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Eine Messung des Produktionswirkungsquerschnitts von B±c Meso-
nen, die durch den Zerfall zu J/ψπ± beobachtet werden, relativ zu
dem Produktionswirkungsquerschnitt von B± Mesonen, die durch
den Zerfall zu J/ψK± beobachtet werden, mit dem ATLAS Detek-
tor bei

√
s = 8 TeV:

Vorliegende Arbeit ist ein Beitrag zur Messung des relativen totalen und
differentiellen Wirkungsquerschnitts multipliziert mit dem Zweigverhält-
nis (BR) für die Produktion von B±c mit dem ATLAS Detektor am
LHC bei einer Schwerpunktsenergie von

√
s = 8 TeV. Der Produktions-

Wirkungsquerschnitt für B± wird als Referenz benutzt. Die hadronischen
Zerfallskanäle B±c → J/ψπ± und B± → J/ψK± bieten vollständig rekonstru-
ierbare Zerfälle, die für diese Messung genutzt werden. Die Untersuchung er-
folgt mit pT(B±c ) > 13 GeV im Barrel-Bereich des inneren Detektors, der den
Bereich |η| < 1.05 der Pseudorapidität abdeckt. Die Daten werden in zwei
Bereiche in pT untergliedert. Die Anzahl der Zerfälle wird aus dem Fit an die
Verteilung der invarianten Masse für sowohl B±c als auch B± bestimmt und
auf die Auswahleffizienz korrigiert. Letztendlich wird σ(B±

c )×BR(B±
c →J/ψπ±)

σ(B±)×BR(B±→J/ψK±)
in den zwei Bereichen berechnet, die zugehörigen Messunsicherheiten un-
tersucht und der relative Produktions-Wirkungsquerschnitt multipliziert mit
dem Zweigverhältnis berichtet.

A measurement of the production cross section of B±c mesons ob-
served through their decay to J/ψπ±, relative to the production
cross section of B± mesons observed through their decay to J/ψK±,
using the ATLAS detector at

√
s = 8 TeV:

The thesis in hand is a contribution towards the measurement of the relative
total and differential cross sections times branching ratio (BR) for the pro-
duction of B±c mesons with the ATLAS experiment at the LHC at a center
of mass energy of

√
s = 8 TeV. The production cross section for the B±

meson is used as a reference. The hadronic decay channels B±c → J/ψπ±

and B± → J/ψK± provide fully reconstructable events which are used for
this measurement. The analysis is done for pT(B±c ) > 13 GeV in the barrel
region of the inner detector covering the pseudorapidity range |η| < 1.05.
The data are divided into two bins in pT. The number of events is extracted
from the fit to the invariant mass distributions for both the B±c and the
B± and corrected for the selection efficiency. Finally, σ(B±

c )×BR(B±
c →J/ψπ±)

σ(B±)×BR(B±→J/ψK±)
is calculated for each bin, the uncertainties are evaluated, and the relative
production cross section times branching ratio is reported.
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1 Introduction

The Standard Model of Particle Physics gives a theoretical description of funda-
mental particles and the interactions between them. It is able to describe many
measurements in particle physics with high precision. After the recent discovery
of the Higgs boson[1; 2], the Standard Model is even more firmly established.
The corresponding Higgs mechanism can be used to explain the origin of the
fermion masses and the masses of theW and Z bosons. It is important evidence
in support of the model. However, there are still open questions which can not
be explained by that model. Probably the most important are the questions
of the origin of dark matter and dark energy, the asymmetry between matter
and antimatter in our universe, and the difference in magnitudes between the
gravitational force and the other fundamental forces. This is linked to the idea
of possible extra dimensions or new symmetries.
The Large Hadron Collider (LHC)[3] at the Swiss-French border in Geneva is

designed to address these unanswered questions and to further investigate the
interactions described by the Standard Model. It is the world’s biggest particle
accelerator and collides protons with a center of mass energy of

√
s = 8 TeV

(in 2012) at four different interaction points. At these points are the ATLAS1,
CMS2, ALICE3, and LHCb4 detectors. Whereas LHCb is able to perform high
efficiency measurements in the longitudinal direction, ATLAS and CMS have
high transverse resolution. ALICE concentrates on the investigation of the
quark-gluon plasma, a state where quarks and gluons are deconfined.
This study uses data from the ATLAS detector to measure the cross section

times branching ratio (BR) for the production of the B±c meson relative to those
of the B± meson. The measurement has high efficiency in the transverse region.
The B±c meson is the only system with two different heavy flavors, beauty and
charm. It was first observed by Tevatron[4]. In 2012 it was observed at the

1abbrevation: A Toroidal LHC ApparatuS
2abbrevation: Compact Muon Solenoid
3abbrevation: A Large Ion Collider Experiment
4abbrevation: Large Hadron Collider beauty
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1 Introduction

ATLAS detector[5]. At the LHC it is predominantly produced by gluon-gluon
fusion. This measurement can be used as input for perturbative QCD and lattice
models in order to improve understanding of the mechanisms for production and
hadronization of heavy quarks.
In Section 2 the Standard Model is introduced in a phenomenological manner.

The ATLAS experiment is described in Section 3. Before the selection of the B+
c

events is explained (Section 5), an overview of previous related measurements
and cross section predictions for the B+

c is given (Section 4). Finally the se-
lection criteria are applied in the measurement of the relative production cross
section times branching ratio and the result is corrected for the efficiency of the
reconstruction (Section 6). The results are summarized in the Conclusion (Sec-
tion 7) and an overview of possibilities for further investigation is given (Section
8).
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2 Standard Model of Particle Physics

The Standard Model of Particle Physics is a quantum field theory encompassing
Quantum-Electro-Dynamics (QED), Quantum-Chromo-Dynamics (QCD), and
the theory of the weak interaction. QED gives a description of the interaction
due to the electric charge of particles, whereas QCD describes the strong inter-
action due to their color charge (see 2.1). Particle properties are derived from
the quantum fields.

2.1 Particles of the Standard Model

Particles can be classified by their spin as fermions and bosons. A fermion has
a spin of (2n + 1)/2 with n being any integer. The bosons are characterized
by a spin of n. According to the Pauli Principle, fermions have to differ in at
least one of their characteristics, whereas several bosons can occupy the same
quantum state. The bosons mediate the interactions between the fermions. The
fermions include leptons such as the electron and the neutrinos, and quarks. The
quarks can not be observed individually, because they are subject to the strong
force. They combine to form particles called hadrons. The fermions and their
properties are listed in Table 2.1. For each of them there exists an anti-particle
with the same characteristics, but opposite charge.

Fermion Generation Charge /e InteractionsI II III

Quarks u c t +2/3 el.-magn., weak, strong
d s b -1/3

Leptons e µ τ -1 el.-magn., weak
νe νµ ντ 0 weak

Table 2.1: Elementary fermions of the Standard Model of Particle Physics, and
their charge and interaction properties. Only the quarks carry color
charge and are thus subject to the strong interaction mediated by
gluons. Quarks and leptons carry a spin of 1/2.

3



2 Standard Model of Particle Physics

There are six quark flavors, which are grouped in three generations according
to their masses. The up (u) and down (d) quarks are the lightest quarks, the top
(t) and bottom (b) the heaviest. The masses of the charm (c) and strange (s) lie
in between. Quarks interact via all three fundamental interactions of the Stan-
dard Model. They carry either an electric charge of e · 2/3 or −e · 1/3. Thus,
they are subject to the electromagnetic interaction which couples to electric
charge. The quarks carry color charge as well. There are three different colors,
allowing the strong interaction to bind quarks together. A hadron has to be
color-neutral and have an electric charge of ±n · e, n ∈ Z. This can be achieved
by combining three quarks of different colors into one particle, a baryon. An-
other way of obtaining color-neutral particles is combining color and anti-color.
Since anti-quarks carry anti-color, a quark and an anti-quark can combine into a
meson. Quarks also interact weakly. The weak interaction can convert a quark
into one with different flavor. The probability for such a flavor change is char-
acterized by the Cabibbo-Kobayashi-Maskawa (CKM) matrix. Changes within
one quark-generation are most probable. Changes between different generations
are Cabibbo-suppressed.
Additionally, there exist six leptons. These are: electron (e), muon (µ), tau

(τ) and their corresponding neutrinos (νe, νµ, ντ ). All of them can interact via
the weak interaction, but only the e, µ, and τ have an electric charge and are
consequently able to interact electromagnetically as well.

Boson Spin Interaction approx. range Charge /e
W+

1
weak 10−2 fm

1
W− -1
Z0

0
γ el.-magn. ∞
g strong 1 fm
H 0 mass-coupling -

Table 2.2: Bosons of the Standard Model of Particle Physics, their properties
and the interactions they carry.

The interactions are mediated by exchange of bosons (see Table 2.2). The
gluon (g) is responsible for the strong interaction. There exist eight different
gluons. The massless gluons have color themselves and can couple to one an-

4



2.2 Cross section

other. This leads to the very short range of the strong interaction. The range
of the weak interaction is even smaller. This is due to the mass of the exchange
bosons (W±, Z0). Within the weak interactions there are charged-current in-
teractions and neutral-current interactions. The charged-current interaction is
carried by the W± bosons. A particle flavor is changed by the absorption or
emission of aW±. For example a µ− will be transformed into a neutral νµ under
absorption of a W+. The neutral-current interaction, on the other hand, does
not carry any electric charge. In a neutral current interaction a Z0 boson is
absorbed or emitted. It decays into a fermion/anti-fermion pair. The boson of
the electromagnetic interaction is the photon γ. It couples to electric charge.
The Higgs boson does not mediate the fundamental interactions, but gives the
elementary particles their masses.

2.2 Cross section

If a bunch of particles of type α is made to pass head-on through a bunch of
particles of type β and their overlap area is A, and the numbers of particles
swept into that overlap area are Nα and Nβ (at LHC Nα, Nβ ≤ 1.1 · 1011 [3])
respectively, then the reaction rate Ṅreact (number of reactions per unit time) is
given by

Ṅreact = σ · NαNβf n

A
, (2.1)

where n is the number of bunches and f is the bunch crossing frequency. The σ
is called the cross section. It is a measure of the probability of a certain reaction
and has the dimension of an area. When the particle has more than one mode
for decay the number of events measured, Nmeas, is given by the product of Nreact

and the branching ratio. Hence, the branching ratio is the ratio of the number
of particles undergoing a certain process to the total number of particles.
Using the definition of the luminosity,

L = nNαNβ f

A
, (2.2)

(2.1) can be rewritten as
Ṅreact = Lσ. (2.3)

The luminosity delivered to the experiments decreases during each run, because
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2 Standard Model of Particle Physics

of the decrease in Nα and Nβ with each interaction. Integration over time of
(2.2) gives the integrated luminosity

Lint =
∫
L dt. (2.4)

This can be used to replace the reaction rate Ṅreact by the number of outgoing
particles N =

∫
Ṅreact dt and express the production cross section as the ratio

of the number of final state particles to the integrated luminosity

σ = N

Lint . (2.5)

Theoretical cross section predictions in QED make use of Fermi’s Golden
Rule, which gives the transition rate Ṅreact as a function of the transition matrix
element Mf,i between the initial quantum state |i〉 and the final state |f〉 and
the phase space ρ(Ef ) of the final state:

Ṅreact = 2π|Mf,i|2ρ(Ef ). (2.6)

Mf,i is given by 〈f |Hint | i〉 for the interaction Hamiltonian Hint. The cross
section σ = Ṅreact/L is the ratio of the transition rate to the luminosity L.
In Fermi’s Golden Rule an approximative calculation of the transition matrix
elements is used.

The B±c is a system made up of a b and a c̄ (B−c ) or b̄ and c (B+
c ). Its cross

section is calculated from two kinds of diagrams contributing to the matrix
elements, fragmentation diagrams and recombination diagrams. The diagrams
of recombination type represent the amplitude for the binding of c(c̄) and b̄(b)
quarks from independent pair production in hard parton scattering to form
B+
c (B−c ) mesons. This process is most important for small momenta[6].

The total cross section for inelastic scattering of the partons i and j carrying
the proton momentum fractions x1, x2 is given by:

σbb̄ =
∑
i,j

∫
dx1dx2fifjσ̂i,j, (2.7)

where fi, fj are the parton distributions for each parton inside the respective
colliding protons. The short distance inelastic scattering cross section σ̂bb̄ can be
calculated in a perturbative manner for high energies (expansion in the strong
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2.3 B-physics

coupling αS). At leading order, the calculation is exactly as for a QED process.
At higher orders an exact calculation is not possible. Approximations make use
of the factorization theorem[7], which allows the non-perturbative part of (2.7)
to be factored out and calculated independently.
In this analysis only momenta higher than the B±c mass play a role and the

most important processes in the B±c cross section are the contributions of the
fragmentation type diagrams[8]. The differential production cross section for
a specific b-hadron can be well estimated by the convolution of the b quark
production cross section in inelastic collisions σbb̄ (2.7) and the fragmentation
function times the fragmentation fraction[9]. The fragmentation function is a
single particle distribution[10]. It describes the formation of hadrons from the
quark-antiquark pair. Its integral over the fraction of the parton’s energy equals
one, so that all produced b quarks form hadrons. The fragmentation fraction
is the fraction of the contribution of the specific hadron to the fragmentation
product. The measurement of differential cross sections provides information
about the fragmentation fractions.
In this production process, first, a quark-antiquark pair is produced in hard

scattering[11]. Secondly, they may radiate secondary gluons by the strong in-
teraction. When the quarks separate, the potential energy due to the color
interaction between the two quarks grows until it has increased so much that
another quark-antiquark pair is created from the vacuum. This process repeats
several times and the system creates clusters of quarks and gluons with zero net
color and low internal momentum. The color coupling turns them into hadrons.
The fragmentation of bb̄ creating a cc̄ pair is by far the dominant contribution
over the fragmentation of cc̄ creating a bb̄ pair[8].

2.3 B-physics
This section focuses on the physics of hadrons containing a b quark relevant for
this study. The b quark was proposed in 1973[12] together with the introduction
of the CKM matrix. The CKM matrix describes the probability of transition
between different quark flavors (weak interaction). Since the b is the lighter
element of the third quark generation, its decay requires generation change.
Therefore, the study of B systems can be used to constrain the Standard Model
Charge-Parity violation mechanism described by the CKM matrix[13].

7



2 Standard Model of Particle Physics

With its two heavy flavors the B±c is a unique system for the study of heavy
quark dynamics, different from the model of qq̄ mesons (quarkonia), which can
annihilate. In its production two heavy quark-antiquark pairs must be created,
which explains the low value of the B±c production cross section. Whereas the bb̄
production is of the order of α2

s, with αs being the strong coupling, the leading
QCD order for the creation of bc systems is α4

s. It begins with the creation of
a b̄(b) and c(c̄) quark by parton collision, which then bind to form the B+

c (B−c )
meson. Some excited states of the B±c will cascade down to the ground state.
Hence, the measured production cross section is the sum of the production cross
sections for the ground state and through cascades from excited states. Only at
high energy and luminosity (see (2.2)) can sufficient B±c events be collected for a
cross section measurement. The hadronic production of the B±c is dominated by
the parton subprocess of gluon-gluon fusion gg → B+

c +b+ c̄(B−c + b̄+c)[14]. The
heavy-quark content allows a non-relativistic treatment of the quark motion, and
the sea quark contribution is negligible.

The B±c meson has a mean lifetime of (0.45 ± 0.04) ps[15]. It can only be
measured through it decay products, because only very few will reach the active
parts of the detector. There are three different ways for the B±c to decay. There
could be a decay of the b̄(b for the B−c ) with a spectator c(c̄) or the other
way around. Additionally there is an annihilation channel. In the annihilation
process the B±c decays into quarks or leptons. Two decays are especially suitable
for experimental measurement. The semileptonic channel B+

± → J/ψµνµ was
used in the observation by the CDF collaboration[4]. The J/ψ is a meson with
the quark content cc̄. The second possibility has a smaller branching ratio,
which means that it occurs less frequently. However, it allows for a better mass
measurement because it does not involve a ν whose energy can only be inferred
by ATLAS from missing energy. This is the B±c → J/ψπ± decay involving the
pion π±, a meson which is made up of ud̄ (ūd for the π−) quarks. This channel
is used in this analysis. The evidence for this decay was given by the CDF
Collaboration in 2006[16]. It was used in the Bc observations by ATLAS[5] and
LHCb[17]. The branching ratio is 0.13%± 0.08%[13].

An identical decay topology can be used to measure the B± meson. The B±

is composed of b̄ and u for the B+, and b and ū for the B−. It decays in about
(1.64±0.01) ps[18]. Hence, it can only be measured through its decay products as
well. The decay channel used in this measurement is the decay into a J/ψ and a

8



2.3 B-physics

kaon (K+): B+ → J/ψK+. TheK+ is a meson composed of u s̄. The branching
ratio for this channel is BR(B± → J/ψK±) ·BR(J/ψ → µ+µ−) = 6.01 · 10−3 %
[13]. The branching ratio BR(B± → J/ψK±) ≈ 0.101 % is thus comparable
to the one for the B±c → J/ψπ± decay. B± events are produced much more
frequently, because only one heavy quark-antiquark pair needs to be created.
Consequently, many more B± than B±c can be observed with the signature of a
decay into J/ψ and hadron.
The B± meson is used as the reference in the relative production cross section

times BR measurement. Because of its similar decay topology, some systematics
will cancel. Note that the results are reported for the B+ and the B+

c meson,
but are derived from both charged states using the B± → J/ψK± and the
B±c → J/ψπ± decays. The charge conjugate production cross section is assumed
to be identical. This assumption is implemented directly in the Monte Carlo
generators and was confirmed for the B± → J/ψK± decay[9].
The measurement of B particles in a hadron collider requires high particle

fluxes with long beam lifetime, magnetic spectrometers with broad acceptance
providing good momentum and mass resolution, radiation hard vertex detectors,
excellent particle identification, and efficient triggering and high speed data
acquisition[19]. The LHC provides high particle flux and has in the LHCb an
experiment dedicated to B-physics. While this detector examines particles in
the forward direction (η > 2.5), the general purpose detectors ATLAS and CMS
have the capability to perform B-physics measurements in the transverse region
(|η| < 2.5).
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3 The Experiment

3.1 LHC

The Large Hadron Collider (LHC)[3] at CERN1 is designed to search for the
Higgs boson, look for physics beyond the Standard Model, solve further puz-
zles like the matter-antimatter asymmetry, and perform precision measurements
of Standard Model processes[13]. It consists of two superconducting acceler-
ator rings[3]. The larger ring has a circumference of 27 km. Because of its
size, its radiative energy loss due to the acceleration of charged particles, the
bremsstrahlung, is kept low.
Protons are accelerated in opposite directions within two separate vacuum

chambers. The two beams can be brought into collision at the four interaction
regions where the detectors are located. Here they share a common beam pipe.
The acceleration happens in a sequence. Protons are produced in a hydrogen
source, when the electrons are stripped off by an electric field. Then the protons
are accelerated within the linear accelerator Linac2 to an energy of 50 MeV. The
next acceleration stage, the Proton Synchrotron Booster (PSB), accelerates the
protons to 1.4 GeV. They are further accelerated in the Proton Synchrotron
(PS) (25 GeV) and the Super Proton Synchrotron (SPS) where they finally reach
450 GeV. They are then passed into the big accelerator ring of the LHC. In the
LHC it takes 20 minutes for the protons to reach their final energy, but the beams
circulate for many hours inside the beam pipes under operation conditions.
Since heavy ions are produced in a different source, they are accelerated in an-

other linear accelerator (Linac3 ). Afterwards they are passed to the Low Energy
Ion Ring and finally follow the same acceleration steps as the protons starting
with the PS. These accelerator stages provide a beam with bunched structure.
The gaps between the bunches are used for synchronization, calibration, and
providing reset to the electronics.

1European Center for Nuclear Research (French: Conseil Européen pour la Recherche
Nucléaire)
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3 The Experiment

Figure 3.1: The different accelerator stages for protons and lead ions.

A collider such as this is characterized by its center of mass energy
√
s and

the luminosity L. The LHC is designed to reach a center of mass energy of
√
s = 14 TeV and a peak luminosity of 1034 cm−2s−1 at the ATLAS and CMS

experiments[3]. It operated with a center of mass energy of
√
s = 7 TeV in 2011,

and this was increased to
√
s = 8 TeV in the beginning of 2012. Currently the

accelerator is shut down to be upgraded in order to run with the design center
of mass energy. This analysis uses data obtained by the ATLAS detector in
2012 with a center of mass energy of

√
s = 8 TeV.
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3.2 ATLAS

3.2 ATLAS
The ATLAS detector[20] is the largest detector at the LHC. It is a multipurpose
detector designed to search for signals of new physics and measure Standard
Model processes with the highest accuracy at the high energy frontier. Its layout
is designed to characterize the known particles and look for missing energy as
well. It is sensitive to objects that would be produced by new physics processes
such as: electrons with high transverse momentum pT (the projection of the
momentum onto the plane perpendicular to the beam axis), photons, muons,
τ ’s and jets[19] (streams of hadrons which are in close proximity to one another
in their trajectory). These jets can contain B mesons.

3.2.1 Geometry

A schematic drawing of the detector is shown in Figure 3.2. It is 44 m long,
25 m high, and weighs roughly 7 ·106 kg[20]. The interaction point in the middle
of the detector is used as the center of a right-handed coordinate system. The
beam axis is the z axis, while the x-y plane is perpendicular to it. The positive
x-axis points to the center of the LHC ring, and the y axis points upwards.
The side of the detector towards positive z is called side A and the side towards
negative z is the C-side. The angle φ (ranging from 0 to 2π) is measured around
the z-axis. The polar angle θ (ranging from 0 to π) is measured from the z-axis.
The pseudorapidity

η = − ln
(

tan
(
θ

2

))
(3.1)

can be used alternatively. For sufficiently high velocities and low particle masses
the pseudorapidity becomes the same as the rapidity

y = 1
2 ln

(
E + pL

E − pL

)
. (3.2)

E is the particle’s energy and pL its longitudinal momentum (momentum com-
ponent along the z-axis). The rapidity y is a generalization of the velocity
βL = pL/E. The difference of rapidities is the same in every system moving
with constant velocity, i.e., rapidity difference is Lorentz invariant. At LHC
energies the rapidity and pseudorapidity can be assumed to be the same for
protons. Hence, the pseudorapidity difference can be treated as Lorentz invari-
ant.

13



3 The Experiment

3.2.2 Setup and components

Figure 3.2: Schematic picture of the ATLAS detector. Humans are shown to
illustrate the detector size.

ATLAS has several different layers. The Inner Detector (ID) is closest to the
interaction point. It is used to identify and locate the vertices, recognize certain
patterns, determine the particles’ charge and momentum, and identify electrons.
The measurement of energy is done by the Electromagnetic Calorimeter and
the Hadronic Calorimeter surrounding the Inner Detector. The outer detector
layer is the Muon Spectrometer (MS), which detects charged particles that exit
the calorimeters and measures their momentum. The detector chambers are
concentric around the beam axis in the barrel region and perpendicular to the
beam in the end caps. The muonic trigger makes use of information from these
detector chambers to filter events of interest before the offline data analysis
takes place.
The signatures of different particle species in the subsystems of the ATLAS

detector are indicated in Figure 3.3. ATLAS does not have particle identifi-
cation to distinguish between different hadrons. (This results in the exclusive
backgrounds, section 5.1.) The components most relevant to the B+

c recon-
struction are the ID and the MS. In the B+

c → J/ψπ+ decay, the J/ψ meson

14



3.2 ATLAS

Figure 3.3: Particle signatures in ATLAS. The dashed lines are invisible to the
detector.

is reconstructed from its decay into a muon anti-muon pair. These muons leave
a signal in the ID, MS, and electromagnetic calorimeter. The energy of the π+

could measured in the electromagnetic and hadronic calorimeters. The energy
measurement of the calorimeters is not used in this analysis. The muons are
identified by the MS and the ID is used for the identification of the vertices and
the momentum measurements.

Inner Detector
The Inner Detector consists of the Pixel detector, Silicon microstrip tracker
(SCT) and Transition radiation tracker (TRT)[20]. Its layout is depicted in
Figure 3.4. The silicon pixel detectors are most important for the identification
of hadronic tracks including b-jets[19]. The Pixel detector and SCT are precision
tracking detectors for |η| < 2.5. The Pixel detector has high granularity around
the vertex region, with a pixel size of 50 × 400µm2 (z × R − φ). The pixel
modules are installed in three layers. All in all there are 1744 pixel modules
with 46080 readout channels on each of them.
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Figure 3.4: Cut-away view of the Inner Detector.

The Pixel detector is followed by the SCT. The SCT includes four coaxial
layers in the barrel region and nine layers in the end caps. Each of these layers
is a composition of two back-to-back silicon detectors. The readout strips of
the pairs use small angle stereo. In total there are more than 6 · 106 readout
channels in the SCT.
The TRT is the outer part of the ID. The TRT contains up to 73 layers

of straws interleaved with fibers in the barrel region and 160 planes interleaved
with polypropylene radiator foils in the end cap regions. They provide transition
radiation for electron identification. Each straw has a diameter of 4 mm and
is filled with a special gas mixture kept at slight overpressure. A voltage of
−1530 V between the gold-coated tungsten wire anode in the center of each
straw and the cathode permits the measurement of electron trajectories with an
accuracy of 130µm.
Transition radiation is electromagnetic radiation emitted by charged particles

which pass through a dielectric boundary layer. The absorption of the photons
in the gas leads to signals which can be distinguished from the signals of charged
particles by their amplitude. These signals can be used to separate particles,
for example electrons and pions.
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The components of the ID are immersed in a 2 T magnetic field. This field is
created by a superconducting solenoid magnet. Charged particles are deflected
by the Lorentz force, which makes a measurement of their momentum possible.
The particle has to have at least three hits in the ID, as otherwise the momentum
can not be reconstructed. In this analysis more than eight hits in the Pixel and
SCT detectors are required.

Calorimeters
The Calorimeters around the ID absorb the particles to measure their energies.
The energy measurement of the electromagnetic calorimeter is through the elec-
tromagnetic interaction of particles. Hence, it is best for measuring the energy
of photons and charged particles. The radiation length X0 is a measure of the
energy loss of high energy electromagnetically interacting particles in a material.
It is defined as the mean distance over which an electron loses all but e−1 of its
energy. At the same time it is 7/9 of the mean free path for pair production
of photons. The thickness of the electromagnetic calorimeter is between 22X0

and 33X0 [20].
The electromagnetic calorimeter is followed by the hadronic calorimeter. The

hadronic particles interact electromagnetically and through the strong force
with the nuclei of the calorimeter material. The Tile calorimeter is the part
of the hadronic calorimeter located directly behind the electromagnetic barrel
calorimeter and covers a pseudorapidity interval of |η| < 1.7. It is 7.4 interac-
tion lengths λ thick. The interaction length λ is defined such that only 1/e of
the particles do not undergo an inelastic interaction within λ.
This analysis does not use information from the calorimeters. Nevertheless,

the calorimeters take part in the detection by absorbing most particles and
preventing them from reaching the Muon Spectrometer.

Muon Spectrometer
Whereas in this analysis the π+ deposits all of its energy in the calorimeters, the
J/ψ decays into a µ+µ− pair and the calorimeters do not absorb most muons.
The muons will reach the outermost part of the detector, the Muon Spectrometer
(MS)[21]. The whole muon detection system is indicated in Figure 3.5.
In the barrel region (|η| < 1.4), muons are measured in three concentric layers

around the beam axis (at 5 m, 7.5 m, and 10 m distance from the beam)[20]
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Figure 3.5: Schematic picture of the Muon detection system at ATLAS (left).
The barrel Muon Spectrometer consists of three layers of eight small
and eight large chambers (right).

usingMonitored Drift Tubes (MDTs) and fast Resistive Plate Chambers (RPCs).
There are three times eight modules placed in accordance with the symmetry
of the toroid as shown in Figure 3.5[20]. Each module is subdivided into a
large and a small sector leading to an overlap in φ. They achieve a resolution
of 50µm, which results in 10% resolution in pT for pT ≈ 1 TeV tracks. The
MS barrel has a gap at η ≈ 0 which allows service to the solenoid magnet,
the calorimeters, and the Inner Detector. This gap varies in size. It is < 2 m.
The toroid provides a magnetic field of 0.5 T allowing the measurement of the
momentum. The magnetic field of the end caps dominates in the end cap region
of |η| > 1.6, while the barrel region |η| < 1.4 is dominated by the magnetic field
of the barrel solenoid. The magnetic field in between, in the transition region,
is a combination of both fields.
In the end caps three chambers are installed vertically[21]. Here Thin Gap

Chambers (TGCs) are used for the trigger (see Section 3.2.3) and MDTs are
responsible for the precision measurement of muon tracks. Only for the inner-
most ring of the end caps with |η| > 2 Cathode Strip Chambers (CSCs) are
used. Here the high particle fluxes require more radiation tolerance. The CSCs
are multiwire proportional chambers with cathode planes segmented in orthog-
onal strips. They are complemented by the MDTs in the four end cap wheels
(at 7.4 m, 10.8 m, 14.0 m, and 21.5 m distance from the interaction point). The

18



3.2 ATLAS

MDTs have a maximum counting rate of about 150 Hz/cm2. The CSCs allow
for higher counting rates. A measurement of the muon momentum in the pseu-
dorapidity range |η| < 2.7, and triggering in |η| < 2.4, are possible. The MDTs
consist of three to eight layers of drift tubes filled with an Ar-CO2 gas mix-
ture which is held at 3 bar. This gas mixture shows nonlinear behavior leading
to a reduction of spatial resolution at high counting rates. A 50µm diameter
tungsten-rhenium wire is held at a potential of 3080V and collects the electrons
from the ionization of the gas. The end cap modules consist of eight small and
eight big chambers as well.
Since a good muon measurement is important for the J/ψ particle (and finally

the B+
c ) reconstruction in the measurement of the production cross section, only

so-called combined muons[22] are used. A muon is “combined” when the track
in the Inner Detector and the one in the MS can be matched after being recon-
structed independently. Here, the momentum is measured in the ID and the MS
is used to identify the muons. There are also muons which can be reconstructed
only in the MS (Stand-alone muons), leave a track in the ID but only a track
segment in the MS (Segment-tagged muons), or tracks in the ID which lead to
an energy deposition in the calorimeter which is typical of minimum ionizing
particles (calorimeter-tagged muons). Those types of muons are excluded from
this analysis. Also, the measurement of the muon’s momentum in the MS allows
for a reduction of the data even before the offline analysis (triggering).

3.2.3 Trigger

At design luminosity there are approximately 106 proton-proton interactions
each second [20], but the data recording rate is limited to about 200 Hz. There-
fore, a majority of the events has to be rejected before recording, without unac-
ceptable loss of signal. The rate of B production is 500 kHz[19]. Not all of the B
events can be stored. Additionally, the B events compete with events satisfying
the signatures for a wide variety of new physics processes. The trigger for B
physics focuses on muons, which provide a high purity and good reconstruction
efficiency. For pT > 6 GeV nearly all muons come from B decays. Decisions are
made at three trigger levels. The Level-1 (L1) trigger system uses information
from the MS and the Calorimeter to decide if an event will be processed further
or not. It reduces the data rate to approximately 75 kHz. The subsequent Level-
2 (L2) trigger and Event Filter provide a further reduction to a final data-taking
rate of about 200Hz.

19



3 The Experiment

The L1 trigger searches for high transverse momentum muons, electrons, pho-
tons, jets, and τ -leptons decaying into hadrons as well as large missing and total
transverse energy ET. Transverse energy is defined by ET =

√
m2 + p2

T. For this
fast selection the MS is equipped with RPCs. There are three concentric layers of
RPCs in the barrel. The first two layers are below and above the middle layer
of MDTs. They are used for the low pT trigger with 6 GeV < pT < 9 GeV.
The third layer is located above the outer MDT in the larger sectors and
below it in the smaller sectors. It is necessary for the high pT trigger with
9 GeV < pT < 35 GeV. Each RPC includes ionization chambers made of two
resistive plates at a voltage difference of 9.8 kV with the active gas in between.
The signal is read out via capacitive coupling to metallic strips on the outer
faces of the resistive plates. Aside from their importance for the trigger, the
RPCs provide the second coordinate for the MDTs in the barrel region.
The TGCs are used in the forward region. They provide the second, azimuthal

coordinate to complete the (radial) measurement of the MDTs and serve also for
triggering the detector on muons. The middle MDT layer is complemented by
seven TGC layers. They are structured in a triplet and two doublets. The triplet
helps to reduce false coincidences from background hits, which are more likely in
the forward region than in the barrel. The inner MDT layer is complemented by
two TGC layers. They are multiwire proportional chambers with an active gas
mixture of CO2 and n-pentane. The applied voltage is about 2.9 kV on average.
The calorimeter trigger completes the L1 trigger. It uses a reduced granularity

of the electromagnetic and hadronic calorimeters. It collects information about
the transverse energy and the bunch crossing, identifies electron/photon and
τ -lepton candidates, and characterizes their isolation. The transverse energy is
measured by the preprocessor, which digitizes the input signals and associates
them with the bunch crossings. The subsequent cluster processor looks for the
electron/photon and τ -lepton candidates and examines whether their transverse
energies lie above a certain (programmable) acceptance threshold. It can also
verify whether certain isolation criteria are met. The jet/energy-sum processor
identifies particle jets and produces global sums of scalar and missing transverse
energy. The resulting counts and energy sums from the jet/energy-sum processor
and the preprocessor are sent to the central trigger processor.
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The central trigger processor (CTP) manages the trigger decisions. If there
is a L1 Accept (L1A) decision, the data from the L1 calorimeter subsystems is
forwarded to the data acquisition system. It also sends information about the
trigger decision for all trigger items to the L2 trigger and the identified objects
in units of η and φ to the region of interest (RoI) builder, which assembles it
into a unique data fragment to be sent to the L2 supervisor. Furthermore, the
CTP sets the luminosity blocks. A luminosity block is an interval containing
just enough data after correction for dead time and prescale effects (random
rejection of events, which pass the trigger, but are not recorded) such that the
luminosity uncertainty is just limited by systematic effects. Such an interval is
on the order of minutes.
For the L2 trigger, access to detailed information from all the ATLAS detector

elements (including the Inner Detector) is necessary. Full granularity is used
within the RoI, making up less than 3% of all data[23], as the basis for the L2
trigger decision. The triggering software makes the trigger decisions in several
stages. Each stage requires additional data from more detectors. The algorithms
identify features, such as tracks or calorimeter clusters, and determine whether
these features meet the criteria (such as shower shape or transverse energy
thresholds)[20]. For this analysis the two oppositely charged muons are required
to originate from a common vertex with their invariant mass lying between
2.5 GeV and 4.3 GeV.
The last selection stage of the ATLAS trigger is the Event Filter (EF). It

processes the events that are accepted by the L2 trigger. This is done with
offline event reconstruction algorithms using full detector granularities. For this
analysis a muon transverse momentum higher than 4 GeV for one of the muons
and 6 GeV for the other one is required by the EF trigger for further event
processing. It is also here that the events are channeled into the data streams:
electrons, muons, jets, photons, Emiss

T , τ leptons, and B-physics. The events
are recorded in files according to these streams. In this analysis the B-physics
stream was used for the measurement and the optimization of the selection.
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4 Predictions and Previous Measurements

The first searches for the B+
c meson at the LEP collider yielded a few can-

didate events and limits on some of its properties[14]. Experimental study
of the B+

c and its properties started with its discovery by the CDF collab-
oration at Fermilab[4]. They observed the B+

c in 1998 in the semileptonic
decay mode through proton antiproton collisions at

√
s = 1.8 TeV. A to-

tal of 20.4+6.2
−5.5 B+

c events were observed. The mass was determined to be
(6.4 ± 0.39stat ± 0.13syst) GeV, and a lifetime of (0.46+0.18

−0.16stat ± 0.03syst) ps
was measured. The observation in the hadronic decay mode allows for a more
precise measurement of the B+

c mass. The first complete reconstruction in
the hadronic mode was made by the CDF collaboration in 2006[24]. They
observed 14.6 ± 4.6 events and increased the precision of the mass measure-
ment to (6285.7 ± 5.3stat ± 1.2syst) MeV. The B+

c has also been studied by the
LHCb[17; 25], CMS[13; 26; 27] and ATLAS[5; 28] experiments at the LHC.
This thesis is a contribution towards the measurement of the differential rel-

ative and absolute production cross sections of the B+
c times branching ratio to

J/ψπ+ in pp collisions at the Large Hadron Collider with
√
s = 8 TeV by the

ATLAS experiment. The cross section is differential in transverse momentum
pT of the B+

c . Relative cross section measurements have been performed at
√
s = 7 TeV by LHCb[17] and CMS[27]. LHCb reported a relative cross section

times branching fraction

([
σB+

c
· BR(B+

c → J/ψπ+)
]/[

σB+ · BR(B+ → J/ψK+)
])

of (0.68 ± 0.10stat ± 0.03syst ± 0.05lifetime) % for pT(B+
c ) > 4 GeV in the pseudo-

rapidity range 2.5 < |η| < 4.5. The third uncertainty is due to the calculation
of the reconstruction efficiencies. It is dominated by the uncertainty on the B+

c

lifetime. No cut (selection requirement) on the lifetime is used in the present
analysis. CMS measured the relative cross section times branching ratio in the
rapidity region |y| < 1.6 to be (0.48 ± 0.05stat ± 0.04syst

+0.05
−0.03lifetime) %. This
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illustrates that a dependence of the production cross section on pseudorapidity
is expected. A measurement of the (relative) B+

c production cross section times
branching ratio,

[
σB+

c
· BR(B+

c → J/ψπ+)
]/[

σB+ · BR(B+ → J/ψK+)
]
,

with
√
s = 8 TeV and binning in pT has not been reported so far.

Theoretical predictions for the hadronic B+
c production cross section are re-

ported by several authors[6; 8; 29; 30; 31; 32; 33]. In lowest order perturbation
theory an uncertainty of a factor of 3 on the choice of the parametrization and
the gluon distributions was observed by [29]. The results for the ground state
are summarized in Table 4.1 for

√
s = 1.8 TeV,

√
s = 14 TeV, and

√
s = 16 TeV.

A prediction for the production cross section at 8 TeV has not been given. Low-
est order QCD perturbative theory for the hard scattering and non-relativistic
potential models for the hadronization process are used by [30]. In [29] a stan-
dard calculation technique involving the approximation of negligible binding
energy and relative momentum in the bound state is used and the quarks are
assumed to be on shell with parallel momenta. The cross sections are computed
at lowest order, including 36 matrix elements. The results of [30] agree with
the calculations of [6; 29]. The choice of parametrization in [6; 29] is the same.
Correction [32] to [6] improved the agreement between this model and the other
predictions.

σ(B±c ) as calculated in:
√
s = 1.8 TeV

√
s = 14 TeV

√
s = 16 TeV

[29] 3.2 nb to 6.4 nb 44 nb to 121 nb 78 nb to 140 nb
[30] 190 nb
[8] 1 nb 12.3 nb
[6] with correction [32] 3.1 nb 50.3 nb
[31] 18.3 nb to 31.5 nb
[33], |y| < 1.5 1.95 nb

Table 4.1: The predictions for the total hadronic production cross section for the
B+
c (here the charge conjugate is not implied) ground state at center

of mass energies
√
s = 1.8 TeV,

√
s = 14 TeV, and

√
s = 16 TeV. The

ranges given for [29; 31] reflect the dependence of the predictions on
the choice of gluon distribution function and their scaling Q2. All
numbers are rescaled to fBc = 500 MeV.
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These calculations depend on the measurement of the decay constant fB+
c

which in the non-relativistic approach is proportional to the absolute value of the
wave function at the origin. This value lies between 160 MeV and 600 MeV[29]
depending on the model and is a significant source of uncertainty on these
predictions (σtheo ∝ f 2

B+
c
).

In this measurement not only will the ground state B+
c contribute, but also

excited states which cascade down to the ground state. The ratio of the pro-
duction cross section for excited states relative to that for the ground state is
calculated in [6]. The excited B+

c mesons are produced about 1.3 to 2.5 times
more frequently than the ground state B+

c . In their calculation[6] fourth order
(α4

s) QCD perturbation theory was used with a fixed value for the strong cou-
pling, αs = 0.2. Replacing αs, with αs(ŝ), where ŝ is the invariant mass squared
of the interacting partons, would lead to a sevenfold decrease in the calculated
cross sections[6].
In [8] two approaches are used together with perturbative QCD calculations at

lowest order. Approach I considers only the production of quarks and their sub-
sequent fragmentation into B+

c . Approach II includes also the recombinatorial
production. Only the results of Approach II are shown in Table 4.1, where the
different predictions are presented. All calculations report that the differential
cross section decreases for increasing transverse momentum pT(B+

c ).
The B+ has a much higher production rate than the B+

c . A measurement of its
differential cross section times branching ratio for several bins in pT and rapidity
|y| has been done by ATLAS[34] for

√
s = 7 TeV. A similar measurement at

√
s = 8 TeV with ATLAS could be used to calculate the B+

c production cross
section times branching ratio σ(B+

c )BR(B+
c → J/ψπ+) · BR(J/ψ → µ−µ+)

from the measured relative cross section times branching ratios. The µ+µ−

branching ratio is BR(J/ψ → µ+µ−) = (5.93 ± 0.06) %[35]. The spectra in pT

can be used in theoretical models to shed light on the mechanisms for production
and hadronization of heavy quarks.
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When measuring the cross sections times branching ratios,

σ(B+
c ) · BR(B+

c → J/ψπ+)
σ(B+) · BR(B+ → J/ψK+) ,

a high yield in the number of events is required to keep statistical errors low.
Since B+

c production is much less likely than B+ production, the yield of B+
c

events is crucial, so a study to optimize the selection criteria for the B+
c is

undertaken (Section 5.2.1).
A first study of the B+

c selection was done at the time of the B+
c observation in

the 2011 ATLAS data with a center of mass energy of
√
s = 7 GeV[5]. Applying

these selection criteria to 2012 data leads to a reconstruction of 234 ± 26stat B
+
c

and 33629 ± 239stat B
+. In 2011 data, 82 ± 17stat B

+
c → J/ψπ+ decays were

observed by ATLAS with the original event selection[5]. It is expected that a
higher number of B+

c can be achieved, because the cuts might be relaxed and
the integrated luminosity is about four times higher (19.2 fb−1 in 2012 compared
to 4.3 fb−1 in 2011). In this thesis it will be shown how far these cuts can be
released.
More than 200 B+

c events are needed in |η| < 1.05 to measure the differential
relative cross sections in two different bins in transverse momentum pT within
the barrel region of the inner detector. Each of these bins should contain more
than 100 decays to have statistical uncertainties comparable with those in the
B+
c observation. Some systematic errors will cancel by measuring the production

rate for B+
c relative to B+, because the mesons are observed through decays of

identical decay topologies and the integrated luminosity is identical.
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5.1 Composition of the background

It is important to minimize the uncertainty on the number of reconstructed
B+
c decays, because it contributes directly to the precision of the cross section

measurement. An understanding of the fake signal due to various background
processes is necessary. The background comes from other decay processes which
are interpreted as a J/ψπ+ coming from a B+

c decay although there was no decay
of the B+

c , or particles other than the pion have been involved.

The J/ψ → µ+µ− decay gives a very distinct signature. Hence, the back-
ground is composed of combinations of J/ψ with hadron tracks falsely inter-
preted as B+

c → J/ψπ+ decays, because ATLAS does not have particle identifi-
cation. Inclusive background consists of the combination of hadron tracks with
a J/ψ coming from prompt production in the pp interaction or from decays of
hadrons containing either a b or a b̄ quark other than the B+

c . The latter is
indicated with bb̄ → J/ψX. The background is modeled in the official Monte
Carlo production. The data sets are listed in Appendix A in Table A.

The inclusive background is dominated by b-hadron decays. It does not have a
peak in the mass range of the B+

c reconstructed mass spectrum. It consists of the
superposition of the tails of several resonances which can be well approximated
by a decaying exponential function. The combinatorial background involving
production of prompt J/ψ (derived from pp → J/ψX) makes the next most
important contribution and has a flat spectrum in the reconstructed mass.

The background from specific decay processes is called exclusive background.
The B → J/ψK+ decay with the K+ interpreted as a π+ has some contribution
in the signal region and is included in the bb̄ → J/ψX sample. The other
exclusive backgrounds are non-signal decay channels of the B+

c including a J/ψ.
The µ+µ− from the J/ψ decay are combined with a hadron of mass different
than the π+, or hadrons are missed by the reconstruction, leading to an incorrect
measurement of the mass. In the semileptonic decay B+

c → J/ψνµµ
+, the µ+

is assigned the pion mass and the ν energy is not detected. The B+
c → J/ψρ+

decays have a ρ+ in the final state, which decays further into π+π0. The π0 is
missed by the reconstruction. Only one π+ is used from the B+

c → J/ψπ+π0

and B+
c → J/ψπ+π−π+ decays, leading to a shift towards lower reconstructed

mass. Although their branching ratios are higher than the branching ratio of
the B+

c → J/ψπ+, their contribution is small, because their main contribution
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Figure 5.1: The contributions of exclusive and combinatorial backgrounds in
the B+

c reconstructed mass spectrum (semilogarithmic scale). The
B+
c → J/ψπ+ signal peak position is shown for comparison (yellow

line). The prompt J/ψ background is fitted with a constant and
the bb̄→ J/ψX contribution with an exponential. Details of the fit
results are given in the main text. The fluctuations around these
fits are expected to be due to limited statistics in the Monte Carlo
samples.

lies below the mass range selected for this analysis. The decay B+
c → J/ψK+

is Cabibbo-suppressed, because quarks of two different generations, namely u
and s̄, are produced in the weak decay of the b̄ to c̄. It has thus approximately
0.05 times the amplitude of the B+

c → J/ψπ+ signal decay. Only a small shift
in the reconstructed mass of these two decays can be seen, because the masses
of the K+ and the π+ are similar. Thus, the exclusive backgrounds contribute
to invariant masses below the B+

c mass peak.
The background contributions are illustrated in Figure 5.1 and Figure 5.2.

They show that the background spectrum is mostly due to the inclusive back-
grounds and the contribution from the exclusive background plays a minor role.
The number of Monte Carlo events NMC was scaled by luminosity (multiplica-
tion by Lintσ · BR/NMC). It represents the number of events expected in the
collision data at 8 TeV center of mass energy.
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5 Selection of the Events

Figure 5.2: The contributions of the exclusive and combinatorial backgrounds.
The B+

c → J/ψπ+ signal peak position is shown for comparison
(yellow line). The left graph (a) shows the stacked contributions of
both the exclusive and combinatorial background. The mass spec-
trum of the combined backgrounds is dominated by the inclusive
background contributions. The B → J/ψK+ contribution in this
region is included in the bb̄ → J/ψX background. The right graph
(b) shows the stacked contributions of the exclusive backgrounds
and the signal position for comparison.

The Monte Carlo data are scaled based on theoretical predictions for cross
section and branching ratio. These predictions have non-negligible uncertain-
ties. As Table 5.1 and Table 5.2 show, several theoretical models lead to dif-
ferent branching ratios. The biggest uncertainty on the contribution of each
background type comes from the prediction of the cross section for the B+

c

production. (The cross section predictions for the B+
c ground state are shown

in Table 4.1.) It gives rise to an uncertainty of at least 25 % in the num-
ber of luminosity scaled Monte Carlo events for the exclusive backgrounds
and the B+

c → J/ψπ+ signal. This is not a problem as long as only ex-
clusive backgrounds are considered, but the inclusive backgrounds have dif-
ferent production cross sections. The prompt and b-hadron production cross
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section times branching ratio were measured by CMS at
√
s = 7 TeV to be

σ(bb̄ → J/ψ)BR(J/ψ → µ−µ+) = (26.0 ± 1.4stat ± 1.6sys ± 2.9lumi) nb and
σ(pp → J/ψ)BR(J/ψ → µ−µ+) = (70.9 ± 2.1stat ± 3.0sys ± 7.8lumi) nb[36]
respectively. The production cross sections used in the luminosity scaling are:
σ(pp→ B+

c ) = 26 nb, σ(bb̄→ J/ψ) = 223 nb, and σ(pp→ J/ψ) = 1254 nb. The
branching ratios are displayed in Table 5.3.

BR in % Decays:
as reported in: B+

c → J/ψX B+
c → J/ψπ+ B+

c → J/ψρ+ B+
c → J/ψπ+π0

[37], PM 0.22 0.666
[14], QM 0.2 0.6
[38], SR 0.13 0.4
[38], PM 0.08 0.2
[39], QM 13.2 0.061 0.16
[40], ISGW 0.1
[41], LC 0.13 0.38 0.35
[41], QM 0.17 0.44 0.44
[41], SR 0.17 0.48 0.48
[30], SR 0.13

Table 5.1: The branching ratio predictions for three exclusive backgrounds and
the B+

c → J/ψπ+ signal as reported in several papers using different
theoretical models for the calculations: quark model (QM); QCD sum
rules (SR); expansions in the mass ratio m(J/ψ)/m(Bc) (LC); Isgur,
Scora, Grinstein, and Wise model (ISGW). Their results differ. The
luminosity scaling of the Monte Carlo sample varies with the choice
of the branching ratio prediction.

The bb̄→ J/ψ production has a lower cross section than the prompt pp→ J/ψ

production of the J/ψ. Nevertheless, it is the major contribution to the shape
of the mass spectrum in the mass range of interest for the B+

c measurement.
The pp→ J/ψ play some role. The statistics in the mass spectrum of collision
data do not allow features from the exclusive backgrounds to emerge (compare
Figure 5.6).
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BR in % Decays:
as reported in: B+

c → J/ψπ+π−π+ B+
c → J/ψK+ B+

c → J/ψµ+ν

[38], SR 0.011
[38], PM 0.007
[39], QM 1.7
[41], LC 0.52
[41], QM 0.64
[41], SR 0.48
[30], SR 0.011

Table 5.2: The branching ratio predictions for three exclusive backgrounds as
reported in several papers using different theoretical models for the
calculations: quark model (QM); QCD sum rules (SR); expansions
in the mass ratio m(J/ψ)/m(Bc) (LC). Their results differ. The
luminosity scaling of the Monte Carlo sample varies with the choice
of the branching ratio prediction.

Sample Combined BR/% BR /%
B+
c → J/ψπ+ 0.008 0.13

B+
c → J/ψρ+ 0.024 0.4

B+
c → J/ψπ0π+ 0.021 0.35

B+
c → J/ψπ+π+π− 0.023 0.39

B+
c → J/ψK+ 0.0007 0.011

B+
c → J/ψµν 0.144 1.9

Table 5.3: The branching ratios and combined branching ratios as they are used
in the luminosity scaling of the different Monte Carlo samples. The
combined branching ratios are the branching ratios for the decays
into J/ψX times the branching ratio for the J/ψ → µ+µ− decay,
(5.93 ± 0.06) %[35].
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5.2 Reconstruction requirements

The data for this analysis are obtained from the ATLAS B-physics stream. Only
data with fully operational Inner Detector and Muon Spectrometer are used in
the reconstruction of the b-hadron decays. Further cuts are applied and at the
same time only the events with the best vertex reconstruction (lowest χ2/NDF)
for each bunch-crossing are accepted.

Cut
m(J/ψ) 2200 . . . 4000MeV
pT(π+) > 500 MeV
d0(π+) > 1
m(B+

c ) 4 . . . 8GeV
χ2(B+

c )/NDF < 10
χ2(J/ψ)/NDF < 10
pT(µ1) > 6GeV
pT(µ2) > 4GeV
m(J/ψ) 2915 . . . 3275MeV
pT(B) > 10GeV
Hadron Pixel hits > 1
Hadron SCT hits > 4

Table 5.4: The cuts applied within the reconstruction of b-hadron decays in the
study of additional selection criteria to enhance the B+

c yield. The
parameters are explained in the text.

The cuts applied at this level are shown in Table 5.4. The cut on the transverse
momentum pT(π+) of the hadron, which is assigned to be a pion, had to be
adjusted for the tuning of the cuts in 5.2.1 in order to study this cut below
3 GeV. For the study of the cuts the reconstructed data of the periods D, E,
and L are used with a pT(π+) lower threshold of 500 MeV. A list of the data
sets is given in Appendix A in Table A. A similar study of the cuts has been
carried out by another group for their measurement of the B+

c lifetime1. They
were able to reconstruct 308 ± 50 B+

c decays in 2012 ATLAS data. Their cut
has been chosen to be at pT(π+) > 2.8 GeV.
The other parameters input to selections are: the transverse momenta

pT(B+
c ), pT(µ1), and pT(µ2) of the B+

c meson and the two muons respectively;

1Steffen Maeland, Gerald Eigen, “Update on B+
c lifetime,” talk given at the ATLAS BJPsi

Subgroup meeting on January 23 2014.
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and the massesm(J/ψ) andm(B+
c ) of the J/ψ and the B+

c meson. The vertex fit
quality for the primary vertex (point where the B+

c meson is produced) and the
secondary vertex (point of the B-decay) are χ2(B+

c )/NDF and χ2(J/ψ)/NDF
respectively. The cut on the impact parameter projection onto the plane per-
pendicular to the beam axis, d0, of the π+ is depicted in Figure 5.3. The pT(µ1)
and pT(µ2) cuts confirm the trigger selection, whereas the other cuts lead to a
reduction of data by rejecting badly reconstructed background and badly recon-
structed signal events. Additionally cuts on the number of hits in the pixel and
SCT detectors of the Inner Detector are applied. The selection criteria shown
in Table 5.4 are confirmed by the following offline analysis.

Figure 5.3: Illustration of the impact parameter projection d0. This is the pro-
jection of the distance between the primary vertex (PV) and the π+

momentum vector on the plane perpendicular to the beam axis. The
figure also shows the secondary vertex (SV) with the decay of the
B+
c into π+ and J/ψ.
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5.2.1 Introduction to the selection of the B+
c events

In the subsequent analysis, quality cuts and selection cuts are applied. The
quality cuts ensure a sufficient number of detector hits for the hadrons and
muons, successful reconstruction of both muons, and a good vertex fit for the
J/ψ. For the hadrons it is required that the tracks do not have any holes in
the pixel and SCT detectors of the ID[42], which means that all active detector
elements intersected by the track must be responsive. The sum of the pixel
and SCT hits is required to be bigger than eight[42]. The requirements in the
pixel detector and SCT ensure a reliable impact parameter reconstruction for
the pion and kaon. The muons must have more than six hits in the SCT, which
is stricter than recommended by the Muon Combined Performance Working
Group[43], and at least one hit in the pixel detector as recommended[43].
The selection cuts optimize the B+

c observation by reducing the background
while keeping as much signal as possible. These are: the ratio between the
impact parameter projection of the π+ and its uncertainty, d0(π+)/σ(d0)π+ (d0-
significance); the vertex fit quality of the B meson, χ2(B+

c )/NDF ; and the
transverse momenta pT(B+

c ) and pT(π+) of the B+
c and the π+ respectively.

A cut on d0(π+) reduces the background from combinations of real J/ψ can-
didates with random kaons or pions which are not associated with the decay
to J/ψ. The d0-significance takes the track-by-track uncertainty σ(d0)π+ into
account by using it as a weight for the impact parameter projection d0(π+). In
a similar way restrictions on the vertex fit quality χ2(B+

c )/NDF ensure that
only track combinations which have a high probability of coming from the same
B+
c decay vertex are used. The cuts on the transverse momenta pT(B+

c ) and
pT(π+) help to reduce the exclusive backgrounds as well. The hadron combined
with the J/ψ in the exclusive backgrounds has either a higher mass than the
π+ or there are undetected particles. In the latter case the hadron has reduced
momentum due to energy conservation. Placing a minimum on the transverse
momenta of the Bc and the π+ candidate can thus reduce both the inclusive
backgrounds and the exclusive backgrounds.
An additional cut on the angle between the transverse momentum of the J/ψ

and the π+ (opening angle) has been studied using the full 19.2 fb−1 of 2012
√
s = 8 TeV data. It is found to lead to an artificial mass shift. Consequently,

this cut is not used. The results of that study are shown in Figure 5.4. The fit
of the B+ mass distribution with a maximum likelihood function is explained
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in Section 6, including the fitting models for the signal and the background. It
yields a different value with and without the opening angle cut. The difference
for an opening angle cut of > 0.4 rad is (1 ± 0.5stat) MeV. Also opening angle
cuts of > 0.1 rad, > 0.2 rad and 0.3 rad have been tested and lead to shifts
towards higher masses as well. All other cuts have been applied as in [5].

Figure 5.4: The fit for the B+ mass distribution is shifted by about 1 MeV on the
left plot, where an opening angle cut > 0.4 rad is applied, compared
to the mass peak without an opening angle cut on the right.

The challenge with the remaining four selection cuts is that they are not
uncorrelated. For example the transverse momenta of the π+ and B+

c depend
on one another due to momentum conservation. This is illustrated in Figure 5.5
for the B+

c → J/ψπ+ Monte Carlo signal and the (dominant) bb̄→ J/ψX Monte
Carlo background. An iterative procedure is chosen to deal with the correlations.
First one cut is optimized. Its optimum value is applied before optimizing the
next one. After all (four) cuts have been optimized in this manner, the procedure
starts again with the first cut, while all the other optimized cuts are applied,
leading finally to convergence to the final selection criteria. Afterwards the
result is confirmed by repeating this procedure with a different order of the
cuts.
The cut optimization could not be performed with Monte Carlo background

samples due to lack of statistics. Applying the cuts from [5] leaves only a single
event from the dominant bb̄ → J/ψX Monte Carlo background sample in the
B+
c mass range. The influence of the choice of cuts on this background can

consequently not be examined using Monte Carlo samples. A Monte Carlo
production with more events is not feasible within the time available.
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5.2 Reconstruction requirements

Figure 5.5: Scatter plots of pT(B+
c ) as a function of pT(π+) for the Monte Carlo

signal channel B+
c → J/ψπ+ on the left and the (dominant) back-

ground bb̄ → J/ψX on the right. The size of a box represents the
number of events in that bin. The signature of the conservation of
momentum is visible in the triangular shape.

5.2.2 A data driven method

Data, on the other hand, give much better statistics for the background events.
However, a distinction among the different background processes is a priori not
possible. For the optimization of the cuts, an approach has been chosen which
extracts the background from 2012 ATLAS data and compares it with the Monte
Carlo signal sample for the B±c → J/ψπ± decay. For the B+

c → J/ψπ+ Monte
Carlo signal, truth matching is applied. This means that only the reconstructed
particle with the smallest distance to the generated (“truth”) particle is used.
The background is extracted from regions of invariant mass below and above

the signal region in the data. These regions are referred to as the sidebands.
The sideband with lower mass is the left sideband and the sideband with higher
mass is the right sideband. They need to be combined in a way which best
represents the background which is expected in the signal region. This can be
done by either choosing symmetric sidebands and summing them with different
weights, or by defining asymmetric sidebands. Here the second approach is
chosen, because it does not create artificial events, which might reduce the
resolution.
The dominant background contributions are given by the inclusive channels

bb̄→ J/ψX and pp→ J/ψX. These backgrounds can be modeled in the recon-
structed mass spectrum by f(mJ/ψπ+) = p0 + exp

(
p1 + p2 ·mJ/ψπ+

)
where p0
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5 Selection of the Events

Figure 5.6: The fit of p0+exp(p1+p2 ·m(B+
c )) to the mass distribution excluding

the signal region of the B+
c peak. It gives p0 = 9.1 ± 0.5, p1 =

12.13± 0.03, and p2 = (−1.538± 0.004) 10−3 MeV−1. The quality of
the fit is given by χ2/ndf = 115.8/89.

represents the contribution from the prompt J/ψ and the exponential function
(with p2 < 0) the contribution from the decay of B-hadrons. This function is
fitted to the full 19.2 fb−1 of 2012 ATLAS data with

√
s = 8 TeV, excluding

the signal region. Only very loose cuts are used representing the reconstruc-
tion requirements pT(B+

c ) > 10 GeV, pT(π+) > 3 GeV, χ2(B+
c )/NDF < 10,

d0(π+)/σ(d0) > 2.
The fit minimizes the χ2 = ∑N

i=1

(
Ni − f

(
mi
J/ψπ+

))2
/σ2

i function, summing
over the quadratic difference of the bins i = 1 . . . N between the number of
events Ni in bin i and the value of the fit model for the same bin f

(
mi
J/ψπ+

)
at the corresponding invariant mass mi

J/ψπ+ weighted by the standard deviation
σi. The fit is shown in Figure 5.6.
The signal region is chosen to be ± 3σ around the B+

c mass, where σ =
48 MeV ± 3 MeV is the width of a Gaussian peak fit to the B → J/ψπ+ (lu-
minosity scaled) Monte Carlo sample, which minimizes the corresponding χ2-
function, after the selection cuts from the observation[5] have been applied. The
Gaussian fit is justified because the shape of the signal distribution is dominated
by the resolution of the detector. The resolution of the detector follows a Gaus-
sian profile to a good approximation[9]. The fit is shown in Figure 5.7. The
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Figure 5.7: The mass distribution of a luminosity scaled Monte Carlo B+
c →

J/ψπ+ sample fitted with a Gaussian function has a width of σ =
(47.69±3.38) MeV. The mean is given by (6280±3.5) MeV, and the
fit quality is χ2/ndf = 23.34/81.

B+
c mass returned by the fit is consistent with the MB+

c
= (6277 MeV ± 6) MeV

2012 world average value[15]. (The new world average value for the B+
c mass

is (6274.5 ± 1.8) MeV[44].) The fit results of Figure 5.6 are confirmed with an
unbinned maximum likelihood fit (see Section 6).

The number of background events in the signal region is estimated by

BS = p0 · 6σ + exp(p1) ·
∫ M

B+
c

+3σ

M
B+
c
−3σ

exp
(
p2 ·mJ/ψπ+

)
dmJ/ψπ+ . (5.1)

The background in the sidebands is expected to be

BL = p0 · (n1σ − 5σ)− exp(p1) ·
∫ M

B+
c
−n1σ

M
B+
c
−5σ

exp
(
p2 ·mB+

c

)
dmJ/ψπ+ (5.2)

in the left (lower reconstructed mass) sideband and

BR = p0 · (n2σ − 5σ) + exp(p1) ·
∫ M

B+
c

+n2σ

M
B+
c

+5σ
exp

(
p2 ·mJ/ψπ+

)
dmJ/ψπ+ (5.3)

in the right (higher reconstructed mass) sideband. The n1 and n2 are the
outer sideband boundaries as multiples of σ. The requirement to represent
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the constant background in the signal region leads to the condition that
n1 σ − 5σ + n2 σ − 5σ = 6 σ. Additionally the sum of the second term on
the right hand sides in (5.2) and (5.3) has to be identical to the second term
of the right hand side in (5.1). This leads to: n1 ≈ 7.4 and n2 ≈ 8.6. In
the following section the data extracted from the region of reconstructed mass
MB+

c
− 7.4σ . . .MB+

c
− 5σ will be referred to as the left sideband and the data

extracted from MB+
c

+ 5σ . . .MB+
c

+ 8.6σ will be called the right sideband. The
data sets of Periods D, E, and L are used (Appendix A, Table A).

Figure 5.8: The distribution of the selection criteria: χ2(B+
c (a), and

d0(π+)/σ(d0) (b), pT(B+
c ) (c), pT(π+) (d). The Monte Carlo sig-

nal channel is displayed in red and the sidebands for Periods D, E,
and L are shown in green and black. They are scaled to identical
numbers of events.

The distributions of the number of events as a function of each of the four
selection parameters can be used to distinguish between signal and background.
The signal and the sidebands have different distributions in these parameters.
They are shown in Figure 5.8. Sidebands and Monte Carlo are scaled to have
the same number of entries. These distributions allow for an initial estimate
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5.2 Reconstruction requirements

of the cut position. Regions of the distributions where the background is high
compared to the signal shall be excluded from the measurement. A region of
interest for further optimization can be found where a distribution shows good
background suppression with only small signal loss.

In this region an optimization using a figure of merit given by

F = Sscaled
√
Sscaled + L+R

(5.4)

is performed. Here, Sscaled gives the number of scaled (Monte Carlo) signal
events which pass the cuts and L, R are the corresponding background events
in the left and right sideband of the data respectively. The scaling of the Monte
Carlo events ensures that the number of signal events observed in the full 2012
data, with the cuts as in [5], and in the B+

c → J/ψπ+ Monte Carlo sample, are
identical. Afterwards it is corrected for the luminosity. The data from Periods
D, E, and L have an integrated luminosity Lint

DEL = 6551.11 pb−1. The full 2012
data set has Lint

2012 = 19.2 fb−1. The luminosity estimation has an uncertainty
of about 3.9 %[45]. This requires a down-scaling of the number of events S
produced in the Monte Carlo simulation, Sscaled = S · 0.259 · Lint

DEL/L
int
2012.

A good set of cuts maximizes the figure of merit (5.4). The maximum of
(5.4) is extracted from the figure of merit plots, such as those shown in Figure
5.9, for one parameter at a time. Further optimization is done in an iterative
manner as described before. This is done twice in different orders: pT(B+

c ),
pT(π+), χ2(B+

c )/NDF , d0(π+)/σ(d0) and χ2(B+
c )/NDF , pT(π+), pT(B+

c ),
d0(π+)/σ(d0), leading to consistent results. The very loose cuts, pT(π+) >

500 MeV, pT(B+
c ) > 10 GeV, χ2(B+

c )/NDF < 10, and d0(π+)/σ(d0) > 2, are
used as a starting point. The corresponding figure of merit plots for the op-
timization starting with χ2(B+

c )/NDF are shown in Figure 5.9. At the same
time the figure of merit using only a left sidebandMB+

c
−7σ . . .MB+

c
−5σ shows

that the choice of the sidebands has only a small influence on the results. The
figure of merit is then given by

F1 ∝ Sscaled/
√
Sscaled/3 + L1, (5.5)

where L1 is the number of events in the left sideband. The cross-check sin-
gle sideband optimization is shown in Figure 5.10. The exclusive backgrounds
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present in the left sideband play no significant role in the figure of merit opti-
mization.
The cuts that specify the dataset for analysis, and are applied subsequently

to the track quality cuts and the cuts confirming reconstruction requirements,
are:

pT(B+
c ) > 13 GeV, (5.6)

pT(π+) > 3.2 GeV, (5.7)
χ2(B+

c )
NDF

< 2.8, (5.8)

d0(π+)
σ(d0) > 2.6. (5.9)
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Figure 5.9: The figure of merit (Equation 5.4) versus the selection cuts for
each step of the maximization. First χ2(B+

c )/NDF is optimized
(a). A maximum can be seen at χ2(B+

c )/NDF ≈ 1.4. The max-
imum for the pT(π+) plot (b) with χ2(B+

c )/NDF < 1.4 is found
to be at pT ≈ 3.2 GeV. The maximum for the pT(B+

c ) plot (c)
with χ2(B+

c )/NDF < 1.4 and pT > 3.2 GeV is found to be at
pT(B+

c ) ≈ 13 GeV. The maximum for the d0(π+)/σ(d0) plot (d)
with χ2(B+

c )/NDF < 1.4, pT > 3.2 GeV, and pT(B+
c ) > 13 GeV

is found to be at d0(π+)/σ(d0) ≈ 2.6. The maximum for the
χ2(B+

c )/NDF plot (e) with pT > 3.2 GeV, pT(B+
c ) > 13 GeV, and

d0(π+)/σ(d0) > 2.6 is found to be at χ2(B+
c )/NDF < 2.8. The

selection criteria have converged towards (5.6) - (5.9).
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Figure 5.10: The figure of merit (Equation 5.5) versus selection parameters us-
ing only a left sideband analogous to those shown in Figure 5.9.
The optimization process leads to the same selection criteria as are
shown in Figure 5.9.
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6 The Relative Cross Section

In this and the following chapters the notation of B±c and B± will be used when
no distinction between the charge states is made.

The cuts are applied in the measurement of the relative production cross
section times branching ratio given by

σ(B±c )
σ(B±) ·

BR(B±c → J/ψπ+)
BR(B± → J/ψK±) ·

BR(J/ψ → µ+µ−)
BR(J/ψ → µ+µ−) = N(B±c )

N(B±) . (6.1)

The numbers of B±c and B± events are given by N(B±c ) and N(B±) respec-
tively. In this measurement the charge states are treated identically when the
yields are extracted. Thus, the sums of the contributions of both charge states,
N reco(B+

c )+N reco(B−c ) and N reco(B+)+N reco(B−), are measured. The numbers
of events N(B±c ) and N(B±) can not be measured directly, but can be inferred
from the numbers of reconstructed events, which are obtained from the fits to
the invariant mass spectra as described in section 6.1. These shall be corrected
for the efficiencies of the detector response and the choice of selection criteria
as reported in section 6.2:

N(B±c ) = N reco(B+
c ) +N reco(B−c )

A(B±c ) · (ε(B+
c ) + ε(B−c )) , (6.2)

N(B±) = N reco(B+) +N reco(B−)
A(B±) · (ε(B+) + ε(B−)) . (6.3)

The detector response is factorized in the acceptance A(B+
c ), A(B+) and the

efficiencies for both charge states including the efficiency of the selection cri-
teria ε(B+) + ε(B−), ε(B+

c ) + ε(B−c ). It can be shown from the condition
N reco(B+

c )/ε(B+
c ) = N reco(B−c )/ε(B−c ) that the sum of the efficiencies for both

charge states has to be used. The same applies to N reco(B±) and the B± meson.
Using (6.2) and (6.3), the relative cross section (6.1) can be calculated from the
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measurements

σ(B±c )
σ(B±) ·

BR(B±c → J/ψπ±)
BR(B± → J/ψK±) =

[
1

A(B±c )
N reco(B+

c ) +N reco(B−c )
ε(B+

c ) + ε(B−c )

]
/[

1
A(B±)

N reco(B+) +N reco(B−)
ε(B+) + ε(B−)

]
.

(6.4)

This number is measured for two bins in pT in the barrel region of the inner
detector (|η| < 1.05). The binning in the barrel region is selected so that the
number of reconstructed B±c events, N reco(B+

c ) + N reco(B−c ), is balanced. An
initial estimation of the bin boundaries is made using the B±c → J/ψπ± Monte
Carlo sample. The binning is confirmed and refined by fitting to the invariant
mass distribution of the B±c in the proposed bins, ensuring a successful fit and
sufficient resolution. The fitting procedures are described in the next sections.
The bin boundaries are: 13 GeV < pT(B±c ) < 22 GeV and pT(B±c ) ≥ 22 GeV.
They are also applied to the B±: 13 GeV < pT(B±) < 22 GeV and pT(B±) ≥
22 GeV.

6.1 Signal yield

The yields of the B±c and B± are calculated from unbinned maximum likelihood
fits to the invariant mass distributions in each bin in pT. The method is similar
to the ones used in [5; 46]. It involves calculating the parameters which maximize
the likelihood function, defined as

L =
N∏
i=1

[
fsignalFsignal(mi

J/ψX) + (1− fsignal)Fbkg(mi
J/ψX)

]
(6.5)

where N is the total number of J/ψX candidates, with X = π± for the B±c
and X = K± for the B±, and fsignal is the fraction of the signal in the total
number of events. The contribution from the signal Fsignal is modeled by a
multi-Gaussian density distribution. It is given by

Fsignal(mi
J/ψπ) ∝ exp

−(mi
J/ψπ −MB±

c
)2

2sδmi
J/ψπ

 (6.6)
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Figure 6.1: The fit of the invariant mass distribution for the B±c meson for
pT(B±c ) > 13 GeV. The B±c mass measured by the ATLAS detector
is MB±

c
= (6262.7± 8.4stat) MeV. It is used to constrain the mass in

the fits in both pT(B±c ) bins. The pull plot below shows the devia-
tion between the fit model and data in multiples of their standard
deviation.

for the B±c and by

Fsignal(mi
J/ψK±) ∝ exp

−(mi
J/ψK± −MB±)2

2sδmi
J/ψK±

 (6.7)

for the B±, whereMB± andMB±
c
are the masses of the B± and B±c respectively.

MB± is taken as a free parameter in the fit over the range [5.082 GeV; 5.54 GeV].
MB±

c
is taken as a free parameter in the range of the fit [5.63 GeV; 6.83 GeV].

This fit uses all events with pT(B±c ) > 13 GeV. It is shown in Figure 6.1. For the
fits in the bins in pT(B±c ), MB±

c
is constrained to [6.254 GeV; 6.271 GeV]. The

range is specified by the result MB±
c

= (6262.7 ± 8.4) MeV from the fit using
the whole pT(B±c ) > 13 GeV range and MB±

c
∈ [5.63 GeV; 6.83 GeV]. This is

done to avoid fluctuations due to low statistics, taking into account that MB±
c
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is independent of the transverse momentum. The world average values [15; 18]
are not used due to the ATLAS energy scale offset, which is ≈ 0.7 MeV for the
B± and probably similar for the B±c . The widths sδmi

J/ψπ± , sδmi
J/ψK± are the

product of the scale factor s and event by event mass resolution, where the scale
factor accounts for differences between per-event errors on the candidate masses
and the overall mass resolution. Ideally the value of s is one.
The background contributions Fbkg in the mass regions of the B±c and the

B± are different. The background of the B±c is modeled with an exponential
function plus a constant contribution

Fbkg ∝ exp(a ·mi
J/ψπ±) + b. (6.8)

Both the model of the sum of all background contributions and the signal model
are normalized to unity within the mass range of the fit. Thus this fit has four
free parameters: MB±

c
, s, a, and b plus the signal fraction fsignal.

In the B± mass region there are further background contributions modeled
by the background model Fbkg(mi

J/ψK±). The partially reconstructed b-hadron
decays, where not all final hadrons are observed, contribute only to masses below
the B± mass because of the missing energy. Their contributions are estimated
with a complementary error function

F1
bkg(mi

J/ψK±) ∝ 1− erf
(
mi
J/ψK± −m0

s0

)
= 1− 2√

π

∞∫
mi
J/ψK± −m0

s0

e−t
2 dt (6.9)

where m0, s0 determine the position and the slope of the error function respec-
tively.
The Cabibbo-suppressed decay B± → J/ψπ± has a contribution to the right

(towards higher masses) of the invariant mass peak of the B±, when the π± is
wrongly assigned the higher mass of the K± leading to an overestimation of the
energy. It is modeled by a multi-Gaussian function

F2
bkg(mi

J/ψK±) ∝ exp
−mi

J/ψK± −MB±,π

2s1δmi
J/ψK±

 . (6.10)

The maximum value is fixed to MB±,π± = 5360 MeV.
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The remaining background is mostly due to production of J/ψ from b-hadrons
other than the B+, which are combined with some hadron track. They are
described with an exponential function

F3
bkg(mi

J/ψK±) ∝ exp
(
a ·mi

J/ψK±

)
. (6.11)

Figure 6.2: The fit of the invariant mass distribution for the B± meson. The fit
for the low transverse momentum bin (13 GeV < pT(B±) < 22 GeV)
is shown on the left, while that for the high transverse momentum
bin (pT(B±) ≥ 22 GeV) is shown on the right. The fits are used to
extract N reco(B+) +N reco(B−) and its uncertainty in each bin. The
pull plots below show the deviation of the data from the fit model
in units of standard deviations.

The models for the different background contributions (6.9), (6.10), (6.11)
are added with different weights which are optimized in the fitting procedure.
The result is normalized to unity within the B± mass region in order to form
the background model Fbkg(mi

J/ψK±) in (6.5). The free parameters are thus
MB± , s, a, m0, s1, MB±,π± , and s0 plus the signal fraction fsignal and the
fractions describing the relative contributions of the four different background
constituents.
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Figure 6.3: The fit of the invariant mass for the B±c meson. The fit for the low
transverse momentum bin (13 GeV < pT(B±c ) < 22 GeV) is shown on
the left, and that for the high transverse momentum bin (pT(B±c ) ≥
22 GeV) on the right. The fits are used to extract N reco(B+

c ) +
N reco(B−c ) and its uncertainty in each bin. The pull plots below
the fits show the deviation of data from the fit in units of standard
deviations.

The fits of the B± mass are shown in Figure 6.2. The data from 2012 data
taking periods D, E, L are excluded from the fit, because they have been used
in the study of the selection criteria. The numbers of events without efficiency
correction in the remaining 12.64 fb−1 of

√
s = 8 TeV data, in the two bins are

pT(B±) < 22 GeV : N reco(B+) +N reco(B−) = 35 792± 214, (6.12)

pT(B±) ≥ 22 GeV : N reco(B+) +N reco(B−) = 52 210± 261. (6.13)

The uncertainties are statistical, returned from the fitting procedure. System-
atic uncertainty due to the choice of fit model and the mass range for the fit
will be discussed in Section 6.3. The fits of the B±c mass are shown in Figure
6.3. The numbers of B±c events without efficiency correction in the two pT bins
are

pT(B±c ) < 22 GeV : N reco(B+
c ) +N reco(B−c ) = 158± 31, (6.14)

pT(B±c ) ≥ 22 GeV : N reco(B+
c ) +N reco(B−c ) = 85± 30. (6.15)
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6.2 Efficiencies

6.2 Efficiencies
In order to calculate (6.4) from these results, the reconstruction efficiencies
ε(B+), ε(B−), ε(B+

c ), ε(B−c ) and the kinematic acceptances A(B±) and A(B±c )
are required. The kinematic acceptances reflect the probability that the decay
products of B±c and B± fall into the fiducial volume of the detector. They are
the major correction to the number of events[9]. The acceptances for the B±c
and the B± observed through their decay into a J/ψ and a hadron are expected
to be identical and the ratio of the acceptances is A(B±)/A(B±c ) = 1. For this
analysis only the calculation of the reconstruction efficiencies is required[27].
The efficiencies correct for incomplete detection due to detector effects and

the selection criteria. They are different for the two B± charge states, because
the K− interact more with the detector material[9]. This difference between the
charge states is measured at

√
s = 7 TeV to be < 5 %[9]. It is expected to be

similar at
√
s = 8 TeV. The charge asymetry is due to the different available

combinations of quarks and anti-quarks in the kaon and pion. The antiquark
s̄ in the K+ has fewer interaction channels with the detector nucleons than
the quark s in the K− and thus higher efficiency than the latter, because it
is less likely to be absorbed before its detection is completed. For the B±c the
efficiency difference between the charge states is much smaller, since the pion
valence includes only u, d quarks. The charge differences are neglected for this
calculation, and the associated uncertainties are significantly smaller than other
sources of uncertainty.
The efficiencies can be calculated based on Monte Carlo samples for the B±c →

J/ψπ± and the B± → J/ψK± decays. For the B±c → J/ψπ± decay they are
given by the ratio of the number of reconstructed Monte Carlo events N reco

MC (B±c )
after all cuts have been applied to the number of generated events Ngen

MC(B±c ) in
the corresponding Monte Carlo sample:

ε(B±c ) = N reco
MC (B±c )

Ngen
MC(B±c )

∣∣∣∣∣
pT bin, η∈[−1.05;1.05]

. (6.16)

The information on the number of generated events Ngen
MC(B±c ) are extracted

from the Monte Carlo sample of the signal decay listed in Appendix A, Table
A.
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6 The Relative Cross Section

The calculation of the efficiencies for the B± is done analogously to (6.16).
The Monte Carlo sample for the B+ signal decay is listed in Appendix A as well.
In this sample only the decay of the B+ state was produced. It contains some
B− events, which are not taken into account in the counting as they are not
decayed in the same way as the B+. This analysis uses only the positve charge
state for the B±c and the B±. The number N reco

MC (B+) of the reconstructed B+

events shown in Table 6.2 contains a factor of 1.049 . This is an extrapolation
to correct for the fact that the event-reconstruction was not successful for 4.9 %
of the computation jobs.
For the calculation of the efficiencies the ratios of the total number of de-

cays, Ngen
MC(B+

c ) and Ngen
MC(B+), to the numbers of decays reconstructed after

the detector simulation, the analysis procedure and application of the offline
selection criteria including the mass range of the fitting procedure, N reco

MC (B+
c )

and N reco
MC (B+), are used. They are shown in Table 6.1 for the B+

c and in Table
6.2 for the B+.

13 GeV < pT < 22 GeV bin pT ≥ 22 GeV bin
Measurement efficiency 1.0 % 4.9 %
N reco
MC (B+

c ) 411 606
Ngen
MC(B+

c ) 40 966 12 340

Table 6.1: The efficiencies ε(B+
c ) of the measurement for the number of B±c →

J/ψπ± decays in the two pT bins in the barrel region of the in-
ner detector, and the number of generated and reconstructed events
Ngen
MC(B+

c ) and N reco
MC (B+

c ). The total number of generated B+
c events

Ngen
MC(B+

c ) is 2 49 604.

13 GeV < pT < 22 GeV bin pT ≥ 22 GeV bin
Measurement efficiency 1.26 % 6.67 %
N reco
MC (B+) 2 655 2 603

Ngen
MC(B+) 210 449 38 992

Table 6.2: The efficiencies ε(B+) of the measurement for the number of B± →
J/ψK± decays in the two pT bins in the barrel region of the inner
detector, and the numbers of generated and reconstructed events,
Ngen
MC(B+) and N reco

MC (B+). The total number of generated B+ events
Ngen
MC(B+) is 9 992 992.
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The ratios of these values according to (6.16) are calculated in the barrel
region for each bin in pT separately. Bin-to-bin migration effects are included
in the efficiency definition, as the N reco

MC (B+
c ) and N reco

MC (B+) are not required to
be generated in the pT bin of their reconstruction. The into-bin and out-of-bin
migration effects are included as well for the same reason: The N reco

MC (B+
c ) and

N reco
MC (B+) do not need to be generated in the pseudorapidity and pT interval of

their reconstruction. The difference seen between the efficiencies for the B+ and
the B+

c are mostly due to the use of the d0-significance (Section 5) as selection
criteria. The selection on the d0-significance is sensitive to the lifetime of the
particle. The lifetime of the B+ ((1.64 ± 0.01) ps) is about three times longer
than for the B+

c [18; 15] ((0.45 ± 0.04) ps). Thus, the required minimum on the
d0-significance rejects more B+

c than B+. Without this cut, the efficiency ratio
is conform with the ratio of reconstruction efficiencies for the J/ψπ± to the
J/ψK± derived in [9] at

√
s = 7 TeV.

The overall number of generated and reconstructed events is obtained the
same way as Ngen

MC(B+) and Ngen
MC(B+

c ). It is needed for the discussion of the
uncertainties on the efficiencies below (Section 6.3).

6.3 Uncertainties

The uncertainty ∆ (f(x1, . . . , xn)) on any function f(x1, . . . , xn) which
depends of the variables x1, x2, . . . , xn with the respective uncertainties
∆(x1),∆(x2), . . . ,∆(xn) is calculated according to

∆ (f(x1, . . . , xn)) =

√√√√i=n∑
i=1

(
∂f(x1, . . . , xn)

∂xi
·∆(xi)

)2

, (6.17)

where for x1, x2, . . . , xn the measurement values are used. The systematic un-
certainties cover uncertainties on the efficiencies and on the fitting procedure.
The efficiencies can be factorized into the product of the efficiency of the J/ψ-

trigger εtrigger, the efficiency of the muon spectrometer εMS, the efficiency of the
inner detector εID, and the efficiency of fitting the muons and the hadron to a
common decay vertex εvertex[34]:

ε = εtrigger · εMS(µ+) · εMS(µ−) ·
(
εID(µ±)

)2
· εID(X) · εvertex, (6.18)
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6 The Relative Cross Section

where X is the K+ for the efficiency of the B+ and X is the π+ for the ef-
ficiency of the B+

c . The efficiencies for reconstructing µ+ and µ− can differ,
because the toroidal magnetic field bends low pT µ+ tracks to higher pseudo-
rapidities while µ− are bent to lower pseudorapidities. The J/ψ, µ± coming
from the B±c → J/ψπ± and the B± → J/ψK± decay only differ slightly in their
kinematic properties. The efficiencies εtrigger, εMS, εID(µ±), and εvertex are thus
almost identical between the B±c and the B±. The systematic uncertainty on
the efficiency ratios is then primarily given by the systematic uncertainties on
εID(X). It is dominated by the material description in the simulation of the
detector[47]. The material density affects the K+ and the π+ detection in the
same way.
The remaining uncertainty on the efficiencies consists of the uncertainty due

to the limited size of the Monte Carlo sample, and systematic uncertainties in
the event counting. The latter is estimated by ± 2 %.
The efficiencies obey Bernoulli statistics, because each event has the same

probability to fulfill the different criteria imposed by the analysis and thus be
counted or rejected. The uncertainty due to the limited size of the Monte Carlo
sample is calculated as the square root of the variance

σ2(k) = k

N

(
1− k

N

)
·N, (6.19)

according to Bernoulli statistics.1

The k is the number of events passing the criteria and N is the number of
events before these criteria have been applied. Equation (6.19) is used to cal-
culate the uncertainty ∆(Ngen

MC) on the number of events from the Monte Carlo
generation falling into the barrel region and the pT bins. Equation (6.19) is also
used for the calculation of the uncertainty ∆(N reco

MC ) on the reconstruction of
these generated events, in which k/N is given by the efficiency ε. The contribu-
tions are added in quadrature according to (6.17) for each bin in pT separately.
The uncertainties on the efficiencies for the B+

c measurement are given by

pT(B±c ) < 22 GeV : ∆
(
ε(B+

c )
)

= 0.05 · 10−2, (6.20)

pT(B±c ) ≥ 22 GeV : ∆
(
ε(B+

c )
)

= 0.2 · 10−2. (6.21)
1This model breaks down when N reco

MC approaches Ngen
MC or one of them gets close to zero,

because errors would extend into unphysical regions [48; 49].
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6.3 Uncertainties

The uncertainties on the efficiencies for the B+ are:

pT(B±) < 22 GeV : ∆
(
ε(B+)

)
= 0.035 · 10−2, (6.22)

pT(B±) ≥ 22 GeV : ∆
(
ε(B+)

)
= 0.2 · 10−2. (6.23)

The uncertainties on the fitting procedure involve the choice of the signal
model, the choice of the background model, and the choice of the mass range.
They are estimated by fitting the invariant masses of the B±c and the B± using
alternative models for the signal and the background as described below. These
fits are shown in Figure 6.4 and Figure 6.5 for the B±c and in Figure 6.6, Figure
6.7, Figure 6.8, and Figure 6.9 for the B±. The sources of uncertainty are
treated as uncorrelated. The maximum deviations from N reco(B+

c ) +N reco(B−c )
and N reco(B+) + N reco(B−) for each of the sources are added in quadrature
according to (6.17) to form the systematic uncertainty on the fitted number of
events.

The B±c mass is fitted with a multi-Gaussian function as the signal model
(6.6) and with an exponential function plus constant contribution for the back-
ground (6.8). In order to estimate the systematic uncertainties due to the fitting
procedure, one of these contributions at a time is replaced by another function.
The choice of the functions is the same as in the measurement by CMS at
√
s = 7 TeV[27]. The signal model is replaced by a Crystal Ball function

FCB
signal(mJ/ψπ±) ∝

exp
[
−(mJ/ψπ± −MB±

c
)2/(2σ2

CB)
]
, for mJ/ψπ± > MB±

c
− ασCB

(n/α)n exp(−α2/2)[
(M

B±
c
−mJ/ψπ± )/σCB+n/α−α

]n , for mJ/ψπ± ≤MB±
c
− ασCB

.

(6.24)

It describes a Gaussian signal peak of width σCB combined with a power law
tail whose position depends on the value of α. The parameter n characterizes
the length of this tail. This leads to an uncertainty of 1.9 % on N reco(B+

c ) +
N reco(B−c ) for pT(B±c ) < 22 GeV and 7 % for pT(B±c ) ≥ 22 GeV.

The uncertainty on the choice of the background model is estimated by the
maximum deviation from the signal yield N reco(B+

c )+N reco(B−c ) for polynomial
functions of first to third order. The maximum deviation is produced by a
polynomial of first order. It results in an uncertainty estimation of 3.8 % for
pT(B±c ) < 22 GeV and 21 % for pT(B±c ) ≥ 22 GeV.
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6 The Relative Cross Section

Figure 6.4: The influence of the signal model, background model, and mass
range on the B±c mass fit for pT < 22 GeV. The signal model is
replaced by a Crystal Ball function (a). The background is modeled
with first (b), second (c), and third order (d) polynomial functions.
The mass range is varied to 5480 MeV < mi

J/ψπ± < 6830 MeV (e)
and 5630 MeV < mi

J/ψπ± < 6980 MeV (f). The pull plots show the
deviation of the fit from the data in units of standard deviations.
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6.3 Uncertainties

Signal model Background model Mass range Deviation
Std. 1. order Polynomial Std. 6
Std. 2. order Polynomial Std. 3
Std. 3. order Polynomial Std. 6

Std. Std. 5.48 GeV . . . 6.83 GeV 17
Std. Std. 5.63 GeV . . . 6.98 GeV 18

Crystal Ball Std. Std. 3

Table 6.3: The systematic uncertainty on theB±c invariant mass fit for pT(B±c ) <
22 GeV in the barrel region of the detector. The standard signal
model (6.6), background model (6.8) and mass range are abbreviated
with Std. The modifications and the deviation from the number of
decays observed with the standard B±c fit are shown. The maximum
deviation is highlighted in bold.

The uncertainty based on the choice of the mass range is estimated by varying
the upper and lower limits by a few standard deviations. For both bins the upper
bound is increased by 150 MeV. In a separate fit, the lower bound is decreased
by 150 MeV. The maximum deviation is an estimate for the corresponding
uncertainty. It leads to an uncertainty of 11 % for pT(B±c ) < 22 GeV and 9.4 %
for pT(B±c ) ≥ 22 GeV.
The contributions to the systematic uncertainty on the B±c fit are listed in

Table 6.3 for pT(B±c ) < 22 GeV and Table 6.4 for pT(B±c ) ≥ 22 GeV. The
systematic uncertainties due to the fit are thus

pT(B±c ) < 22 GeV : ∆
(
N reco(B+

c ) +N reco(B−c )
)

fit
= 19, (6.25)

pT(B±c ) ≥ 22 GeV : ∆
(
N reco(B+

c ) +N reco(B−c )
)

fit
= 21. (6.26)

The systematic uncertainty from the fit model of the B± is estimated analo-
gously to those of the B±c . It is slightly more complex, because the B± back-
ground model is a superposition of three different components. The functions
used to estimate the uncertainties are the same as in the cross section mea-
surement of the B+ at

√
s = 7 TeV by ATLAS[9]. The systematic uncertainty

due to the choice of the mass range is studied, since it was observed to be an
important contribution in the systematic uncertainty on the B±c fit. The fits
are shown in Figure 6.6 and Figure 6.7 for pT(B±) < 22 GeV and in Figure 6.8
and Figure 6.9 for pT(B±) ≥ 22 GeV.
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6 The Relative Cross Section

Figure 6.5: The influence of the signal model, background model and mass range
on the B±c mass fit for pT ≥ 22 GeV. The signal model is replaced
by a Crystal Ball function (a). The background is modeled with
first (b), second (c), and third order (d) polynomial functions. The
mass range is varied to 5480 MeV < mi

J/ψπ± < 6830 MeV (e) and
5630 MeV < mi

J/ψπ± < 6980 MeV (f). The pull plots show the devi-
ation of the fit from the data in units of standard deviations.
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6.3 Uncertainties

Signal model Background model Mass range Deviation
Std. 1. order Polynomial Std. 18
Std. 2. order Polynomial Std. 14
Std. 3. order Polynomial Std. 13
Std. Std. 5.48 GeV . . . 6.83 GeV 0
Std. Std. 5.63 GeV . . . 6.98 GeV 8

Crystal Ball Std. Std. 6

Table 6.4: The systematic uncertainty on theB±c invariant mass fit for pT(B±c ) ≥
22 GeV in the barrel region of the detector. The standard signal
model (6.6), background model (6.8) and mass range are abbreviated
with Std. The modifications and the deviation from the number of
decays observed with the standard B±c fit are shown. The maximum
deviation is highlighted in bold.

To quantify uncertainty due to the choice of background model, the decay-
ing exponential function (6.9) is replaced by polynomial functions of first to
third order. In another fit the multi-Gaussian function modeling the Cabibbo-
suppressed background (6.11) is replaced by a Crystal Ball function. The
polynomial of second order produces the maximal deviation from N reco(B+) +
N reco(B−), resulting in a systematic uncertainty on the choice of the background
model of 0.4 % for pT(B±) < 22 GeV and 0.3 % for pT(B±) ≥ 22 GeV. The com-
plementary error function (6.10) is not modified. It is the best choice to model
the mass distribution of the partially reconstructed states.
At low values of mi

J/ψK± the contribution of partially reconstructed states
decreases, while the complementary error function is nearly constant. This is
the reason why the lower mass limit can be only slightly manipulated. For the
study of the influence of the mass range it is modified by −50 MeV. The upper
limit of the mass range is increased by 200 MeV. The maximum deviation from
N reco(B+) +N reco(B−) is observed to be 1.7 % for pT(B±) < 22 GeV and 1.6 %
for pT(B±) ≥ 22 GeV.
The uncertainty on the number of reconstructed B± events due to the choice

of signal model is estimated in the same way as for the B±c . It is 0.04 % for
pT(B±) < 22 GeV and 2.6 % for pT(B±) ≥ 22 GeV. Hence, it is the dominant
contribution to the total systematic uncertainty on the B± fit models for the
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6 The Relative Cross Section

Figure 6.6: The influence of the background model on the B± mass fit for pT <

22 GeV. The combinatorial background is modeled with first (a),
second (b), and third order (c) polynomial functions. The Cabibbo-
suppressed background is modeled with a Crystal Ball function (d).
The pull plots show the deviation of the fit from the data in units
of the standard deviation.
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6.3 Uncertainties

Figure 6.7: The influence of the signal model and the mass range on the B± mass
fit for pT < 22 GeV. The signal model is replaced by a Crystal Ball
function (a). The mass range is varied to 5032 MeV < mi

J/ψK± <

5540 MeV (b) and 5082 MeV < mi
J/ψK± < 5740 MeV (c). The pull

plots show the deviation of the fit from the data in units of the
standard deviation.
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Signal model Background model Mass range Deviation
Std. Crystal Ball Std. 0
Std. 1. order Polynomial Std. 137
Std. 2. order Polynomial Std. 152
Std. 3. order Polynomial Std. 152
Std. Std. 5.032 GeV . . . 5.54 GeV 37
Std. Std. 5.082 GeV . . . 5.74 GeV 851

Crystal Ball Std. Std. 1373

Table 6.5: The systematic uncertainty on theB± invariant mass fit for pT(B±) ≥
22 GeV in the barrel region of the detector. The standard signal
model (6.7), background models (6.9), (6.10), (6.11) and mass range
are abbreviated with Std. The modifications and the deviation from
the number of decays observed with the standard B± fit are shown.
The maximum deviation is highlighted in bold.

Signal model Background model Mass range Deviation
Std. Crystal Ball Std. 1
Std. 1. order Polynomial Std. 48
Std. 2. order Polynomial Std. 160
Std. 3. order Polynomial Std. 59
Std. Std. 5.032 GeV . . . 5.54 GeV 15
Std. Std. 5.082 GeV . . . 5.74 GeV 625

Crystal Ball Std. Std. 15

Table 6.6: The systematic uncertainty on theB± invariant mass fit for pT(B±) <
22 GeV in the barrel region of the detector. The standard signal
model (6.7), background models (6.9), (6.10), (6.11) and mass range
are abbreviated with Std. The modifications and the deviation from
the number of decays observed with the standard B± fit are shown.
The maximum deviation is highlighted in bold.
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high pT bin. In the low pT region, the systematic uncertainty of the fit is
dominated by the uncertainty on the choice of mass region. The contributions
to the systematic uncertainties on the B± fit are displayed in Table 6.6 for
pT(B±) < 22 GeV and in Table 6.5 for pT(B±) ≥ 22 GeV. The total systematic
uncertainty on the B± fit is calculated by adding the three contributions in
quadrature, leading to:

pT < 22 GeV : ∆
(
N reco(B+) +N reco(B−)

)
fit

= 645, (6.27)

pT ≥ 22 GeV : ∆
(
N reco(B+) +N reco(B−)

)
fit

= 1 622. (6.28)

The systematic uncertainty on the B±c fit (12 % for pT(B±c ) < 22 GeV and 25 %
for pT(B±c ) ≥ 22 GeV) dominates over the uncertainty on the B± fit (3%).
The systematic uncertainty on the relative measurement is calculated with

the uncertainty results (6.25), (6.26), (6.27), (6.28) for the systematic uncer-
tainties on the fits and (6.20), (6.21), (6.22), (6.23) for the uncertainties on the
efficiencies using (6.17). This leads to the final uncertainties

pT < 22 GeV : ∆
(
σ(B+

c ) ·BR(B+
c → J/ψπ+)

σ(B+) ·BR(B+ → J/ψK+)

)
syst

= 0.07 · 10−2, (6.29)

pT ≥ 22 GeV : ∆
(
σ(B+

c ) ·BR(B+
c → J/ψπ+)

σ(B+) ·BR(B+ → J/ψK+)

)
syst

= 0.06 · 10−2. (6.30)

The statistical uncertainty on the measurement can be calculated from the
uncertainties on the fit to the invariant mass. They are given in (6.14) and
(6.15) for the statistical uncertainties on the numbers of reconstructed B±c ,
∆ (N reco(B+

c ) +N reco(B−c )). The statistical uncertainties on the numbers of
reconstructed B± decays, ∆ (N reco(B+) +N reco(B−)), are given in (6.12) and
(6.13). The statistical uncertainties on the measurements are calculated accord-
ing to (6.17):

pT < 22 GeV : ∆
(
σ(B±c ) ·BR(B±c → J/ψπ±)
σ(B±) ·BR(B± → J/ψK±)

)
stat

= 0.1 · 10−2, (6.31)

pT ≥ 22 GeV : ∆
(
σ(B±c ) ·BR(B±c → J/ψπ±)
σ(B±) ·BR(B± → J/ψK±)

)
stat

= 0.08 · 10−2.

(6.32)
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Figure 6.8: The influence of background model on the B± mass fit for pT ≥
22 GeV. The combinatorial background is modeled with first (a),
second (b), and third order (c) polynomial functions. The Cabibbo
suppressed background is modeled with a Crystal Ball function (d).
The pull plots show the deviation of the fit from the data in units
of the standard deviation.
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6.3 Uncertainties

Figure 6.9: The influence of the signal model and the mass range on the B± mass
fit for pT < 22 GeV. The signal model is replaced by a Crystal Ball
function (a). The mass range is varied to 5032 MeV < mi

J/ψK± <

5540 MeV (b) and 5082 MeV < mi
J/ψK± < 5740 MeV (c). The pull

plots show the deviation of the fit from the data in units of the
standard deviation.
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7 Results

With the yields (6.12), (6.13), (6.14), (6.15), the efficiencies from Table 6.1 and
Table 6.2, the systematic uncertainties (6.29), (6.30), and the statistical uncer-
tainties according to (6.31) and (6.32), the final result for this measurement
of the production cross section of B±c mesons observed through their decay to
J/ψπ±, relative to the production cross section of B± mesons observed through
their decay to J/ψK±, using the ATLAS detector at

√
s = 8 TeV, can be calcu-

lated for |η| < 1.05 using (6.4). The sum of the efficiencies for the two different
charge states is replaced by the efficiencies for the B+ and the B+

c respectively
and the ratio of the acceptances is set to one. The calculation was performed
for two bins in the transverse momentum pT of the B meson (B± or B±c ). The
results are:

13 GeV < pT(B±c ), pT(B±) < 22 GeV :

dσ(B±
c )

dpT(B±
c ) ·BR(B±c → J/ψπ±)

dσ(B±)
dpT(B±) ·BR(B± → J/ψK±)

= (0.56 ± 0.11stat ± 0.07syst) %, (7.1)

pT(B±c ), pT(B±) ≥ 22 GeV :

dσ(B±
c )

dpT(B±
c ) ·BR(B±c → J/ψπ±)

dσ(B±)
dpT(B±) ·BR(B± → J/ψK±)

= (0.22 ± 0.08stat ± 0.06syst) %. (7.2)
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The bins can also be combined to give the relative production cross section
times branching fractions for pT > 13 GeV and |η| < 1.05,

σ(B±c ) ·BR(B±c → J/ψπ±)
σ(B±) ·BR(B± → J/ψK±) =[(Nreco(B+

c )+Nreco(B−
c ))

〈ε(B±
c )〉

]
pT<22 GeV

+
[(Nreco(B+

c )+Nreco(B−
c ))

〈ε(B±
c )〉

]
pT≥22 GeV[

(Nreco(B+)+Nreco(B−))
〈ε(B±)〉

]
pT<22 GeV

+
[

(Nreco(B+)+Nreco(B−))
〈ε(B±)〉

]
pT≥22 GeV

.

(7.3)

The numerical value of (7.3) is

pT(B±c ), pT(B±) > 13 GeV :

σ(B±c ) ·BR(B±c → J/ψπ±)
σ(B±) ·BR(B± → J/ψK±) = (0.48 ± 0.09stat ± 0.12syst) % . (7.4)

This result compares well to the measurement of the CMS Collaboration[27]
at
√
s = 7 TeV. They have measured the relative production cross section

times branching ratio in a similar fiducial region. Their measurement in the
transverse region of |y| < 1.6 with pT(B±c ), pT(B±) > 15 GeV was given by(
0.48 ± 0.05stat ± 0.04+0.05

syst −0.03lifetime

)
%. A possible dependency on the center

of mass energy
√
s might be hidden by the uncertainties.

The measurement results for the two bins in pT (7.1) and (7.2) show a depen-
dency on the transverse momentum. The production cross section of the B±c
decreases faster with pT than the production cross section of the B±. B mesons
with low transverse momentum will go into regions of higher pseudorapidity
than those with high transverse momentum due to the conservation of momen-
tum and energy. It can be expected that a measurement in the forward region
would result in a higher production cross section ratio. The LHCb Collabora-
tion has performed a measurement in the forward region[17], 2.5 < η < 4.5,
at
√
s = 7 TeV. Their result is (0.68 ± 0.10stat ± 0.03syst ± +0.05lifetime) %.

Within their uncertainties all three measurements are compatible.
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In this analysis the optimal selection criteria for the B±c have been studied using
a data based approach. The results allowed to significantly improve the B±c yield
by a factor of two compared to previous ATLAS analyses. This was crucial and
made a calculation of the relative production cross section times branching ratio
in two bins in pT possible. The number of B±c and B± were obtained from a fit
to the invariant mass distribution and corrected for the detection efficiencies. It
could be shown that the decrease in the production cross section with increasing
transverse momentum is stronger for the B±c than for the B± in the transverse
region.

This is the first measurement of the production cross section for the B±c times
branching fraction to J/ψπ± relative to the B± production cross section times
branching fraction to J/ψK± with the ATLAS detector and the first measure-
ment with a center of mass energy of

√
s = 8 TeV. It prepares the way for

a measurement of the absolute production cross section times branching ratio
σ(B±c ) · BR(B±c → J/ψπ±) · BR(J/ψ → µ+µ−). For that measurement the
calculation of the acceptance and an accurate measurement of the integrated
luminosity are important. The absolute production cross section could be mea-
sured directly from (2.5) using (6.2).

A better way of calculating the total production cross section for the B±c would
be to measure the total B± cross section at

√
s = 8 TeV in the same pT and |η|

regions and multiply the results (7.1), (7.2), (7.4) with these number. This will
lead to a more precise absolute B±c cross section result, because the B± cross
section can be calculated with high accuracy due to higher statistics than for the
B±c . With the help of the B± cross section for a similar fiducial volume |y| < 1.0
measured at

√
s = 7 TeV[9], the expectation values for the total B±c production

cross section averages can be estimated. The total B±c production cross section
times branching ratio averaged over the 13 GeV < pT(B±c ) < 22 GeV bin is
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expected to be

〈
σ(B±c )

〉
pT(B±

c )<22 GeV
·BR(B±c → J/ψπ±)·BR(J/ψ → µ+µ−) ≈ (0.25± 0.07) pb,

and the total B±c production cross section times branching ratio averaged over
the pT(B±c ) ≥ 22 GeV bin is expected to be

〈
σ(B±c )

〉
pT(B±

c )≥22 GeV
·BR(B±c → J/ψπ±)·BR(J/ψ → µ+µ−) ≈ (0.025± 0.01) pb.

The biggest contribution to the uncertainties on this measurement comes from
the statistical and systematic uncertainties on the B±c mass fits. A more detailed
model of the background composition to the B±c invariant mass shape could
significantly increase the accuracy of such a measurement, but requires a better
theoretical understanding of the background contributions. The precision of the
measurement could strongly improve with higher B±c statistics. With increased
luminosity in LHC Run2, a relative and absolute cross section measurement
at
√
s = 13 TeV can be performed with higher accuracy. The results could be

further strengthened by studying the influence of the detector description on the
ratio of the efficiencies and studying different contributions to the efficiencies
separately. A multi-parameter optimization procedure might lead to further
improvements in the choice of the selection criteria.
This analysis focused on the barrel region of the detector, where ATLAS has

its highest resolution. Additional studies of the relative production cross section
over 1.05 < |η| < 2.5 could lead to more insight into the spatial dependence of
the fragmentation of heavy quarks. This is not within the scope of this thesis.
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A Data Sets

Monte Carlo samples

Channel AMI Tag1

B+
c → J/ψK+

mc12_8TeV.108602.PythiaBc_
Bc_JPsi_mu2p5mu2p5_K

.merge.AOD.e1988_a188_a180_r3549

B+
c → J/ψρ+

mc12_8TeV.108603.PythiaBc_
Bc_JPsi_mu2p5mu2p5_Rho

.merge.AOD.e1988_a188_a180_r3549

B+
c → J/ψνµ

mc12_8TeV.108604.PythiaBc_
Bc_JPsi_mu2p5mu2p5_MuNu

.merge.AOD.e1988_a188_a180_r3549

B+
c → J/ψπ+π0

mc12_8TeV.108605.PythiaBc_
Bc_JPsi_mu2p5mu2p5_2Pi

.merge.AOD.e1988_a188_a180_r3549

B+
c → J/ψπ+π+π−

mc12_8TeV.108606.PythiaBc_
Bc_JPsi_mu2p5mu2p5_3Pi

.merge.AOD.e1988_a188_a180_r3549

bb̄→ J/ψX
mc12_8TeV.208201.Pythia8B_

AU2_CTEQ6L1_bb_Jpsimu4mu4
.merge.AOD.e1454_a159_a180_r3549

pp→ J/ψX
mc12_8TeV.208011.Pythia8B_

AU2_CTEQ6L1_pp_Jpsimu2p5mu2p5
.merge.AOD.e1623_a159_a180_r3549

B+
c → J/ψπ+

mc12_8TeV.108601.PythiaBc_
Bc_JPsi_mu2p5mu2p5_Pi

.merge.AOD.e1988_a188_a180_r2549

B+ → J/ψK+
mc12_8TeV.208406.Pythia8B_AU2_

CTEQ6L1_Bplus_Jpsi_mu2p5mu2p5_Kplus
.merge.AOD.e1998_a188_a180_r3549

Table A.1: The reconstruction requirements are applied to the official 2012
Monte Carlo data sets shown here. They are used to study the
background composition. The AMI tag is given in this table. The
signal B+

c → J/ψπ+ is used when optimizing the cuts. Together
with the B+ → J/ψK+ sample it is also used for the calculation of
the efficiencies.
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A Data Sets

Data sets

Period AMI Tag

D data12_8TeV.periodD.physics_Bphysics.PhysCont
.DAOD_JPSIMUMU.grp14_v04_p1425

E data12_8TeV.periodE.physics_Bphysics.PhysCont
.DAOD_JPSIMUMU.grp14_v03_p1425

L data12_8TeV.periodL.physics_Bphysics.PhysCont
.DAOD_JPSIMUMU.grp14_v03_p1425

H data12_8TeV.periodH.physics_Bphysics.PhysCont
.DAOD_JPSIMUMU.grp14_v04_p1425

C data12_8TeV.periodC.physics_Bphysics.PhysCont
.DAOD_JPSIMUMU.grp14_v04_p1425

J data12_8TeV.periodJ.physics_Bphysics.PhysCont
.DAOD_JPSIMUMU.grp14_v03_p1425

B data12_8TeV.periodB.physics_Bphysics.PhysCont
.DAOD_JPSIMUMU.grp14_v03_p1425

G data12_8TeV.periodG.physics_Bphysics.PhysCont
.DAOD_JPSIMUMU.grp14_v03_p1425

I data12_8TeV.periodI.physics_Bphysics.PhysCont
.DAOD_JPSIMUMU.grp14_v03_p1425

Table A.2: The sets of 2012 data with
√
s = 8 TeV. The reconstruction re-

quirements are applied to these data sets (5.4), but with a cut
of pT(π+) > 3 GeV. Periods D, E, and L are excluded in the
data analysis. They are used with a reconstruction criterion of
pT(π+) > 500 MeV for the study of the selection criteria.
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