorimeter. A particle entering a calorimeter looses all its energy in a particle shower.

The total particle energy is reconstructed by measuring ionisation, scintillation light or

Cherenkov radiation.

In the ATLAS detector the calorimetry system [21–23] is divided into a number of

sampling detectors dedicated to the measurement of the particles energies. In principle

particles entering a calorimeter transfer their energy to the detector material, producing

new particles by interactions with the detector material in the calorimeter. Typical inter-

actions are e.g. the production of new photons due to bremsstrahlung or the creation of

an electron positron pair due to the interaction of a photon with the coulomb field of an

atom. These secondary new particles interact themselves with the calorimeter, creating

new particles until the particles energy is too low to create new particles. Due to this

cascade one particle entering the calorimeter leaves a shower of particles, each with low

energy. By measuring the total energy of all particles created in this shower, the initial

particles energy can be reconstructed.



66

Figure 3.14: Schematic Overview of the ATLAS calorimeter

One of the main requirements of the calorimeter is the hermeticity in order to measure

missing transverse energy ET,miss at a good resolution. The ATLAS calorimeter fulfils

this requirement with a coverage over the whole range of ϕ and up to a pseudo-rapidity of

|η| = 4.9. Surrounding the Inner Detector and solenoidal magnetic system, the calorimeter

itself is split into several parts, depending on the type of interactions particles undergo in

the detector material and the position within the detector.

The separation due to the interaction allows the differentiation into two groups of

particles. In the electromagnetic calorimeters electrons (positrons) and photons are de-

tected, in the hadronic calorimeters particles interacting mainly via the strong force are

measured. The electromagnetic calorimeter is required to provide a fine segmentation for

a precise measurement of electrons and photons. As the hadronic calorimeter mainly aims

at the reconstruction of jets and the measurement of missing energy, the granularity is

more coarse.

In the barrel region the innermost part of the calorimetry system is the LAr elec-

tromagnetic barrel surrounded by the hadronic Tile barrel. In the end-cap region, a LAr

electromagnetic end-cap (EMEC) is followed by a LAr hadronic end-cap (HEC). In ad-

dition, covering the region close to the beam pipe, the forward calorimeter FCal detects
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electromagnetically interacting particles at large pseudo-rapidity. In Figure 3.14 these

detector parts are shown schematically.

In order to reduce the punch-through probability of particles into the muon system

and therefore keep the accuracy of the energy measurement high, the total material in the

calorimeter provides a radiation length of > 22 in units of X0 and a nuclear interaction

length λ of > 10 as shown in Figure 3.15.
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Figure 3.15: Cumulative material distribution in units of radiation length
X0 and as a function of |η| for the electromagnetic calorimeter and before.
The plots are separated into a distribution for the barrel (a) and one for the
end-cap (b). [33]

In the following, the calorimeter parts are described corresponding to their predomi-

nant interaction type, in Chapter 3.6.1 the electromagnetic calorimeter, in Chapter 3.6.2

the hadronic calorimeter and in Chapter 3.6.3 the combined electromagnetic and hadronic

forward calorimeter FCal.

3.6.1 Electromagnetic Calorimeter

The LAr electromagnetic calorimeter in the barrel region and in the end-cap consists of

detector elements built in accordion geometry, with alternating layers of absorber material

and electrodes. In between, liquid-argon LAr acts as active material due to its good energy

resolution and its high radiation hardness. The shower particles created in the calorimeter

create ion-electron pairs in the LAr collected by the kapton electrodes. The electric signal

is proportional to the number of ion-electron pairs and therefore to the energy deposited

in the LAr due to ionisation. As absorber material lead plates with a stainless steel film

are used.
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In order to provide a fill coverage in ϕ, the accordion geometry is used in both, the

barrel and end-cap region. The main disadvantage of this layout is the long simulation

time of particles passing the calorimeter.

The LAr electromagnetic calorimeter is separated into a barrel region covering par-

ticles up to a pseudo-rapidity of |η| < 1.475 and two electromagnetic end-caps EMEC

covering 1.375 < |η| < 3.2.

The granularity of the LAr calorimeter depends on η and the radius from the proton-

proton collision point. In the barrel region the granularity ∆η × ∆ϕ can be as fine as

0.025 × 0.025, in the end-caps the granularity increases from 0.05 × 0.1 (η = 1.5) up to

0.2 × 0.2 (η = 3.2). As shown in Figure 3.15, the material particles have to traverse

before reaching the calorimeter accordion corresponds to a radiation length X0 of 2.3

(η = 0) up to a maximum of about 7 (η = 1.5) at the transition between the barrel

region and the end-caps. To overcome the energy loss due to dead material in front

of the electromagnetic calorimeter, a separate thin layer of liquid-argon is installed as

presampler. The granularity ∆η ×∆ϕ of the presampler is of the order 1.52× 0.2.

According to measurements with the test beam, the energy resolution in the barrel

region, depending from the incoming particles energy, is [10]:

σ(E)

E
=

10 %√
E
⊕ 0.17 %. (3.8)

For the LAr electromagnetic end-caps similar results in energy resolution have been

obtained.

3.6.2 Hadronic Calorimeter

The hadronic calorimeter uses two different detector types: the tile calorimeter covers

the region up to a pseudo-rapidity of |η| = 1.7, (central barrel and extended barrel), LAr

hadronic end-caps HEC the region between 1.5 < |η| < 3.2.

The tile calorimeter consists of steel absorbers and plastic scintillator tiles. In con-

tradiction to the LAr electromagnetic calorimeter, the tile calorimeter is not designed in

an accordion shape, but the steel scintillator sandwiches are oriented radial and perpen-

dicular to the beam pipe. Surrounding the LAr electromagnetic barrel, in the central
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area three layers of the tile calorimeter cover a pseudo-rapidity range of up to |η| < 1.0,

the three layers of the extended barrel increase this range up to |η| < 1.7. As shown

in Figure 3.16, the integrated nuclear interaction length as a function of |η| with the

corresponding detector elements illustrate the gap between the central and the extended

barrel. In beam tests with single pions the energy resolution has been found to be of the

order [8]:

σ(E)

E
=

53 %√
E
⊕ 5.7 %. (3.9)
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Figure 3.16: The cumulated distribution of the nuclear interaction length λ
as a function of |η| separated into the various calorimeter modules. [33]

The hadronic end-caps HEC consist of alternating flat layers of copper and liquid-

argon covering a pseudo-rapidity range of 1.5 < |η| < 3.2. The detection principle is

analogous to the LAr electromagnetic calorimeter, but with a flat geometry and copper

instead of lead as inactive material. Measurements with single pions in the testbeam

result in a resolution of [76]:

σ(E)

E
=

70 %√
E
⊕ 5.8 %. (3.10)

In addition to the measurement of the hadronic particles energy, the iron in the tile

calorimeter acts as a return yoke of the magnetic field lines of the Central Solenoid.
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3.6.3 Forward Calorimeter

In addition to the barrel and end-cap modules, combined electromagnetic and hadronic

forward calorimeters FCal are installed to cover particles at high pseudo-rapidity (3.1 <

|η| < 4.9). The high η and the relatively short distance of 4.7 m to the interaction point

leads to a high particle flux and therefore to a large radiation exposure.

The FCal splits into three layers, one electromagnetic layer and two hadronic layers.

While in all layers thin films of liquid argon act as active material, the dead material in

the case of the electromagnetic layer is made of copper and in the two hadronic layers of

tungsten. Testbeam results with electrons and pions respectively have been fitted to the

following energy resolution [18]:

σ(Ee)

Ee
=

29 %√
Ee
⊕ 3.5 % (3.11)

σ(Eπ)

Eπ
=

94 %√
Eπ
⊕ 7.5 %. (3.12)

3.7 Muon System

The outermost part of the ATLAS experiment is the Muon System, described in more

detail in [28]. It is designed to measure charged tracks and their momenta up to a pseudo-

rapidity of |η| < 2.7. In addition the muon triggers are integrated into the muon system,

designed to trigger on muons up to a pseudo-rapidity of |η| < 2.4. In Figure 3.17 the

various detector types of the Muon System are illustrated together with the Magnetic

System.

3.7.1 Muon Tracking Chambers

Over a large area of pseudo-rapidity up to |η| < 2.7, the muon track coordinates are

measured by monitored drift tubes (MDT). In the barrel region, the MDT chambers are

aligned in three layers: the innermost layer surrounding the tile calorimeter, one layer

between the barrel toroid BT and the outermost layer enclosing the BT.

In principle, the measurement of the muons momenta is a measurement of the parti-

cles trajectory at three spacepoints. While in the barrel region one layer of muon chambers
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Figure 3.17: Schematic overview of the muon spectrometer and the toroid
magnets. [33]

is placed within the toroidal magnet system, in the end-caps the toroid is placed between

the first and the second layer. Hence, the measurement principle differs in these two re-

gions. The measurement principles are illustrated in Figure 3.18. In the case of the barrel

region, the muons momentum is reconstructed from the measurement of the trajectories

deviation of a straight line, the so called sagitta s, and the direct distance L between the

two measurement points in the first and third layer. Taking into account the magnetic

field B, the transverse momentum is calculated as

pT =
L2B

8s
. (3.13)

In the case of the end-caps, the trajectory is bent between the first two layers of

muon chambers, but a straight line between the second and the third layer. Hence, the

reconstruction of the muons momentum depends on a point angle measurement.
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L

(a) (b)

Figure 3.18: The reconstruciton of the muons momentum depends on a mea-
surement of the particles trajectories sagitta in the barrel region (a). In the
end-caps the momentum is reconstructed by a point angle measurement (b).

The muon system is able to perform a stand-alone reconstruction of muons momen-

tum at a resolution of 10 % for tracks with a momentum of 1 TeV. It is capable to

measure muon tracks with a momentum of a few GeV, also stand-alone. The total muon

momentum resolution as a function of the transverse momentum is shown in Figure 3.19

for the barrel region (a) and the end-cap region (b), separately.
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Figure 3.19: The momentum resolution as a function of the muons transverse
momentum pT for the muon spectrometer, averaged over the azimuth. In (a)
this function is shown for |η| < 1.5, in (b) for |η| > 1.5. The two solid lines
show the resolution for the reconstruction using the muon spectrometer only
or taking into account the information from the Inner Detecter. [28]
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Monitored Drift Tubes

Within the muon spectrometer, precise muon tracking is performed by the Monitored

Drift Tubes (MDT), except for the innermost end-cap region close to the beam pipe,

where Cathode Strip Chambers (CSC) take over this role.

Monitored Drift Tubes are gaseous detectors with a diameter of approximately 30 mm

and a wall thickness of 0.4 mm, filled with a mixture of Ar (93 %) and CO2 (7 %) at a

pressure of 3 bar. In the centre of each tube a gold-plated tungsten-rhenium wire with a

thickness of 50 µm works as anode at a voltage of 3000 V. Charged particles passing such

a drift tube ionise the gas, creating electrons. These electrons drift to the central wire,

further ionising the gas and producing an avalanche of electrons, which all together are

collected in the wire creating a signal.

The arrangement of the MDT chambers is illustrated in Figure 3.17. One MDT

chamber consists of two multi-layers, which themselves consist of three or four layers of

drift tubes each. A total of 1088 MDT chambers cover a total area of 5500 m2. Depending

on the distance to the interaction point, the size of a chamber increases with increasing

radius or z-coordinate. In the barrel region, three layers of MDT chambers cover a pseudo-

rapidity of up to |η| < 1.3. The layers are at radii of approximately 5 m, 8 m and 10 m,

where the layer in the middle is surrounded by the large barrel toroid. In the end-caps the

MDT cover the range up to |η| < 2.7, except in the innermost layer, where the Cathode

Strip Chambers cover the range between 2.0 < |η| < 2.7. The six muon end-caps are

positioned on both sides at |z| = 7.5 / 14.0 / 22.5 m, respectively.

The drift tubes are arranged in a way, that only the position in η can be measured,

corresponding to the bending of the muons trajectories in the toroidal magnetic field.

The position along the wire corresponding to ϕ cannot be measured. The precision of the

position measurement in η is about 80 µm.

Cathode Strip Chambers

In the inner muon end-cap, close to the beam pipe, Cathode Strip Chambers CSC replace

the MDT chambers in the η region between 2.0 < |η| < 2.7. Due to the high radiation due

to thermalised neutrons from the calorimeter a different detector design has been chosen

for this region. The CSC are multiwire proportional chambers, with anode wires oriented

in a radial direction, while the cathode wires are oriented perpendicular to the anodes.
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Muon tracks passing the CSC will give several position measurements in η and ϕ

with a resolution in η of 60 µm. The CSCs are filled with a small gas volume, consisting

of Ar (80 %) and CO2 (20 %). The gas mixture provides a low neutron sensitivity, the

small gas volume a short drift time of less then 40 ns. In total, the timing resolution of a

CSC is about 7 ns.

3.7.2 Muon Trigger System

The ATLAS trigger chambers are designed to provide fast information on muons over the

full range of ϕ and up to a pseudo-rapidity of |η| < 2.4. In a first approximation the muon

momentum range has to be determined, the correct bunch-crossing has to be identified

and trigger hits from neutrons and photons from the cavern have to be minimised.

In the barrel region (|η| < 1.05), the muon trigger consist of Resistive Plate Chambers

(RPCs). As illustrated in the schematic in Figure 3.20, three concentric cylindrical layers

of RPCs are installed: two layers surrounding the middle MDT layer, and one layer outside

the outer MDTs. Due to the bending of the muons, the large distance between the inner

and outer layer allow the triggering of high-pT muons in the pT range of 9− 35 GeV, the

two inner layers trigger on low-pT muons between 6− 9 GeV.

RPCs are gaseous parallel electrode-plate detectors with two resistive plates at a

distance of 2 mm at a voltage of 9.8 kV. Metallic strips for the measurement of η (ϕ) with

a pitch distance of 25 (30) mm are mounted on the outer faces of the plates. The strips

are read out via capacitative coupling. Each layer of RPC consists of two independent

detector layers. The RPCs provide a measurement of η and ϕ in all layers, giving a total

number of six coordinates in η and ϕ. The detection efficiency per layer is measured to

be 97 % with a time resolution of 1.5 ns.

In the end-caps, the trigger system consist of Thing Gap Chambers. As shown in

Figure 3.20, TGCs are installed in four planes around the beam pipe. The inner TGC

plane is a double layer detector, mounted around the support structure of the barrel toroid

at |z| ≈ 7 m. Three other TGC planes are mounted on wheels at a distance |z| ≈ 14 m,

surrounding the middle MDT layer. The three outer layers consist of one triplet detector

and two doublet detectors, giving a total of seven planes a muon has to traverse.

TGCs are multi-wire proportional chambers filled with a gas mixture of CO2 and

n − C5H12 (55 : 45). At a potential of 2900 V, the distance between the wires and the

graphite cathodes is 1.4 mm, while the distance between the wires is 1.8 mm.
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Figure 3.20: Schematics of the muon trigger system. [33]

The TGC chambers are aligned in a way, that the wires measure the radial distance

to the beam pipe. In addition, copper layers segmented in radial direction (Cu Strips)

allow the measurement of the azimuthal coordinate ϕ. While not as fast as the RPCs,

the TGCs can identify muons within the bunch-crossing time of 25 ns with an efficiency

greater than 99 %.

3.8 Additional Detector Systems

Beside the main ATLAS detector, three additional detector sets are installed on both

sides along the beam pipe in the very forward direction. More information can be found

in [106]. At this point these detectors will just be described very briefly.

At a distance of ±17 m, within the ATLAS detector, the Luminosity measurement

using Cerenkov Integrating Detector (or short LUCID) is the main relative luminosity

detector for ATLAS. By detecting inelastic p− p scattering in the forward direction, the

LUCIDs main purpose is the measurement of the the integrated luminosity. In addition

it provides online monitoring for the instantaneous luminosity and the beam condition.
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Placed well outside the ATLAS detector at ±140 m, where the LHC proton beams are

separated into two beam pipes, the Zero-Degree Calorimeter ZDC measures very forward

neutrons in heavy-ion collisions.

In the ATLAS experiment, the measurement of the absolute luminosity is performed

by measuring the elastic-scattering amplitude at zero angle, which directly relates through

the optical theorem to the total cross-section. This measurement is done with the the

Absolute Luminosity for ATLAS (ALFA) detector, located ±240 m away from the inter-

action point. The ALFA detector consists of Roman-pot detectors, which could be moved

as close as 1 mm to the proton beam from up or down.

3.9 Trigger System

With a total number of 108 read-out channels, the expected size of stored data per event

is of the order 1.5 MByte. At the LHC design luminosity of 1034 cm−2s−1 the bunch

crossing rate goes up to 40 MHz. With an average number of 22 pp interactions per

bunch crossing, the total interaction rate will be of the order 109 Hz. It is impossible

to store this huge amount of data, therefore it is crucial to reduce the number of events

to a small fraction in the order of 200 Hz or a data rate of about 300 MByte/ s. This

corresponds to a reduction factor of about 107.

The main target of the ATLAS trigger system is the proper selection of events with

interesting physics. Pythia predictions [34] of the total pp cross-section at a centre-of-

mass energy of 14 TeV are of the order 102 mb, where the fraction of inelastic scattering pp

cross-section is of the order 79 mb and the fraction of minimum bias events is predicted

to be about 65 mb. Consequently, corresponding to the reduction factor of 107, the

processes of primary physics interest at the ATLAS experiment have cross-sections of

the order O(nb) or smaller. To achieve this reduction, the ATLAS trigger system has

to perform an efficient rejection of background events, while the selection efficiency of

interesting events has to be excellent. At ATLAS the trigger consist of following three

subsequent levels of event selection:

• First Level Trigger LVL1

• Second Level Trigger LVL2

• Event Filter EF
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Figure 3.21: Schematic view of the ATLAS three-level trigger system.

Sometimes the two levels LVL2 and EF in combination are referred to as High Level

Trigger HLT.

Each of the three trigger level reduces the amount of data subsequently by some or-

ders of magnitude, while each trigger level has more time available to refine the selections

of the previous trigger in order to perform more complex selection algorithms of the detec-

tor signals. Each trigger level passes the gathered trigger information to the subsequent

trigger level. In addition, with increasing level, a trigger can access more detailed detec-

tor information. In Figure 3.21 the workflow of the three trigger levels is schematically

illustrated. In the following sections, the trigger levels are discussed in more details. An

overview on the whole trigger system is given in [30, 31, 33], the First Level Trigger LVL1

is described in all details in [29], the HLT in [105].



78

3.9.1 First Level Trigger

The LVL1 is a pure hardware based trigger, designed to analyse all bunch crossings and

reduce the input data at a rate of 40 MHz down to 75 kHz. The output rate of the LVL1

could be increased the output rate up to about 100 kHz.

The LVL1 trigger selects events using a subset of detectors, i.e. the calorimeter and

the muon trigger chambers. Due to the time usage for track reconstruction, information

from the Inner Detector is not used at this stage. The muon trigger searches for events

containing one or more muons, based on the measurements of the muon trigger chambers

in the barrel and end-cap region. The calorimeter trigger system searches for high en-

ergy depositions ET due to photons and electrons, jets, τ leptons decaying into hadrons

or missing transverse energy ET,miss. Both, electromagnetic and hadronic calorimetric

information from the barrel region and end-caps are use with a coarse granularity.

One of the main requirements of the LVL1 trigger is the time consumption for one

single trigger decision. For a fast decision, coarse trigger informations on detected signals

and flags on passed thresholds are sent to the Central Trigger Processor CTP. In the CTP

the input data is compared to look-up tables from a maximum 256 trigger conditions,

which could be e.g. “one muon with a certain pT threshold” or “missing energy ET,miss

with a certain threshold”. In addition, each trigger condition can be modified by applying

a priority, which is responsible for the dead-time between to events with the same trigger

decision, and by a pre-scale factor, reducing the trigger rate to a decision every nth event.

In order to reduce the time consumption of the subsequent HLT trigger, in the CTP

so called Regions of Interest (RoI) are defined around each triggered item. All the trig-

ger information of accepted events are pipelined to the Read Out Buffers ROBs, from

where the information then subsequently is forwarded to the HLT. In the LVL2trigger

further algorithms search for additional features and signatures within these regions in-

stead of analysing all detector information using the Full Scan (FS) method. This method

decreases the processing time at the expense of trigger efficiency.

Calorimeter Trigger

In the Calorimeter Trigger all hadronic and electromagnetic calorimeter detectors are

read out at a coarse granularity ∆η×∆ϕ of 0.1× 0.1, corresponding to a total number of

approximately 7000 analogue trigger towers. In all calorimeter detectors, a trigger is set

off if the energy deposit in one trigger tower exceeds a certain threshold. Within a time
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period of 1.5 µs the Calorimeter Trigger sends the results to the CTP, resulting in a total

latency of 2.1 µs for a final LVL1 calorimeter decision.

The Calorimeter Trigger identifies electrons and photons as electromagnetic clusters

as well as τ -leptons decaying into hadrons by searching for transverse energy deposits

above a tuneable threshold and, if required, a certain isolation from other energy deposits.

Furthermore, hadronic jets are triggered with a coarser granularity using four trigger

towers resulting in a resolution of 0.2×0.2 in ∆η×∆ϕ. In addition, the missing transverse

energy ET,miss and the total transverse energy are calculated and can be triggered.

The electron/photon and τ -lepton trigger cover a pseudo-rapidity range of up to |η| <
2.5, jets are triggered up to |η| < 3.2 and the total transverse energy and ET,miss up to

|η| < 4.9 by taking advantage of the FCal. The type of the energy deposit (electromagnetic

cluster, τ -lepton or jet) together with its position is submitted to the RoI builder. These

information is forwarded to the LVL2 trigger for further analysis of this region.

Muon Trigger

As already described in 3.7.2, the Muon Trigger consists of separate trigger chambers,

integrated into the Muon System. The Muon Trigger consists of three layers of finely

segmented trigger chambers in both, barrel region (RPCs) and the two end-caps (TGCs).

Muons penetrating the Muon System leave hits in each trigger layer, leaving a path

through the Muon System. The Muon Trigger requires a coincidence of the hits in the

different muon trigger layers following a road around the muon track. As illustrated

in Figure 3.20, the curvature of a muon track increases with a decreasing transverse

momentum, the width of the road corresponds to the muons pT threshold. While a muon

with a very high pT leaves a straight line in the muon system due to the toroidal magnetic

field, a low-pT muon leaves a track with a strong curvature. Therefore, trigger hits within

a road with a smaller width can be associated to muons with a higher pT .

In both, barrel region and end-caps, a total of six programmable thresholds of muons

pT are implemented, allowing to trigger on three low-pT (6 − 9 GeV) and three high-

pT (9 − 35 GeV) muons, respectively. All muon signals are combined into one set of

multiplicities for each threshold per bunch-crossing.

In the barrel region up to a pseudo-rapidity of |η| < 1.05 three RPC doublets trigger

the muons. If a muon hits the second RPC doublet or the so called pivot plane (see

Figure 3.20), a straight road is constructed between the interaction point and the hit in
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the pivot plane, corresponding to a muon coming from the collision point, i.e. a muon track

with infinite momentum. As described before, the width of the road can be translated

into a threshold on the muons pT . Out of four possible hits in the first two RPC1 and

RPC2 doublet layers a total of three hits within the road are required to give a positive

muon trigger signal. This way background tracks (e.g. neutrons or gammas from outside

the detector) are prevented to be misinterpreted as muons.

Making use of the low-pT trigger hits, the high-pT trigger works in a similar way.

Again, a straight road is extrapolated from the interaction point through the hit in the

pivot plane to the outermost layer. In addition to the hits in the first two layers, one

out of two possible hits in the outermost layer is required. Combing the results from the

low-pT trigger and the hight-pT trigger, the coordinates η and ϕ and the associated RoI

information are forwarded with a total number of six threshold numbers to the CTP.

In order to obtain a trigger result in the barrel region, the aligned trigger signals from

the layers are compared with a lookup table on a coincidence matrix chip. Starting from

the hit in the pivot plane, the allowed hits for low-pT and hight-pT muons in the RPC1

and RPC3 layers, respectively, are compared with the measured hits.

Using the TGC trigger chamber in the end-cap regions, the trigger algorithm works

in a similar way like in the barrel region. In the end-caps, the outer most doublet trigger

plane TGC3 works as pivot plane (see Figure 3.20). Again, following the infinite momen-

tum assumption for muons originating from the collision, a straight line from the hit in the

pivot plane to the interaction point is created. Three possible low-pT thresholds can be

evaluated by using three out of four hits in the two doublet layers TGC2 and TGC3. The

high-pT triggers uses the hits in the two outer layers and evaluates the trigger threshold

by using the TGC1 triplet layer.

The muon trigger efficiency is defined as Nµ,trig/Nµ, where Nµ,trig is the number of

events with a triggered muon, and Nµ is the number of events with an actual muon. While

the efficiency of the muon triggers in both, barrel and end-caps, is above 99 %, magnetic

ribs, support material and the muon spectrometer crack at η ≈ 0 reduce the acceptance

of the LVL1 trigger to a value of approximately 82 % (78%) for low-pT (high-pT ) muons.

The geometrical distribution of the inefficient regions in the η−ϕ-plane due to the crack

region and the magnet support structure is shown in Figure 3.22.

In Figure 3.23, the trigger efficiency as a function of muons pT is shown for the barrel

and end-cap with various pT thresholds. The efficiency shows up as a turn-on function with

a plateau in the barrel region of 82 % (78 %) for low-pT (high-pT ) thresholds and in the
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Figure 3.22: LVLI muon trigger geometrical acceptance in the η − ϕ-plane
for the barrel region. [34]

end-caps between 93 % and 95 %. The effective trigger thresholds are defined as the value,

where the efficiency is 90 % of the corresponding nominal trigger value. Consequently,

the effective trigger thresholds are slightly below the nominal trigger thresholds (e.g. the

effective MU6 threshold is at 5.3 GeV).

In a last step, the muon trigger signals are combined and the total muon multiplicity

for each of the six pT thresholds is forwarded to the CTP. The maximum multiplicity

taken into account is seven candidates. In the CTP the muon trigger signals are evaluated.

Beside the single-muon trigger, di-muon triggers with different pT thresholds for the muons

are possible. Therefore, special care has to be taken in order to avoid double-counting of

muons. Especially the overlapping areas between neighboured trigger sectors in the barrel

region and overlaps between barrel and end-cap triggers have to be treated properly.

3.9.2 Second Level Trigger

In difference to the LVL1 trigger, in the Second Level Trigger LVL2 a processing farm

performs the event selection. The aim of the LVL2 trigger is to reduce the LVL1 event

rate by a rejection factor of approximately 30 down to a LVL2 event rate of 3.5 kHz. Each

decision should use a processing time less than 40 ms.

At design luminosity, the LVL2 event processing is seeded by the RoI information

from the LVL1. In a first step, the more detailed detector information within the RoI

is merged with the LVL1 trigger information. In an alternative way, using the Full Scan
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Figure 3.23: The LVLI muon trigger efficiency for low pT muons (6, 8 and
10 GeV) in the barrel region (a) and in the end-caps (c), respectively for high
pT muons (11, 20 and 40 GeV) in the barrel (b) and end-caps (d). [34]

FS method, the detector information from all sub-detectors (Inner Detector, calorimeter,

muon spectrometer) can be transferred to the LVL2 resulting in an increased processing

time. While at design luminosity only the RoI method will be used for event selection, at

lower luminosities the FS method can be chosen alternatively.

The LVL2 trigger has access to the detector information in full resolution. The

calorimeter signals have the full granularity, the muon tracking precision chambers are

fully accessible, and the signals coming from the Inner Detector can be already used for

tracking and vertexing.

In the LVL2 trigger subsequently trigger decisions are applied, each step refining the

information by adding additional detector information from all sub-detectors. Physics

trigger signatures are identified by trigger chains. In a first step, within the RoI features

like tracks or energy deposits are identified, in a second step a hypothesis algorithms
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checks, whether the features fulfil the requested criteria or not. Subsequently features are

added, until the complete physics signature is confirmed.

As one example from the B Physics, for searching the physics signature J/ψ → µ+µ−

in a first step the two muons identified in the LVL1 trigger will be identified within the

RoI. After combining the track information from the Inner Detector with the signals from

the muon chambers, the two muons are combined and a mass cut on the resulting invariant

mass triggers is applied.

3.9.3 Event Filter

The second part of the HLT and the third level of the ATLAS trigger, the so call Event

Filter (EF), reduces the event rate from 3.5 kHz down to 200 Hz. The trigger decision

takes up to 4 s, computed parallel in a processing farm.

While the steering for the EF is the same as for the LVL2 trigger, the EF uses

the standard ATLAS event reconstruction and analysis application [32]. This allows e.g.

a more precise muon and track reconstruction and consequently a more precise vertex

reconstruction.

The precise analysis of the event topology allows a first estimation of the physics

criteria fulfilled. For a detailed offline analysis, based on certain criteria, TAGs are added

as metadata.

3.10 Data Storage

With an average event size of 1.6 MByte and a maximum Event Filter EF output rate of

200 Hz, the estimated amount of data produced by the ATLAS experiment is of the order

320 MByte/ s. With an estimated data taking time of 107 seconds per year, the amount

of data collected annually will be of the order 3.2 PByte. All LHC experiments together

will produce a roughly estimated number of 15 PByte of raw data per year.

The need for Storage and computing power for reconstruction and data analysis

by far pushes the boundary of a single computing centre at CERN. For this reason,

the Worldwide LHC Computing Grid (WLCG) [110] has been established in order to

build and maintain a distributed computing infrastructure meeting the needs of the LHC

experiments.
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The WLCG combines more than 130 computing centres distributed worldwide. The

computing centres are connected in order to distribute the workload of storing, processing

and analysing. The centres are structured in three (or more) layers, so called “tiers“: one

Tier-0, the computing centre at CERN, eleven large Tier-1 centres and many Tier-2

centres. It is foreseen to add a Tier-3 layer, meeting the needs for small, local analysis

facilities.

The raw data selected by the EF is transferred to the first-pass processing facility,

the Tier-0 computing centre at CERN. The raw data is archived on the CASTOR storage

system at CERN, and in addition one copy is transferred to one of the Tier-1 centres in

parallel, also for permanent archiving. The raw data is processed in a first step at the

Tier-0 centre, resulting in the derived Event Summary Data ESD, stored on the CASTOR

system and distributed to two external Tier-1 centres.

Beside reprocessing the raw data to new ESD datasets, the Tier-1 centres main

responsibility is the further processing of the ESD to the so-called Analysis Object Data

(AOD) and the derived TAG event metadata. The TAG information is archived on the

CASTOR system and in one Tier-1 centre. The AOD datasets are further shared between

the Tier-2 centres. About one hundred Tier-2 centres provide the bulk computing and

storage capacity for the physics simulation and data analysis.

3.11 Detector Control System

For a coherent and safe operation of the ATLAS detector, a Detector Control System

(DCS) [135] is used to control various tasks. The DCS gives the possibility to steer

the operational state of the ATLAS detector, both by a human interface and by taking

automated actions. The DCS provides interfaces to all sub-detectors of ATLAS to the

data acquisition system and to independently operated systems like the LHC accelerator.

The DCS monitors and stores the ATLAS run parameters, shares this information

with the data acquisition system and, if needed, take automated or manual corrective

actions to the detector sub-systems.

The bi-directional communication between the DCS and the LHC machine gives

ATLAS information about the quality of the beam and collisions. In addition, the primary

40 MHz bunch clock is transmitted from the LHC to the DCS and after refinement and

calibration distributed to the LVL1 trigger system. ATLAS sends information about local

conditions to the LHC, allowing the accelerator to optimise the beam conditions.
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FOUR

Event Production and Reconstruction

While the ATLAS detector takes data, the comparison of data with simulated events are

indispensable for understanding the detector, material effects, the background and inter-

esting physics events. Simulated data is the primary tool for the development of analysis

strategies and, more general, the preparation of the reconstruction software for data anal-

ysis of real data events. But not only for the preparation simulated data is crucial, also

while data is taken the production of simulated data continues. The refinement of data

analysis methods strongly depends on the comparison of simulated with real data. For

a proper identification and analysis of interesting physics events, all possible polluting

background events have to be understood in detail and all sources of background have to

be identified.

In this thesis only simulated events are used for the preparation of flavour tagging

methods. Therefore, in this chapter all essential steps for the generation of simulated

events are discussed. First, in Chapter 4.1 an overview of the ATLAS computing model

is given. In Chapter 4.1.1 the various steps of the generation of Monte Carlo events

are outlined. In Chapter 4.1.2 and 4.1.3 the simulation of the ATLAS detector, the

propagation of the Monte Carlo particles through the detector material as well as the
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detector response and data processing will be detailed. The next step, common to real

and simulated data, is the reconstruction of the detector signals in Chapter 4.1.4. The

data types used in all those steps are introduced in 4.1.5.

The computing infrastructure used for the generation, simulation, reconstruction

and data analysis as well as the Worldwide LHC Computing Grid (WLCG) are shortly

introduced in Chapter 4.2.

4.1 The ATLAS Computing Model

The production of simulated data, the reconstruction of both, simulated and real data, and

the physics analysis are performed within the C++ based object-oriented modular ATLAS

computing framework Athena, described in detail in [32]. Athena is an enhanced version

of Gaudi [46], developed by the LHCb collaboration. Within Athena all steps can be

taken, starting with the Monte Carlo generation of events, processing their propagation

and interaction through the detector, the reconstruction of events and the analysis of the

data.

The details of a typical production of simulated data is illustrated in Figure 4.1.

After the generation of four-vectors of particles, including hadronisation and the decay

of unstable particles, a particle filter can be used to select events according to different

criteria, e.g. events containing certain particles or a particular decay pattern.

The propagation of the stable particles through the detector and the magnetic field

as well as their interaction with the the detector material are calculated in the simulation

step. These informations are used in the next step of digitisation to create detector signals,

looking identical to data obtained from the ATLAS detector. In the reconstruction step

physical objects are identified in both, real and simulated data, and interpreted as charged

tracks, photons, muons or any other final state product with a certain four-momentum.

The huge amount of information is condensed, and depending on the physics requests the

interesting information is extracted. The main task of this step is the reduction of the

data in order to reduce the needed storage. From this step on the users analysis takes

place.

Within Athena there are two fast methods to create simulated data, both illustrated

in Figure 4.2. AtlFast [89] is a very fast one, which takes the four-vectors of the generated

HepMC particles and produces AODs by smearing. FatRas [80] is a more complex but

nevertheless very fast alternative to the full simulation. In a first step FatRas generates
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Figure 4.1: The simulation data flow in the ATLAS experiment. White
rectangles represent processing stages, grey, rounded rectangles represent
the data objects in the event data model. The event data model is sep-
arated by dashed lines in the upper most part, which corresponds to the
event generation using Monte Carlo methods, the second part introduces
real data from the ATLAS detector, the next part corresponds to the event
generation and the very bottom part is the data analysis by the physicist.
Figure adapted from [32].
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Figure 4.2: The fast simulation data flow in the ATLAS experiment.
While the FatRas program can produce both, ESDs and AODs, the Atl-
Fast directly produces AODs.
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tracks out from the Monte Carlo data and applies material effects, particle decays, photon

conversions and the digitisation in a fast, statistical approach. However, as the simulated

data in this thesis is produced by the full simulation and reconstruction chain, the fast

simulation methods AtlFast and FatRas will not be explained in detail.

4.1.1 Event Generation

The first step in the queue of data simulation is the Monte Carlo event generation. Its aim

is the production of data samples by calculating physics processes from hadron hadron

collisions as already described in Chapter 2.2.1. In this process the collision of two protons

is simulated, the particles created in the hard process and in the underlying event are

generated and the complicated mechanisms of hadronisation and decay take place. In

order to precisely describe such a collision, perturbative and non-perturbative effects

have to be taken into account. All those elements can be performed by complex Monte

Carlo programs3, simulating all physical processes so far known, based on the knowledge

of previous experiments. A more detailed review on Monte Carlo programs can be found

in [138].

The structure of a typical proton-proton collision is shown in Figure 4.3. The pro-

duction process can be divided into several stages, shortly described in the following.

The interaction in proton-proton collisions is governed by the interaction of its con-

stituents, the so called partons (gluons and quarks). It can be assumed, that one parton

of type i interacts with another parton of type j from the other proton in a hard pro-

cess with a high four-momentum transfer Q2. Then based on the underlying theory the

partonic cross section σ̂ij for the scattering of two partons is calculated by the matrix

elements for each specific partonic process. However, as the result strongly depends on

the initial conditions of the partons, the partonic cross section has to be convoluted with

the probability to find a parton with a momentum fraction x of the total proton momen-

tum, the so called parton distribution functions (PDFs) f(x,Q2). The cross section of a

process p+ p→ a+X, where the particle a is produced in the partonic hard interaction

and X denotes the debris of the collision, has to be associated to a partonic cross section

σ̂ij→a. The cross section then can be written as

σpp→aX =
∑
ij

∫ 1

0
dx1

∫ 1

0
dx2fi(x1, Q

2)fj(x2, Q
2)σ̂ij→a, (4.1)

3These programs often are referred to as Monte Carlo generators.
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Figure 4.3: Proton-proton collision generated by Monte Carlo program like
Pythia. Starting from left, the generator calculates the proton proton col-
lision using the PDFs, does the hard process and the underlying event. In
the middle the parton shower evolves, the partons hadronise and finally the
particles decay into stable particles.

where the sum denotes all possible initial partons i and j, whose interaction could

produce the final state particle a. In the case of Figure 4.3 one specific process gg → g

illustrates the partonic process.

The collision of partons leads to an acceleration of colour charges, hence, like in

Electrodynamics, radiation of gluons through QCD bremsstrahlung has to occur. In-

coming partons produce initial state radiation ISR, outgoing partons final state radiation

FSR, both resulting in a cascade of partons or a parton shower. The correct approach

of calculating matrix-elements order by order in αs could be used, however under LHC

conditions the calculations become arbitrary difficult. For proton proton collisions the

common method is to separate the whole process into the hard process, calculated by ma-

trix elements, and describing the parton shower as a series of bremsstrahlung emissions

or branchings of the type q → qg, g → gg or g → qq̄.
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As the partons move apart, the strong force between them rises, leading to further

emissions, until they reach the regime of confinement, where they cannot be seen as

free particles anymore. The partons assemble together to build hadrons. This process

is either called hadronisation or fragmentation. This step is not fully understood from

first principle due to the highly non-perturbative strong interaction at long distances.

However, various phenomenological models, as e.g. the Lund string model [17], describe

the fragmentation. These models are tuned by using experimental measurements.

In a proton proton collision the hard process is accompanied by additional parton

remnants, possibly undergoing additional hard interactions leading to multiple interac-

tions (MI) as described in [140]. They in turn undergo further ISR and FSR. The remnants

not undergoing MIs are linked by their colour charges, leading to further parton showers

and hadrons. All those particles together build the so called underlying event. Since

the transverse momenta of these particles are very low, the underlying event is produced

by a non-perturbative process. Currently the underlying event can only be simulated by

phenomenological models tuned to experimental input.

At this stage no more partons are present. In a last step the unstable particles

produced in the hadronisation subsequently decay into stable (or pseudo-stable) particles.

Particles are viewed as stable, provided that their lifetime lasts long enough to reach the

first detector layers. Further decays within the detector (e.g. muons, kaons or pions) are

handled by the process of detector simulation.

The large proton density in the LHC bunches leads to a non-negligible probability

of multiple inelastic proton-proton interactions. The superposition of several proton col-

lisions within one bunch crossing is called pile-up. However, the cross section for low

pT inelastic collisions, referred to as minimum bias events, is much larger than the cross

section for hard scattering. Therefore the vast majority of proton collisions result in mini-

mum bias events. In the first years of LHC running, at a low luminosity L = 1033 cm−2s−1,

the average number of minimum bias events accompanying a hard process is expected to

be about 2.3. At design luminosity of L = 1034 cm−2s−1 this number increases to 23.

The full Monte Carlo information, starting from the initial protons, the hard process

as well as the underlying event, the hadronisation and the decays are stored for further

processing. For each particle in any process the type as well as the kinematic quantities

are stored. For further processing the ancestry relation and position of their decays is

stored too. This all together is called Monte Carlo truth information, providing a reliable

tool for further studies of e.g. efficiencies or background.
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A very convenient method to refine the selection of events is the method of particle

filtering, thus reducing the number of events for the time-consuming detector simulation.

As shown in Figure 4.1, this step takes place after the event generation. The Particle

Filter searches through the Monte Carlo truth information for e.g. kinematic observables

or particle types and filters events, that would not be selected in the final analysis in any

way. As an example a Particle Filter could search for a decay including at least one muon

with a certain minimum transverse momentum pT .

In this thesis all simulated events are generated with the Pythia program [137, 139],

one of the most common Monte Carlo generators used in High Energy physics. Dedicated

heavy flavour B events can be produced within the Athena framework with the PythiaB

interface [141], dedicated to the production of events containing B hadrons. Triggered by

the absence of a bb̄ pair in the hard scattering process the PythiaB interface can skip the

event to reduce the long processing time of the parton shower, hadronisation and decay.

Furthermore, by defining certain decay topologies the PythiaB interface also acts as a

particle filter.

4.1.2 Detector Simulation

The output of the Monte Carlo generators cannot be used directly for performing a physics

analysis, as detector effects, misalignment, acceptance or resolution are not included yet.

The (pseudo-)stable particles have to undergo a detector simulation. The aim of the

detector simulation is the production of events including all experimental effects, in order

to get events comparable to real data events from the ATLAS detector.

In the detector simulation the particles trajectory through the detector and the in-

teractions with the detector material are simulated. A detailed and accurate description

of all active detector components, support structure and read-out electronics is crucial

for this task as well as a realistic magnetic field map. In ATLAS the Athena package

GeoModel passes any detailed information about the detector geometry to the detector

simulation. Additional particles created through a particle decay or an interaction with

the detector material knocking out further particles are added to the Monte Carlo truth

information. The output of the detector simulation is written into so called hit-files, in

which the energy deposited in the detector elements is stored.

In the case of ATLAS the detector simulation is performed by the Geant4 toolkit

[9, 91]. In Geant4 a broad variety of interactions as e.g. decays, scattering, energy loss,

bremsstrahlung etc. with the detector material are calculated by Monte Carlo methods.
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The particle propagation within the detector is calculated by the use of transportation

models based on macroscopic parametrisation.

4.1.3 Hit Digitisation

The energy deposits in all sub-detectors, created in the detector simulation, have to

be translated into detailed detector signals. During the hit digitisation dead cells in

the detector are considered, noise is injected and the front-end electronic behaviour is

simulated. After this process the simulated data in principle looks identical to the real

data produced in the detector. As the the simulated and real data have the same data

format, further processing is identical. However, for detailed studies the Monte Carlo

truth information still is available in the simulated data.

4.1.4 Event Reconstruction

The information, coming either from the detector as real data or as simulated events from

the production chain described so far, has to be interpreted in order to identify physical

objects. The ATLAS detector can identify a broad variety of different physical objects,

such as charged tracks, electrons, photons, muons, jets or missing energy. Each of those

objects has to be related to a four-momentum. One object without any detector signal is

the so called missing transverse energy, which can be interpreted as to the appearance of

neutrinos or supersymmetric particles.

In Chapter 3.3 an overview of the ATLAS detector has been presented. As shown in

Figure 3.7, depending on the signals from the detector various types of particles can be

identified. Charged particles, as muons, electrons and charged hadrons, leave tracks in

the Inner Detector. The appearance of a track in the muon system associated with a track

in the Inner Detector identifies the track as a muon candidate, whereas an energy deposit

in the electromagnetic calorimeter with an associated track is an electron candidate.

The lack of hadron identification is one disadvantage of the ATLAS detector, espe-

cially for the B physics. As shown in Figure 4.4 the separation of kaons and pions is below

1σ. This has to be taken into account when reconstructing complicated decay topologies

as e.g. B0
s → D−s (φπ−)π+ with φ→ K+K−.

In this thesis the objects of major interest are muons and charged tracks, i.e. pions

and kaons. Therefore in Chapter 4.1.4.1 the reconstruction of charged tracks, using the

Inner Detector, is described. Chapter 4.1.4.2 is dedicated to the reconstruction of muons.
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Figure 4.4: Study of the separation of K − π, p − π and p − K based on
the energy loss dE/dx in the TRT as a function of the particle momentum.
Figure taken from [30].

4.1.4.1 Track Reconstruction

The layout of the Inner Detector and its technical specifications have been described in

detail in Chapter 3.5. The reconstruction of tracks is performed within the Athena

framework by a modular package described in more details in [72]. In this section the

main steps of the reconstruction are outlined. There exist two strategies for track finding:

the main inside-out track reconstruction and the complementary outside-in tracking.

In the inside-out sequence, track seeds are found in all three Pixel layers and the

innermost SCT layer. Within a window of search, defined through the initial track seed,

additional hits in all Pixel and SCT layers are added or rejected, based on a simplified

Kalman filtering method [90]. After resolving ambiguities, removing outlining measure-

ments and rejecting fake track candidates, the remaining candidates are extended into

the TRT, followed by a final refitting using the full track information.

The outside-in sequence starts with a global pattern recognition in the TRT. Tracks

are built by extending these track segments into the SCT and Pixel detector. With this

second approach tracks produced by particles coming from secondary vertices inside the

Inner Detector Volume can be reconstructed.

The charged tracks are parametrised by its trajectory, defined at its closest point to

the interaction point in the transverse plane as illustrated in Figure 4.5. The trajectory is
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parametrised by its impact parameters d0 and z0, the distance to the interaction point in

the transverse x− y plane and longitudinal in z direction, respectively. Furthermore the

trajectory is parametrised by the tracks momentum, typically p (or 1/p), the azimuthal

angle φ and the polar angle θ. To distinguish between positively and negatively charged

track candidates, the inverse momentum is usually multiplied by the track charge, leading

to the momentum representation q/p.

d0
z0

θ

φ

track

�p
pT

x

y

z

x− y plane

Figure 4.5: Parametrisation of a Track, where the z-axis is defined by the
beam axis. The momentum vector at the point of closest approach is pro-
jected into the x− y plane in order to visualise the transverse momentum pT
and the angle φ. Figure adapted from [72].

In Figure 4.6 the track reconstruction efficiency of pions, muons and electrons is

shown as a function of the pseudo-rapidity |η|. As pions undergo hadronic interactions

with the detector material and electrons suffer from Bremsstrahlung, the reconstruction

efficiency decreases with |η|. Muons can be reconstructed with a very high efficiency over

the range of pseudo-rapidity up to |η < 2.5|.

4.1.4.2 Muon Reconstruction

The muon reconstruction can be separated into two families, corresponding to their algo-

rithms, Staco [97] and Muid [114]. In this thesis the default reconstruction algorithm

used is Staco.
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Figure 4.6: Track reconstruction efficiencies as a function of |η| for isolated
pions (a) and muons (b) with transverse momenta pT = 1, 5 and 100 GeV,
and for muons, pions and electrons at pT = 5 GeV in (c). Notice the different
scales on the y-axis. Figures taken from [34].

Beside the algorithm, the reconstruction of muons can be done by a variety of strate-

gies. Making use of the huge Muon System, standalone muons can be reconstructed by

building tracks from the hits in the muon chambers and extrapolating those tracks to

the beam pipe. The matching of standalone muon tracks with nearby tracks in the In-

ner Detector leads to combined muons. Tagged muons are found by extrapolating tracks

from the Inner Detector to the Muon System, searching for hits not used by standalone

reconstruction. This strategy primarily aims at muons with a low transverse momentum,

not reaching the very outer layers of the Muon System.

The reconstruction of standalone muons in principle is illustrated in Figure 3.18. In

each of the three muon stations a track segment is built. They are linked together and

the muon track candidate is extrapolated to the beam pipe. In ATLAS two different

standalone muon reconstruction algorithms are used: MOORE [7] used by Muid and

MuonBoy [87] used by Staco. Multiple scattering and energy loss in the calorimeter



96

have to be taken into account when extrapolating the muon tracks to the beam line. This

has been e.g. implemented in the Muid reconstruction [127].

Both algorithms, Staco and Muid, can match standalone muons with tracks from

the Inner Detector, in order to find combined muons. The combination of the two tracks

is done by minimising χ2 defined as [34]

χ2 = (TMS −TID)T · (CMS + CID)−1 · (TMS −TID), (4.2)

where T denotes the vector of the five track parameters and C is the covariance matrix

of the tracks from the Muon System MS or from the Inner Detector ID, respectively. This

fit tests, if the two tracks are compatible with each other. Subsequently the two tracks

are combined by a statistical re-weighting. Combined muon tracks have a significantly

smaller rate of fake muons from punch-through particles, produced by kaons and pions in

the calorimeter [133].

The propagation of Inner Detector tracks to the Muon System and the subsequent

search for unused hits leads to tagged muons. Two possible algorithms use either a χ2

based method [97], using the distance between the hit and the extrapolated track, or a

method based on an artificial neural network, defining a discriminant [143]. If an Inner

Detector track has found an associated hit in the Muon System, the track consequently

is tagged as a muon.

4.1.5 Further Data Processing

In the previous steps the Monte Carlo events have been processed from RAW files corre-

sponding to the detector output to Event Summary Data ESD. While in the RAW format

the average file size is approximately 1.6 MByte per event the reconstructed event has a

size of 0.5 MByte per event in the ESD format. ESDs are stored in an object oriented

POOL Root file, accessible via the Root software [58].

However, as barely any physics analysis takes into account all event information, the

size can be reduced by omitting objects uninteresting for the specific physics analysis.

In this post-processing step the file size can be reduced to a size of O(100 kByte) per

event in the Analysis Object Data format AOD in the POOL Root format. In order to

provide a fast method for identifying real data events, event-level metadata TAG contains
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thumbnail information stored in a relational database at a tiny size of approximately

1 kByte per event.

For a fast physics analysis on very dedicated physics object the AOD data can be

further reduced by creating Derived Physics Data DPD. Undergoing three steps, in the

first a filter selects only the events of interest (skimming), in the second only the objects

of interest are written out (thinning) and in the last step unneeded properties of the

saved objects are removed (slimming). The DPDs are saved in n-tuples for analysis and

histogramming using Root.

4.2 ATLAS Computing

4.2.1 The Worldwide LHC Computing Grid

As already described in Chapter 3.10, the output of the Event Filter EF has a rate of ap-

proximately 320 MByte per second, delivering an estimated annual amount of 3.2 PByte.

The data processing, corresponding to the ATLAS Computing Model described in Chap-

ter 4.1, is carried out by the hierarchical structured Worldwide LHC Computing Grid

WLCG. The data flow and the tasks of the first three layers of computing centres are

illustrated in Figure 4.7.

The RAW data is stored in the CASTOR system in the Tier-0 at CERN. One ad-

ditional backup is stored in one Tier-1. The reconstruction process described in 4.1.4 is

performed in a first instance in the Tier-0. The ESD data is stored in the Tier-0 centre,

and two more copies are transferred to Tier-1 centres. In a second instance, the RAW

data is re-processed in the Tier-1 centres.

The data produced in further processing corresponding to Chapter 4.1.5 results in

AODs archived in the Tier-0 and copied to all Tier-1 centres. The AODs are shared

between the Tier-2 centres for the users physics analysis. Likewise the metadata TAG is

stored in the Tier-0 and in all Tier-1 centres, but no copy is sent to any Tier-2.

The production of Monte Carlo simulated events as well as the users physics analysis

mainly is carried out by the Tier-2 centres. The data produced will be copied to the

Tier-1 centres for permanent storage.
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Figure 4.7: Hierarchical Tier structure of the WLCG, illustrating the tasks
of the individual layers, the stored data objects and the data flow.

4.2.2 Software Tools

The primary software for any ATLAS related task is the modular Athena framework,

handling both real and simulated data. Within the Athena framework Monte Carlo

production (Pythia), reconstruction of events (e.g. tracking, vertexing, B tagging of

jet finding) as well as the users analysis take place. Integrated into Athena n-tuples

containing condensed event information can be analysed with Root [58], a C++ based

modular data analysis software.

For the well structured event simulation as well as for the data analysis Grid resources

can be used by using distributed analysis tools. The main tools are Ganga [123] and

pAthena [74]. Any dataset stored within the Grid and registered to the database can be

searched by using the AMI [37] database, the data is managed by DQ2 [56] and therefore

can be retrieved by using DQ2 tools.



CHAPTER

FIVE

Flavour Tagging Methods

In this chapter, first the observables relevant for flavour tagging like wrong tag fraction,

tagging efficiency or dilution will be discussed in Section 5.1. In Section 5.2 the various

methods of tagging the initial flavour of a B meson will be explained.

5.1 Flavour Tagging Observables

5.1.1 Efficiency, Dilution, Wrong Tag Fraction

Given is a sample of N decays, in which a neutral B0
q meson decays into some decay

channel. As these particles are subject to oscillations, the initial state at production

time and the final state at decay time may differ. The final state of the B meson is

reconstructed by analysing the decay products, the initial flavour is determined by flavour

tagging methods. If the initial state is identical to the final state, the events are denoted

as A, if the two states differ the events are denoted as B. The relation of the true number

of events of both kinds can be described by the asymmetry

99
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Atrue =
NA −NB

NA +NB
, (5.1)

where NA and NB are the number of events of type A or B, with N = NA + NB.

The measurement of the two states can be performed with a finite efficiency, leading to a

measured asymmetry of

Ameas =
na − nb
na + nb

, (5.2)

where na and nb are the numbers of events flavour tagged as type a and b, resepec-

tively.

Depending on the flavour tagging method, the probability of tagging an event is

described by the tagging efficiency. Applying the flavour tagging method to the sample,

the tagging efficiency has to be measured and is written as

ε =
na + nb
NA +NB

. (5.3)

n nN N n’ n’

(1-ε) Ν (1-ε) Ν

ε pω

n’pω

n’pω

n’pr

n’pr

A B a b a b

a

a

b

b

(a) (b) (c)

Figure 5.1: Illustration of the flavour tagging process: the true number of
events of type a and b NA and NB illustrated in (a), with NA +NB = N the
total number of events are tagged with a tagging efficiency ε, leading to a
measured sample of n′a + n′b events (b). The measurement leads to a diluted
number of events na and nb, where the real and measured numbers of events
are related via the wrong tag and right tag fraction Pw and Pr (c).
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However, in a flavour tagging measurement there is a non-negligible probability of

assigning the wrong flavour to a given event. Therefore, the number of measured events

na and nb does not directly reflect the initial true number of events NA and NB. As

shown in Figure 5.1 (a) and (b), the true number of events of type n′a and n′b can be

measured with the efficiency ε. Due to symmetry reasons it can be assumend, that the

tagging efficiency is the same for both types of events. Therefore, we can write the real

number of measured events as

n′a = εNA and (5.4)

n′b = εNB. (5.5)

Events of type a can be either tagged correctly with a probabily of Pr (right sign tag)

or incorrect with a probability of Pw = 1−Pr (mistag, wrong tag fraction). Consequently,

the measured number of events na and nb can be written as a combination the real number

of events of type a and b:

na = Prn
′
a + Pwn

′
b (5.6)

nb = Prn
′
b + Pwn

′
a (5.7)

By substituting the Equations (5.6) and (5.7) into the measured asymmetry (5.2),

one obtains

Ameas =
(Prn

′
a + Pwn

′
b)− (Prn

′
b + Pwn

′
a)

na + nb
. (5.8)

Using the definitions of ε (5.3) and above assumptions on the real number of measured

events (5.4) and (5.5), this equation becomes

Ameas =
εNA(Pr − Pw)− εNB(Pr − Pw)

ε(NA +NB)
. (5.9)

The efficiency ε cancels out and finally leads to a relation between the true and the

measured asymmetry:

Ameas = (Pr − Pw) · NA −NB

NA +NB
= D ·Atrue (5.10)
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with

D = Pr − Pw = 1− 2Pw, (5.11)

the so called dilution. Apparently, as shown in Equation (5.10), a good flavour

tagging method has a dilution close to one, poor flavour tagging methods close to zero.

Consequently, as illustrated in the relation between dilution D and wrong tag fraction

Pw in Equation (5.11), a good tagger has a low wrong tag fraction close to zero, a poor

flavour tagger has Pw ≈ 0.5.

5.1.2 Statistical Uncertainty and Tagging Power

Calculating the variance of Atrue (in these calculations written shortly as A), the dilution

D, the tagging efficiency ε, the total number of tagged events, n := na + nb = εN and

consequently the number of events before the taggingN can be seen as constant. Therefore

the probability of tagging na events as type a out of n follows a binomial distribution.

The probability of measuring an event of type a is given by

Pa =
na
n

=
1 +AD

2
. (5.12)

The binomial distribution [45, 73] of measuring na events out of a sample of n events

with a given probability of Pa is given by the probability function

P(na;Pa, n) = P

(
na;

1 +AD

2
, εN

)
. (5.13)

Therefore the expectation value to measure na events can be written as

E(na) = εN · 1 +AD

2
(5.14)

and the variance as

Var(na) = εN · 1 +AD

2
· 1−AD

2
=

= εN · 1−A2D2

4
. (5.15)
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Figure 5.2: In light grey the time dependent probability is shown, that an ini-
tial flavour eigenstate B0

q meson decays as B0
q (solid lines) or its anti-particle,

B̄0
q (dashed lines). Assuming a flavour tagging method with a dilution of

D = 0.56, the measured time dependent probability is displayed in black. In
(a) the oscillation of B0

d mesons is shown, in (b) of B0
s mesons.

In addition, the maximum likelihood method shows, that the arithmetical mean

E(na) = Pa ·n is a minimum variance estimator with the variance Var(na) = n·Pa ·(1−Pa),
leading to the same result as in the Equations 5.14 and 5.15 [57].

Rewriting the true asymmetry Atrue from Equation (5.10), and using Var(na) from

Equation (5.14) one can calculate the variance of Atrue:

Var(Atrue) = Var

(
na − nb
na + nb

· 1

D

)
=

4

ε2D2N2
Var(na)

=
1−A2D2

εD2N
, (5.16)

giving the final statistical uncertainty of Atrue

σA =

√
1−A2D2

εD2N
. (5.17)

As σA is proportional to 1/
√
εD2, εD2 determines the statistical power of a flavour

tagging method and therefore is called tagging power. The primary goal of a good flavour

tagging method is the optimisation of εD2.
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The effect of dilution in flavour tagging becomes obvious in Figure 5.2, where the

number of tagged B0
q and B̄0

q mesons is shown for the two neutral B mesons, B0
d and B0

s .

In this figure the initially pure B0
q sample is wrong tagged with a probability of Pw = 0.22,

corresponding to a dilution of D = 0.56. Starting only with B0
q mesons, the number of

events tagged as B0
q or B̄0

q is proportional to:

NB0
q
∼ e−Γt(1 +D · cos(∆mqt)) and (5.18)

NB̄0
q
∼ e−Γt(1−D · cos(∆mqt)). (5.19)

Beside dilution due to the flavour tagging, additional smearing happens due to the

proper time resolution in the reconstruction of the full B0
q decay.

For the measurement of oscillation the good knowledge of the dilution of a flavour

tagger is crucial, in order to calculate the systematic uncertainties. The dependence of

the dilution on kinematic variables in an event or the event shape has to be studied in

detail.

In summary, flavour tagging can be described by the following variables:

Tagging Efficiency ... probability of a successful flavour tag.

Wrong Tag Fraction ... probability of a wrong flavour tag.

Dilution ... asymmetry between correct and wrong tags,
factor in the oscillating part of the time dependent
probability distribution.

Tagging Power ... statistical power of a flavour tagger.

5.2 Flavour Tagging Methods

At production time t = t0 the initial flavour of a neutral B meson is given by the quark

flavour of its b quark, mainly produced in a bb̄ pair production process. Accordingly,

the second b quark contains the opposite quark flavour. At first order this particle tra-

verses into the opposite hemisphere of the detector with respect to the neutral B meson.

Therefore these particles are referred to as signal side and opposite side B hadrons.
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For measurements of neutral B mesons the flavour at production and at decay time

are of interest. In the hadronic decay channels used to measure the oscillation frequency

∆ms, which are B0
s → D−s (φπ−)π+ and B0

s → D−s (φπ−)a+
1 , the flavour at decay time

easily can be reconstructed by the charges of the final state particles. As the neutral

B meson is subject to B oscillation, its initial flavour cannot be identified directly by

measuring the decay products. Instead of that the initial b quark content (b or b̄) can be

determined by analysing the opposite side B hadron produced together with the neutral B

meson. Methods tagging the initial flavour by utilising the opposite side hadron are called

Opposite Side Flavour Tagging, detailed in Section 5.2.1. These methods correspond to

the measurement of a signature in the lower half of Figure 5.3. Alternatively, it is possible

to draw conclusion about the initial b content by analysing particles produced adjacent to

the neutral B meson, leading to some methods of Signal Side Flavour Tagging, highlighted

in Section 5.2.3. Some examples are illustrated in the upper half of Figure 5.3. Despite in

this thesis the main emphasis is on opposite side soft lepton flavour tagging, all possible

p p

µ±

Qss
jet

Qos
jet

B/B̄

B0
s/B̄

0
s

opposite side

signal side
K±

νµ/ν̄µ

Figure 5.3: Topology of a B0
s event. The dashed B0

s meson on the signal
side builds a jet, vice versa on the opposite side the associated B hadron
from the initial bb̄ pair. Possible flavour tagging methods illustrated are the
measurement of the jet charge Qjet on both sides, same side Kaon tagging
(K±) and opposite side soft lepton tagging (µ±).
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flavour tagging methods are described in the following sections.

5.2.1 Opposite Side Flavour Tagging

The perfect way of analysing the opposite side B hadron of course would be the full

reconstruction of the exclusive decay channel, giving a stringent indicator on its B flavour

content. However, as the ATLAS detector has a limited kaon/pion separation, in most

cases the exclusive decay cannot be fully reconstructed. Therefore the determination of a

tag depends on inclusive methods.

The most relevant inclusive method in hadronic B decays at ATLAS is the opposite

side soft lepton tagging, using the charge of a soft muon as flavour tag as illustrated in

Figure 5.4. As described in more detail in Chapter 6, hadronic B events are triggered by

a muon trigger, where the opposite side B hadron is supposed to decay semi-leptonically,

producing a muon. The charge of the muon is defined by the flavour of the b quark.

Assuming a composition of hadrons, as shown in Table 2.3, the inclusive branching fraction

for B → µ−ν̄µX has been measured to be (10.95+0.29
−0.25)%. Alternatively to muons electrons

can be used to determine the B flavour.

Figure 5.4: Illustration of a semi-leptonic decay of a b̄ quark, resulting in a
µ−, ν̄µ and some hadrons X.

The cascade decay of the opposite side B hadron can be further exploited in opposite

side kaon tagging. A B hadron containing a b̄ quark is favoured to decay into a particle

containing a c̄ quark, which in succession decays into a strange particle. Correspondingly,

a b̄ hadron leads more likely to a final state K+/K0, whereas a b hadron leads to a

final state K−/K̄0. However, as the ATLAS detector is lacking a sufficient kaon/pion

separation, the only possible approach is the tagging via the resonance K∗(892) → Kπ

and assuming kaon and pion mass on the final state particles.
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Instead of looking at the cascade decay of a B hadron, analysing the particles pro-

duced together with the opposite side B also leads to a possible flavour tag. As illus-

trated in Figure 5.5, in the fragmentation process the additional quarks come in pairs

with corresponding anti-quarks, from which various final state particles can emerge in

the hadronisation process. In the case of neutral B mesons positively charged pions or

kaons are likely to be produced. In the case of charged B mesons the adjacent particles

more likely have a negative charge. By calculating the weighted sum of all track charges

within a B jet, the correlation of the initial B flavour and the jet charge can be utilised

to perform an opposite side jet charge tag.

Figure 5.5: Some possible particles produced adjacent to various B mesons
in the fragmentation process.

If the opposite side B hadron is a charged meson, instead of a full reconstruction

a possible simplified method is the measurement of the opposite side vertex charge. A

positive B charge corresponds to a b̄ quark and a negative to a b quark, providing a vertex

charge tag.

5.2.2 Opposite Side Meson Mixing

Obviously, as the opposite side B hadron could be neutral and consequently oscillate itself,

the B flavour cannot be identified definitely. In Table 2.3 the fractions of B hadrons

produced in pp̄ collisions are shown, i.e. B0
s in fs = (11.0 ± 1.2) % and B0 in fd =

(39.9±1.1) % of all cases. Altogether approximately 50% of the B hadrons are subject to

flavour oscillation. The time integrated probability of an initial B hadron to be measured

in a mixed state is defined as

χ̄ = fdχd + fsχs, (5.20)
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where χd and χs are the time integrated mixing probabilities for B0
d and B0

s , re-

spectively. The combination χ̄ has been measured at LEP in Z0 → bb̄ events (χ̄ =

0.1259 ± 0.0042 [14]) and at Tevatron in pp̄ collisions (χ̄ = 0.147 ± 0.011 [64, 75]), sep-

arately. The 1.8 σ difference between these results can be considered as a hint, that

the fractions might vary between Z decays and pp̄. In simulations estimating the wrong

tag fraction using the opposite side, the time integrated mixing probability has to be

considered.

5.2.3 Same Side Flavour Tagging

In the case of same side flavour tagging the initial B flavour cannot be determined by

analysing the decay fragments. One fully relies on two methods already described for the

opposite side case.

First, in the case of a same side jet charge tagger, a jet is built around the signal

B meson and the weighted jet charge is built. This flavour tagger has been intensively

studied in [34] for the decay channels B0
s → J/ψφ and B0

dJ/ψK
0∗.

Second, measuring the decay of the resonance K∗(892) → Kπ could be used to

determine the initial flavour of a neutral B0
s meson. Due to the resonance character of

the K∗(892) meson this flavour tagging method can be used in the ATLAS experiment

despite its limited kaon/pion separation.



CHAPTER

SIX

Trigger

The large rate of proton proton collisions at the LHC and the huge number of signal

channels in the ATLAS detector makes it inevitable to select the events of physics interest

out of the massive QCD background properly. The ATLAS trigger system dedicated

to this selection has been described briefly in Section 3.9. In this chapter the trigger

strategies relevant for the measurement of B events, especially hadronic decay channels,

will be discussed.

In Section 6.1 the general strategy for the B physics trigger, with special emphasis

on the hadronic decay channels B0
s → D−s (φπ−)π+ and B0

s → D−s (φπ−)a+
1 is given. In

Section 6.2 various trigger scenarios are evaluated by using Monte Carlo information, as

published in [107].

6.1 Triggering B events

Regarding the maximum trigger bandwidth, a flexible trigger strategy is crucial for the

successful measurement of interesting events. As ATLAS is a multi-purpose experiment,

109
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K−

K+

π−

π+

RoI
signal B

opposite B

opposite side

signal side

pp

µ±

Figure 6.1: Illustration of the strategy to measure events of the type
B0
s → D−s π

+. At LVL1 the trigger is based on the semi-leptonic decay of
the second B hadron, in particular the resulting muon. At LVL2 and EF the
muon trigger will be confirmed and the decay topology Ds → φ(K+K−)π is
searched either by using the full information of the Inner Detector (Full Scan
method) or alternatively within a Region of Interest (RoI) seeded by a jet
trigger.

the various trigger strategies for all different kinds of searches is limited. In particular,

with increasing luminosity the large production cross section of background events would

lead to a large rate of uninteresting events, by far exceeding the capacity of the trigger

system. With a good trigger strategy signal events are selected with a high efficiency,

while background events are strongly suppressed. Out of the given list of all possible

triggers an appropriate selection has to be made at LVL1 in order to preselect interesting

events with high efficiency and a reasonable purity. Considering the LVL2 trigger and the

EF one additional constraint is the minimisation of computing time per event.

In the following the trigger strategy for the measurement of hadronic decay channels

(i.e. B0
s → D−s (φπ−)π+ and B0

s → D−s (φπ−)a+
1 ) will be discussed.

6.1.1 First Level Trigger

The LVL1 trigger uses the fact that at the LHC heavy flavour B hadrons originate pri-

marily from bb̄ pair production, as discussed in 2.2.2. The two resulting B hadrons are

classified as the signal side B hadron, decaying into the signal decay channel of interest,
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whereas the second B hadron is called the opposite side B hadron. At LVL1 a muon from

a semi-leptonic b decay on the opposite side is required, as illustrated in Figure 6.1. As

discussed in Chapter 3.9.1, the LVL1 muon trigger can be classified in three low-pT and

three high-pT muon triggers. Depending on the cut on pT the corresponding LVL1 muon

triggers are named e.g. MU06 for muons with pT > 6 GeV. For a maximum efficiency the

pT cut should be as low as possible.

In addition the hadronic signal decay channel is triggered by the hadronic LVL1

trigger defining Regions of Interest (RoIs) for further processing in the subsequent trigger

stages. The electromagnetic and hadronic trigger towers have a granularity ∆φ ×∆η of

approximately 0.1 × 0.1 (see 3.9.1). The jet trigger algorithm builds clusters of 4 × 4

towers, corresponding to a size of ∆φ ×∆η = 0.4 × 0.4, and searches for RoIs in which

the transverse energy ET is a local maximum and the transverse energy deposited in the

cluster passes some required threshold cuts.

6.1.2 High Level Trigger

At the LVL2 stage the trigger muons found at LVL1 are confirmed by a more precise muon

momentum measurement. Taking into account the information from the precision muon

chambers, the fast LVL2 muon algorithm MuFast [105] reconstructs the muon tracks.

By comparing η, φ and the sagitta of the muons with a lookup table a quick estimation

of pT can be performed.

By this time all the signals from the Inner Detector are available. The tracks from the

Inner Detector are combined with the signals from the Muon System by the MuComb

algorithm [105]. This step helps to improve the measurement of the momentum and

increases the rejection of decaying kaons and pions as well as fake muon tracks created

e.g. by cavern background or by punch through particles.

At the Event Filter stage the pT of the muons seeded by the LVL2 muon trigger is

determined using the TrigMOORE algorithm. This algorithm is based on the MOORE

algorithm [7], also used in the Muid muon reconstruction as described in 4.1.4.2.

The triggering of the hadronic decay channels used in this thesis is implemented by

reconstructing the decays D±s → φ(K+K−)π±. As this decay channel is common for both

decays B0
s → D−s (φπ−)π+ and B0

s → D−s (φπ−)a+
1 , this DsPhiPi trigger can be used for

both channels.
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The DsPhiPi trigger first searches for φ candidates by combining to tracks recon-

structed with the fast IdScan algorithm [43]. The two tracks are required to have oppo-

site sign tracks and a pT > 1.4 GeV each. The track pairs are considered as φ candidates

if they fulfil kinematic cuts as |∆z| < 3 mm, |∆φ| < 0.2, |∆η| < 0.2 and the pair mass is

close to the φ mass, 1005 MeV < MKK < 1035 MeV. ∆φ and ∆η are the difference in φ

and η, ∆z the difference of the longitudinal impact parameter of the two tracks. The φ

mass is calculated using the K mass hypothesis for both tracks.

In the next step these φ candidates are combined with a third track to build a D±s

candidate. A cut of 1908 < MKKπ < 2028 MeV is used on the mass of the D±s candidates.

The three tracks are combined using a fast vertexing algorithm. If at least one D±s vertex

in an event can be found, the event passes the LVL2 DsPhiPi trigger, the resulting trigger

object is passed to the EF. For further reduction a χ2 cut on the vertex may be applied

for a reduction of the LVL2 output rate.

With increasing LHC luminosity the output rate of the DsPhiPi trigger has to be

reduced. Therefore two different LVL2 trigger strategies can be used: the Full Scan (FS)

method or the RoI-based method. In the Full Scan approach, favoured at low luminosities,

the information of all the Inner Detector is used to reconstruct D±s candidates. With

increasing luminosity the computing time to perform a Full Scan is likely to exceed the

maximum allowed processing time. Therefore the RoIs found in the LVL1 jet trigger are

used as seeds to search for D±s candidates in regions of ∆φ×∆η = 1.5× 1.5 around the

centre of the RoIs. As found in [34], the trigger strategy has to be changed at a luminosity

of approximately L = (1032 − 1033) cm−2s−1. In order to further reduce the output rate

a cut on the χ2 of the D±s vertex may be applied.

In the EF stage a similar D±s strategy as at LVL2 is performed. Both, FS and RoI-

guided modes, can be used in the EF. The same trigger signature as at LVL2 is used.

However, due to the better track resolution the mass resolution is expected to improve.

6.1.3 Trigger Strategies

With increasing luminosity the output rate of the hadronic B triggers are likely to exceed

the maximum bandwidth. Furthermore, the bb̄ production cross section has not been

measured for protons at the LHC collision energy. In order to trigger an adequately high

number of interesting events, the trigger has to be very flexible to adapt to all possible

scenarios. Several actions can be taken in order to keep the trigger rate sufficiently low:
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• Increase the pT cut of the single muon trigger.

• Implementation of a two muon trigger.

• Increase the ET cut of the LVL1 jet trigger.

• Use the RoI-seeded DsPhiPi trigger instead of the Full Scan.

• Introduce tighter and additional cuts to the DsPhiPi trigger 4.

• Introduce a χ2 cut in the vertexing at LVL2 and EF.

• Introduce a BsDsPi trigger.

One further possibility to decrease the trigger rate could be achieved by pre-scaling

the DsPhiPi trigger. Instead of every triggered event just a fractional amount of events

are chosen, therefore reducing the the number of signal and background events by the

same factor.

6.2 Trigger Scenarios

6.2.1 Muon Trigger Scenarios

In this section various muon trigger scenarios are discussed, as published by the author in

[107] and further detailed. All these scenarios could be directly implemented in the LVL1

trigger, reducing the trigger rate already at the first stage.

For this analysis 50 000 events of the hadronic decay channel B0
s → D−s (φπ−)π+

with φ → K+K− are generated with Pythia. B0 meson mixing is not implemented in

the production process. In pp collisions at a centre-of-mass energy of
√
s = 14 TeV the

b̄ quark is forced to produce the corresponding decay channel. All final state particles

from the decay channel are required to have a transverse momentum pT > 0.5 GeV and

a pseudo-rapidity |η| < 2.5. In addition for each event a muon with pT > 6 GeV and

|η| < 2.5 is required, which will be interpreted as the trigger muon. All further muons

have no conditions on pT and η. For the comparison with the second hadronic B0
s decay

channel 50 000 events of the type B0
s → D−s (φπ−)a+

1 with a1 → ρ0(π+π−)π are generated,

as published in [107].

4Possible selection cuts have been published in [35]



114

The observables discussed in this section are introduced in detail in Section 5.1. Of

primary concern are the wrong tag fraction Pw and its related dilution D, the efficiency ε,

defined as the ratio of events passing the cuts out of all events, and the tagging power εD2.

Note, that in the calculation of the tagging power the trigger efficiency is used instead

of the tagging efficiency. When calculating the statistical error of those observables with

a small number of selected events or at a large asymmetry, the usual Binomial approach

is not correct anymore. Therefore an asymmetric error calculation based on a bayesian

approach is used. These calculations are detailed in Appendix B. Using this kind of error

calculation, the asymmetric errors become symmetric in the special case of Pw = 50% or

ε = 50%.
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Figure 6.2: Number N of muons per event in Monte Carlo truth information
of 50000 events of the type B0

s → D−s π
+ generated with Pythia.

In Figure 6.2 the number of muons per event is shown for B0
s → D−s π

+. While most

of the events contain only one single muon, 13.93+0.16
−0.15% of the events contain two or more

muons. The vast majority of these additional muons arise from semi-leptonic decays of D

mesons and charmed baryons, which themselves either origin from semi-leptonic B hadron

decays or from additional c-quarks pairs. Furthermore muons are produced by additional

b-quark pairs or by sources like J/ψ mesons. The various sources are listed in more detail

in Table 6.1.

It becomes obvious, that with the implementation of a two muon trigger a possible

wrong tag due to J/ψ mesons decaying into two muons increases. However, by excluding

muon pairs around the invariant mass of a J/ψ meson this contribution easily can be

suppressed. Table 6.1 clearly shows, that multiple-muon events, in which the highest
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single µ multiple µ1 multiple µ2

B mesons 79.4± 0.2 72.9± 0.5 10.0± 0.4

B baryons 8.9± 0.14 4.4+0.3
−0.2 0.7± 0.1

D mesons 9.8± 0.1 11.9± 0.4 74.1± 0.5

charmed baryons 0.40± 0.03 0.65+0.11
−0.10 3.50+0.23

−0.22

J/ψ meson − 8.5± 0.3 8.4± 0.3

other sources 1.45± 0.06 1.69+0.17
−0.15 3.20+0.23

−0.21

Table 6.1: Parent particles of the muons with the highest transverse momen-
tum pT in percent. In the first column events with one single muon are listed,
in the second and third column events with two or more muons, where µ1 and
µ2 denote the muons with the highest and second highest pT , resepectively.

pT muon comes from a semi-leptonic B decay, form the larges fraction. Kaon and pion

in-flight decays producing additional muons are not included in this sample.

As b̄ is forced to build the B0
s decay channel, the opposite side B hadron in the optimal

case is supposed to decay semi-leptonically, producing a negatively charged muon. Shown

in Figure 6.3 (a), as expected the number of negatively charged muons is one order of

magnitude larger than positvely charged muons in the entire area of pT > 6 GeV. In

the range of lower transverse momentum pT < 6 GeV this effect turns over, leading to a

majority of positively charged muons in this range.

In Figure 6.3 (b) the distribution of the muon pseudo-rapidity η is shown. The solid

line shows the dominant negatively charged, the dashed line the positively charged muons.

The two vertical lines display the cut on |η| = 2.5 as required in the Pythia production

for the trigger muon. A small fraction of additional muons have |η| > 2.5, however no

charge is preferred in this regime.

The trigger efficiency is defined to be ε = 1 for selecting all 50 000 events. An event is

counted as not tagged if it fails the cut on the muon transverse momentum pT . If an event

is regarded as tagged, the charge of the muon with the highest pT defines the flavour tag:

a µ− is counted as a correct tag, a µ+ as a wrong tag. Accordingly, the muon with the

highest pT is denoted by the term tagging muon, µtag. In Figure 6.4 (a) and (c) the wrong

tag fraction Pw and the efficiency ε are shown as a function of the cut on the tagging
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Figure 6.3: Distributions of Monte Carlo truth information of 50 000 B0
s →

D−s π
+ events. In (a) the pT distribution of the muon with the highest pT ,

if available the second highest pT is shown for negatively (solid line) and
positively (dashed line) charged muons, in (b) in the same way the pseudo-
rapidity η distribution is shown. The dotted, vertical lines denote the cuts
on |η| < 2.5.

muon pT , respectively. The dashed line corresponds to all events, whereas the solid line

corresponds to the events with two or more muons. In terms of trigger scenarios, the

dashed line describes a single-muon trigger with a cut on the trigger muon pT , whereas

the solid line corresponds to a di-muon trigger with no cut on pT of the second muon .

The grey shaded area displays the asymmetric statistical error. While all events reduce

their wrong tag fraction with increasing pT (µtag), events with multiple muons have no

significant dependence on the tagging muons pT . However, the wrong tag fraction for

events with more muons is significantly higher over the entire range of pT (µtag) while the

efficiency is reduced by approximately one order of magnitude.

Note, that these values of Pw and ε are based on a very unrealistic scenario, assum-

ing a trigger and tracking efficiency of 100% and disregarding neutral meson oscillation.

The latter will be discussed in detail in Chapter 7. Regarding low-momentum muons

(pT < 0.5 GeV), the reconstruction is difficult due to the high curvature of the track and

consequently the increased multiple scattering. To illustrate the dependence of tagging

observables on the second muon, in Figure 6.4 (b) and (d) Pw and ε are shown as a func-

tion of the transverse momentum of the muon with the second highest pT (µ2), assuming

an additional cut of pT (µtag > 6 GeV). The cut on pT (µ2) corresponds to a di-muon

trigger cut on the second muons pT . Again, the grey shaded area illustrates the statisti-

cal error, only. With an increasing cut on pT (µ2) the wrong tag fraction strongly raises,
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Figure 6.4: Wrong Tag Fraction Pw as a function of the cut on the transverse
momentum pT of the tagging muon µtag (a) and the muon µ2 with the second
highest pT . In (a) the dashed line shows the wrong tag fraction taking into
account all 50 000 events of the Pythia sample. The solid line in both, (a)
and (b), illustrates the wrong tag fraction for 6 963 events containing more
than one Monte Carlo muon. The grey shaded area displays the asymmetric
statistical error of this sample. Figure (c) and (d) show the trigger efficiency
as a function of the muons pT as in (a) and (b). No muon reconstruction
efficiency is applied in these plots.
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Figure 6.5: The tagging power as a function of the cut on the transverse mo-
mentum pT of the muon with the highest pT (a) and second highest pT (b).
The grey shaded area corresponds to the statistical error. In (a) both, all
events and the events containing more than one muon are shown, in (b) con-
sequently only the events with at least two muons. No muon reconstruction
efficiency is applied in these plots.

whereas the efficiency decreases exponentially. In numbers, assuming a minimum pT (µ2)

compared to the case without any cut, the wrong tag fraction increases from (15.3±0.4)%

to (16.9± 0.4)%, while the efficiency decreases from (13.4± 0.4)% to (10.5± 0.5)%.

In Figure 6.5 the wrong tag fraction and efficiency are combined to the tagging

power εD2 as introduced in Section 5.1.2. In subfigure (a) the tagging power is shown as

a function of a cut on pT (µtag) for all events (dashed line) and for events containing two

or more muons (solid line). In (b) the tagging power is plotted as a function of the cut

on pT (µ2), assuming pT (µtag) > 6 GeV.

In order to get an estimate on efficiency, wrong tag fraction and tagging power of

various combinations of cuts on muons pT , in Table 6.2 the results for different scenarios

are shown. The first six lines show the numbers for a single-muon scenario, no addi-

tional muons are required, whereas the further lines assume a di-muon scenario. While

no reconstruction efficiency has been taken into account in the single-muon scenario, a

reconstruction factor of 0.82 has been applied for the efficiency and the tagging power.

This factor takes into account the muon detection efficiency for the second muon. When

increasing the single-muon cut from pT (µ) > 6 GeV to pT (µ) > 8 GeV approximately 50%

of the events get lost. The wrong tag fraction decreases as well, nonetheless this cannot

compensate for the decreased efficiency. When comparing a single- and a di-muon scenario
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Cut [GeV] Efficiency Wrong Tag Fraction Tagging Power

pT (µ) ε [%] Pw [%] εD2

> 6 100 10.09± 0.14 0.637± 0.001

> 8 48.86± 0.22 9.10± 0.19 0.327± 0.002

> 10 26.13± 0.20 8.57± 0.25 0.179± 0.003

> 12 15.24± 0.16 8.78+0.34
−0.33 0.104± 0.003

> 16 6.12± 0.11 8.21+0.53
−0.50 0.043± 0.005

> 20 2.82+0.08
−0.07 7.59+0.77

−0.71 0.020± 0.008

> 6 > 0 11.42± 0.13 15.29+0.44
−0.43 (5.50± 0.14)× 10−2

> 6 > 2 3.56± 0.09 23.66+0.95
−0.92 (0.99± 0.07)× 10−2

> 6 > 4 1.39± 0.05 29.78+1.66
−1.61 (0.23± 0.04)× 10−2

> 6 > 6 0.51± 0.03 34.83+2.92
−2.81 (0.04± 0.02)× 10−2

> 8 > 2 2.08± 0.07 21.01+1.21
−1.16 (6.98± 0.56)× 10−3

> 8 > 4 0.94± 0.04 26.73+1.97
−1.89 (2.05± 0.35)× 10−3

> 8 > 6 0.43± 0.03 33.58+3.17
−3.04 (0.46± 0.02)× 10−3

> 10 > 2 1.27± 0.05 19.43+1.53
−1.45 (4.73+0.46

−0.44)× 10−3

> 10 > 4 0.61± 0.03 24.66+2.45
−2.31 (1.55+0.30

−0.28)× 10−3

> 10 > 6 0.29± 0.02 33.33+3.92
−3.72 (0.32+0.18

−0.17)× 10−3

Table 6.2: Results of various scenarios with various cuts on one pT (µ) in the
case of single-muon scenarios and two cuts on pT (µ1) and pT (µ2) in the case
of di-muon scenarios for 50 000 events of the type B0

s → D−s (φπ−)π+ using
Monte Carlo information. The errors are the statistical errors based on the
Monte Carlo sample. Shown are the cut efficiency, the wrong tag fraction
and the tagging power εD2.

with similar efficiency (e.g. pT (µ) > 20 GeV versus pT (µ1) > 8 GeV and pT (µ2) > 2 GeV)

it becomes obvious, that the wrong tag fraction of the di-muon scenario always exceeds

the corresponding value of the single-muon scenario.

The results for the decay channel B0
s → D−s (φπ−)π+ are compared with the second

hadronic decay channel which is foreseen to be triggered at ATLAS, B0
s → D−s (φπ−)a+

1 ,

as published in [142]. In Table 6.3 these two channels are compared in some trigger
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scenarios, showing the efficiency and the wrong tag fraction of each channel. Note, that

the statistical errors for the results of the B0
s → Dsa1 channel are smaller due to the

larger sample used for this analysis, 50 000 events of type Bs → Dsπ versus 151 706

events of type Bs → Dsa1. Within the statistical error, for the decay channel Bs → Dsa1

the wrong tag fraction is significantly higher in single-muon scenarios and compatible for

di-muon scenarios.

6.2.2 Muon-Electron Trigger Scenarios

In addition to a pure di-muon trigger scenario, additional scenarios involving electrons

are studied in [107, 142], using Monte Carlo truth information without any detector

simulation. In Table 6.4 and 6.5 the results of two additional scenarios are shown: a

muon-electron scenario, with variable cuts on the highest pT muon and the highest pT

electron, and a muon-lepton scenario, in which the lepton either is a muon or an electron.

As before, taking into account a limited reconstruction efficiency, a correction factor of

0.82 is applied on all efficiency results.

Comparing the results of the di-muon and the muon-electron scenario, the trigger

efficiency is higher in the latter case. However, with increasing pT this difference vanishes.

Regarding the overlap of the muon-electron and di-muon scenarios, with an increasing

cut on the leptons pT the overlap is decreasing leading to an improvement of efficiency

compared to the pure di-muon or muon-electron triggers.
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Cut [GeV] Efficiency ε [%] Wrong Tag Fraction Pw [%]

pT (µ) B0
s → Dsπ B0

s → Dsa1 B0
s → Dsπ B0

s → Dsa1

> 6 100 100 10.09± 0.14 11.32± 0.08

> 8 48.86± 0.22 50.20± 0.13 9.10± 0.19 10.02± 0.11

> 10 26.13± 0.20 27.53± 0.14 8.57± 0.25 9.16± 0.14

> 6 > 0 11.42± 0.13 12.61± 0.14 15.29+0.44
−0.43 15.6± 0.2

> 6 > 4 1.39± 0.05 1.40± 0.03 29.78+1.66
−1.61 30.4± 0.9

> 8 > 4 0.94± 0.04 0.96+0.03
−0.02 26.73+1.97

−1.89 26.9+1.1
−1.0

Table 6.3: Results for some trigger scenarios, comparing efficiencies and
wrong tag fraction of the two decay channels B0

s → D−s (φπ−)π+ (50 000
events) and B0

s → D−s (φπ−)a+
1 (151706 events) on Monte Carlo level. For

the di-muon scenarios a reconstruction factor of 0.82 has been applied on the
effieciency.

Cut [GeV] Efficiency ε [%] Wrong Tag Fraction Pw [%]

pT (µ) pT (e) B0
s → Dsπ B0

s → Dsa1 B0
s → Dsπ B0

s → Dsa1

> 6 > 0.1 40.14± 0.18 42.32± 0.13 11.0± 0.2 12.2± 0.1

> 6 > 4 1.52± 0.05 1.68± 0.03 34.4± 1.6 34.7± 0.9

> 8 > 4 0.95± 0.04 1.01± 0.03 28.9+2.0
−1.9 29.5± 1.1

Table 6.4: As in Table 6.3, results for muon-electron scenarios comparing
B0
s → D−s (φπ−)π+ (50 000 events) and B0

s → D−s (φπ−)a+
1 (151 706 events)

on Monte Carlo level. As for muons, a reconstruction factor of 0.82 has been
applied on the efficiency.
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Cut [GeV] Efficiency ε [%] Wrong Tag Fraction Pw [%]

pT (µ) pT (l) B0
s → Dsπ B0

s → Dsa1 B0
s → Dsπ B0

s → Dsa1

> 6 > 0 46.02± 0.18 48.29± 0.13 11.5± 0.2 12.6± 0.1

> 6 > 4 2.87± 0.07 3.05± 0.03 31.8+1.2
−1.1 32.7± 0.6

> 8 > 4 1.86+0.06
−0.05 1.95± 0.04 27.4+1.4

−1.3 28.3+0.8
−0.7

Table 6.5: As in Table 6.3, results for muon-lepton scenarios comparing B0
s →

D−s π
+ (50000 events) andB0

s → D−s a
+
1 (151 706 events) on Monte Carlo level.

The lepton l can be either a muon or an electron. As before, a reconstruction
factor of 0.82 has been applied on the efficiency.



CHAPTER

SEVEN

Soft Lepton Flavour Tagging

In this chapter the application of opposite side soft lepton flavour tagging on hadronic

decay channels is presented. The reconstruction of the hadronic Bs decay channels

B0
s → D−s π

+ and B0
s → D−s a

+
1 as well as the flavour tagging algorithm are detailed

in Chapter 7.1. In Chapter 7.2 the results of the flavour tagging analysis as initially

published in [34] are shown. In the last part, Chapter 7.3, the combination of various

kinematic observables are combined by multivariate methods in order to assign a wrong

tag fraction on an event-by-event basis.

7.1 Data Samples and Offline Analysis

As already introduced in Chapter 5.2.1, opposite side soft muon flavour tagging is the

main method for the determination of the initial b quark content in the case of purely

hadronic Bs decays. In the ATLAS experiments hadronic Bs decay channels will be used

e.g. for the determination of the oscillation frequency ∆ms.

123
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Channel Events Cross section [ pb]

B0
s → D−s (φπ−)π+ 88 450 10.4± 3.5

B0
s → D−s (φπ−)a+

1 98 450 5.8± 3.2

B0
d → D+

s π
− 43 000 0.2± 0.1

B0
d → D+

s a
−
1 50 000 limit: < 8.9

B0
d → D−π+ 41 000 6.2± 1.1

B0
d → D−a+

1 50 000 3.7± 2.1

B0
s → D∗−s π+ 40 500 9.1± 2.8

B0
s → D∗−s a+

1 100 000 12.1± 2.7

Table 7.1: Number of generated events of the two hadronic B0
s decay channels

and different exclusive background samples, and the cross section calculated
by using the Pythia output and the branching ratios given in [125]. Table
from [34].

7.1.1 Simulated Data Samples

For the analysis in this chapter 88450 events of the type B0
s → D−s π

+ and 98450 events of

the type B0
s → D−s a

+
1 have been generated using Pythia 6.4 [139]. These data samples

correspond to the data used in [34]. The b̄ quarks are required to decay into one of the two

decay channels. Similar to the evaluation of muon trigger scenarios in Chapter 6.2, only

events with a muon with a transverse momentum of pT > 6 GeV and a pseudo-rapidity of

|η| < 2.5 are selected. All final state particles from the decay channel are required to have

pT > 0.5 GeV on generator level. Based on the cross section values given by Pythia and

the branching ratios given in [125] the cross sections have been calculated in Table 7.1.

In addition to the signal channels, also displayed in Table 7.1, certain exclusive back-

ground channels have been generated in order to perform a full background study, as

published in [34]. However, for the flavour tagging itself the background samples are not

crucial.

The details of the generation, simulation, digitisation and reconstruction of the data

samples are given in Chapter 4.1.



Soft Lepton Flavour Tagging 125

7.1.2 Trigger Selection

In Chapter 6.1.2 an introduction into the high level triggering of hadronic B decays is

given. As published in [34], many trigger settings have been analysed and studied referring

to the output rate of the LVL2 and EF trigger.

Considering the full reconstruction of the hadronic decay channels, the trigger ap-

proach used in this thesis is the L2mu6RoI trigger set. The typical trigger chain starts at

LVL1 with the requirements for a muon with a threshold of 6 GeV and energy deposited in

the calorimeter, defining a region of interest (RoI). The transverse energy deposited in the

RoI is required to be above a threshold of 4 GeV. At LVL2 the confirmation of the muon

and the reconstruction of the D±s around the RoI takes place, and finally at EF the muon

track is reconstructed and the D±s is reconstructed with the same mass cuts as at LVL2.

For the φ→ K+K− reconstruction a mass window of 1005 MeV < mKK < 1035 MeV is

used, for the D±s → φ(KK)π± selection the mass window is 1908 < mKKπ < 2028 MeV.

Within the RoI a cut on all tracks transverse momentum of pT > 1.4 GeV is applied. The

full hadronic trigger chain is described in more details in Chapter 6.1.2.

7.1.3 Reconstruction of the decays B0
s → D−s π

+ and B0
s → D−s a

+
1

The reconstruction of B0
s → D−s π

+ has been intensively studied, as published in [82–

84], the decay channel B0
s → D−s a

+
1 is discussed in all details in [142]. The prospects

for measuring the oscillation frequency ∆ms combining both decay channels has been

analysed in [34]. In the following the reconstruction of the two hadronic Bs decay

channels B0
s → D−s (φπ−)π+ and B0

s → D−s (φπ−)a+
1 with D−s → φ(K+K−)π− and

a+
1 → ρ0(π+π−)π+ is outlined.

In principle the reconstruction of the B0
s follows the same strategy as the High Level

Trigger (see Chapter 6.1.2). Only tracks with a pseudo-rapidity |η| < 2.5 are selected. In

a first step, two oppositely charged tracks with pT > 1.5 GeV are combined to build a

φ vertex, where kinematic cuts on the azimuthal and polar angles between the kaons of

∆ϕ < 10◦ and ∆θ < 10◦ are imposed. Assigning the kaon mass to both tracks a common

vertex is fitted. Only track combinations are selected where the vertex has a fit probability

greater than 1 % and the invariant mass is within a window of three standard deviations

around the φ mass. In the case of B0
s → D−s π

+ the mass resolution has been found to be

σφ = (4.30± 0.03) MeV, for B0
s → D−s a

+
1 the mass resolution is σφ = (4.28± 0.03) MeV
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Figure 7.1: The reconstructed invariant mass mKKππ (a) and mKKππππ (b)
for the signal and background channels. Figures taken from [34].

[34]. The full width of the φ(1020) resonance is Γ = (4.26±0.04) MeV [125], contributing

to the mass resolution by approximately one half.

For the reconstruction of a Ds meson a third track is combined with all φ vertex

candidates, assigning the pion mass to this track and fitting a common vertex. As before,

Ds vertex candidates have to pass a cut on the fit probability of 1 % and the invariant

mass has to be within three standard deviations. The mass resolution of the Ds is σDs =

(17.81 ± 0.13) MeV for the B0
s → D−s π

+ channel and σDs = (17.92 ± 0.13) MeV for the

B0
s → D−s a

+
1 .

For the reconstruction of a B0
s → D−s π

+ decay from the remaining tracks a fourth

track is added, where it is required to have pT > 1 GeV and the opposite charge of the

pion from the Ds vertex. The four tracks are fitted to a common vertex, including the

preconditions on the mass windows of the φ and Ds candidates.

In the case of the decay channel B0
s → D−s a

+
1 , first a ρ0 vertex is constructed by

assigning the pion mass to two oppositely charged tracks. Track pairs with an invariant

mass within 400 MeV around the nominal ρ0 mass are combined with a third pion track.

The final a±1 candidate vertex is required to have an invariant mass within 325 MeV of

the a1 mass. All three tracks from the a±1 vertex have to fulfil a cut of pT > 0.5 GeV.

The three tracks from the a1 candidate are fitted together with each reconstructed Ds

candidate to a common vertex, including the constraints on the a1, ρ0, φ and Ds mass

windows.
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In both decay channels, the resulting B0
s candidate is required to have a total mo-

mentum vector pointing to the primary vertex. Again, the fit probability has to be greater

than 1 %. In Figure 7.1 the distribution of the invariant mass mKKππ (for B0
s → D−s π

+)

and mKKππππ (for B0
s → D−s a

+
1 ) are shown for the two signal channels and the exclusive

background channels listed in Table 7.1. In these two figures published in [34] for the sake

of reducing the number of background events further cuts have been imposed: the proper

decay length dxy has to be positive, the proper time has to be greater than τ0 > 0.4 ps,

and the transverse momentum of the track quadruplet (or sextuplet) is required to have

a transverse momentum greater than pT > 10 GeV.
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Figure 7.2: Normalised distributions of true signal B0
s transverse momentum

pT of the two channels B0
s → D−s (φπ−)π+ (solid lines) and B0

s → D−s (φπ−)a+
1

(dashed lines) for all generated events (a) and correspondingly for recon-
structed B0

s meson (b). The vertical lines represent the mean values of the
distributions, in the case of B0

s → D−s π
+ the mean is 14.80 ± 0.03 GeV

(23.90 ± 0.16 GeV), in the case of the decay B0
s → D−s a

+
1 17.68 ± 0.03 GeV

(28.33 ± 0.17 GeV) on generator level (reconstructed-track level). The ob-
served difference is due to the track selection cuts. Left plot taken from
[34].

In connection with opposite side flavour tagging, the main difference between the two

decay channels is illustrated in Figure 7.2. In the following sections it will be explained,

that the probability of a wrong tag depends on the transverse momentum of the signal

B0
s . On both, Monte Carlo generated events and reconstructed B0

s mesons, cuts on pT of

the final state particles have been applied. Therefore one expects different pT (Bs) distri-

butions for final states with different kinematical configurations, i.e. a harder spectrum
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for events with more final state particles. In the case of B0
s → D−s π

+ (solid lines) there are

four final state particles, in the case of B0
s → D−s a

+
1 (dashed lines) there are six particles.

On Monte Carlo level a generation cut of pT > 0.5 GeV on all tracks has been

imposed, leading to a difference of the mean pT (B0
s ) of 14.80 ± 0.03 GeV in the case of

B0
s → D−s π

+ and 17.68± 0.03 GeV in the case of B0
s → D−s a

+
1 . The pT (B0

s ) distributions

are shown in Figure 7.2 (a) on generator level. For the reconstruction, the tracks from

the Ds decay have pT > 1 GeV, the pion track in B0
s → D−s π

+ has pT > 1 GeV and the

pions from the a1 decay each has pT > 0.5 GeV. Therefore, also in the true pT spectrum

for reconstructed B0
s a difference can be expected, which is shown in Figure 7.2 (b). Due

to the reconstruction cut on pT (B0
s ) > 10 GeV, the mean values are higher compared to

the Monte Carlo distribution: 23.90 ± 0.16 GeV (B0
s → D−s π

+) and 28.33 ± 0.17 GeV

(B0
s → D−s a

+
1 ). Figure 7.3 shows the reconstruction efficiency for the channel B0

s → D−s π
+

as a function of the signal B0
s true pT .
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Figure 7.3: Reconstruction efficiency of the channel B0
s → D−s (φπ−)π+ as a

function of the true signal B0
s transverse momentum, where Nrec correspond

to the number of reconstructed events and Nall to all generated 88 450 B0
s

mesons.

7.1.4 The Soft Muon Flavour Tagger

The opposite side soft muon flavour tagging software is based on the BFlavourCom-

binedTagger in the Athena package AtlasPhysics/BPhys/BPhysAnalysisTools.

In the BFlavourCombinedTagger currently two different methods of flavour tagging

are implemented: the same side jet charge tagging as studied in detail for the analysis of
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the decay channel B0
s → J/ψ(µ+µ−)φ(K+K−) in [34], and the opposite side soft lepton

flavour tagger.

The main object of interest in the soft lepton tagging is the muon with the highest

transverse momentum. The software can handle all different types of muon objects, e.g.

Staco or Muid objects. The different methods for the muon reconstruction have been

described in Chapter 4.1.4.2. Further on, instead of muons the software is able to deter-

mine a flavour tag using electrons, or a combination of those two. Due to the main trigger

strategy, which depends on low pT muons, within this thesis only muons are considered.

In addition to the leptons, correlations between the muons and the closest particle jet

have been studied. Therefore, beside the muons the BFlavourCombinedTagger also

checks for a collection of jets in an event. A description of the jet reconstruction methods

have been omitted within this thesis. However, the principles of building a jet object are

outlined in Chapter 3.6, more details can be found in [34].

While the overall result of the flavour tagging slightly depends on the choice of the

data collection, within this thesis the choice is arbitrary. The muon collection used is the

StacoMuonCollection, the jet collection is the Cone4H1TowerJets. This collec-

tion corresponds to jets with a cone of radius R = 0.4 around the jet vector ~pjet.

In a first step, the BFlavourCombinedTagger identifies all muons and performs

a simple flavour tag by identifying the charge of the muon. All muons are sorted for their

transverse momentum pT . Assuming, that the muon with the highest pT is originating

from a semi-leptonic decay of the opposite side B meson, the charge of this muons deter-

mines the outcome of the flavour tag. If the charge of the muon is negative, the signal

sides initial flavour is identified as a B0
s meson, if it is positive the flavour is identified as

B̄0
s . In order to avoid a flavour tag by muons coming from background sources already

identified by some algorithm (e.g. muon pairs from a J/ψ decay), these muons can be

excluded in the flavour tagger. However, for a detailed analysis of all possible sources of

a wrong tag within this thesis, this optional possibility has not been used in this analysis.

If the data sample is based on Monte Carlo samples without the oscillation of B0
d or

B0
s mesons, mixing can be introduced artificially by swapping the flavour of the neutral

opposite side B0
q mesons. This method allows the evaluation of wrong tags due to meson

mixing. In the software the full decay chain of a Monte Carlo muon is checked for the

occurrence of a neutral B0
q meson. If one of those mesons is found in the muons history,

the muons charge is swapped with a probability equal to the time integrated mixing

probabilities introduced in Chapter 2.3.2 (i.e. χd ≈ 19 % and χs ≈ 50 %).
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Jet Cone

Figure 7.4: Considering the jet closest to the tagging muon as the opposite
side B jet, the component of the muon momentum perpendicular to the jet
axis is denoted as prelT , consequently the parallel component is denoted as
prelL .

The outcome of the BFlavourCombinedTagger is a vector of tagging objects

BFlavourParticle (in this thesis muons), the corresponding flavour tag for each lep-

ton and certain kinematic properties. The vector is ordered by the muons transverse

momentum.

One crucial property of each muon is its distance to the closest jet as illustrated

in Figure 7.4. Within the BFlavourCombinedTagger for each muon the transverse

momentum prelT relative to the closest jet is calculated. The jet vector ~pjet is required to

point into the same hemisphere as the muon trajectory. The distance between these two

objects is calculated as ∆R =
√

∆η2 + ∆φ2. In Figure 7.5 the distribution of prelT is shown

for the two decay channels B0
s → D−s π

+ and B0
s → D−s a

+
1 . The physical motivation for

this observable will be given in the next section.

The BFlavourCombinedTagger can be implemented within any analysis algo-

rithm in Athena, giving a soft lepton flavour tag. For the following analysis the dedicated

algorithm has been used.

7.2 Opposite Side Soft Muon Flavour Tagging Analysis of

Hadronic B0
s decays

The Athena analysis algorithm BsMuonTagging5 is dedicated for a detailed study

of opposite side soft muon tagging on hadronic decay channels. The application of this

algorithm on the two signal channels B0
s → D−s (φπ−)π+ and B0

s → D−s (φπ−)a+
1 will be

discussed in this chapter.

5In the Athena package PhysicsAnalysis/BPhys/HadronicDecayAlgs
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Figure 7.5: Normalised distributions of the tagging muons prelT of the two
channels B0

s → D−s (φπ−)π+ and B0
s → D−s (φπ−)a+

1 .

7.2.1 Inclusive results for generated, triggered and reconstructed events

Table 7.2 shows the number of events for each stage, the tagging efficiency ε and the

wrong tag fraction Pw for both signal channels B0
s → D−s π

+ and B0
s → D−s a

+
1 . These

observables are explained in detail in Chapter 5.1. As already introduced in Chapter 6.2.1,

instead of the usual Binomial errors the errors in this chapter are calculated based on a

bayesian approach as detailed in Appendix B. In some cases this error calculation leads

to slight asymmetries.

The three stages of reconstruction in Table 7.2 are all events, which correspond to all

events generated and reconstructed as shown in Table 7.1, triggered are all events selected

by the L2mu6RoI, and reconstructed corresponds to all triggered events which have been

successfully reconstructed as described in Chapter 7.1.3.

Regarding all event, for both channels the tagging efficiency is of the same order,

around 96 %. Applying the L2mu6RoI trigger increases the tagging efficiency for both

channels up to approximately 98.5 %, the further reconstruction of the B0
s decay channels

has no influence on the tagging efficiency.

In the case of the wrong tag fraction, there is a difference between the two decay

channels of approximately 1 %, regardless of the stage. In total, for B0
s → D−s π

+ the

wrong tag fraction is 20.29± 0.14, for B0
s → D−s a

+
1 Pw = 21.05± 0.13. While the trigger
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Type of Number of Tagging Wrong Tag Tagging

Events Events Efficiency [%] Fraction [%] Power

B0
s → D−s π

+:

all events 88 450 96.08± 0.07 20.29± 0.14 0.339± 0.001

triggered 21 613 98.77± 0.07 22.96± 0.29 0.289± 0.003

reconstructed 5 687 98.79+0.14
−0.15 22.30+0.56

−0.55 0.303± 0.005

B0
s → D−s a

+
1 :

all events 98 450 95.93± 0.06 21.05± 0.13 0.322± 0.001

triggered 27 118 98.55± 0.07 23.91± 0.26 0.268± 0.002

reconstructed 5 757 98.47+0.16
−0.17 23.31+0.56

−0.55 0.281± 0.005

Table 7.2: Tagging efficiency wrong tag fraction and tagging power for the
signal channels B0

s → D−s π
+ and B0

s → D−s a
+
1 are shown for three different

stages: all simulated events, all triggered events passing the LVL1 muon trig-
ger and the LVL2 RoI trigger, and finally the numbers for the reconstructed
events. The errors are statistical only. [34]

selection improves the tagging efficiency, a significant increase of the wrong tag fraction of

more than 2.5 % counteracts this improvement. In terms of tagging power εD2 the trigger

reduces this value from 0.339 to 0.289 for the B0
s → D−s π

+ channel, from 0.322 to 0.268

for B0
s → D−s a

+
1 . The reconstruction of the B0

s decay channels slightly decreases Pw for

both channels, however the values for triggered and reconstructed events are compatible

within the statistical errors. The tagging power for the reconstructed events has been

found to be 0.303± 0.005 for B0
s → D−s π

+ and 0.281± 0.005 for B0
s → D−s a

+
1 .

Compared to the wrong tag fraction of all events, the wrong tag fraction in triggered

and reconstructed events is significantly larger. This can be explained by taking a look at

the initial bb̄ pair production. At first order the quark pair has a transverse momentum

equal to zero. Therefore, the two quarks receive the same share of kinetic energy. Their

|pT | can be assumed to be equal, while the quarks traverse in opposite directions. Despite

the quarks undergo fragmentation and hadronisation, the transverse momenta of the two

resulting B hadrons still are correlated. With an increasing transverse momentum of the

opposite side B hadron, a muon produced in a cascade b → c → µ also has an increased

pT , increasing the probability for the cascade muon to be triggered. As a muon from

a cascade decay has the opposite decay as one from a direct B decay this leads to an

increased wrong tag fraction.
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Sources of Pw [%] Pw [%]

Wrong Tag Fraction B0
s → D−s π

+ B0
s → D−s a

+
1

mixed b→ µ 9.53± 0.10 9.37± 0.09

chain b→ c→ µ 8.22± 0.09 9.73± 0.09

additional c pairs 1.51± 0.04 1.47± 0.03

additional b pairs 0.18± 0.01 0.18± 0.01

other sources 0.81± 0.03 0.79± 0.02

Table 7.3: Sources of wrong tag fraction and their absolute contribution to
the total wrong tag fraction as shown in Table 7.2 for all events. The errors
are statistical only.

Using the Monte Carlo truth information stored in all events, the various sources

can be identified in detail. All possible sources and their absolute contribution to the

wrong tag fraction of all events are listed in Table 7.3 for both hadronic decay channels.

In principle, the various sources can be classified in two different categories: wrong tags

which are influenced by the opposite side B flavour and wrong tags which are independent

of these very hadrons. In the second category the main contribution arises from additional

cc̄ pairs, in which one of the c hadrons decays semi-leptonically, leading to a wrong tag.

Correspondingly, with a smaller fraction, additional bb̄ pairs could lead to a wrong tag.

In Table 7.3 “other sources” represents the wrong tag fraction due to particles de-

caying into a µ+µ− pair, e.g. J/ψ → µ+µ−. The occurrence of events with a wrong tag

due to muons from bb̄− and cc̄ pairs or from di-leptonic µ+µ− decays can be expected

to lead to a wrong tag or to a correct tag with the same probability. Consequently, the

approximately 2.5 % of wrong tags in those events have a counterpart of an estimated

2.5 % with a correct tag.

However, the remaining 95 % of events are subject to oscillations of the opposite

side B hadron (see Chapter 5.2.2 for details). B hadrons decaying semi-leptonically could

lead to a wrong tag due to mixing, which is reflected in the large fraction of wrong tags,

(9.53±0.10) % in the case of B0
s → D−s π

+ and (9.37±0.09) % in the case of B0
s → D−s a

+
1 .

Of the same order, wrong tags due to the chain decay b → c → µ are subject to mixing,

too. Consequently, a certain percentage of chain decays lead to a wrong tag due to mixing.

In Table 7.3 the different wrong tag fraction between the two hadronic channels

becomes obvious. The main difference arises from chain decays b → c → µ, which can
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b → c → µb → µ b → c → µb → µ

cc̄, bb̄, others

non-mixing

mixing

Figure 7.6: Illustration for the interplay between wrong tags due to chain
decays b → c → µ and wrong tags due to oscillations. The whole area
represents all events, the coloured boxes the correctly tagged and the grey
ones the wrong tagged. Mistags due to additional bb̄- and cc̄-pairs or due to
other sources can be assumed to have a corresponding counterpart of good
tags. By reducing the wrong tags due to chain decays (illustrated with the
arrows), the wrong tags due to mixing increase.

be explained by the different kinematic situation of the two channels. While the decay

B0
s → D−s π

+ leads to a total number of four final state particles, B0
s → D−s a

+
1 has six of

those particles, leading to a different distribution of pT (B0
s ) (see Figure 7.2). As in the

argumentation before, a higher pT of the signal B0
s leads to a higher pT of the opposite

side B hadron in first order. Consequently, a muon from a decay b→ c→ µ has a higher

pT and therefore a higher probability to be triggered. In short, with increasing number

of final state particles of the signal decay the occurrence of higher pT chain decay muons

increases, leading to a higher wrong tag fraction.

A further, but significantly smaller difference is expected in the fraction of wrong

tags due to mixing in events, where the muon directly originates from a semi-leptonic B

decays. A higher probability of occurrence of chain decays are at the expense of muons

from b → µ decays. Therefore, with increasing number of final state particles the wrong

tag fraction due to mixing is expected to be smaller. However, within the statistical error

the values for the two hadronic decay channels are compatible, as shown in Table 7.3.

The interplay between wrong tags due to mixing with wrong tags due to chain decays

is illustrated in Figure 7.6. Wrong tags due to additional bb̄- and cc̄-pairs or due to other

sources can be assumed to have an equal counterpart of good tags. Mixing in these events

does not change the total wrong tag fraction. The remaining events are subject to mixing.

If the percentage of mixed events is below 50 %, a reduction of wrong tags due to chain
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decays b→ c→ µ leads to an improvement of the total wrong tag fraction. Corresponding

to the fractions of B hadrons produced in pp collisions as shown in Table 2.3 and the

integrated mixing probabilities shown in Table 2.6, this percentage can be calculated to

be approximately 13 %.

7.2.2 Differential analysis of all events

In this section, the wrong tag fraction and its sources are discussed as a function of the

tagging muons transverse momentum pT (µ), the signal side mesons transverse momentum

pT (B0
s ) and the tagging muons transverse momentum relative to its closest jet prelT (µ). In

all figures the bars in x-direction show the width of the bin, the error of the wrong tag

fraction Pw is statistical, only. All 88 450 B0
s → D−s π

+ events and all 98 450 B0
s → D−s a

+
1

events are used for this analysis. However, one has to keep in mind that the reconstruction

efficiency has a strong dependence on pT (B0
s ) as shown in Chapter 7.1.3.

In Figure 7.7 the wrong tag fraction of the two decay channels is shown as a function

of pT (µ). Disregarding mixing of the opposite side B hadron, the main contribution to Pw

arises from chain decays b→ c→ µ. With increasing pT (µ) this fraction becomes smaller.

This can be explained by the fact, that a muon from a chain decay is more likely to

have a lower transverse momentum, therefore the percentage of muons originating from

those decays decreases with pT (µ). Consequently more muons from b → µ decays are

available, which leads to an increasing wrong tag fraction due to mixing, as discussed

in the previous section. Comparing the decays B0
s → D−s π

+ and B0
s → D−s a

+
1 , this

behaviour is observable in both decay channels.

Regarding the minor sources of wrong tag fraction, which are independent of mixing,

the contributions from additional bb̄ pairs and other sources are slightly increasing with

pT (µ). The only exception are muons from additional cc̄ pairs, whose contribution remains

about at the same level for all values of pT (µ).

In Figure 7.8 the wrong tag fraction and its individual sources are shown as a function

of the signal side B0
s transverse momentum pT (B0

s ). In order to analyse the various sources

of wrong tags with a high statistics, pT (B0
s ) is taken from the Monte Carlo and not from

the small amounts of reconstructed values. Consequently, one has to keep in mind that

the very low values of pT (B0
s ) cannot be reconstructed due to cuts on the individual final

state particles pT . This limitation of the reconstruction already has been discussed in

Chapter 7.1.3 and can be seen clearly in Figure 7.2.



136

The dependency on pT (B0
s ) mainly is dominated by wrong tags due to muons from

chain decays b → c → µ. This behaviour arises again from the fact, that at first order a

bb̄ pair has a transverse momentum equal to zero. Therefore a higher pT signal B meson

is accompanied by a higher pT opposite side B hadron. As the muon is boosted by the

initial B momentum, a muon produced in the chain decay b → c → µ has an increased

probability to be triggered and therefore be used as tagging muon, leading to a wrong tag.

With the same reasons as before, with increasing occurrence of chain decays in a sample,

wrong tags due to mixing decrease. In Figure 7.8 one can clearly see, that the wrong tag

fraction dependence is dominated by chain decays, whereas the decrease due to mixing

shows just a small effect.

Regarding the minor contributions, while wrong tags due to additional cc̄ pairs show a

slight decrease with growing pT (B0
s ), wrong tags due to additional bb̄ pairs increase. Over

the full range the fraction due to additional sources remain at the same level. Overall,

the fraction due to all those minor sources together is reduced with pT (B0
s ).

It has been shown, that the wrong tag fraction strongly depends on the signal sides

B hadron pT . This dependence mainly originates from chain decays b → c → µ. In

order to discriminate between muons from semi-leptonic B decays and muons from semi-

leptonic D decays the relative transverse momentum of a muon to its closest jet prelT (µ)

can be used. This observable has been introduced in Chapter 7.1.4, see Figure 7.4 for an

illustration.

Comparing the two semi-leptonic decays B0 → D−µ+νµ and D0 → K−µ+νµ, the

mass difference between the initial meson and the particles in the final state is of the

order 3.3 GeV for the B decay, for the D decay of the order 1.3 GeV. In the rest-frame of

the decaying particles, the muon momentum has a maximum when the neutrino receives

no momentum and the heavier particle goes in the opposite direction as the muon. Hence

the maximum possible momentum of a muon in such a three body decay can be estimated

by disregarding the neutrino. Calculating the maximum possible momenta of the muon

this way, one gets in the case of the B decay approximately 2.3 GeV, in the case of the D

decay less than 0.9 GeV. A boost in the direction of the B or D meson has no influence

on the transversal momentum relative to the jet direction. Due to the mass of the D

meson its prelT is small compared to the muons prelT . Therefore it can be expected that

muons with a small value of prelT are more likely to originate from a D decay, whereas high

values of prelT more likely can be assigned to B decays.
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Figure 7.7: The wrong tag fraction Pw and its sources as a function of pT (µ),
left for B0

s → D−s π
+, right for B0

s → D−s a
+
1 . The individual sources are

muons chain decays b→ c→ µ, muons from additional bb̄ or cc̄ pairs, muons
from particles decaying into a µ+µ−X final state, or wrong tags due to meson
mixing of the tagging side B hadron. In the two top figures all distributions
are compared on a linear scale, the filled squares correspond to the sum of all
individual sources. The bottom figures detail the various sources of wrong
tags on a logarithmic scale.
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Figure 7.8: The wrong tag fraction Pw and its sources as a function of pT (B0
s ),

left for B0
s → D−s π

+, right for B0
s → D−s a

+
1 . The signal B0

s transverse mo-
mentum is taken from the Monte Carlo truth information. As in Figure 7.7,
the total wrong tag fraction is split into its various sources. In the two top
figures all distributions are compared on a linear scale, the filled squares cor-
respond to the sum of all individual sources. The bottom figures detail the
various sources of wrong tags on a logarithmic scale. The missing points in
the logarithmic plots are due to zero entries in these bins.
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Figure 7.9: The wrong tag fraction Pw and its sources as a function of prelT (µ),
left for B0

s → D−s π
+, right for B0

s → D−s a
+
1 . As in Figure 7.7, the total

wrong tag fraction is split into its various sources. In the two top figures
all distributions are compared on a linear scale, the filled squares correspond
to the sum of all individual sources. The bottom figures detail the various
sources of wrong tags on a logarithmic scale. The missing points in the
logarithmic plots are due to zero entries in these bins.
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In Figure 7.9 the wrong tag fraction and its various sources are shown as a function

of prelT (µ). As expected, for low values of prelT (µ) < 1 GeV the main contribution to the

wrong tag fraction comes from chain decays b→ c→ µ in both hadronic decay channels.

As an additional feature, the wrong tag fraction due to additional cc̄ pairs is strongly

increased in the low prelT regime. Due to the large occurrence of muons from c-quarks

fewer muons originate from semi-leptonic B decays. Consequently the wrong tag fraction

due to mixing is strongly reduced in this regime. The total wrong tag fraction of events

with prelT (µ) < 1 GeV is approximately 43.5 % for B0
s → D−s π

+, and with approximately

48 % even larger for B0
s → D−s a

+
1 . In both cases, more than 70 % of those wrong tags

arise from c-quarks decaying semi-leptonically.

It has been shown in Table 7.2, that between the two decay channels the total wrong

tag fraction is larger for B0
s → D−s a

+
1 . Furthermore, in Table 7.3 it has been shown, that

the main difference arises from wrong tags due to chain decays b→ c→ µ. Without any

kinematic cut, one does not expect such a difference. However, due to a different number

of final state particles, cuts are introduced in the Monte Carlo generation as well as in

the reconstruction. In Figure 7.9 it is shown, that with increasing prelT (µ) the wrong tag

fraction due to muons from chain decays and additional cc̄ pairs is dropping, whereas the

fraction due to mixing increases. In addition, in the low prelT regime the wrong tag fraction

due to chain decays differs between the two decay channels. As shown in the figures (a)

and (b), at prelT (µ) > 2 GeV the wrong tag fraction is dominated by wrong tags from

mixed B mesons. Further more, the total wrong tag fraction for the two decay channels

is compatible in this regime:

B0
s → D−s π

+ : Pw(prelT (µ) > 2 GeV) = 0.164± 0.002 (7.1)

B0
s → D−s a

+
1 : Pw(prelT (µ) > 2 GeV) = 0.165± 0.002. (7.2)

This shows, that the difference in terms of wrong tag fraction between the two decay

channels could be eliminated by properly selecting a cut on prelT (µ). However, a cut of

prelT (µ) > 2 GeV would lead to a loss in terms of tagging efficiency, resulting in ε = 43 %

for both channels.
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7.3 Multivariate Analysis for the Measurement of a Per-

Event Wrong Tag Fraction

Flavour tagging is a crucial ingredient for the measurement of the B0
s oscillation frequency

∆ms, described in Chapter 2.3.2. This mixing parameter can be fitted by minimising a

likelihood function. One crucial parameter in this method is the wrong tag fraction. One

possible approach is the usage of a global wrong tag fraction for each decay channel.

However, as we have seen before, the global wrong tag fraction strongly depends on the

trigger menu or on kinematic cuts as e.g. on pT (B0
s ). Therefore for any modification

of the experimental setup the wrong tag fraction for each sub-sample has again to be

determined by Monte Carlo events.

Instead of using a global wrong tag fraction, an alternative method is based on

the combination of the various known kinematic dependencies to one, single variable.

Building the wrong tag fraction as an arbitrary function of such a variable allows the

implementation of an event-by-event wrong tag fraction Pw,i in the likelihood function.

This way, for example increasing the trigger cut on the muon pT has an influence on the

global wrong tag fraction, but not on the individual event-by-event wrong tag fractions.

Furthermore, compared to a global wrong tag fraction, the introduction of a per-event

wrong tag fraction reduces the total error of the fit, as shown in more detail in [147]. Now

the wrong tag fraction taking the role of per-event-errors, with increasing width of the

distribution of the wrong tag probability, the errors of the parameters in the likelihood

fit improve [108].

In Chapter 7.3.1 the determination of the fit parameters using a likelihood function

is explained. The full work on this topic is published in all details for the decay channel

B0
s → D−s a

+
1 in [142]. In Chapter 7.3.2 various multivariate methods combining the known

kinematic dependencies are compared and validated.

7.3.1 Likelihood Function

In this chapter, the construction of the likelihood function is outlined, more detail (e.g.

on normalisation, resolution function or combinatorial background) can be found in [142].

The likelihood function for the determination of ∆ms starts with the time dependent

probability functions P(t)(B0 → B0) and P(t)(B0 → B̄0) given in the Equations (2.81)

and (2.82). These two functions describe the probability, that an initial B0
q meson decays



142

a B0
q or as its anti-particle, B̄0

q , where q ∈ {d, s}. These two probability functions can be

combined to one common function

Pq(t0, µ0) =
Γ2
q −

(
∆Γq

2

)2

2Γq
· e−Γqt0 ·

(
cosh

∆Γqt

2
+ µ0 cos(∆mqt0)

)
, (7.3)

where P depends on the proper time t0 and the newly introduced parameter de-

scribing the mixing state, µ0, where µ0 = −1 corresponds to the the oscillating case

P(t)(B0 → B̄0) and µ0 = +1 to the non-mixing case P(t)(B0 → B0).

The measurement of the proper decay time is based on the measurement of the decay

length. Taking into account the dilution due to experimental effects, the probability

function has to be convoluted with a detector resolution function Resq(trec|t0) [142]:

qq(trec, µ0) =
1

Nq

∫ ∞
0
Pq(t0, µ0) · Resq(trec|t0)dt0. (7.4)

The flavour tagging introduces an additional dilution, which alters the observed prob-

ability density function:

q̃q(trec, Pw, µ) = (1− Pw) · qq(trec, µ) + Pw · qq(trec,−µ). (7.5)

In this equation the parameter µ0 has been replaced by the parameter µ, indicating,

that the flavour of the signal B0
q meson has been determined by a flavour tagger. In

contrast to [142], in (7.5) the wrong tag fraction Pw is not a global value for all events of

one decay channel, but equivalent to a measurement variable.

For the full likelihood function, in addition to the signal channels an additional prob-

ability function describing the non-oscillating combinatorial background has to be consid-

ered. As the contribution of this background is decreasing with time an exponential decay

with the decay width Γcb can be assumed. Following the same calculations as before, by

setting ∆mq and ∆Γq to zero one gets the probability function independent of the actually

measured wrong tag fraction and flavour tag:

q̃cb(t, Pw, µ) =
Γcb
2
· e−Γt. (7.6)
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Considering the signal and background distributions q′ ∈ d, s, cb with its correspond-

ing fraction fq′ , the complete probability density function becomes

pdf(trec, Pw, µ) =
∑

q′=s,d,cb

fq′ · q̃q′(trec, Pw, µ) (7.7)

The total likelihood function for the Nch decay channels is obtained by multiplying

the individual probability density functions pdfk(trec,i, Pw,i, µi) of each decay channel k

and for each event i:

L(∆ms,∆Γs) =

Nch∏
k=1

Nk
ev∏

i=1

pdfk(trec,i, Pw,i, µi), (7.8)

In this likelihood function the measured parameters for each event are the lifetime,

the flavour tag and the wrong tag fraction. The parameters ∆md and Γq are taken from

reference tables [125], the only remaining parameters are ∆ms and ∆Γs. Maximising the

likelihood function (7.8) is used to measure these parameters.

7.3.2 Multivariate Analysis of Hadronic B0
s decays

In Chapter 7.2.2 we have seen, that the wrong tag fraction is a function of various kine-

matic observables. Consequently, regarding one single event, the determination of a tag

probability has to merge all possible information gathered so far. The aim of this chapter

is to merge several kinematic measurement variables discussed in the previous section

into one single variable vmva. The wrong tag fraction will be an arbitrary function of

this variable. In order to improve the error of the ∆ms likelihood fit, the distribution of

the per-event wrong tag fractions should have a large RMS [108]. This means, that the

single variable vmva is supposed to discriminate between events with a small and a large

wrong tag fraction. Furthermore, as we have seen in Chapter 6.2, various trigger scenarios

have different tagging efficiencies and wrong tag fractions. By creating the single variable

vmva with an unbiased sample, the wrong tag fraction becomes independent of the trigger

scenario used, only depending on the kinematic input variables. In this chapter the input

variables used are the tagging muon transverse momentum pT (µ), the tagging muon rel-

ative transverse momentum to the closest jet prelT (µ) as well as the signal B0
s transverse

momentum pT (B0
s ).
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In this chapter three different multivariate methods are used in order to obtain wrong

tag fractions depending on a single discriminating variable vmva: a Fisher discriminator,

a boosted decision tree and a artificial neural network.

7.3.2.1 The Multivariate Analysis Software

The program TmvaAnalysis6 used to train, test and validate the discriminating variable

is based on the Toolkit for Multivariate Data Analysis with Root (Tmva). This toolkit is

described in detail in [101], the various multivariate techniques used in the section all are

explained in detail in [77]. In the following the common steps for all multivariate methods

are described. Each method is applied separately to both hadronic decay channels B0
s →

D−s π
+ and B0

s → D−s a
+
1 .

The true signal B0
s flavour is given by the Monte Carlo truth information and com-

pared with the tagging information retrieved from the BFlavourCombinedTagger.

The events successfully tagged can be classified into two categories: correctly tagged or

wrong tagged. The events not successfully tagged are not of concern here. For all event

the kinematic observables pT (µ), prelT (µ) and pT (B0
s ) are calculated and set as input dis-

criminating observables in the software. The data samples are split into two even parts:

50 % of the events are used as training samples, the remaining events are used as valida-

tion samples. The training samples are used to train the multivariate method to find a

variable vmva which discriminates the two event categories wrong and correct tagged.

In the next step, the trained multivariate analysis is tested with the training sam-

ple and furthermore validated with the validation sample. In this phase the program

calculates correlations between the input observables and the resulting vmva, the signal

efficiency and the signal purity. Furthermore the training method is checked for overtrain-

ing, in which too many input observables have been chosen and adjusted to too few data

points.

In a last step the multivariate analysis is applied to the events of the data training

and validation sample separately. For each distribution with the knowledge of the true

signal B0
s flavour the wrong tag fraction is created as a function of the variable vmva. For

the training sample, the wrong tag fraction is fitted as an polynomial function of vmva

(i.e. a polynomial). In order to check the statistical consistency between the training

sample and the validation sample the corresponding χ2/ndf is calculated.

6The source code can be downloaded here: http://physik.uibk.ac.at/~jussel/tmvaTagging/

http://physik.uibk.ac.at/~jussel/tmvaTagging/
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Figure 7.10: The same sample consisting of events of type A and type B
projected on two different axis, denoted by w. The mean values of the two
samples have a distance d. In the left Figure the axis better pushes the mean
values of the two data samples apart.

The main criteria for a good multivariate method in this case is not a fast training

cycle or an excellent discrimination, but that the distributions of both, training and

validation sample, lie within their statistical error.

7.3.2.2 Multivariate Analysis Methods and Datasets

The first analysis method is the so-called Fisher discrimination [86]. In this method the n-

dimensional data points are projected onto an axis in a lower dimensional hyperplane. The

mean values of the two different event types (i.e. wrong and correct tags) are calculated.

The axis is chosen such that the two mean values are pushed as far as possible from

each other to get the best separation. The principle of this method is illustrated in

Figure 7.10. In this figure the 2-dimensional data points of type A and B are projected

onto a 1-dimensional axis w. The distance between the mean values is denoted by d. The

linear Fisher discrimination method is described in more detail in [77].

The second multivariate analysis method is a boosted decision tree (BTD). This

method classifies the events by repeatedly asking questions about one single variable with

answers of the type yes/no. As soon as some criterion on the first variable is fulfilled,

another set of questions is posed on the next variable and so on. Following one leaf of

questions, the events are classified as correct or wrong tagged, depending on the ratio of

these event types in the training phase.

In a further step, if events have been misclassified in the first decision tree, the

variables are boosted by giving these events a higher weight in the following decision tree.

In this chapter the boosting is performed by the so-called AdaBoost method [47]. This
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Figure 7.11: A multilayer perceptron with four input variables and one hidden
layer. Image taken from [101].

way more decision trees are combined, building a decision forest. In the end the events

can be discriminated by one single classifier.

The last multivariate analysis is done with artificial neural networks (Ann). Within

this chapter two different feed-forward multilayer perceptrons are used: the Clermont-

Ferrand neural network and the MultiLayerPerceptron MLP, both part of the Tmva

package [101]. More on neural networks can be found in [77], here I will just give a very

brief comment on the Anns used.

The first Ann is named after the city in which is was developed. It has been used

for the Higgs Analysis in the ALEPH collaboration as well as for a detailed background

study in the BaBar collaboration. Originally it was written in Fortran, however it has

been translated into C++ in the Tmva package. In principle the Clermont-Ferrand

Ann is a feed-forward multilayer neural network. The second Ann is the Root neural

network class TMultiLayerPerceptron. An example of a multilayer perceptron with

one hidden layer is illustrated in Figure 7.11.
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correct tag wrong tag

pT (µ) pT (B0
s ) prelT (µ) pT (µ) pT (B0

s ) prelT (µ)

B0
s → D−s π

+


1.000 0.151 0.167

0.151 1.000 −0.046

0.167 −0.046 1.000




1.000 0.062 0.461

0.062 1.000 −0.074

0.461 −0.074 1.000



B0
s → D−s a

+
1


1.000 0.157 0.134

0.157 1.000 −0.048

0.134 −0.048 1.000




1.000 0.146 0.271

0.146 1.000 −0.086

0.271 −0.086 1.000



Table 7.4: Correlation matrix for the three observables pT (µ), pT (B0
s ) and

prelT (µ) for the two decay channels B0
s → D−s π

+ and B0
s → D−s a

+
1 and sepa-

rated for events with a correct tag (left) and a wrong tag (right).

7.3.2.3 Analysis and Results

In this analysis the two data samples of the decay type B0
s → D−s π

+ and B0
s → D−s a

+
1

from Table 7.1 are analysed. All events are required to have a successful flavour tag, either

correct or wrong. Furthermore, the following three observables have to be reconstructed

successfully: pT (µ), pT (B0
s ) and prelT (µ). However, in order to have enough events avail-

able, pT (B0
s ) is taken from the Monte Carlo truth information. These three observables

are considered as input variables for the multivariate analysis, the events attribute correct

tag or wrong tag is used for the classification of the events.

In a first step, the input variables of the multivariate analysis of both decay channels

are checked for correlations. In the previous chapter the various correlations have been

already discussed qualitatively. In Table 7.4 the correlation matrices for the two decay

channels are shown, divided into the events with a correct tag and with a wrong tag. The

correlation of two variables X and Y is defined as

ρ(X,Y ) =
cov(X,Y )

σXσY
, (7.9)

where cov(X,Y ) is the covariance between the two variable. A correlation factor lies

within [−1, 1], where independent variables are described by correlation of zero.
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One can see, that the correlations have a small dependence of the decay channel

due to the different kinematic situation in the two channels. However, the correlation

between the two muonic variables pT (µ) and prelT (µ) is larger for wrong tagged events.

This correlation mainly origins from the different wrong tag fraction Pw in the regions of

prelT (µ) < 2 GeV, where Pw is large and strongly varying, and prelT (µ) > 2 GeV, where Pw

has reached a smaller, constant value. However, no input variable is fully correlated with

another one.

In the first analysis shown in Figure 7.12 and Figure 7.13 the data is trained by a

linear Fisher discriminator. In the first case, no re-weighting of the input variables is

performed, in the latter the events have been re-weighted using the AdaBoost boosting

method [47]. In the left figures the distribution of vmva is shown for the first 50 % of the

events, corresponding to the training sample (solid line) and for the remaining validation

events (dashed line). In both methods the wrong tag fraction for the training sample is

fitted with a polynomial of third order, the parameters are given in the top, right box.

For both Fisher analysis methods the distribution of the wrong tag fraction matches

between the training sample and the validation sample. In Table 7.5 the two distributions

of wrong tag fraction are compared by calculating their χ2/ndf . In addition in this table

the integrated probability Qχ2,ndf to measure this χ2 or a larger value is shown. Values

of Qχ2,ndf < 0.05 correspond to a 95 % CL.

Despite the shape of the Pw distributions match between the training and validation

sample, these results indicate that boosting of the input variables does not improve the

results, but rather downgrade. Concluding, the Fisher method without re-weighting give

a χ2/ndf of 26.01/20 for B0
s → D−s π

+ and of 27.81/20 for B0
s → D−s a

+
1 . Despite a small

fluctuation at vmva = 0.2 for B0
s → D−s a

+
1 , all data points of both, the training and

validation sample, can be described by the fitted polynomial within the statistical error.

The results for the second method, the boosted decision tree, are illustrated in Fig-

ure 7.14. While the training and validation distributions of vmva for B0
s → D−s π

+ match

each other, for B0
s → D−s a

+
1 this does not hold. This fact is reflected in the distribution

of the wrong tag fraction, where for most values of vmva the wrong tag fraction of the

validation sample lie above the Pw value of the training sample. This difference in the

shape is compensated by a small difference in the range 0.30 < vmva < 0.35.

Quantitatively shown in Table 7.5, for the decay channel B0
s → D−s π

+ the training

and validation sample match, but for B0
s → D−s a

+
1 with χ2/ndf = 58.43/10 the boosted

decision tree by far cannot match these two samples.
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MVA-Method B0
s → D−s π

+ B0
s → D−s a

+
1

χ2/ndf Qχ2,ndf χ2/ndf Qχ2,ndf

Fisher 26.01/20 0.165 27.81/20 0.114

Boosted Fisher 30.90/18 0.030 34.42/17 0.011

AdaBoost BDT 6.05/11 0.870 58.43/10 0

Multi Layer Perceptron 54.44/11 0 67.01/12 0

Clermont-Ferrand 8.85/11 0.636 12.75/11 0.3099

Table 7.5: Comparison of the validation sample against the training sam-
ple in the distributions of Pw by calculating χ2 (see Figure 7.12-7.16). For
each distribution and each method χ2/ndf and the probability Qχ2,ndf are
displayed.

In a final step, the multivariate analysis is performed with the two Ann, the Root

multilayered perceptron in Figure 7.15, and the Clermont-Ferrand Ann in Figure 7.16.

Regarding the MLP, for both decay channels the distributions of vmva do not match

between training and validation sample. As shown in the right figures, apart from a small

region around vmva ≈ 0.85 and at low values of vmva the distribution of the validation

samples lies well above the other. Comparing the two distributions by means of χ2/ndf

in Table 7.5, Qχ2,ndf is approximately zero for both decay channels.

Using the Clermont-Ferrand neural network, the distributions of training and valida-

tion sample well fit each other. Furthermore, the distributions of Pw perfectly match in

the regime of vmva > 0.7. Regarding the whole vmva region, the trained neural network

can reproduce the wrong tag fraction dependence in the validation sample. In terms of

χ2/ndf the Clermont-Ferrand Ann shows the best performance with 8.85/11 (12.75/11)

for B0
s → D−s π

+ (B0
s → D−s a

+
1 ), as shown in Table 7.5.
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Figure 7.12: Left, the distribution of training and validation events as a
function of vmva, where vmva has been trained by using the Tmva method of
Fisher Discriminants. Right, the wrong tag fraction Pw as a function of vmva.
At the top these dependencies are shown for the decay channel B0

s → D−s π
+,

at the bottom for B0
s → D−s a

+
1 . In both channels the training sample consists

of 45 000 events, the remaining events are used as validation sample. The
wrong tag results of the training sample are fitted with a polynomial of third
order (solid line), the grey shaded areas display the statistical error of the fit.
The fit parameters are in the top right box.
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Figure 7.13: Left, the distribution of training and validation events as a
function of vmva, where vmva has been trained by using the Tmva method of
Fisher Discriminants [86] boosted with AdaBoost [88]. Right, the wrong
tag fraction Pw as a function of vmva. At the top these dependencies are
shown for the decay channel B0

s → D−s π
+, at the bottom for B0

s → D−s a
+
1 .

In both channels the training sample consists of 45 000 events, the remaining
events are used as validation sample. The wrong tag results of the training
sample are fitted with a polynomial of third order (solid line), the grey shaded
areas display the statistical error of the fit. The fit parameters are in the top
right box.
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Figure 7.14: Left, the distribution of training and validation events as a func-
tion of vmva, where vmva has been trained by using a decision tree, boosted
with AdaBoost [88]. Right, the wrong tag fraction Pw as a function of vmva.
At the top these dependencies are shown for the decay channel B0

s → D−s π
+,

at the bottom for B0
s → D−s a

+
1 . In both channels the training sample consists

of 45 000 events, the remaining events are used as validation sample. The
wrong tag results of the training sample are fitted with a polynomial of third
order (solid line), the grey shaded areas display the statistical error of the fit.
The fit parameters are in the top right box.
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Figure 7.15: Left, the distribution of training and validation events as a
function of vmva, where vmva has been trained by using a Multi-Layered
Perceptron, boosted with AdaBoost [88]. Right, the wrong tag fraction Pw
as a function of vmva. At the top these dependencies are shown for the decay
channel B0

s → D−s π
+, at the bottom for B0

s → D−s a
+
1 . In both channels the

training sample consists of 45 000 events, the remaining events are used as
validation sample. The wrong tag results of the training sample are fitted
with a polynomial of third order (solid line), the grey shaded areas display
the statistical error of the fit. The fit parameters are in the top right box.
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Figure 7.16: Left, the distribution of training and validation events as a
function of vmva, where vmva has been trained by using a Clermont-Ferrand
neural network [101]. Right, the wrong tag fraction Pw as a function of vmva.
At the top these dependencies are shown for the decay channel B0

s → D−s π
+,

at the bottom for B0
s → D−s a

+
1 . In both channels the training sample consists

of 45 000 events, the remaining events are used as validation sample. The
wrong tag results of the training sample are fitted with a polynomial of third
order (solid line), the grey shaded areas display the statistical error of the fit.
The fit parameters are in the top right box.



CHAPTER

EIGHT

Summary and Conclusions

A full description of the electroweak interaction requires a precise measurement of the

elements of the Cabibbo-Kobayashi-Maskawa matrix. Testing the unitarity of the CKM

matrix is regarded as one possible path to unravel discrepancies within the Standard

Model of Particle Physics. The precise determination of CP violation in heavy flavour

B decays and the measurement of possible deviations from the Standard Model state a

prominent candidate for the discovery of physics beyond the Standard Model.

In the ATLAS experiment various measurements of heavy flavour B0
s decays aim

at the determination of the weak mixing phase φs, measured by a fit involving eight

parameters. The main decay channel used in this analysis is B0
s → J/ψ(µ+µ−)φ(K+K−).

One crucial parameter in this analysis is the B0
s oscillation frequency ∆ms which will be

measured in ATLAS using the hadronic decay channels B0
s → D−s (φπ−)π+ and B0

s →
D−s (φπ−)a+

1 .

The measurement of ∆ms can be separated into three important parts: the measure-

ment of the B0
s decay time, the identification of the B0

s flavour at decay time and the

measurement of the B0
s flavour at production time. While the first two items are covered

155



156

by the reconstruction of the exclusive decay channels, the latter measurement is covered

by methods of flavour tagging. In this thesis various aspects of flavour tagging of hadronic

B decay channels are explored in detail.

As the ATLAS detector has a limited kaon/pion separation, flavour tagging methods

like the reconstruction of the opposite side B decay or kaon tagging have a very limited

performance. The method of same side jet charge tagging has shown a good performance

in B0
s → J/ψ(µ+µ−)φ(K+K−). However, due to the trigger strategy used for the identifi-

cation of hadronic B0
s decays, the method of opposite side soft muon flavour tagging is by

far the most promising method in the measurement of ∆ms and consequently proposed

as the primary method.

In view of the increasing luminosity, trigger strategies will have to be adapted in

order not to go beyond the scope of the trigger bandwidth assigned to the B physics

working group. The possible sources of muons in B events have been explored in detail.

The influence of trigger strategies with varying thresholds on the trigger muon pT have

been explored in detail as well as multi-muon and muon-electron trigger scenarios. This

work has been performed on Monte Carlo generated events without reconstruction of

the signal decay channel. Trigger efficiency, wrong tag fraction and tagging power have

been studied in this thesis. In single muon trigger scenarios an increasing threshold on the

muon transverse momentum has been found to improve the wrong tag fraction. Increasing

thresholds in di-muon and muon-lepton trigger scenarios have a limiting impact on the

tagging power.

In this thesis a flavour tagging algorithm has been developed and implemented within

the ATLAS software framework. The flavour tagging algorithm has been applied to fully

simulated events of the two decay channels exclusive B0
s → D−s π

+ and B0
s → D−s a

+
1 with

D−s → φ(K+K−)π− and a+
1 → ρ(π+π−)π+. Tagging efficiency, wrong tag fraction and

tagging power have been analysed. The tagging power for the opposite side soft muon

lepton tagging has been found to be 0.303 ± 0.005 for B0
s → D−s π

+ and 0.281 ± 0.005

for B0
s → D−s a

+
1 . The sources of wrong tag fractions have been identified as wrong tags

due to oscillations of the opposite side B meson, muons from chain decays of the type

b→ c→ µ, additional cc̄ and bb̄ pairs and muons e.g. from J/ψ and ρ mesons. In terms

of tagging muon pT , signal B0
s pT and the tagging muon transverse momentum relative

to the closest jet prelT the differential behaviour of these sources and their interplay have

been explored in detail.
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For the measurement of the oscillation frequency ∆ms a method for a per-event

wrong tag fraction based on a multivariate analysis has been developed. A multivariate

analysis using unbiased data samples without any cut makes the flavour tagging algorithm

independent of the muon trigger pT threshold. Based on the Toolkit for Multivariate

Data Analysis Tmva a program has been written in order to test various multivariate

techniques. The combination of pT (µtag), pT (B0
s ) and prelT into one single variable has

been investigated by using two kinds of Fisher discrimination, a boosted decision tree

and two different artificial neural network for both decay channels B0
s → D−s π

+ and

B0
s → D−s a

+
1 . The quality of the multivariate methods has been validated by comparing

the results of the training sample with a validation sample. The usage of a Clermont-

Ferrand neural network has shown a good performance and the validation- and training

sample are compatible with each other with 95 % CL. In addition, this neural network

shows a good discrimination of events in terms of wrong tag fraction. The usage of the

Clermont-Ferrand neural network for the calculation of a per-event wrong tag fraction

has been validated and therefore is proposed for the usage in the measurement of the B0
s

oscillation frequency ∆ms.

Within this year, the flavour tagging algorithm as well as the multivariate analysis

will be calibrated using the non-oscillating exclusive decay channel B+ → J/ψ(µ+µ−)K+.

The flavour tagging algorithm developed in this thesis is ready to be implemented into all

kinds of precision measurements involving oscillating B0 mesons, as e.g. the measurement

of the B0
s oscillation frequency ∆ms.





APPENDIX

A

Some Calculations with the CKM Matrix in

Wolfenstein Parametrisation in higher Orders

In section 2.3.1.2 the CKM matrix in the Wolfenstein parametrisation has been introduced

in with the definitions

sinΘ12 = λ

sinΘ23 = Aλ2

sinΘ13e
−iδ = Aλ3(ρ− iη)

(A.1)

where the current fitted values by UTFit collaboration [55] are

ρ = 0.135± 0.021

η = 0.367± 0.013

A = 0.8095± 0.0095

λ = 0.22545± 0.00065.

(A.2)
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The CKM matrix, expanded as a series in powers of λ up to O(λ3) already is shown

in Equation (2.49), in this appendix the matrix elements of the CKM matrix are written

up to an order of O(λ5):


1− λ2

2 − λ4

8 λ Aλ3(−iη + ρ)

−λ+ 1
2A
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8
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2Aλ
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2

 (A.3)

In the following, the six orthogonality relations (2.51-2.56) and their deviations from

zero are calculated.
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Triangle Vcd
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In summary, adding more orders in λ up to O(λ5), in the unitary relations the

deviation from zero is of order O(Aλ5) ∼ 4 · 10−4 in (A.5) and (A.13), the two triangles

with side length of the same order. The squashed triangles (A.9) and (A.15) deviate of

order O(Aλ6) ∼ 10−4, (A.7) and (A.11) of order O(Aλ7) ∼ 2 · 10−5.



APPENDIX

B

Treatment of Asymmetric Errors

Regarding efficiencies or wrong tag fractions close to ε & 0 or ε . 1, the Binomial error

calculation is not working for the error calculations used in this thesis. Assuming k events

selected out of n and the efficiency or wrong tag fraction is denoted as p = k/n, the the

expectation value ε and variance Var(ε) are given by

ε = n · p Var(ε) = n · p · (1− p) (B.1)

therefore in the limit k → 0 and k → n the varianced is equal to zero, independent

of the number of events. The Binomial error calculation is valid for efficiencies away from

the limits. As in this thesis expectation values close to the problematic limits have to be

regarded, an alternative method has been used throughout this work. A method based

on Bayes Theorem has been shown in detail in [146]. In this chapter the main steps and

the implementation within this thesis will be discussed briefly.

For a given efficiency ε measured in a sample consisting of n events by selecting k of

those, the Binomial distribution is given by
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Figure B.1: Efficiency probability density function for P(ε; 3, 15). The dashed
line shows the mode ε̃, the continuous line the mean value ε̄ and the shaded
area corresponds to the ε̄± σ area (CL = 68.3%).

P(k; ε, n) =

(
n

k

)
εk(1− ε)n−k. (B.2)

The Binomial estimator for the efficiency, ε̄ = k/n, has a variance of Var(ε̄) =

k(n− k)n3, resulting in absurd results vor k = 0 and k = n.

The proper error of ε with the knowledge of our data, n and k, has to be calculated by

the probability density function P(ε; k, n). Using the Bayesian theorem, this distribution

can be written as the Ansatz

P(ε; k, n) =
P(k; ε, n)P(ε;n)

C
(B.3)

where C is a normalisation constant and P(ε;n) describes the fact, that we require

the efficiency to have a value between zero and one. Reasonably we can set P(ε;n) = 1 if

0 ≤ ε ≤ 1 and P(ε;n) = 0 otherwise.

As shown in [146], by the calculation of the normalisation constant C = 1/(n + 1)

one can recalculate the distribution (B.3), it becomes
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P(ε; k, n) = (n+ 1)

(
n

k

)
εk(1− ε)n−k. (B.4)

Consequently, as showed in [146], calculating the estimator ε̄ and its variance Var(ε̄)

results in

ε̄ =
k + 1

n+ 2
, Var(ε̄) =

(k + 1)(k + 2)

(n+ 2)(n+ 3)
− (k + 1)2

(n+ 2)2
(B.5)

whereas the maximum of Max(ε) = ε̃ = k/n is identical to the Binomial estimator.

In Figure B.1 the probability distribution from Equation (B.4) is shown for n = 15 and

k = 3, the shaded area shows the region ε ± σ (σ =
√

Var(ε̄) from Equation (B.5))

corresponding to a CL of 68.3%. Note that the mean value is shifted from the usual

Binomial mean value.

Using ε̄ and Var(ε̄) from (B.5), one can prove for all k ≥ 0 and n ≥ k

ε̄+ Var(ε̄) =
k + 1

n+ 2

(
1 +

k + 2

n+ 3
− k + 1

n+ 2

)
<

<
k + 1

n+ 2

(
1 +

k + 2

n+ 3
− k + 1

n+ 3

)
=

=
k + 1

n+ 2

n+ 4

n+ 3
<

=
k + 1

n+ 2

n+ 2

n+ 1
=

k + 1

n+ 1
≤ 1 (B.6)

that the efficiency plus its variation always is smaller than one. In the same way it

can be proven that ε̄− Var(ε̄) > 0 for small values of k ≥ 0 and n ≥ k. Furthermore, as

calculated in [146], for the values k = 0 and k = 0 one finds Var(ε̄) > 0. For small and

large values of k no unphysical efficiencies occur.

However, P(ε; k, n) is not symmetric and the integral is not analytic. Therefore,

within this thesis numerical calculations analogue to the calculations before (detailed in

[128]) have been used to calculate the asymmetric errors. The calculations are integrated

into Root as the class TGraphAsymmErrors7. As central value this class returns the ε̃,

introducing an asymmetric error around this value. The asymmetry is large for efficiencies

7More information about the functionality of the Root class, the underlying calculations and access
to the source code on http://root.cern.ch/root/html/TGraphAsymmErrors.html

http://root.cern.ch/root/html/TGraphAsymmErrors.html
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Figure B.2: Asymmetry (σ− − σ+)/(σ− + σ+) of the asymmetric errors pro-
duced by TGraphAsymmErrors for different values of n and 1 ≤ k ≤ n, where
σ− denotes the negative error and σ+ the positve.

close to zero and one, for an efficiency of ε = 50% the error is symmetric, as shown in

Figure B.2.
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