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Chapter 1

Introduction

The xp meson is a bound state of a bottom quark and its antiquark and
hence belongs to the family of quarkonia, which designate the bound states
of heavy quarks and their respective antiquarks. Generically these are re-
ferred to as bottomonium (bb) and charmonium (c¢). More than four decades
after the discovery of the first quarkonium sate, the J/¢ meson, quarkonium
physics is still an active field of fundamental research since it serves as an
excellent laboratory for testing the standard model (SM) of particle physics.
Measurements of the polarization of bottomonium, especially of the P-wave
states, which are investigated in this work, are important to verify predic-
tions of quantum chromodynamics (QCD). Until now, only the polarization
of S-wave bottomonium states has been measured.

The Large Hadron Collider (LHC), located near Geneva, Switzerland,
provides an ideal source of quarkonia. The Compact Muon Solenoid (CMS)
detector, which is placed at one of the four collision points of the LHC records
the particles emerging from the high-energy proton-proton (pp) collisions.
This thesis deals with a first polarization analysis of the x1,(1P) states using
data taken at CMS in the years 2016 and 2017 at a center-of-mass energy
of v/s = 13 TeV. It has to be noted that in this work natural units are used,
therefore i = ¢ = 1, where c is the speed of light and % the reduced Planck
constant.

At first an introduction of the LHC and the European Organization for
Nuclear Research (CERN) is given in Chapter 2, followed by an introduction
of the CMS detector and its different subdetector systems in Chapter 3.

At the beginning of Chapter 4, in Section 4.1, the standard model of
particle physics and QCD, the theory describing the strong interaction, are
briefly discussed. Then, in Section 4.2 quarkonium spectra are introduced,
and in Section 4.3 the basic ideas of the most important theoretical descrip-
tions of the production of quarkonium are presented. The theory concerning
the polarization of quarkonium is discussed in Section 4.4. In Section 4.5 the
current situation of bottomonium measurements is summarized and some



recent results are shown.

In Chapter 5 the analysis of the relative xp2(1P)/xp1(1P) polarization
is reported. The chapter starts with a summary of the analysis strategy
in Section 5.1. Details on the used data samples are given in Section 5.2.
For the extraction of the relative xp2(1P)/xb1(1P) event yields two different
methods are used, which are discussed in Sections 5.3 and 5.4, followed
by the estimation of systematic uncertainties in Section 5.5. The obtained
Xb2(1P)/xb1(1P) event yields are then presented in Section 5.6.

In Chapter 6 the obtained relative xp2(1P)/xp1(1P) polarization is com-
pared to samples with different polarization scenarios produced in a simu-
lation.

The author contributed to the measurement of the xy; polarization (J
denotes the total angular momentum) by making a first measurement of
the relative polarization of xp2(1P) to xp1(1P) mesons, including the prior
processing of the data which was taken at the CMS detector in the years
2016 and 2017. For this thesis two different methods for obtaining the
relative polarization have been investigated. It became apparent that for
both methods a larger data sample is required to attain significant results.



Chapter 2

CERN and the LHC

The European Organization for Nuclear Research (CERN) has its origins in
the early 1950s, when a group of European scientists, among them Niels Bohr
and Pierre Auger, had the vision of a European nuclear physics laboratory.
In 1952 an agreement that established a provisional council was signed by 11
countries. The council decided to build the CERN laboratory near Geneva
in Switzerland, and the first accelerator, the 600 MeV Synchrocyclotron,
started up in 1957. Now CERN is the world’s leading research facility in
particle physics and can point to a lot of achievements over the past 60 years.
Beyond the achievements in fundamental research, such as the discovery of
the W [1, 2] and Z [3, 4] bosons in 1983 or the Higgs boson in 2012 [5, 6],
technologies like the World Wide Web (WWW) [7] also have their origin at
CERN [8].

During the last decades, a vast complex of accelerators was built at
the CERN site. The accelerator complex is a chain of different machines
which sequentially increases the energy of protons or lead ions, to collide
them finally in one of the four interaction points (IPs) of the Large Hadron
Collider (LHC). The LHC is located approximately 100 m underground in a
tunnel of 27 km circumference. It has two beam pipes in which the charged
particles, most of the time protons, circulate in opposite directions to finally
collide at a center-of-mass energy /s = 13TeV. But before, the protons
have to make a long journey through the whole acceleration chain [9].

Their journey starts in a bottle of hydrogen gas, from where the hydrogen
atoms are injected in an electrical field to extract the protons by stripping
off the electrons. After the protons have been isolated, a first push of the
linear accelerator 2 (Linac2) provides them with an energy of 50 MeV. They
are then forwarded to the Proton Synchrotron Booster (PSB), where they
reach an energy of 1.4GeV. After passing another two accelerators, the
Proton Synchrotron (PS) and the Super Proton Synchrotron (SPS), the
protons arrive at the LHC beam pipes with 450 GeV. The beam is now
bundled in packets of 1.15 x 10! protons, where one beam can currently



contain a maximum of 2556 such packets [10], which are called bunches.
These bunches of protons are injected in opposite direction into the two
beam pipes of the LHC and are then accelerated up to an energy of 6.5 GeV
each. Finally, the two counter-circulating beams collide in the four IPs of
the LHC. From the energy released by the collision a firework of particles
emerges. A schematic diagram of the accelerators and the detectors situated
at the CERN site is shown in Fig. 1.

Various experiments are situated throughout the whole chain of acceler-
ators, the four biggest are located at the four IPs of the LHC, they are:

e A Large Ion Collider Experiment (ALICE),
e A Toroidal LHC Apparatus (ATLAS),

e Compact Muon Solenoid (CMS),

e LHC beauty (LHCD).

The ALICE detector is, as the name already indicates, particularly designed
for the measurement of lead-ion collisions, to study the properties of the
quark-gluon plasma. The purpose of ATLAS as well as of CMS is to cover
the widest possible range of physics. Both of them try to reach this goal
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Figure 1: The LHC accelerator complex. The acceleration of the protons
for the LHC starts at the Linac2, goes on to the PSB (labeled BOOSTER
in the diagram), the PS, the SPS and finally reaches the LHC. The four
IPs of the LHC, as well as the four biggest experiments located there, are
marked with a yellow dot. The remaining accelerators and detectors are not
discussed in this work. From Ref. [11].



with different approaches in the detector design. Especially the magnetic
field of the two detectors differs: while ATLAS has a toroidal magnetic
field, CMS uses a twice as strong solenoidal field of 3.8 T. In comparison to
the compact solenoid of CMS, ATLAS has an enormous magnetic system,
which consists of eight 25 m long superconducting magnet coils. The LHCb
experiment is optimized for detecting B mesons. Since B mesons fly more
likely in directions close to the line of the beam pipe, the detector is built as
a 20 m long series of subdetectors which are positioned along the beam line.
The main physics aim of LHCb is to study the asymmetry between matter
and antimatter.

In the following chapter a more detailed discussion of the CMS detector,
which supplies the data for this thesis, is given.



Chapter 3

The CMS detector

The CMS detector is a general-purpose detector having a broad physics
program, which ranges from the detailed study of the standard model to the
search for dark matter and supersymmetry (SUSY). To reach these goals
the detector is required to have, among others [12]:

e Good muon identification and momentum resolution over a wide range.
e Good dimuon mass resolution of &~ 1% at 100 GeV.

e Good charged-particle momentum resolution and reconstruction effi-
ciency in the inner tracker.

e Good electromagnetic energy resolution, good diphoton and dielectron
mass resolution (~ 1% at 100 GeV) and good 7 rejection.

A detailed description of the CMS detector and its design can be found in
Refs. [12], [13] and [14].

The dimensions of the detector are 21.6 m in length and 15 m in diameter
with a total mass of 12500t. The essential part of the detector is a four
tesla superconducting solenoid with a length of 13 m and an inner diameter of
6 m. The innermost layer of the detector, the inner tracking system, which is
made entirely of silicon, as well as the Electromagnetic Calorimeter (ECAL)
and the Hadron Calorimeter (HCAL) are located within the solenoid. The
muon system is positioned outside of the magnet. A schematic drawing of
the detector is shown in Fig. 2.

For the measurement of the position of the particles a coordinate system
has to be defined. The origin of the coordinate system of the CMS detector
is centered at the nominal collision point in the middle of the detector. The
z axis points along the beam direction, the x axis points radially inward,
toward the center of the LHC ring, and the y axis points vertically upwards.
The azimuthal angle ¢ is measured from the x axis in the x-y plane and the
polar angle # from the z axis.
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Figure 2: The detector system of the CMS. The proton beams enter the

detector through the openings in the center of the left and the right side and
are brought to collision right in the middle of the detector. From Ref. [15].



An important quantity that is related to the polar angle is the pseudo-
rapidity n, which can be defined in two ways

1 P+

7 In (tan(6/2)) 5 In <p—pL>’ (3.1)
where p is the magnitude of the total momentum and p; is the longitudinal
component (the z component) of the momentum. The variable 7 is used
to describe the angle of a particle relative to the beam axis. The region
In| < 1.2 is called barrel region, and the region of 0.9 < |n| < 2.5 is denoted
as endcap region within the CMS detector. Pseudorapidity is closely related
to the rapidity y, which is defined in high energy physics as

1 E+p,
=21 2
Y 2n<EpL>7 (3:2)

where F is the total energy. From Eq. 3.1 it can be seen that if the mass of
the particle is negligible compared to its momentum p (and hence E = p),
the pseudorapidity converges to the rapidity, n &~ y. For massless particles,
such as the photon, this means that n = y.

The transverse momentum p and energy E, denote the magnitude of
the (z,y) component of the momentum and the energy, respectively.

The purpose of the detector system is to record characterizing informa-
tion about all particles involved in an event, so that the whole process can
be reconstructed and the particles can be identified and counted. The par-
ticular requirements on the detector design deduce from the need to detect
high energetic standard model particles originating from rapidly decaying
particles. Therefore the detector must be able to distinguish and measure
the momenta of photons, electrons, muons and hadron jets. All these de-
mands are fulfilled by the CMS detector by a sophisticated arrangement of
different detector systems around a huge solenoid magnet. Figure 3 shows
how the different particles are identified through the characteristic signature
they leave in the detector:

e Photons and electrons are both stopped in the Electromagnetic
Calorimeter. They can be distinguished through the track they leave
(electrons) or do not leave (photons) in the silicon tracker.

e Hadrons are stopped in the Hadron Calorimeter. Charged hadrons
are bent by the magnetic field and detected by the tracker as well as
by the HCAL, neutral hadrons only interact with the HCAL.

e Muons are the only charged particles that traverse the whole detector
and hence are detected by the muon system as well as by the inner
tracker.
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e The presence of neutrinos, which do not interact with any of the
detector layers, is inferred from the missing transverse momentum
vector, which is defined as the projection onto the plane perpendicular
to the beam axis of the negative vector sum of the momenta of all
reconstructed particle-flow objects in an event.

Before more details on the different parts of the CMS detector are pro-
vided in the next sections, it is necessary to introduce some terminology
that is important for the further discussion. The term pileup denotes the
phenomenon of multiple proton-proton (pp) collisions occurring during one
bunch crossing. The overall information produced at one bunch crossing,
including all pileup collisions is called event. To describe the performance of
a particle accelerator an important quantity is the instantaneous luminosity
L. The luminosity is defined as the conversion factor from a cross section o

to the number N of produced pp collisions [17]:
dN do
1a = L3 (3.3)

where (2 is the solid angle for the angular differential cross section. For two
colliding bunches with n; and ne particles, randomly distributed within the
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Figure 3: A twelfth of a transverse slice through the CMS detector. Only
muons reach the outermost part of the detector, the muon chambers.
Hadrons are stopped by the HCAL while photons and electrons are stopped
by the ECAL. Charged particles, such as muons, electrons and charged
hadrons, leave a track in the silicon tracker, whereas photons and neutral
hadrons do not. The magnetic field is parallel to the beam axis, within the
superconducting solenoid it points in the opposite direction than outside.
From Ref. [16].
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bunches, an impact area A and a repetition frequency v, one obtains:

ni - ng

A

L=v,-

(3.4)

Integrating the luminosity over time gives the integrated luminosity £, which
reflects the total collected amount of data and is usually given in units of

inverse femtobarn (fb~!), where 1b equals 10724 cm?.

3.1 Inner tracking system

The purpose of the inner tracking system is the precise and efficient mea-
surement of the tracks of charged particles to determine their momenta as
well as to reconstruct the location of the vertex (the position of the par-
ticle interaction). Because of the almost homogeneous magnetic field, the
momentum of the charged particles can be obtained directly from the cur-
vature of the tracks, which is induced by the Lorentz force, which depends
on the magnetic field and the particle’s momentum and charge. At the LHC
design luminosity of 103* cm™2s~!, about 1000 particles from more than 20
overlapping pp interactions are crossing the tracker system in each bunch
collision. This requires fine granularity and fast response, but also a material
that withstands such a severe radiation. All these requirements are fulfilled
by the application of an entirely silicon-based system. The inner tracker
consists of two parts, the pixel and the strip tracker. Between the data
taking periods 2016 and 2017 the pixel detector was upgraded [18]. Since
in this thesis data from both of these data taking periods are analyzed, it is
important to be aware of the changed settings, which have an impact on the
charged particle tracking efficiency as well as on the performance of electron
and photon identification. Before the upgrade the pixel detector had three,
and after the upgrade four cylindrical layers of pixel modules, which are po-
sitioned at 2.9cm, 6.8 cm, 10.9cm and 16 cm from the beam pipe, with an
area of the sensor cells of 100 pm? x 150 pm?. Cylindrically around the pixel
detector ten layers of silicon strip detectors are placed, reaching a radius of
1.3m.

3.2 Calorimeters

In contrast to the tracker, which should interact as little as necessary with
the particles, the calorimeter measures the energy and direction of particles
by fully absorbing them. There are two calorimeters, the Electromagnetic
Calorimeter, for measuring the energy of electrons and photons, and the
Hadron Calorimeter, to obtain the energy of hadrons, such as protons, neu-
trons, pions or kaons.
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The ECAL is made of lead tungstate (PbWOy) crystals, which are pro-
ducing photons in an amount proportional to the particle energy. The scin-
tillation light is detected by photodetectors that are mounted at the back
of the crystals. The ECAL is composed of a barrel region with 61200 high-
density crystals and two endcaps with 7324 crystals each. To not be fooled
by neutral pions (%), which can be misinterpreted as high-energy photons
when they decay into two close low-energy photons, so called preshower
detectors are placed in front of the ECAL endcaps.

The aim of the HCAL is to capture every particle that emerged from
the collision (and has not been detected by the ECAL or is a muon or a
neutrino) to be able to indirectly infer the presence of non-interacting un-
charged particles, such as neutrinos. The HCAL consists of layers of brass
and steel interleaved with tiles of plastic scintillators that are arranged with-
out leaving any gaps through which a detectable particle might escape. This
arrangement of repeating layers of dense absorber and plastic scintillator
tiles allows the detection of the particle’s position, energy and arrival time.

3.3 Superconducting solenoid

Obtaining a good momentum resolution, even for high-energetic particles,
requires a strong magnetic field with a strong bending power. For the muon
system a high magnetic field is particularly necessary to clearly determine
the charge of the muon, especially for high p muons. The main strengths of
a solenoidal magnetic field are that the field has spatial uniformity through-
out the whole tracking volume and that high p; particles travel perpendicu-
lar to the magnetic field, which allows a precise measurement of the momen-
tum. The magnetic field of a solenoid can be calculated as B = ugnl, with
n being the number of turns per meter, I the current and pg the vacuum
permeability. To achieve a momentum resolution of 22 ~ 10% at 1TeV a
magnetic field of 4T is needed. Such a high field is reached with a high-
purity aluminum-stabilized conductor, wrapped 2168 times at a length of
12.9m and with a current of 19.5kA. A return steel yoke, which is posi-
tioned between the single muon detector parts, closes the field lines.

3.4 Muon system

As muons are highly penetrating and can pass through the ECAL and
HCAL, they are the only particles to reach the muon detectors. Therefore
the muon detector is ideal for identifying and hence triggering on muons.
The CMS muon system is capable of reconstructing the momentum and
charge of muons over the entire kinematic range of the LHC. The system,
which is integrated in the return yoke structures of the magnetic system,

13
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Figure 4: Layout of one quarter of the CMS muon system with the RPCs
(blue), the DTs (orange) and the CSCs (green). The IP is in the lower left
corner. From Ref. [19]

consists of Resistive Plate Chambers (RPCs), Drift Tubes (DTs) and Cath-
ode Strip Chambers (CSCs), which are arranged as shown in Fig. 4.

The DT chambers consist of 4 stations and are positioned in the outer-
most barrel region of the detector, where the neutron induced background
is small and the muon rate is low. They are filled with a mixture of ar-
gon (85%) and CO2 (15%) gas molecules, which are ionized when a muon
enters the chamber. The resulting ions and electrons end up at a charged
wire where they produce an electric current. Together with the information
of the drift time between impact and signal the y and z coordinates are
obtained.

The CSCs are positioned in the endcap region, where the magnetic field
is uneven and the neutron induced background rate is high. Positively-
charged anode wires are crossed with negatively-charged cathode strips to
build an array that allows not only very fast triggering thanks to the anode
wire, but also a precise determination of the coordinates of the muons with
help of the cathode strip. The resolution of the two position coordinates is
about 200 pm.

The RPCs are positioned at the crossover of barrel and endcap region.
They provide a fast response with a time resolution of just one nanosecond
but a coarser position resolution than the CSCs and DTs.
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3.5 Trigger system

The LHC was designed for a bunch crossing rate of 40 MHz, which cor-
responds to an interaction every 25ns. When considering a pileup of 25,
CMS has to deal with a billion pp collisions every second. Since every event
produces about 1 MB of data, every second around 40 TB of data are gen-
erated, which can, with today’s technologies, not all be stored permanently.
Therefore it has to be decided which events are worth keeping and which
should be rejected. This selection of interesting events is made by a two-
tiered decision-making system: the trigger. The trigger’s first part is the
hardware-based Level-1 trigger (L1T), which reduces the output to a maxi-
mum rate of about 100 kHz. The next trigger level, the software-based High
Level Trigger (HLT), decreases the event-rate to several 100 Hz.

The L1T has to decide within 4 ps if an event should be forwarded to the
HLT or if it should be already rejected at this stage. This relative long time
span for the trigger to make a decision is reached through a pipelined trig-
ger processing and readout architecture that makes concurrent processing of
data from several bunch crossings possible. The L1T architecture consists
of two main systems, the calorimeter trigger and the muon trigger. The
input to the calorimeter trigger comes from the HCAL and the ECAL. The
muon trigger combines the information of the three different (partially over-
lapping) muon systems. The whole information from the calorimeter and
muon trigger is forwarded to the Global Trigger (GT), which decides, having
all the information from the subsystems, if the event should be looked at in
more detail by the HLT or not. The decision of the L1T is mainly based on
the location, on pp and on E of a trigger object, for muons also charge and
quality information are available. The logic of the selection of the trigger
objects is largely programmable [20, 21, 22].

If an event made it through the L1T, it then has to withstand the so-
phisticated HLT algorithms to be finally selected for permanent storage.
The hardware used for the HLT is a processor farm composed of commod-
ity computers. The processing is organised in paths and the final trigger
decision is made by a logical combination of a collection of different paths,
this collection is denoted as HLT menu. Each path can contain several steps
of filtering and reconstruction modules that have access to the complete
read-out data of the L1T. The data accepted by the HLT is then stored per-
manently and is distributed to several computing centers around the world,
which make the data available for physics analysis.

3.6 Detector performance

The LHC was designed for an instantaneous luminosity of 103* cm=2 s, but
after the upgrade for Run 2, an instantaneous luminosity of 2.06 x 103 cm=2s~!

15
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Figure 5: Integrated LHC offline luminosities for 2016 (a) and 2017 (b) data
taking. The recorded luminosity of CMS is also shown. From Ref. [24].

(twice the nominal value) with a maximum of 60 superimposed collisions at
one bunch crossing was reached in 2017 [23].

In the years 2016 and 2017 the LHC delivered an integrated luminosity
of 40.82fb~! and 49.79 fb=! for pp collisions at /s = 13 TeV. Thereof CMS
recorded 37.76 fb~! and 44.98 fb~!, respectively. In 2016 the average pileup
reached already a value of 27 and increased to a value of 33 in 2017 [24]. The
evolution of the integrated luminosities throughout the years 2016 and 2017
is shown in Fig. 5. The aim of the LHC for 2018 is to deliver a luminosity
of 60fb~1, which is about 20% more than in 2017 [25]. At the moment of
writing the average pileup of the current 2018 data taking period was 38
and the CMS detector recorded already an integrated luminosity of nearly
50 fb~1 [24].
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Chapter 4

Quarkonium

This chapter first introduces the standard model of particle physics which
builds the base for further considerations. Then, quarkonia, mesons of a
heavy quark and antiquark and their production and polarization are dis-
cussed in Sections 4.2, 4.3 and 4.4. The chapter concludes with an overview
of the current state of research, giving special attention to bottomonium.

4.1 Standard model of particle physics

Today, the established model for describing the elementary particles and
their interactions is the standard model of particle physics. The SM de-
scribes three of the four known fundamental forces: the electromagnetic
force, the weak force and the strong force. The force not included in the SM
is the gravitational force. There are twelve fundamental fermions, six quarks
and six leptons, which are grouped into three generations or families. The
quarks appear in six flavors: up, down, charm, strange, top, and bottom,
where the up, the charm, and the top have an electric charge of 2/3 (in units
of the elementary charge ¢ = 1.602 x 10719 C) and the down, the strange,
and the bottom of —1/3. Quarks are sensitive to all three forces in the SM.
The three charged leptons, the electron (e), the muon (u), and the tauon (1)
have an electric charge of —1 and can interact through the electromagnetic
and the weak force, whereas the three uncharged leptons, the neutrinos, feel
only the weak force. For each of these particles also an antiparticle with
opposite electric charge exists. In the SM the interaction between particles
takes place by the exchange of so called force carrier particles (also denoted
gauge bosons):

e cight gluons carry the strong force,
e the massive W1, W~ and Z° bosons mediate the weak force and
e the photon is responsible for the electromagnetic interaction between

particles.

17
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Figure 6: The elementary particles of the SM with their mass, charge and
spin. The numbers I, II, and III denote the generation. Adapted from
Ref. [26]

LEPTONS

An overview of the fundamental particles of the SM as well as their properties
is given in Fig. 6.

The mathematical formulation of the SM is based on symmetries. Sym-
metries have a great importance in physics, since, according to Emmy Noether’s
theorem [27], there is a corresponding conservation law for every continuous
symmetry. So if, for example, a system is symmetric under spatial transla-
tion, its momentum is conserved. The SM is gauge invariant (symmetric)
under SU(3) x SU(2) x U(1) transformation, where the electromagnetic
and the weak, the electroweak, interaction is described by a local SU(2) x
U(1) symmetry and the strong interaction by a local SU(3) symmetry. This
local gauge invariance is reached with the help of gauge fields. With the
introduction of the gauge fields the gauge bosons arise. While the photon
and the gluons are massless, the other gauge bosons, the W+, W~ and Z°,
are massive. To give mass to the W+, W~ and Z° bosons, the electroweak
SU(2) x U(1) symmetry has to be broken spontaneously, which is referred
to as Higgs mechanism. By applying the Higgs mechanism another particle,
the scalar Higgs boson, whose properties can be found in Fig. 6, emerges.

The SM is a quantum field theory, so its dynamics can be described by
a Lagrangian density .Z. The Lagrangian density of the standard model in-
cludes terms for the gauge fields, dynamical and mass terms for the quarks
and leptons and dynamical and mass terms for the Higgs boson. The sec-
tor of the SM describing the strong interaction of quarks and gluons, and
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hence the dynamics of quarkonium, is quantum chromodynamics (QCD).
Its Lagrangian density is given by [28§]

8 6
1 a yapy = - : =
Zacp =~ > GG Y [ (0, +19G)ay — mpdpag],  (4.1)
a=1 f=1

jgluon fquark

where G, is the 3 x 3 matrix gauge field that is responsible for the local
SU(3) symmetry of the SM. Under a local SU(3) transformation, U, G,
behaves as

G, — G, =UG,U" + (i/9)(9,G,)G]..

The G, in Eq. 4.1 are the components of the Yang-Mills construction [29],
G v, which is given by

G, =0,G, - 0,G,+i9g(G,G, — G,G,).

For each flavor f of quarks, there is a field for each of the three color states
r, g and b, these fields are put into color triplets q:

Qf,r
af = | dfg
qfb

Each component of such a color triplet is a four-component Dirac spinor.

The «# are the Dirac gamma matrices, which are also used to define qy =

q}’yo. The parameter g in Eq. 4.1 is the strong coupling (often given as

as = g?/(4m)). The strength of the coupling depends on the momentum
transfer P2, which is denoted as running coupling strength. In contrast to
QED, where the strength of the coupling increases with increasing energy,
in QCD ag(P?) decreases with increasing P?, thus for small distances. This
leads to the phenomenon of asymptotic freedom at distances below about
0.2 fm, where the quarks and gluons can be considered to behave like free
particles. With increasing distances the coupling gets stronger and leads
to confinement. Because of confinement neither free quarks nor free gluons
have been observed so far and only color-neutral combinations of quarks
are experimentally observable. The coupling for large P? (at lowest order
modifications caused by vacuum polarization) is given by [28§]
47

) = i @/, (P A8y 4.2)

where n; is the effective number of quark flavors and Aqcp ~ 0.2 GeV is the
characteristic energy scale of QCD. As can be seen in Eq. 4.2, as(P?) — 0
for P2 — oo.

19



4.2 Quarkonium physics

Quarkonia are bound states of a heavy quark @ and a heavy antiquark Q
of the same flavor. The term heavy refers to the large masses of the charm,
the bottom and the top quark, mg > Aqcp, in contrast to the light up,
down and strange quark, my, < Aqcp. However, only ¢ and b quarks can
form bound states since the top quark decays before a bound state can be
formed. The bound cé and bb systems are referred to as charmonium and
bottomonium. The first discovery of a charmonium state at 3.1 GeV was
made in 1974 in Brookhaven and SLAC [30, 31], where the first group named
the found resonance 1 and the other J, so that now the particle is known as
J/1. The first observation of a bottomonium state, the Y(1S) at 9.5 GeV,
was reported in 1977 at Fermilab [32]. Just like positronium (a bound
system of an electron and a positron) serves as a laboratory for making
precision tests to check and confirm quantum electrodynamics (QED) to
high precision [33], quarkonium has a high potential for answering open
questions concerning QCD [34, 35]. For example, quarkonium is an ideal
system to study hadronization, the process of the formation of bound states
of quarks and gluons by the strong interaction.

Quarkonia are multiscale systems, characterized by their constituents’
average relative velocity, v, which is v? ~ 0.1 for bottomonium and v? ~ 0.3
for charmonium [35]. There are three distinct energy scales for quarko-
nium [36]:

e the mass mg of the heavy quark - hard scale,

e the relative momentum mgqu, corresponding to the inverse Bohr radius
r ~ 1/(mqu) (the size of the bound state) - soft scale,

e the typical kinetic energy va2 (the inverse gives the typical time
scale) - ultrasoft scale.

The production of quarkonium, which is discussed in Section 4.3, takes place
at the hard scale, the binding process is a phenomenon of the soft scale, and
very low-energy gluons in the ultrasoft scale are responsible for effects like
the Lamb shift in QCD. For quarkonia the hard, soft, and ultrasoft scale
are widely separated and the following hierachy holds: va2 < mou K
mq. Because of this different and widespread energy scales of quarkonia,
observables of a particular energy region can be described by integrating
out the other energy scales, which is the basic idea of effective field theories
(EFTs) such as nonrelativistic QCD (NRQCD) [37] or potential NRQCD
(pPNRQCD) [38]. Another important scale, already introduced in Eq. 4.2, at
which nonperturbative effects have to be considered is Aqcp.

These distinct scales of quarkonium makes it an ideal system to probe
QCD in regimes where perturbative calculations are applicable as well as
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Figure 7: The energy levels of experimentally established bottomonium
states. In parantheses the radial quantum number and the orbital angu-
lar momentum are given (e.g. 1P stands for n = 1 and L = 1). The
dash-dotted line marks the open bottom BB threshold. The states impor-
tant for this work are colored green. The blue arrows show the radiative
transition of the x1,7(1P) states into the Y(1S) state and the corresponding
decay probabilities. Adapted from [39]

at regimes where not. Thus, quarkonium serves as an excellent testing area
for gaining a better understanding of the interplay between these different
regimes.

A quarkonium state, Q, can be characterized by the principal quantum
number n, the total spin S (0 or 1), the orbital angular momentum L and
the combination of S and L in the total angular momentum J=1L+ g,
whose magnitude J fulfills |[L — S| < J < L+ S. There are two other
important properties to describe a quarkonium state: parity P = (—1)F+!
and charge conjugation C' = (—1)¥*%, from which L and S can be derived
when also J is measured. There are two possibilities of fully declaring a
quarkonium state: either with the spectroscopic notation n?°*1L; or in the
form JP¢. In Fig. 7 and Fig. 8 all currently experimentally established
bottomonium and charmonium states are shown. The open bottom (BB)
and charm (DD) thresholds in the figures mark the energy that is needed
to build a bound state of two B mesons, BB, or two D mesons, DD. B
and D mesons are mesons of a heavy bottom or charm quark, respectively,
bound with a light up or down quark. The bottomonium states important
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Figure 8: The energy levels of experimentally established charmonium
states. States that are not yet identified as a c¢ state are denoted with
X. In parantheses the radial quantum number and the orbital angular mo-
mentum are given. The dash-dotted line marks the open-charm threshold
DD. Adapted from [39]
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Table 1: Masses, widths and quantum numbers of bottomonium states rel-
evant for this thesis.

T(2S) 10023.26 +0.31 31.98 + 2.63 1=
T(39) 10355.2£0.5 20.32 +1.85 1

State Mass (MeV) Full width (keV) JP¢ S L
T(1S) 9460.30 4+ 0.26 54.02 + 1.25 1= 1 0
xbo(1P)  9859.44 +0.73 - ott 1 1
Yb1(1P)  9892.78 + 0.57 ; 111
Xb2(1P)  9912.21 + 0.57 _ ot 1 1
1 0

1 0

for this thesis are the xp;(1P) with L =S =1 and J =0, 1,2 as well as the
Y(1S) with L = 0 and J = S = 1. In Fig. 7 also the radiative transitions
from the x17(1P) states to the T(1S) state and the corresponding decay
probabilities are shown, as these radiative decays to the Y(1S) state are
used to reconstruct the 1, 7(1P) mesons in this work. In Table 1 the masses,
widths and quantum numbers of the bottomonium states relevant for this
thesis are listed.

In particle detectors quarkonia are detected through their decay in a pair
of muons or electrons. At the CMS detector, the decay, ¥(nS)/Y(nS) —
T~ provides the cleanest signature for measuring S-wave state quarkonia.
Of all produced Y(1S) particles only a fraction of about 2.5% decay into a
pair of muons [39]. The P-wave states are measured through their radiative
decay to an S-wave state and the subsequent decay of the S-wave state to a
dimuon: Xy, 17 — put . The xp1(1P) and xp2(1P) states decay in about
35 and 19 % of the cases to the Y(1S) [39].

4.3 Quarkonium production

The production of particles in hadron collisions can be described in terms
of the interactions between the quarks and gluons, the partons, inside the
colliding hadrons. Because of their high mass, the heavy quarks are initially
produced in partonic collisions with high momentum transfer and thus can
be treated perturbatively. The subsequent quarkonia formation out of two
heavy quarks has then to be treated nonperturbatively. There are several
models describing quarkonium production in hadron-hadron collisions. At
the moment the most discussed one is the NRQCD factorization approach,
which is introduced in the next section. Other approaches are kp factoriza-
tion [40], the color singlet model (CSM) [41], which is a special case of the
NRQCD factorization, or the color evaporation model (CEM) [42].

A certain quarkonium state can be produced directly or stem from ra-
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diative or hadronic transitions of higher states. These so called feed-down
contributions from higher states play an important role in the analysis of
quarkonium, hence, a proper understanding of them is crucial. Especially
for the S-wave states the contribution from the P-wave states is important
since they have different quantum numbers. The distributions of other S-
wave states should have the same polarization. Another contribution to the
total cross section for charmonium mesons comes from weak decays of the
heavier B mesons, which is, because of the lifetime of these mesons, denoted
as nonprompt production.

4.3.1 NRQCD factorization approach

Since the relative velocity in quarkonia is small, v < 1, a nonrelativistic
description of the hadronization is possible. Caswell and Lepage were the
first to propose a general procedure for studying nonrelativistic systems in
any relativistic field theory [43]. To obtain such a nonrelativistic theory
the relativistic theory has to be transformed by integrating out all quantum
fluctuations at momentum scales of order m or larger [44]. In this way
NRQCD is obtained by integrating out the scale mqg from QCD. Going
one step further, additionally integrating out the scale mgv from NRQCD,
one produces potential NRQCD (pNRQCD) [38]. In Fig. 9 a schematic
overview of the energy scales of quarkonia and the corresponding EFTs is
given. Bodwin, Braaten, and Lepage then developed a general factorization
approach for heavy quarkonium production within NRQCD [37], where the
production process is separated into a perturbative and a nonperturbative
part.

The cross section ¢ in the NRQCD factorization formalism for the pro-
duction of a quarkonium state Q (plus other particles X) in the collision of
the systems A and B is

o(A+B = Q+X) = 3 S(A+B — QAP L+ X)x£(QQPS LY - 9),
S,L,c

(4.3)
where the sum goes over various angular momentum configurations, (L,
S), and the color-multiplicity c. The short-distance coefficient (SDC), S, is
proportional to the parton cross section of the initial QQ pair and can be cal-
culated perturbatively. The nonperturbative long-distance matrix elements
(LDMES), £, which are constrained by experimental data, are proportional
to the probability that the initial pair evolves into a certain bound state
Q. In contrast to the SDCs, which are dependent on the production pro-
cess, the LDMEs are assumed to be universal, which means that they are
independent of the process A + B that created the initial heavy quarks. In
general, to calculate the full cross section, the sum in Eq. 4.3 would have to
be built over all possible quantum states. But, the magnitude of the LDMEs
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Figure 9: Energy scales and corresponding EFTs. For the short-range
quarkonia a perturbative treatment of the scale muv is allowed, for the long
range quarkonia a nonperturbative treatment of this scale is required. The
scale p separates QCD from NRQCD and the scale p/ separates NRQCD
from pNRQCD. From Ref. [36]

of a specific intermediate state can be ordered in powers of the heavy quark
velocity v. Thus, only a finite number of terms contribute to Eq. 4.3 for
calculations up to a specific order in v. However, there are no general rules
on how to assign these hierarchies. Different possibilities for the scaling of
the LDMEs with v are discussed in Ref. [45].

The initial QQ pair is allowed to have color charge before it turns into the
physically observable color-neutral quarkonium state Q. It is important not
to forget that the LDMEs and the SDCs of a given term in expansion are,
not observable individually and that the extraction of the LDMEs requires
the knowledge of the SDC functions [46]. Hence, it makes a difference for
the value of the LDMESs wheter the SDC was perturbatively calculated only
at leading order (LO) or at next-to-leading order (NLO). An example for a
differential cross section calculated at NLO for the J/1 is shown in Fig. 10.
The figure also shows the individual contributions taken into account: the
color-singlet term 38[11} and the color-octet terms 38([)8], 3S[lg], and 3PE§}.

Further details on the factorization approach in NRQCD can be found
in Ref. [37].
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Figure 10: An example for a differential cross section for the J/1 calculated
at NLO with NRQCD factorization, also showing the individual contribu-
tions of the color-singlet and color-octet terms. The 3P?] color-octet gives

a negative contribution. From Ref. [47].

4.4 Quarkonium polarization

The polarization denotes which angular momentum component J, = {—J,
—J+1,...,J} of the bb or c¢ mesons is preferred. For the vector quarkonia
(JPC = 177) the two extreme cases of fully longitudinal, .J, = £1, or fully
transversal, J, = 0, polarization can be distinguished. Of course, also a
superposition of the different J, states with just a slight preference for a
specific direction is possible. In the case that each J, state is equally likely,
the quarkonium state is said to be unpolarized. It is important to be aware
that the polarization is always defined with respect to a specific quantization
axis z.

Since quarkonia cannot be observed directly, their properties, such as the
polarization, have to be deduced from the measured decay products. This is
possible considering angular momentum conservation and basic symmetries
of the interaction that is responsible for the decay. The following discus-
sion shows how the preferred J, alignment of a quarkonium state can be
determined from the angular decay distribution.

For vector quarkonia the angular decay distribution of the lepton pairs
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Figure 11: The azimuthal angle ¢ and the polar angle 9 of the positively
charged lepton T in the quarkonium rest frame [48].

in the quarkonium rest frame is given by

W (cos ¥, p|X) o (14 Agcos? 9 + Ay sin? 9 cos 2¢ + Agy, sin 20 cos @),

(4.4)
where ¢ and ¥ are the azimuthal and polar angles of the positively charged
lepton ¢ in the quarkonium rest frame and A = (A, Aps )‘W) represents
the polarization parameters [48]. The definitions of ¥ and ¢ are shown in

Fig. 11. Integrating Eq. 4.4 over ¢ or over cosd gives the one-dimensional
distributions W (¢) and W (cos®):

3+ Ay

- 1
W (cos9|\) o 3T (14 Ay cos? 0) (4.5)
and
W (p|X) o< 14 2 cos 2 (4.6)
14 3+ Ay & '

The parameters X depend on the definition of the coordinate system in the
quarkonium rest frame, in which the angular decay distribution is mea-
sured. Different choices for the axes lead to different shapes of the the
one-dimensional distributions W (p) and W(cos?) and to different values
for X.

The = and z axes of the coordinate system can be chosen freely within
the production plane, i.e. the plane spanned by the colliding beams and
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Figure 12: The production plane in the collision centre-of-mass frame (left)
and in the quarkonium rest frame (right). b; and by denote the beam
vectors. On the right the z-axes of the PX, HX and CS frames are shown.
Adapted from [48].

the produced quarkonium, as shown in Fig. 12. The y axis is always per-
pendicular to the production plane. One common choice to define the z
axis is the so called helicity (HX) frame. In that frame the z axis is de-
fined in the flight direction of the quarkonium in the collision center-of-mass
(also called laboratory) frame. Another possibility is the Collins-Soper (CS)
frame, where the bisector of the angle of one beam and the opposite of the
other beam in the dimuon rest frame defines the z direction. The frame that
has the z axis defined perpendicular to the one in the CS frame, is called
perpendicular-helicity (PX) frame.

That there are several reference frames, which lead to different polar-
ization parameters, can complicate the comparison of results from different
analyses and hence lead to confusion. It is possible to find combinations of
Ay, A, and )‘W that give the same result, independent of the frame in which
the parameters were measured. One often used frame-invariant parameter

\ is defined as
Ag T 3)\@

1=,

- (4.7)
An advantage is that X can be used to probe systematic effects due to ex-
perimental biases by comparing A determined from at least two orthogonal
frames [48].

It was shown in Ref. [49], that the polarization of a x state that decays
as xb(xe) = Y(J/v)vy can be determined from a measurement of the po-
larization of the Y or the J/1. If then the decay Y(J/v) — £t~ follows,
which is the case in this analyis, the same formalism described before can be
applied. When using this method it is important to have in mind that there
are some constraints that have to be satisfied. The lepton pairs £T¢~ have
to have sufficiently high momentum that the dilepton angular distribution
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Figure 13: Allowed regions for the angular parameters. For the Y (nS) or
the ¢(nS) the allowed values for Ay, A, and A, have to lie within the grey
area. If these S-wave states originate from xi or 2 radiative decays, they
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can be used to directly determine the x polarization. Further, the photon
momentum is ignored, which is only valid for the domain where p > AM,
where AM is the mass difference of the x and the vector quarkonium. The
error of the polarization parameter A\, of the y state is given by [49]

=]

where p is the momentum of the dilepton in the laboratory frame. It can
also be shown that the polarization parameters of the dilepton distribution
have to satisfy characteristic inequalities [49]. The ranges that arise from
these inequalities are shown in Fig. 13.

Fortunately, the condiditions of the measurements used in this thesis
fulfill these constraints: Taking the masses of the xp2(1P) and the T(1S)
from the Particle Data Group (PDG) [39] one gets already for p > 5GeV,
which is always the case in this analysis, an error smaller than 1%.

AN,

by =0

4.5 Current experimental status

An important topic in the field of bottomonium research is the exact mea-
surement of the feed-down fractions. Since the contributions from higher
P-wave states could significantly influence the polarization of the Y states,
a precise knowledge of them is important for the comparison to theory pre-
dictions.

The most recently discovered P-wave state is the xp(3P), whose dis-
covery was first reported by ATLAS in 2011 [50]. Shortly thereafter the
DO collaboration also observed this state [51]. Both groups identified the
Xb(3P) state through its radiative decay to the Y(1S) state. The ATLAS
collaboration additionally measured the decay into the Y(2S) state. These
measurements could not yet distinguish the individual x1,;(3P) states of the
multiplet. The first observation of the distinct xp1(3P) and xp2(3P) peaks
and the measurement of their mass difference was reported only recently by
the CMS collaboration [52]. The measurement was based on data collected
at the CMS detector from 2015 to 2017 at /s = 13TeV. A mass splitting
of my, ., 3P) — My, (3p) = 10.61 MeV, as well as a mass of 10.513 GeV for the
Xb1(3P) state was determined. In Fig. 14 the invariant mass distribution of
the pt 7 system used for this measurement are shown. The peaks of the
Xb1(3P) and xp2(3P) states can clearly be distinguished.

The latest measurements of radiative feed-down contributions from yj,
to T states were made by LHCb with data samples collected at /s = 7 TeV
and /s = 8 TeV [53]. For the radiative decay xp(1P) — Y(1S)v they mea-
sured fractions of about 15 to 30 % which are increasing with the transverse
momentum of the T. The measurements were performed in a p range from
6 to 40 GeV and an absolute rapidity of 2 < |y| < 4.5. They measured also
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Figure 14: The invariant mass distribution of the x1,7(3P) — Y(3S)7y can-
didates. The xp1(3P) (left) and xp2(3P) (right) peaks can clearly be distin-
guished. From Ref. [52].

the fraction of x1,(3P) decaying to Y (nS) and the fraction of x1,(2P) decaying
to the Y(2S) and Y(1S) states. An earlier measurement of the feed-down
contributions for the radiative decays from the xp(1P) and the x,(2P) to
the T(1S) state were reported by the Collider Detector at Fermilab (CDF)
collaboration in 2000 [54].

For the verification of theoretical predictions for high-energy hadron col-
lisions, quarkonium polarization measurements are eligible. The most recent
publication of the YT polarization comes from LHCb [55]. Before, also the
CMS [56] and CDF [57] collaborations made measurements of the T po-
larization. The measurements were made in different rapidity regions as
a function of the transverse momentum. In all regions a nearly isotropic
angular distribution of the decay muons was reported by all three groups.
The results are in disagreement with theoretical expectations for high-energy
hadron collisions [56]. In Fig. 15 the polarization parameters A, in the HX
frame determined from the CMS and CDF measurements are shown for
different rapidity regions.

This section presented recent measurements of the T polarization as well
as feed-down studies for the bottomonium, which report that 30 — 40% of
the T states originate from higher y}, states. Consequently the polarization
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Figure 15: Compilation of the results of the T polarization measurements
from CMS [56] and CDF [57] for different rapidity regions as a function of

Y2

of the xp, states can have a not negligible influence on the polarization of
the T states. Therefore, the knowledge of the polarization of the quarko-
nium P-wave states is of great importance and might help to understand the
disagreement of the measured T polarization with theoretical predictions.
So far no measurements of the polarization of any yi, state were performed.
This work will provide first results of the relative xp2(1P)/xp1(1P) polar-
ization.
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Chapter 5

Data analysis

5.1 Strategy

The aim of this thesis is to obtain first results of the relative polarization
of xp2(1P) to xp1(1P) mesons emerging from high-energy hadron collisions
at the LHC, using data taken with the CMS detector in pp collisions at an
energy of \/s = 13TeV in the years 2016 and 2017. The used data sam-
ples of these years correspond to an integrated luminosity of 34.88 fb—! and
37.15fb~ !, respectively. The x1,(1P) candidates are reconstructed through
the x,(1P) — Y(1S) — u*u~ v decay, where the photon is reconstructed
using conversion electrons. More details on the data samples are given in
Section 5.2.

The polarization is determined from the preferred direction of the decay
muons in the dimuon rest frame, as described in Section 4.4. Its dependence
on the angular variables cos? and ¢ is given by Eq. 4.4. In this work the
relative polarization of xp2(1P)/xp1(1P) events is investigated as function
of cos ¥ in the helicity frame. Only the cos? distribution as given in Eq. 4.5
is investigated, since it is assumed that the ¢ distribution in the helicity
frame is flat, which still has to be shown on data.

The angular distribution is very sensitive to effects, such as the trigger
efficiency, the acceptance and the reconstruction efficiency, and can change
the measured polarization significantly if not considered correctly. For that
reason it was decided to study the xp2(1P)/xp1(1P) ratio, assuming that all
these effects as well as unknown detector effects largely cancel out, as will
be discussed in more detail in Section 5.5.

To extract the yields of the xp1(1P) and the xp2(1P) candidates from the
full data sample which also contains unwanted background events (which,
if they are completely random g™y~ combinations, can have a very dif-
ferent polarization), a fit to the invariant mass distribution of the xp1(1P)
candidates, hereinafter referred to as yp1(1P) mass fit, is performed. The
relative xp2(1P)/xb1(1P) angular distribution is obtained using two differ-
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ent approaches, as explained in detail in Section 5.3. The measured relative
cos? distributions are compared to different scenarios obtained from simu-
lated samples produced with different polarizations. In this way it is tried
to exclude some xp2(1P)/x11(1P) polarization scenarios.

The only relevant systematic uncertainties in this measurement concern
the mathematical model for the xp1(1P) mass fit, which is shown in Sec-
tion 5.5.

5.2 Data and Monte Carlo samples

The data used for this analysis were recorded in the years 2016 and 2017 in
pp collisions at an energy of /s = 13TeV at the CMS experiment at the
LHC. The x1,(1P) particles are observed through their radiative x1,(1P) —
Y (1S)~y decay, where the photons are detected in the silicon tracker through
their subsequent v — e*e™ conversion to an electron-positron pair and the
T particles through their Y(1S) — p*pu~ decay into two opposite charged
muons. Since the p of most of the photons coming from x,(1P) — YT(1S)y
decays is below 2.5 GeV, as shown in Fig. 16, the highest precision of the pho-
ton energy is obtained by the detection of the photon through the tracking
of the electron-positron pair originating from its conversion. Furthermore,
a more accurate determination of the interaction vertex is possible by the
detection of the photon conversions in the inner tracker than in the ECAL,
which is important for combining the Y(1S) candidates with the right pho-
tons from the same vertex, which consequently leads to less combinatorial
background. The downside of the measurement using conversion photons
is the small yield due to the small probability of a photon to convert into
an electron-positron pair before the last three layers of the inner tracker,
which are at least required for the detection of the photons. Before the
pixel detector upgrade at the end of 2016, the probability for a conversion
to occur early enough to be detected within the CMS detector was about
20 to 40 % in the barrel region of the inner tracker, depending on p, [58].
After the upgrade, where a fourth layer was added to the pixel detector, the
yield should have increased, but so far no updated studies are available.
The HLT paths for this study are called HLT Dimuon8 Upsilon Barrel
for the 2016 and HLT Dimuon10_Upsilon Barrel Seagulls for the 2017 data
taking period. They recorded an integrated luminosity of 34.88fb~! and
37.15fb~1, respectively. Both trigger paths required the muon pair to have
an invariant mass of 8.5 to 11.5GeV, which is the mass region of the T
particles, and the x? probability of the dimuon vertex fit to be greater than
0.5 %. The term ‘barrel’ in the name of the trigger path indicates that the
rapidity of the dimuon, y*#, has to fulfill |y*#| < 1.25 to lie within the barrel
region of the detector. The main difference between the two HLT paths is
that a minimum dimuon transverse momentum, p4*, of 7.9 GeV in 2016 and
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Figure 16: Normalized p distributions of the photons from x,(1P) —
Y (1S)v decays for 2016 (blue) and 2017 (yellow). The straight black line
indicates the selection of p% > 0.4 GeV applied for this analysis.

9.9GeV in 2017 was required, and that in 2017 only dimuons where the
muons bend away from each other, so called seagulls, were recorded. The
details of the HLT trigger selection criteria are summarized in Table 2.

The L1 triggers, which seed the HLT, also changed between the two
data taking periods. The HLT Dimuon8 Upsilon Barrel trigger was seeded
by two L1 triggers, which required the two muons to have opposite charge
and the pseudorapidity of the single muons, n#, to lie within |p#| < 1.6 for
one and |n#| < 1.4 for the other trigger. Furthermore, the absolute difference
in pseudorapidity between the two muons, |An*|, had to be |[An#| < 1.8 at
L1 in 2016. In 2017 for the first time an additional cut on the invariant mass
of the muon pair as well as on the angular distance AR = /(An)? + (A¢)?
could be defined for the L1 trigger. In contrast to the L1 seed in 2016, where
no selection on the single muon’s p was made at Level-1, the L1 seed for
the HLT Dimuon10_Upsilon Barrel Seagulls trigger in 2017 required the
single muons to have a minimum p’% of 4.5 GeV and the pseudorapidity to
fulfill [n*| < 2. Additionally the invariant mass of the dimuons had to be
in the range 7 to 18 GeV in 2017 and as in 2016 the two muons had to be
charged oppositely.

After collecting the data of the decay leptons, the reconstruction of the
Xb(1P) — Y (1S)7y candidates is made in three main steps:

1. The dimuon candidates are reconstructed by performing a kinematic
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Table 2: Summary of the HLT selection criteria for 2016 and 2017. x? prob.
denotes the x? probability of the dimuon vertex fit.

2016 2017
HLT_Dimuon8_Upsilon Barrel HLT Dimuoni0_Upsilon Barrel Seagulls

P> 7.9 GeV 9.9 GeV
| < 1.25 1.25
Int| < 2.5 2.5

mi > 8.5 GeV 8.5 GeV

mHHt < 11.5GeV 11.5GeV
x? prob. > 0.5% 0.5%
Only seagulls No Yes

vertex fit (KVF) [59] with two muons with opposite sign and then
selecting the obtained dimuons that fulfill the dimuon selections in
Table 2.

2. The photons are reconstructed from the electron-positron pairs origi-
nating from converted photons.

3. To obtain the x},(1P) candidates from the dimuon and photon candi-
dates a KVF with the following constraints is performed:

The muon and electron masses are bound to their physical masses.

The mass of the dimuon is constrained to the nominal mass of
the T(1S).

The mass of the electron-positron pair is constrained to zero.
The two electrons are supposed to have a common vertex.

The two muon and the photon candidates are constrained to have
a common vertex.

The mass distribution of the x,(1P) candidates obtained from the KVF in
step 3 is used for the x1,(1P) mass fits and is in the following denoted as
mX. In the same manner the transverse momentum and rapidity from the
KVF are referred to as px and yX.

During the reconstruction also random x}(1P) candidates are produced.
This combinatorial background mainly consists of either Y(1S) candidates
combined with a random photon or totally random p*u~v combinations.
For the analysis the following selections were applied to reduce the back-
ground and obtain a better separation between the xp1(1P) and xp2(1P)
signal peaks:
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e To reduce the bulk of the totally random pu*p~ v combinations the
mass of the dimuon candidates is required to be in the £30 region
(where ¢ denotes the standard deviation) around the Y(1S) mean
value, p. The values for the mean and the standard deviation of the
T (1S) are obtained from a fit to the invariant dimuon mass distribution
of the xp candidates. For the fit the shape of the YT(1S) is modeled
by the sum of two Crystal Ball (CB) functions, with the same mean
but different widths and with a tail on the low and the high side. The
T (2S) and Y(3S) signal peaks are each described by one CB function
with the tail on the low side and with their means fixed to the mean of
the T(18S), scaled over the world average ratio of the mass [39], mppg,
of the YT (nS):

mng[T(QS,?)S)]
MppC [T(lS)]

The parameter N which describes the tail of the CB function is fixed
to N = 3 for all three T (nS) signal peaks on the low side, and to N = 2
on the high side of the Y(1S). The other tail parameter « is left free
for all states. The background is modeled by an exponential function.
The results of the fits and the corresponding pull distributions are
shown in Fig. 17 for 2016 and 2017. The same selection range was
obtained for 2016 and 2017: 9.22 < pi¥ < 9.68 GeV.

p[T(28,35)] = -p[T(18)].

e The x? probability of the x},(1P) KVF has to be greater than 1%.

e The masses of the x1,(1P) candidates have to be in the range
9.70 < mX < 10.15GeV.

e The distance in z direction between the dimuon vertex and the photon
vertex, d,, has to be below 5 mm.

e The pseudorapidity of the photon is required to fulfill [n7| < 1.2 to
obtain the best possible resolution and thus separation between the
xb1(1P) and xp2(1P) signals.

e The transverse momenta of the photons must have p?r > 0.4 GeV.
e The absolute rapidity of the muon pairs has to be within |y#*| < 1.2.

e The single muons of 2016 are required to satisfy:

)

i 3.5GeV it 0<|pt < 1.2
Pr 3.5 —2.5- (|n| —1.2)] GeV if 1.2<|n* < 1.6

to lie within a region with high acceptance and reconstruction effi-
ciency. In 2017 the L1 trigger required a minimum p of the muons of
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Figure 17: Result of the dimuon mass fit for 2016 (a) and 2017 (b). The fit
is used to estimate the +£30 mass region for the selection of Y(1S) events,
indicated by the vertical red lines. The background is described by an
exponential function, the T(1S) signal peak by two overlayed Crystal Ball
functions and the Y(2S) and Y(3S) signal by a single Crystal Ball function.
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Figure 18: The p’f over |n#| distributions of the positively charged muons
for the full data sample for 2016 (left) and 2017 (right). The straight black
lines show the single muon selections for this analysis. Muons with |n#| < 1.4
were already selected at the processing step for 2017 data.

4.5 GeV. Additionally only muons with a pseudorapidity of [p#| < 1.4
have been taken into account in this analysis. In Fig. 18 the pf. over
|n*| distribution and the applied single muon selections for 2016 and
2017 are shown for the positively charged muons.
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To be able to exclude some relative polarization scenarios, simulated
samples with different polarizations were produced for the y,(1P). As only
the ratio of the yp2 over the yp; events as function of cos¥H* are inves-
tigated, detector and reconstruction effects are assumed to be negligible.
Thus, instead of the official CMS MC samples which fully simulate the de-
tector and the reconstruction process, a faster, but for this analysis, in which
detection and reconstruction effects are assumed to be negligible, adequate,
simulation is used, which is referred to as fast MC in the following. The
samples were produced within the following kinematic ranges:

e 0 <p} <60GeV,
o 0 < |yX| <2.

The x1,(1P) is generated flat in rapidity and following the p./M distribution
from Ref. [60]:

2\ —B
h(pT/M):?\;.<1+B12.(pT{YM)> ’ (5.1)

where M is the mass and § and  are parameters which are determined
from a fit to data [60]. The parameter v has the meaning of the squared
average of (pp/M) and defines the function in the low pp turn on region.
The average world values are used for the masses [39]. The widths of the
resonances are not taken into account since the width of the Y(1S) meson
is very narrow and for the xp1(1P) states no measurements exist. The
angular distribution of the muons from the xp,(1P) decay is generated for
several extreme polarization scenarios in the helicity frame following the
calculations in Ref. [49]. The photon properties are calculated obeying all
conservation laws of the yp(1P) — T(1S)y decay. After generation, the
same selections as on data are applied on the fast MC samples.

5.3 Methods for yield extraction

The total data sample contains not only the interesting x1,1 (1P) and xp2(1P)
events but also, even after applying all the selections introduced in Sec-
tion 5.2, undesired background events. The signal is separated from the
background in two ways:

1. The data sample is divided in several bins of | cos 97| and for each
subsample a xp,(1P) mass fit is performed. From the fits the number of
xb1(1P) and xp2(1P) events is obtained for each bin. The NXb2 / NXb1
ratio is then determined from the extracted yields as a function of
| cos 9HX.

39



2. The second method uses the so called sPlot technique [61], which is
a statistical tool to unfold the contributions of different sources in a
data sample, keeping track of the statistical uncertainties. For the
sPlot method two types of variables are defined:

i) Discriminating variables: A set of variables for which the distri-
butions of all sources of particles are known. In this analysis this
is the mX distribution, including the xp1(1P) and xp2(1P) signal
and background.

ii) Control variables: A set of variables for which the distributions of
the individual sources are unknown but can be obtained from the
distributions of the discriminating variables. In this analysis the
cos VX distribution is the control variable whereof the contribu-
tions of the xp1(1P) and xp2(1P) are extracted.

To obtain the yields of the different sources a likelihood fit of the
mX distribution is performed. For each event a weight that reflects
how likely it is that the candidate is part of the background, part of
the xp1(1P) signal or part of the xp2(1P) signal, is determined. The
weights are used to get the cos™™X distributions for the x1,1(1P) as
well as for the xp2(1P) events separately, and consequently their ratio
can be obtained.

The essential requirement for the sPlot technique is that the control
variable is uncorrelated with the set of discriminating variable. Be-
cause the cos WX distribution is not fully uncorrelated from the mX
distribution, the xp2(1P)/xb1(1P) ratios are also obtained using the
first method which performs cos ¥'* binned yy,(1P) mass fits.

The | cos 99| bins were chosen in a way that there are enough events for
the fit of each subsample:

e 2016: {0,0.11,0.22,0.33,0.44,0.55,0.862},
e 2017: {0,0.11,0.22,0.33,0.44,0.824}.

For 2017 there is one bin less than for 2016 data in the upper |cos9'X|
region. This is necessary because of a lack of data in that region for 2017
which probably is due to the tighter selection of the single muons. Also the
upper border for the last bin, which is determined by the last data point of
the cos ¥1X variable, is for 2017 smaller than for 2016. It is presumed that
this effect can also be explained with the single muon selection used for the
2017 data sample.
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5.4 Fit model

A fit to the mass distribution of the x1,(1P) candidates is performed to ex-
tract the xp1(1P) and xp2(1P) yields. The shape of the mass distribution is
described by three probability density functions (PDFs): one for the back-
ground, one for the yp1(1P) signal and one for the yp2(1P) signal. The
J = 0 state of the xps(1P) spin triplet has a branching in the radiative
XbJs(1P) — Y(1S)y decay of 2%, which is small compared to a value of 35%
and 19% of the J = 1 and J = 2 state, respectively [39]. This causes a
negligibly small yield for the xpo(1P) state, which hence is not considered
in the model describing the mX distribution.

A common choice for the description of signal peaks in high-energy
physics is the CB function. The CB function has a Gaussian core, defined by
the mean p and the width o, and a power-law tail for reflecting energy losses
for example through final state radiation. The power-law tail is defined by
the exponent N and a parameter o which describes the transition between
the tail and the Gaussian core. Recent studies of the xi, system at CMS [52]
have shown that the signal shapes of the y}, mass distributions also have a
tail on the high mass side. Therefore a double-sided CB (DSCB) function,
with a tail on the high and low mass side is used for the description of the
signal peaks. The DSCB is defined as follows:

2 .
exp (—%) if —op, <z<ap
2 2 _NL .
fosce(z) = ¢ exp (—%L) [ b %x} if v < —ap, :

exp(—%) {1—%4—%1’] "tz >ap
(5.2)
where x = (mX — p)/o and Ny, ar,, Ng and ap are the tail parameters
for the tail on the low and high mass side, respectively. The change of
the shape of the DSCB with a slight variation of the different parameters is
shown in Fig. 19. The background is described by a second-order Chebychev
polynomial with two free parameters ¢y and c¢y:

fea(@)=1+co-z+c- (207 —1). (5.3)

The full model that is used for fitting the invariant mass distribution of the
Xb(1P) candidates is composed of a DSCB function for the yp1(1P) as well
as for the xp2(1P) signal and the background PDF:

fmX) = NXor . Xl 4 NXo2 L X2 g NPRE L fp (5.4)

where the parameters NXv1, NX»2 and NP*8 are the total numbers of yy,; (1P),
Xb2(1P) and background candidates respectively and are responsible for the
scaling of the individual PDFs.
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Figure 19: The shape of the double-sided CB function for different values
for the parameters Ni,, Ny, a1, and ayg. The left tail shows variations of «
and the right tail variations of N. The Gaussian core with y =0 and o =1
is plotted in red.

Because of a relatively small data sample a reduction of the number
of free parameters is necessary. Especially for the mass fits performed in
several cos¥1X bins this is unavoidable because the number of events is
further reduced by a factor of the size of the number of bins. Since the
tail parameters, a and N are strongly correlated, the parameters Ny, and
Ny were fixed to N, = 2.5 and Ng = 2 in this analysis. As was shown
in Ref. [52] with MC samples, the parameters Np, Ny, a1, and ap of the
Xb2(1P) peak can be assumed to be the same as for the xp(1P) peak.
Thus, the parameters Ni,, Ny, ar, and ay describing the xp2(1P) peak are
set to be the same as the corresponding parameters of the xp1(1P) signal
model. The mean of the Gaussian core of the xp2(1P) is also tied to the
mean of the xp1(1P) signal peak, using the so called photon-energy scale
(PES). The PES takes into account that the reconstructed photon energy
is affected by processes such as multiple scattering or radiation produced
by the deceleration of charged particles and thus can differ from the true
value. Since the natural widths of the 1,1 (1P) and xp2(1P) are assumed to
be negligible, the resolution of the signal resonance is given by the energy
of the xp1(1P) and xp2(1P) which also allows connecting the width of the
Xb2(1P) signal to the one of the xp1(1P). The mean and width of the xp2(1P)
peak are connected to the xp1(1P) values as follows:

w2 = fq- (qum _ mggg)) + mggg))

oXb2  — fQ.O—Xbl,

(5.5)
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Figure 20: The invariant mass distribution of the xy,(1P) candidates fit with
the model given in Eq. 5.4, for the range | cos 9¥| < 1, for 2016 (left) and
2017 (right) data. The individual fit components and the pull distribution
are also shown.

where the factor fq is defined as

Xb2 T(1S)
fo = Mppc ~ MpDG
QT X T(15)”

Mppa — Mppa

using the world average masses, mppg, as given in Ref. [39]. In total nine
parameters are used for the mX fit:

e Four parameters describing the signal shapes: u, o, ar,, ag.
e Two parameters modeling the background shape: cg, c;1.

e And most importantly three normalization parameters giving the num-
ber of events: NXv1, NXbvz and NPke,

The mass distributions of the yp,;(1P) events in the full cos 9™ range and

the corresponding fit results, which are used for the sPlot method, are dis-
played in Fig. 20. Figures 21 and 22 show the mass distributions and their
fits in different bins of | cos ¥1X|. As can be seen from the pull distributions,
the model describes the data reasonably well for the integrated as well as
for the binned fits. The number of xp1(1P) and xp2(1P) events obtained
from the fits are listed in Table 3 and plotted in Fig. 23 as a function of
| cos¥HX|. Within the uncertainties, which are also considering fit correla-
tions, the NXv2/NXv1 ratio is flat over the whole |cos 91X | range and the
yields obtained with the different methods are comparable. In Fig. 24 the
widths of the signal peaks, o, and the parameter ag, of the DSCB function
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Figure 21: The invariant mass distribution of the xp1(1P) events fit with the
model given in Eq. 5.4 and for the | cos ¥"X| ranges indicated in the plots,
for 2016 data. The individual fit components and the pull distributions are

also shown.

44



'CMS work in progress 37.15fb" (13 TeV) CMS work in progress 37150 (13 TeV)

2 2

§ — Full model § 20 — Full model

& 250 &
t Data t Data

" ---- Background 200, x ---- Background
200 0 <lcost™ <0.11 % (1P) 0.1 <lcost™ < 0.22 % (1P)

- 01P) - 11P)

150

100

87575 8E T ess se ees 10 1005 104 1015 87575 95 o8 99 985 10 1005 101 015
" (GeV) " (GeV)
22 ] f N ERE T VIR A0
-2 t i i 2ty g i i
CMS work in progress 37.15 b (13 TeV) " CMS work in progress 37.15 b (13 TeV)
g 220 — Full model g 180 — Full model
200 i Data i Data
180 ---- Background 10 - ---- Background
0.22 < Icost™1 < 0.33 (1P) 1q0L  0-33<lcost™i <0.44 % (1P)
160 o Xm(”]) )
140| %o 120 b2

20
T T R T FI 10 1005 101 1015 87 ek s 6% 10 1005 104 1015
' (GeV) m* (GeV)
= R aar
22 [ [ i i €3 i b byt
2t it 1 } @ i ! 1 '
CMS work in progress 37150 (13 TeV)
@ 240
2
& o) — Full model
o t Data
00 ---- Background
180F  0.44 <lcos?"¥l < 0.82 % (1P)
o
160 o A(1P)

877575 98 e85 99 985 10 1005 101 10.15
m* (GeV)

Z2 i AT T
2]

Figure 22: The invariant mass distribution of the xp1 (1P) events fit with the
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also shown.
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Table 3: The number of xp; and xp2 events and the relative number
NXv2 /NXb1 and their uncertainty obtained from the fits for 2016 (top) and
2017 (bottom). The uncertainties of the NXv2 /NXb1 ratio also consider fit
correlations.

2016
N Xb1 N Xb2 N Xb2 /NXbl

0<|cos¥®| <0.11 | 75634101  4104+72  0.545 +0.141
0.11 < |cos¥X| < 0.22 | 608 + 61 418 £60  0.687 & 0.132
0.22 < |cos¥X| < 0.33 | 669+88 350461 0.523+0.127
0.33 < |cos¥X| < 0.44 | 545450 308442  0.566 + 0.094
0.44 < |cos9X| < 0.55 | 570485 194447 0.340+0.114
0.55 < |cos 9| < 0.86 | 422443 259439  0.615 £ 0.122
0 < |cos9X| < 1 35174163 19744126 0.561 + 0.051

2017
N Xb1 N Xb2 N Xb2 /NXbl

0 < |cosX| < 0.11 525 + 60 286 £46  0.54540.124
0.11 < |cos9X| < 0.22 | 466455  300+48  0.64540.143
0.22 < |cos¥X| < 0.33 | 384435 279437  0.725+0.125
0.33 < |cos¥X| < 0.44 | 348 +41 216 £33  0.621 +0.128
0.44 < |cos9X| < 0.82 | 553464 281445 0.508 +£0.117
0 < |cos¥| < 1 2151+ 102 1324488 0.616 & 0.055
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Figure 23: The NXv2/NXb1 ratio obtained from the fits of the |cos "X |-
binned subsamples (blue) and from the mX fit over the full cos 91X range
(yellow area) for 2016 (a) and 2017 (b). In the uncertainties fit correlations
are considered.

are shown as a function of cos 91X for 2016 and 2017. The strong variation
of the width of the xp1(1P) signal can be explained by changes in the shape
of the DSCB between different bins. The DSCB turned out to be very sen-
sitive to the start values of the parameters of the fit, which had to be chosen
individually for each bin to obtain acceptable results. From the fit results in
Figs. 21 and 22 it can be seen that even if the shape of the DSCB functions
vary for each bin, the total shape is still well described, which shows the
strong correlation between the parameters of the DSCB function. Looking
at the similar change in the shape of the width of the Gaussian core and the
tail parameter oy, in Fig. 24 as a function of | cos¥"X|, further illustrates
the correlation between the parameters of the DSCB function. As an alter-
native to the DSCB a combination of a Gaussian core and two exponential
functions on each side, as proposed in Ref. [62], could be tried in future
studies, since this approach would have one parameter less for each tail.

The description of the background seems to work well with second-order
Chebychev polynomials. Figure 25 shows the variation of the background
parameter ¢y (the linear part in Eq. 5.3) as a function of cos9'X. The
change of ¢y indicates that the change of the background in dependence of
cos WX is more relevant for 2016 data. The difference in the behavior of the
background can possibly be explained by the upgrade of the inner tracker
between the two data taking periods, which probably lead to a better photon
identification and hence less background events.
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Figure 24: The tail parameter ar, of the DSCB function as a function of
| cos 91X | for 2016 (a) and 2017 (b). The width of the xp1(1P) signal peak
obtained in the fits as function of | cos X[ for 2016 (c) and 2017 (d). The
width of the xp2(1P) signal is related to the xp1(1P) width through PES.
The yellow area represents the value obtained from the mX fit over the full

| cos 11X | range.
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Figure 25: The parameter ¢y of the background function given in Eq. 5.3,
which describes the linear part, as a function of | cos ¥11¥| for 2016 and 2017.
The yellow area represents the value obtained from the mX fit over the full
| cos W% range.

5.5 Systematic uncertainties

Systematic uncertainties coming from the detector acceptance, trigger, re-
construction and muon and photon efficiencies cancel largely in the ratio
of xp2(1P) over xp1(1P) events. These effects mainly depend on the mo-
mentum of the detected particles, i.e. the decay products of the xy. In
Fig. 26 the ratio of the p, distributions of the photons and muons of the
Xb2(1P) divided by the one of the x1(1P) candidates is shown. It can be
seen that the ratio is, within the errors, flat and hence the differences of the
photon and muon p of the xp;(1P) and the xp2(1P) candidates are small,
which indicate that the mentioned effects should largely cancel in the ratio.
Besides, a still ongoing study of relative xc2/xc1 polarizations, which uses
similar analysis techniques, has shown the cancellation of efficiency effects
in the ratio on fast MC samples. That the mass difference of the xp1(1P)
and the xp2(1P) state, which is 19 MeV, is smaller than the x.1(1P) and
Xc2(1P) mass difference (45MeV) suggests that the xp1(1P) and xp2(1P)
candidates should be even more alike than the corresponding ones of the
Xc system. Therefore, only systematic uncertainties related to the mathe-
matical model used for the fitting of the invariant mass distributions of the
Xb1(1P) candidates are considered.

The systematic uncertainties from the extraction of the xp1(1P) and
Xxb2(1P) yields are evaluated separately for the signal and the background
model. Changing the signal model completely and still obtaining a good
description of the data is almost impossible. Therefore, instead, the param-
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Figure 26: Ratio of xp2(1P) over xp1(1P) events as a function of the p of
the photons (a) and muons (b) for 2016 and 2017 data.

CMS work in progress 34.88 fb (13 TeV) CMS work in progress 37.15 " (13 TeV)

2 2
S 350) — Full model g 250 — Full model
v t Data w t Data

300] ---- Background ---- Background

0 <Icos?"X <0.11 (1P) 200| 0 <lIcos?d"™X <0.11 % (1P)
Xb‘ b1
20 e 1P) " %(1P)

87 9.75 9,8‘ - ‘9;3% - 9.9 9“9?) 10 10.05 10.1 10.15 8.7 9.75 9.8 79:55 : 9.9 9,‘9_5‘ 10 10.05 10.1 10.15
m (GeV) m* (GeV)
z z § [ i i)
E i IR i
(a) 2016 (b) 2017

Figure 27: Examples for a fit result for the estimation of the systematic
uncertainty from the signal model for 2016 (a) and 2017 (b). The parameters
ar,,N1,, ag and Ny have all been left free in this fit.

eters of the DSCB, N, and Ny, that are fixed in the nominal fit are left free
in an alternative fit. The systematic uncertainty due to the chosen signal
shape is then obtained by the difference in the ratio of the number of events
between the nominal and the alternative fit. An example for the fitresult
obtained when leaving N1, and Ny free is shown in Fig. 27. As can be seen
from the pull distribution the fit worked reasonably well.

To estimate the systematic uncertainty related to the chosen background
model, the variation in the yield ratio between the nominal model and an

50



CMS work in progress 34.88 b7 (13 TeV) CMS work in progress 37.150" (13 TeV)

5 500 — Full model 5 — Full model
o t Data 200 t Data
---- Background 180 ---- Background
2501 0.22 <Icos™ <0.33 % (1P) ol 022 Icos9"l < 0.33 %,(1P)
% (1P) e (1P)

200

897 9.75 98 ‘9.85 9.9 9.555» o 10.05 10.1 10.15 8 7 9.75 98 79:85 9.9 9.95 10 10.05 10.1 10.15
m (GeV) m (GeV)

[ISARY A I

(a) 2016 (b) 2017

Figure 28: Examples for the fit results for the estimation of the systematic
uncertainties from the background model for 2016 (a) and 2017 (b). The
background is desribed by a power law given in Eq. 5.6.

alternative background model, a power law,

Joow(®) = (x — x0)", (5.6)

with the free parameters x¢ and v, is used. In Fig. 28 an example of the fit
results with the alternative background description is shown for 2016 and
2017.

The background and signal systematic errors are added in quadrature
to determine the total systematic uncertainty due to the extraction of the
yields. The total relative systematic uncertainties are displayed in Fig. 29,
together with the statistical uncertainties of the xp2(1P)/xp1 (1P) ratio. The
statistical uncertainty is obtained from the xp1(1P) and xp2(1P) yields tak-
ing into account fit correlations. For the calculation of the total uncertainty
the systematic and statistical uncertainty are added in quadrature for each
bin.

For both years the statistical uncertainties are dominating over the sys-
tematic uncertainties. Further it can be said for both years that the statisti-
cal as well as the systematic uncertainties of the NXb2 / NXb1 ratio have on av-
erage larger values for the method using | cos 9| binned subsamples. Each,
the systematic and statistical uncertainties for 2017 are, aside from the bin
with 0.22 < | cos ¥H¥| < 0.33 which has an conspicuous lower statistical and
systematic uncertainty for the binned method, comparable over all | cos 91X |
bins and each method. That the bin in the range 0.22 < | cos 91X | < 0.33
has a smaller systematic and statistical uncertainty for the method using
subsamples indicates that for this | cos 91¥| subsample the fit is more stable
than for the other bins. For the fits with 2016 data the uncertainties show
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Figure 29: The relative systematic (red) and statistical (blue) uncertain-
ties as a function of | cos X[ for both methods for 2016 (a) and 2017 (b)
data. The relative uncertainties of the method using data subsamples in
bins of |cos?¥| are marked with a circle and the ones using the sPlot
technique with squares. The statistical uncertainty also considers fit cor-
relations. For the 0.44 < |cos ¥¥| < 0.55 bin, the systematic error of the
binned fit method for 2016 data is not shown in the plot, it has a value of
0.64.

much more fluctuations than for 2017 data, especially the statistical uncer-
tainty of the method that performs a fit for different | cos 9"1¥| subsamples
shows fluctuations which reach from a minimum of 0.06 to a maximum rela-
tive error of 0.64. Although the fits could be assumed to perform well when
looking at the pull distributions in Fig. 21, this fluctuations indicate that the
fitting procedure for the | cos ¥¥| binned subsamples has to be investigated
in more detail for future studies, at least for 2016 data.

5.6 Results

The yields of the xp2(1P)/xp1(1P) are obtained with two different methods
described in Section 5.3. The results determined by performing a xp(1P)
mass fit for each | cos 91X |-binned subsample are compared to the ones from
using the sPlot technique, which extracts a weight for each event from one
xb(1P) mass fit over the full cos ¥"* range. Figures 30 and 31 show the
NXv2 /NXb1 yields as a function of cos WX for the 2016 and 2017 data sam-
ples. Within the large uncertainties, the ratio shows no great dependence
on cosYX. The large uncertainties, which are obtained as described in
Section 5.5, are a consequence of the low total number of x},(1P) events.
The squared markers in the plot show the average |cos ¥¥| value for each
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bin. It can be seen that for the last bin the dominating number of events
has a |cos 91| value close to the lower bin edge, whereas the averages of
the other bins are central. With both methods comparable yields are de-
termined within the uncertainties. It seems that the sPlot technique, which
uses just one xp,(1P) mass fit for the whole | cos 91X | < 1 range, is only in-
fluenced negligibly by a correlation of the discriminating variable, mX, and
the control variable, cos 97X, Therefore the sPlot technique should be ap-
plicable for obtaining the yields of the ratio of xp2(1P) over xp2(1P) events
as a function of | cos¥HX|. As shown in Section 5.5 the statistical as well
as the systematic uncertainties of both methods, at least for 2017, are also
consistent what is a strong hint that they are correctly calculated with the
sPlot technique.
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Figure 30: The xu2(1P)/xp1(1P) as a function of |cos ¥1%|, once obtained
with the sPlot technique (blue) and once with mX fits in | cos 91X | bins (red),
for 2016 data. The full error bars are showing the total uncertainties. The
statistical uncertainty, which considers fit correlations, is shown separately in
a lighter color. The triangles mark the middle of the bin, whereas the squares
are placed at the average | cos WX | value for this bin including background

events.
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Figure 31: The xp2(1P)/xp1(1P) event ratio as a function of |cos¥|,
once obtained with the sPlot technique (blue) and once with mX fits in
| cos W% bins (red), for 2017 data. The full error bars are showing the total
uncertainties. The statistical uncertainty, which considers fit correlations,
is shown separately in a lighter color. The triangles mark the middle of the
bin, whereas the squares are placed at the average | cos 91X | value for this

bin including background events.
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Chapter 6
Discussion of results

For discussing the obtained X2 (1P)/xp1(1P) ratios as a function of cos 91X,
fast MC samples were produced for the xp1(1P) and the xp2(1P) states with
different polarizations in the helicity frame. After applying the same selec-
tions as on data, the different scenarios have been determined from the
produced cos 91X distributions by dividing the cos 91* distributions of the
xb2(1P) over the ones of the x1,1(1P) using the same cos¥"* bins as for
data. When the ratio of a cos® distribution with the polarization param-
eter /\129 over one with the polarization )\119 is built, the obtained shape is
defined by the difference of the two parameters, A\, = A3 — A} [63]. For
the comparison the most extreme scenarios of Ay, which can be deduced
from Fig. 13 for the xp1(1P) and the xp2(1P) when setting A, = Ay, = 0,
are chosen. The minimum obtainable value is A\, = —8/5, in which case

)\gbl(lp) = 1, which is the maximum possible positive polarization for the

xb1(1P), and )\ng(lP) = —3/5, which is the maximum negative polarization

of the xp2(1P). The maximum A\, has a value of 4/3, realized by combining

the extreme A\, values )\gbl(lp) = —1/3 and )\g'ﬂ(lp) = 1. Avalueof ANy =0

is reached by the combination of the following pairs of A, values: (Agbl(lp),

)\gw(lp)) = {(-1/3,-1/3),(1,1),(0,0)}. These combinations always give a
flat ratio. In Figs. 32 and 33 the different simulated relative polarization
scenarios are shown overlaid with the measured values, which have been ob-
tained by performing a x},(1P) mass fit for each cos 91X bin and using the
sPlot technique, respectively. Since only the shape of the xp2(1P)/xp1(1P)
ratio is relevant for the comparison, the normalization of the fast MC ratio
in the plots is made in a way to be best comparable to data. The distri-
butions obtained using the sPlot technique, shown in Fig. 33, have a shape
that goes down with | cos 91| for 2016 but for 2017 the opposite seems the
case for all but the last bin. The differences between the two data samples
are the different transverse momentum minima for the dimuon, which were
8 GeV in 2016 and 10 GeV in 2017 and the different single muon selection
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Figure 32: The measured shape of the relative xp2(1P)/xp1(1P) polarization
obtained using the method with cos ¥7¥-binned fits compared to different
relative polarization scenarios from fast MC samples. The error bars include
the systematic and the statistical errors. The relative polarization scenar-
ios from fast MC simulations are indicated in the plot with the parameter
ANy, which designates the difference of the polarization parameter A, of the
Xb2(1P) and the xp1(1P).
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Figure 33: The measured shape of the relative xp2(1P)/xb1(1P) polarization
obtained using the sPlot technique compared to different relative polariza-
tion scenarios from fast MC samples. The error bars include the systematic
and the statistical errors. The relative polarization scenarios from fast MC
simulations are indicated in the plot with the parameter A),, which desig-
nates the difference of the polarization parameter A, of the xp2(1P) and the

xb1(1P).
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criteria, which were stricter for 2017, where also only muon pairs that bend
away from each other were allowed. If this possibly is an explanation has to
be scrutinized with a much larger data sample which would allow to obtain
these distributions additionally for different bins of transverse momentum.
The trend for 2017 is also recognizable, at least for the first three bins, in
Fig. 32(b), which is showing the NX»2 /NXb1 event yields obtained from the
mX fits using cosY™*-binned subsamples. But having in mind the large
uncertainties and the very different shapes, which suggest an possible un-
derestimation of the systematical uncertainty, no clear trend of the shape
can be identified. It was also tried to fit the measured ratios to the differ-
ent shapes obtained from fast MC samples leaving the normalization a free
parameter, but because of the large uncertainties no A\, scenario could be
excluded with a reasonable significance in this way.

To get significant results a significantly larger data sample for reaching a
better statistical precision would be necessary. It could be tried to combine
the two datasets of 2016 and 2017 to obtain more meaningful shapes for the
relative xp2(1P)/xb1(1P) polarization.
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Chapter 7

Conclusion and outlook

Polarization measurements of the P-wave states of quarkonium are impor-
tant for proving theoretical predictions of QCD. This thesis investigated
the xp(1P) state of bottomonium. It was tried to measure the relative
Xb2(1P)/xp1(1P) polarization using two different methods. Both methods
rely on a stable fit of the y,(1P) mass distribution, thus a suitable model
for the description of the mass distribution is essential. The xp1(1P) and
Xb2(1P) signal resonances have been described with a DSCB function in this
thesis and the background with a second-order Chebychev polynomial. Al-
though the fits performed reasonably well, for the full cos 99X range as well
as for the binned subsamples, it is concluded that a reconsideration of the
fit model is needed, since the accurate description of the signal shapes of the
Xb1(1P) and xp2(1P) are crucial for both methods. The large uncertainties,
which are mainly due to too little data for such a delicate analysis, made it
even impossible to give at least a vague estimation of a trend of the shape
of the relative xp2(1P)/xp1(1P) polarization. Disregarding the lack of data
it would be important to also obtain the relative polarization, aside from
the helicity frame, in at least one additional frame, and also the ¢ distri-
bution should be included in future studies with a larger data sample. For
the application of the sPlot technique a study of the correlation between the
Xb(1P) mass and the cos¥ distribution would be necessary. Another open
question is if the acceptance and efficiency effects, which were here assumed
to be negligible, really do not influence the shape of the xp2(1P)/xp1(1P)
ratio.

Although no relative xp2(1P)/xp1(1P) polarization scenario could be
excluded in this thesis, two methods to obtain the relative polarization
have been analyzed in detail for future analyses. At the moment of writing
the CMS detector has already recorded an integrated luminosity of nearly
50fb~! which is already more than in the data taking periods 2016 and
2017 [24]. Combining the data recorded in the years from 2015 to 2018
will lead to a data sample that should be appropriate for an analysis of the
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polarization of the xp(1P). Such delicate polarization measurements of the
P-wave states of quarkonium will only be possible in the future thanks to
the enduring performance of the LHC, delivering more and more data.
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The measured shape of the relative xp2(1P)/xp1(1P) polariza-
tion obtained using the sPlot technique compared to different
relative polarization scenarios from fast MC samples. The er-
ror bars include the systematic and the statistical errors. The
relative polarization scenarios from fast MC simulations are
indicated in the plot with the parameter A\ , which desig-
nates the difference of the polarization parameter A, of the
xb2(1P) and the xp1 (1P). . . . . . .. oo oo
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