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Abstract

Measurement of associated Z+charm production and

Search for W’ bosons in the CMS experiment at the LHC
by Alberto Escalante del Valle

Do we understand how elementary particles interact with each other? Are we able
to predict the result of the collisions of these elementary particles at the LHC? The
objective of this thesis is to investigate the validity of our current theoretical model, the
Standard Model of particle physics, to explain the production of two low rate processes

in proton-proton collisions at the LHC.

The first half of the thesis studies the potential production of new types of interactions,
mediated by new W’ bosons, present in many extensions of the Standard Model. This
is the first search of this kind at a centre of mass energy of 13 TeV in CMS and uses a
dataset of 2.3 fb~! to search for an excess in the production of events with a muon and
large missing transverse energy. As a result of this study, the analysed data is found to
be in agreement with predictions of the Standard Model and disfavours the production
of new W’ — uv processes. This analysis alone is not able to exclude the production
of all kind of W’ interactions. However, it puts strong constrains to its potential cross
section and decay to a muon and a neutrino, ow/B(W’ — uv) < 3 tb=! for W’ masses
larger than 2 TeV. In the context of the Sequential Standard Model model, this result

excludes WéSM bosons with masses smaller than 3.9 TeV.

The second part of the manuscript presents the first measurement in CMS of the associ-
ated production of Z bosons with charm quarks, Z + c, using 19.7 fb~! of data collected
at 8 TeV. This is a rare process in the Standard Model and its cross section in the
studied fiducial region is measured to be o;q(Z + ¢) = 8.6 = 0.5 (stat) & 0.7 (syst) pb.
Additionally its relative production to that of bottom quarks, Z + b, is measured to be
o(Z+c)/o(Z+Db) =2.0+0.2 (stat) £ 0.2 (syst). Both measurements are also deter-
mined differentially as a function of transverse momentum of the Z boson and of the
heavy flavour jet. Finally these measurements are compared with different theoretical

predictions.
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Introduction

Who ordered that? said the physicist Isidor Isaac Rabi after he learned that the particle
that we call today the muon was simply an obese version of the electron. In 1936 S.
Neddermeyer and E.C. Stenvenson [1, 2|, while studying cosmic rays in the atmosphere,
obtained the first experimental evidence of a new charged particle with a mass between
the electron and the proton that they called at the time mesotron'. One year earlier,
H. Yukawa had published his meson theory of strong interactions that predicted the ex-
istence of a new light charged state responsible of the nuclear force with approximately
200 times the electron mass [3]. After the discovery of the mesotron, physicists were not
surprised and during many years believed that Yukawa’s particle had been observed. It
was not until 1947 that posterior measurements of the mesotron interaction with matter
showed that it does not interact as Yukawa predicted. At the same time, Yukawa’s pre-
diction was confirmed experimentally with the discovery by C. Powell of a new charged
particle that interacts strongly called pion. After a short crisis, physicists realized that
the mesotron was nothing else than a heavy cousin of the electron, and the first particle
of a second generation of new particles yet to be discovered! The discovery of the muon
was completely unexpected and leptons were introduced as a new family of particles
that do not interact strongly. Today we know that there is also an obese version of the
muon, the tau lepton. However physicists still wonder why we have exactly two copies

of the first generation... 1. I. Rabi question is still not fully resolved.

The discovery of the muon is an example that shows how experiments allow physicists
to travel to the frontier of knowledge, and test whether our current understanding of
nature can explain the outcome of the experimental observations. In some rare cases,
the result of the experiments is so unexpected (Who ordered that?), that we need to
refine or rebuild our view of the universe. A wonderful thing is that, in either case,
no matter what the outcome of the experiment is, we will always learn something new

about the nature and the world we live in.

Yfrom the Greek mes intermediate



Introduction 2

Readers of this thesis will travel to the frontier of knowledge thanks to the Large Hadron
Collider (LHC) that collides protons close to the speed of light, at an energy only
achieved 107!2 seconds after the birth of the universe. The results of such collisions are
recorded in the Compact Muon Solenoid Experiment (CMS), offering to physicists the
possibility of observing the first instants of the universe and probe the truthfulness of
many theories. A short introduction to the LHC and the CMS experiment is given in

Chapter 1.

Nowadays, our current understanding of the universe is the culmination of a extraor-

0™ century of progress in particle physics, both in theory and experiment. As

dinary 2
a result, the Standard Model of Particle Physics (SM) (1960-1970) [4-6] was developed
providing a theoretical framework based on a local gauge symmetry principle. This
theory is able to describe three of the four fundamental interactions in nature: strong,
weak and electromagnetism via the exchange of spin-1 gauge bosons fields: gluons, W+,
Z and the photon respectively. In addition, the Higgs mechanism (1964-1967) [7—12] is
responsible of giving mass to the the weak vector bosons and give rise to the appearance

of a massive spin-0 state, the Higgs boson.

All visible matter content in the universe is described by fermion spin-1/2 constituents
grouped into quarks and leptons. Up to date, three generation of fermions have been
discovered experimentally. Each generation is made of two quarks, a negatively charged
lepton (e, i, 7) and a corresponding neutral neutrino (ve, v, 7). One of the two quarks
is an up-type quark (u, c, t) with charge +2/3 and the other one is a down-type (d, s,
b) with charge -1/3. The first generation is responsible for everyday matter whereas the
second and third are replicas of the first generation with higher masses. A theoretical
introduction to the Standard Model of Particle Physics and the Higgs mechanism is
provided in Appendix A.

Since its original formulation, the main experimental evidences that verified the predic-
tions of the Standard Model were the discovery of the W* and Z bosons (1983) [13, 14]
with masses as predicted by the SM, the top quark (1995) [15, 16], the tau neutrino
(2000) [17], the Higgs boson (2012) [18, 19] and a variety of experimental results in
different particle accelerators (LEP, Tevatron, LHC ...) in the past 50 years.

This thesis presents two analyses that further test where the SM is able to predict the
results of the collisions at the LHC. The W’ analysis presents a search for a new process
not described in the SM and the Z + ¢ measurement tests a prediction of the strong

sector of the theory.



Introduction 3

Search for new interactions: W’ bosons

The first analysis covered in this thesis challenges the local gauge symmetry group of
the Standard Model by searching for potential new symmetries that could have played
an important role in the early universe. For example, Grand Unified Theories (GUT)
predict the existence of a deeper underlying symmetry in nature and try to unify the
spectrum of particles and interactions observed at the weak scale. This is achieved
by enlarging the symmetry group of the Standard Model. As consequence, if Nature
follows the predictions of GUT theories and they provide a better description of particle
interactions, new vector bosons denoted as W' and Z’ should exist and potentially be

produced at particle accelerators.

The analysis presents a search for extremely rare events coming from potential new
charged heavy vector bosons with a mass in the range 1-5 TeV, produced in the first
2.3 fb~! ever recorded in CMS at a centre of mass energy of 13 TeV. Particularly,
it focuses in the second lepton generation by searching for events consistent with the
production of a very high momentum muon plus a neutrino from a W’ — uv decay.
Experimentally this is an extremely clean signature in which only few events are needed
for a discovery. Due to this signal topology, most of the studies are dedicated to under-
stand the performance of high momentum muons. The W’ search analysis is described
in Chapter 2 and was made public in December 2015 [20] and published in 2016 [21].

Standard model against associated Z + ¢ and Z + b production

The second analysis presented in this thesis is a precise measurement of a rare process
predicted by the Standard Model: the production of a Z boson in association with heavy
flavour quarks. Particularly it describes the rate in which the Z boson is produced with

at least one charm quark and its relative production to bottom quarks.

This measurement will challenge the predictions of the strong sector of the SM, as well as
the modelling of the charm quark content inside the proton. Additionally, this analysis
serves as benchmark for many searches of new physics that have to deal with associated

production of Z bosons plus heavy flavour jets as main background.

Experimentally, the analysis selects leptonic decays of Z bosons into dimuon or dielectron
pairs associated with heavy flavour jets. The latter will be identified by the presence of
a displaced vertex consistent with the decay of a heavy flavoured hadron in one of the

following three independent channels:

e A displaced muon from a semileptonic decay of B or D hadron.
e Reconstruction of a D* — KTn¥nT decay vertex.

e Full reconstruction of a D*~(2010) — D% (D*T(2010) — D%7}) decay chain.



Introduction 4

This measurement is experimentally challenging and needs a very well calibrated and
understood dataset with large integrated luminosity. For this reason, the analysis uses
19.7 fb~! of data collected at 8 TeV and is the first time that this analysis is done in
CMS. This analysis is described in Chapter 3 and originally was made public in Summer
2016 [22].

Interplay between both analysis

This manuscripts describes two analysis at different centre of mass energies targeting
different physics objectives. The W’ — uv analysis is a search for new physics with
leptons at 13 TeV, whereas the Z + ¢ analysis is a precise measurement of a SM process

at 8 TeV that additionally involves jets and heavy flavour tagging.

The rationale behind the order in which analysis are presented in the manuscript is purely
pedagogical. Indeed, common concepts such as physics objects, analysis techniques or
calibrations are introduced in the W’ — uv analysis in Chapter 2, which is simpler
in terms of physics objects. In order to avoid text repetition, those concepts are not
described again in Chapter 3 for the Z + ¢ analysis. Instead, the latter focuses on the

complicated and particular aspects of a precision measurement.



Chapter 1

LHC and the CMS experiment

1.1 The accelerator: Large Hadron Collider

The Large Hadron Collider [23] is a particle physics accelerator located near Geneva
at the Swiss-French border with a diameter of 27 km and between 45 m to 170 m
underground. The LHC is a versatile machine that depending on the physics program
of the experiments provides three different type of collisions: proton-proton, lead-proton
and lead-lead. There are four main different experiments placed at the collision points
of the LHC: CMS, ATLAS, ALICE and LHCb. The data analysed in this manuscript
corresponds only to proton-proton collisions recorded in CMS at centre of mass energies
of /s = 8 TeV and 13 TeV.

Protons are confined inside the vacuum tube of the accelerator thanks to 1232 dipole
superconducting magnets made of NbTi each of them with length 14.3 m. They operate
at a temperature of 1.9 K and provide a magnetic field strength of 8.4 Tesla. Additionally
there are 392 focusing quadrupole magnets and 3700 multipole magnets. At the LHC,
protons are accelerated up to 6.5 TeV thanks to 16 radio frequency cavities (8 per beam)
that operate at 400 MHz each of them delivering 2 MV.

The initial energy of the protons when they are injected at the LHC is 450 GeV achieved
thanks to the LHC pre-accelerator chain. The latter is shown in Figure 1.1, and it
consists of a set of linear and circular particle accelerators that at every step increase
the beam energy by a significant amount, AFE. The first linear accelerator, LINAC2
(AE =50 MeV) is followed by three circular accelerators: BOOSTER (157 m diameter,
AE = 50 MeV — 1.4 GeV), Proton Synchrotron (628 m diameter, AE = 1.4 GeV —
28 GeV) and the Super Proton Synchrotron (7 km diameter, AE = 28 GeV — 450 GeV).
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FiGURE 1.1: Sketch of the LHC pre-accelerator chain. Protons start their travel to the LHC at the
linear accelerator LINAC2 and then follow three circular accelerators: BOOSTER, Proton Synchrotron
(PS) and Super Proton Synchrotron (SPS) prior their injection to the LHC. The energy of the protons
when they are injected at the LHC is 450 GeV and they are accelerated up an energy of 6.5 TeV before
the collisions.



Chapter 1. LHC and the CMS experiment 7

Protons are injected in the LHC accelerator in proton bunches. For example, during
the 2015 data taking period, a good fill was made of about n;, = 2244 bunches, each of
them made of about N, = 1.1 - 10 protons at the beginning of the fill. Consecutive
bunches are separated by at least 7.5 m, leading to collisions every 25 ns. A maximum of
np = 2808 bunches is envisage in the future. The size of the bunches was about o, = 9

cm along the beam direction and o, x o, = 20 x 20 wm? in the transverse plane. The
latter could be optimized and reduced in the future to maximize the amount of collisions

delivered to the experiments.

The speed of the protons inside the 27 km tunnel is close to the speed of light, 3 -
108 m/s, and turn about f.., = 11245.5 laps every second. Since protons are injected
inside the LHC from the SPS it takes about few minutes to several hours, depending
on the conditions, to reach stable beams at the collision energy of 6.5 TeV. This energy
corresponds to a relativistic Lorentz factor of v, = 6930, and leads to collisions in the
interaction point of CMS at centre of mass energy of 13 TeV. The lifetime of the beams
is typically several hours, however the intensity of the beams degrades with the time as

the protons are consumed.

A extended version of the LHC parameters described in this section, and their typical
values during the 2015 run are summarized Table 1.1. During the data taking campaign

the beam parameters are adjusted to maximize the amount of collisions delivered to the

experiments.
Parameter Typical range in 2015 Parameter description
ny 2244 Number of proton bunches
Np 1.1-10" Number of protons per bunch
frev 11245.5 571 Bunch revolution frequency
Yr 6930 Relativistic Lorentz factor
€n 3.4 um Normalized beam emittance
5* 0.8 m £* function at collision point
Oy = \/ enB3* /v 19.81 um Transverse beam width at interaction point
o 9.375 cm Longitudinal bunch length
F 0.82 Geometrical correction
L 5-10% em 257! Instantaneous luminosity (more in Equation 1.2)
7 16 Average number of interactions per bunch crossing

TABLE 1.1: LHC beam parameters and their typical range of operation in 2015 at 13 TeV. Further
explanations about them are documented in [23]. Typical values for the 2015 run are taken from [24].
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1.2 Introduction to LHC physics

The LHC is responsible to collide proton beams and produce the particles that physicists
detect and study at experiments such as CMS. In searches for new particles it is impor-
tant to produce the maximum number of candidates and maximize the probability to
detect them. The total number of processes of a certain type, IV, produced in a certain

period of time, dt, in a particle accelerator is given by
N=o / Ldt (1.1)

where ¢ is called the cross section! and corresponds to the effective area for a given pro-
cess to occur. L is called instantaneous luminosity and only depends on the parameters

of the LHC (see Table 1.1 for a description of the parameters)

_ anbfrev &&F

£ 4 €n B*

(1.2)

For a given process at a hadron collider, the cross section grows with the centre-of-
mass energy of the accelerator and depends on the production mechanism that initiated
the interaction proceess: gluon-gluon, quark-antiquark, quark-gluon. Processes such
as potential W — ur production at the TeV scale, if they exist, are rare and their
production cross section is smaller than a few femtobarns (fb) at 13 TeV according to
previous searches [25, 26]. On the other hand, precision cross section measurements such
as associated Z + c¢ production, are allowed in the Standard Model and its cross section
at 8 TeV is expected to be around a few picobarn (pb) according to simulations. As
an example, Figure 1.2 shows the impressive level of agreement between the measured
cross sections at CMS for relevant processes at the LHC at three different centre-of-mass

energies: /s = 7,8,13 TeV with the corresponding theoretical predictions.

Cross sections for the different processes at a given centre of mass energy of the ac-
celerator are constant and cannot be modified. In other words, they cannot be ad-
justed to maximize their production rate during the data taking campaign. In contrast,
the instantaneous luminosity depends on parameters of the accelerator that in some
cases can be modified. Maximizing the instantaneous luminosity over long periods of
time represents a technological challenge for the accelerator. For example, in 2015 at
13 TeV (2012 at 8 TeV) the instantaneous luminosity reached its maximum value at
L£=1513-10% ecm 257! (7.67- 1033 cm~2s7!). In 2016 the LHC surpassed for the first
time the design instantaneous luminosity of the accelerator, 103 cm™2s~!. Every in-

crease in £ and in general of the LHC performance, is great news for physicists because

1The cross section is usually measured in Barns, 1b = 10728 m?
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FIGURE 1.2: Measured cross sections (when available) at three different center of
mass energies, compared to the predictions of the Standard Model. The figure covers
well known processes such as W and Z production to processes that are more than
6 or 7 order of magnitude rarer, such yYWW . The level of agreement between the
prediction with the measurements is impressive, and reinforces the predictive power of
the Standard Model. This figure is sometimes called the Stairway to Heaven.

the higher the instantaneous luminosity, the higher the probability to produce processes

with low cross section.

The integral of £ over time, L = [ Ldt, is denoted as integrated luminosity or just
luminosity, and is a measure of the total amount of collisions delivered by the LHC. For
a detector of the size and complexity of CMS, recording all the luminosity delivered by
the LHC is a complicated task that involves hundreds of people. In 2012 (2015) the LHC
delivered 23.30 (4.22) fb~! and the CMS detector recorded 93.5% (90.2%) of them. Prior
to physics analysis, all the data used needs to pass a stringent certification procedure
that ensures that only those with the highest possible quality are used. The total amount
of luminosity certified for analysis at 8 TeV was about 19.7 fb~! and 2.3 fb~! at 13 TeV.
The difference between the recorded luminosity and certified luminosity at 13 TeV in
2015 is due to a problem with the cooling of the superconducting magnet that caused
that about 1 fb~! was taken without magnetic field. A summary of the delivered and

recorded luminosities at both centre of mass energies is shown in Figure 1.3.
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FI1GURE 1.3: Integrated luminosity as a function of the month of the year corresponding
to the Run I of the LHC at 8 TeV in 2012 (top) and Run IT at 13 TeV in 2015 (bottom).
The 2012 dataset corresponds to the Z4charm cross section measurement, whereas 2015
was used for the W’ search in the manuscript.

Pileup

From 1989 until 2000, electrons and positrons collided in a former particle accelerator
called Large Electron Collider (LEP), located in the tunnel that today hosts the LHC.
Collisions in a lepton collider do not suffer from the large QCD background produced
from parton interactions. Additionally, the vertex of interaction, defined as the geomet-
rical point initiating the collision, is unique and the energy deployed corresponds exactly
to the centre of mass energy of the accelerator. In other words, leptonic collisions offer

the simplest environment to study particle collisions. Unfortunately, in order to reach
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the production of particles with highest masses and smallest cross sections, the highest
centre of mass is required. The latter is technically easier to achieve in a hadron collider,

therefore the LHC became the best option to explore the TeV scale in the LEP tunnel.

At the LHC, for each bunch crossing several protons may interact resulting into several
parallel proton-proton collisions created in a single event. As an example, in the 2012
Run there were on average < p >= 21 proton-proton interactions per bunch crossing as
it is shown in Figure 1.4. The reason of the multiple interactions per bunch crossing,
also known as pileup interactions, is the proton-proton inelastic cross section, ;e =~
68(78) mb at 8(13) TeV, that is about twelve orders of magnitude higher than the cross
section of processes relevant for the CMS physics program. The pileup rate is sensitive to
the instantaneous luminosity (Equation 1.2) and raising this quantity in order to collect
more data, leads necessarily to an increase of the number of proton-proton collisions per

bunch crossing.

CMS Average Pileup, pp, 2012, Vs = 8 TeV
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FIGURE 1.4: Mean number of interactions per bunch crossing in 2012

Unlike leptonic collisions, during hadronic collisions the initial scattering occurs between
constituents that are not elementary. At first order, only one parton from each proton
participates to the collision, and the energy scale of the interaction vertex of a proton-
proton collision, Q?, is defined relatively to the fraction of energy along the beam axis,
x, carried by the two partons i and j that participate to the interaction: Q? = § = T;iTjS.
In the latter formula, it is convenient to define an effective centre of mass energy of the
collisions, §, different from the centre of mass energy of the accelerator, s. The study of
how the energy of the proton is shared among its constituents is a full area of research

and an introduction is provided in the next Section 1.2.1.
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1.2.1 Parton distribution functions

For each type of parton in the proton a, the Parton Density Function (PDF), f,(x, Q?),
describes the probability density function of the fraction of longitudinal momentum of
the proton, x, carried by the parton at a given energy scale Q2. They are used in a
hadron collider to compute the cross section of any process, oqy_x (s, @?), using the

master equation at the LHC, the factorization theorem:

1
Oab—sx (8, Q%) = Z/ dridza fo(z1, Q%) fo(@2, Q%)6ap— x (21725, Q7). (1.3)
ab V¥

min

The term 644, x (21228, M)Q() is called the partonic cross section and is evaluated directly
from theory using Feynman rules. Radiative corrections from initial state emissions are
absorbed into PDFs and separated from the partonic cross section calculation. This
procedure introduces a factorization scale in the calculation, ug, that is set to the

energy scale that governs the process oap_x, pr = Q2.

PDF's are universal, this means that once they are determined they can be used for any
process in Equation 1.3. Different theoretical constrains are applied to the PDF when
they are determined. The following sum extended to all possible momentum fractions

and flavours in the proton, must be satisfied

1
> [ deahie Q) -1 (1.4)
a=u,d,s... 0

the proton is made of three valence quark: two up quarks and one down quark,

1 1
/dunw—mmwﬂ /dﬂﬁ@—hm%ﬂ (1.5)
0 0

the remaining sea quarks satisfy

Adﬂﬂ@—hMFﬂ fol@) = foe)  hole) = fyle) (1.6)

The functional form of the z dependence in f,(z, Q%) cannot be determined only from
theory, and needs to be calculated using input from experimental measurements carried
out at different energy scales. Once PDFs are determined at a given scale, they are

recomputed at any other energy scale by using the DGLAP evolution equation [27].

Before the LHC and Tevatron era, the most precise measurements of the proton PDFs
came from deep inelastic experiments (DIS) at HERA. For example, most of the PDF
measurements were done at the DIS scale of Q? ~ 10 GeV? and extracted PDFs are

extrapolated to the LHC physics scale Q? ~ M% ~ 10* GeV?2. Different PDF groups
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(NNPDF [28], CT[29], MSTW]|30]...), use different methodologies and data samples to
evaluate the measurements and parametrize the functional evolution of f(x, Q?) in their
PDF fits. Figure 1.5 shows the PDF determination from the MSTW group using deep
inelastic data (left) and its evolution to the LHC scale with with the DGLAP evolution
equation (right). One of the main effects of this evolution to the LHC scale is the

enhancement of gluon and sea quark PDFs at low .
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FIGURE 1.5: Parton distribution fuction for different partons at the DIS energy scale (left), Q?
10 GeV? and its DGLAP evolution to the LHC scale Q? = 10* GeV?. Picture taken from [31]

In the cases in which a process is dominated by a particular parton-initiated process ab,
then its cross section measurement can be used to constrain the PDF's of partons a or b.
Different measurements allow to constrain different PDF at different x. Latest versions
of the PDFs sets from groups start to include a new generation of measurements in
their PDF determination from hadron colliders such as Tevatron and LHC. For example,
measurements of tt production at the LHC are used to constrain the gluon PDF whereas

measurements of the W — [v asymmetry are used to constrain the up and down quark
PDFs.

There is also a new generation of measurements that aim to study the content of the
second generation quarks in the proton. The W + c cross section measurement is a
unique process that probes the strange quark content. Finally, the Z 4 ¢ cross section
measurement and the Z + ¢/Z + b ratio presented in this thesis, introduces novel mea-
surements that are sensitive to the charm and bottom PDFs. An introduction to the

charm PDF is given inside the Z + ¢ analysis in Section 3.1.1.
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1.2.2 The hard interaction

The hard interaction refers to proton-proton interactions that involve the creation of a
hard process characterized by a large momentum exchange Q2. The energy scale of the
hard scattering is high enough to allow the calculation of the production rates using
perturbative QCD. Figure 1.6 shows a schematic example of the ingredients of a hard

scattering process between two protons A and B.

A /'\/
faiA
a
b
B
O—

FIGURE 1.6: Example of hard scattering process. Picture taken from [31]

The hard interaction for a process ab — X is characterized by the partons a and b
directly involved in the interaction, carrying a longitudinal momentum fraction z; and
T, respectively. The latter is described in the proton PDFs, f,/4 and fy,p, as explained

in Section 1.2.1.

The rate in which occurs is given by its partonic cross section, 645 x (71228, M;c)
Thanks to the Feynman formalism, for each process the partonic cross section is com-
puted by the phase-space integral of the corresponding matrix element squared | M g, x |2.
The matrix element, My, x, is expressed as an infinite sum of over all the possible ways

to perform the process ab — X.

Mab—>X = Z‘F(S))—)X (17)

Each of the terms in this expansion, ]-"LEZL y» corresponds to one allowed Feynman dia-

gram that is computed using the Feynman rules. The subset of the lowest order Feynman

diagrams in the expansion are called Leading Order (LO) terms and they are denoted

in the text as F (2L X(gﬁg'kge). For a given process, their amplitude is proportional to

a
gg ¢"*g% and they are defined as the set of diagrams with the minimum number of QCD
interacting vertices j with coupling constant gs and the minimum number of electromag-
netic, £, and electroweak vertices, k, with coupling constant ¢’ and g. As an example,
Figures 2.1 and 3.2 show one of the LO Feynman diagram associated to W — uv and

7 + ¢ production respectively.
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Higher order correction terms, Fp'%y, refer to the set of allowed Feynman diagrams

with higher number of interacting vertices with respect to the LO terms. Particularly,
one of the most important corrections are the so called QCD corrections terms, in which
the number of strong vertices, j, is increased by n. Due to the presence of n extra
vertices, the effect of the QCD correction terms, is suppressed by additional powers of
as = g2 /4 in the theoretical predictions. In practice, the infinite terms in Equation 1.7

are not considered and the sum is truncated:

n/
0 j 0 j v
Massx = F) (glg"g) + 3 Fagrrc (g5 g") (1.8)
n=0
There are several computational obstacles in the expansion used in Equation 1.8. When
higher order terms n = 1, n = 2... are included in the expansion, the number of allowed
Feynman diagrams used to construct the matrix elements increases factorially as well
as its difficulty to evaluate them. Depending on the Feynman diagrams included in the

calculation, there are different classifications for the cross section predictions:

Leading Order (LO) prediction include terms up to n = 0.

QCD Next-to-leading order calculations (QCD NLO) include up ton =1

e QCD Next-to-next-to-leading order (QCD NNLO) up to n = 2.

QCD Next-to-next-to-next-to leading order QCD (N3LO) up to n =3

LO calculations provide the fastest and simplest calculation. However, they are not
meant to provide a precise enough prediction and usually are not compared directly
with measurements. NLO computations include hard parton emissions and their accu-
racy is currently the minimum required to compared with data in most of the processes.
A practical problem is that integrals in NLO calculations suffer from ultraviolet (UV)
and soft /collinear divergences (IR). They appear when integrating high momentum ad-
ditional partons or low momentum/with small angular separation additional partons.
Usually dimensional regularization methods are used to remove UV divergences and in-
troduce a re-normalization scale, ugr, in the calculation. The re-normalization scale is

set at the scale in which as(Q?) is evaluated, and is often set to ur = pur = Q.

Currently there are theoretical calculations available for almost any process at QCD
NLO, some at NNLO and few cases at N3LO. In practice, there are automated (LO and
NLO) matrix element software calculators that are designed to generate simulated events
for LHC processes. Depending on the generator, the explicit calculation of the matrix el-

ements is performed by the generator, implemented in their libraries from an independent
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calculation, or a combination of both. Generated events in samples used in this thesis
have been produced using one of the following software-packages: pyTHIA (LO)[32, 33],
PowHEG (NLO)[34], MADGRAPH (LO)[35], MADGRAPH5_AMC@NLO (NLO)[35]... In
all of them, their predicted cross sections are computed with an integration of the ma-
trix element over the phase space of all the particles using a Monte Carlo (MC) sampling
method. Due to this, they are often called MC event generators. In the cases in which a
LO generator has been used for event generation, missing higher order QCD corrections
(when available) are included via multiplicative correction factors, denoted as k-factors,
defined as the ratio between the predicted oxyn1,0/0L0 from an independent calcula-
tion. As an example, electroweak processes sometimes are re-normalized to predictions

from FEWZ (NNLO)[36] or in the case of diboson processes to MCFM (NLO)[37].

In the same spirit than the QCD corrections introduced in Equation 1.8, it is also
possible to include in the calculation diagrams with higher number of EW vertices that
involve W, Z, H or massless photons. In general the size of the NLO EW corrections
is small and at the order of NNLO QCD corrections since at the LHC energy scale,
g2 =~ ¢'. However in some processes EW corrections could be enhanced. This occurs, for
example, in electroweak processes where the invariant mass of the process @2, is much
larger than the mass of the particles in the loop of the Feynman digram (Q >> My,
Mz). In this case, electroweak corrections are dominated by large negative Sudakov
corrections of the type ¢’log? @ /MI%V that could enhance the EW corrections at high
masses, and in some cases affecting the background in searches of new particles. Due to
this, NNLO QCD corrections as well as NLO EW corrections are included via dedicated
k-factors in the evaluation of the SM W background in the W’ search.

1.2.3 Parton shower and hadronization

The transition between partons produced in the hard scattering and its evolution into
physical hadrons such as kaons, pions or protons... is called parton showering and
hadronization. Partons produced in the hard scattering do no propagate freely and are
never observed isolated in Nature. In the other hand, hadron are colourless physical
particles made of 2 or 3 valence quarks that are detected at the experiments. Figure 1.7

shows a simplified sketch the parton shower and hadronization step.

In the showering process, coloured particles formed in the hard scattering subsequently
lose their energy following higher order QCD emissions. Particularly, quarks loose energy
radiating gluons in processes of the type ¢ — ¢gq and gluons branch into lower energy
partons g — ¢qq and g — ¢gg. This step is repeated sequentially creating a shower of

multiple low energy and collinear partons for every parton produced in the collision.
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Parton Shower Hadronization

D and B hadrons...

Initial parton

G Kaons...

Pions...

F1cUre 1.7: Simplified sketch of the parton shower process from an initial parton until
its evolution into detectable physical hadrons made of 2 or 3 quarks.

This showering process finishes when the energy scale of each process in the shower
approaches an energy of about Q? ~ 1 — 2 GeV?2. Below this energy scale, the shower
does not continue its expansion since it is energetically more favourable that a pair of
quark-antiquark is spontaneously created from the vacuum forming colourless hadrons

out of the partons in the shower.

In practice, the calculations of the hard scattering and the parton shower employ different
techniques and even in some cases they are carried out by different generators. The
combination of both calculations is not simple since a potential double counting might
occur. In order to avoid this, different merging/matching strategies have been developed
to combine the hard scattering with the parton shower calculation. One particular
example of matching procedure, called MLM, is used in this manuscript in samples
generated with MADGRAPH for the hard scattering plus PYTHIA for the parton shower.

This solution introduces a matching scale in the event to separate both calculations.

Below the QCD confinement energy, the size of the colour coupling strength is sufficiently
high that the perturbative approach for calculations does not work anymore. As a
consequence, the QCD hadronization is one of the least understood process in particle
physics nowadays, and currently there are only phenomenological models such as the

Lund String model [38] employed in PYTHIA that are used for its description.

In a similar fashion than the PDF inside the proton, the probability Dzh(z) that a
parton ¢, hadronizes into a parton h carrying a fraction of the momentum z, cannot be
computed directly from the theory and needs to be calibrated with measurements. These
functions receive the name of fragmentation functions and satisfy Y, [dzD!(z) = 1.
The modelling of the hadronization of charm and bottom quarks into D and B hadrons

is for instance one of the dominant theoretical uncertainties in the Z + ¢ measurement.
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Underlying event

The underlying event (UE) refers to the additional activity produced in parallel with the
hard scattering process. At the LHC, its contribution is mostly due to the hadronization
of the reminder partons that did not participate in the hard scattering and potential
multiple parton interactions (MPI). The latter represents secondary hard scattering pro-
cesses between other incoming partons. Due to the theoretical complexity of describing
the UE activity, current generators rely in phenomenological models and constrain their
parameters using collision data. The calibration of the UE activity with data is referred
as the tuning of the generator. For example, in the W’ analysis the tuning was called
CMS Underlying Event Tune Pythia 8 Monash Version 1 (CUETp8M1), whereas in the

Z + ¢ measurement is called Z2.

Detector simulation and calibration factors

Generated Monte Carlo events are processed through a full detector simulation of the
CMS detector based on the GEANT4 software package [39], and measurable objects
are reconstructed using the official CMS software package (CMSSW). This step includes
(among many others) simulation of the detector geometry and its alignment, magnetic
field in each part of the detector, event trigger emulation, event reconstruction ... For a
detector of the size and complexity of CMS, it is a real challenge to create simulations
that are 100% accurate in describing its performance. Due to this, there are dedicated
performance groups in CMS to study and minimize the small differences in performance
between simulations and CMS measurements. In most of the cases, these differences
are small and are corrected with multiplicative data-to-simulation calibration factors.
As an example of this, Section 2.3 contains a description of some of these steps in the
CMS reconstruction chain such as muon triggering and identification, and how they are

calibrated in the simulation.

1.2.4 13 TeV vs 8 TeV physics

The analyses presented in this manuscript employ two datasets that amount to different
integrated luminosities, recorded at different centre of mass energies. In Section 1.2,
Figure 1.3 showed that the total integrated luminosity is about ten times lower at 13 TeV
compared to 8 TeV. However, the relative sensitivity of the 13 TeV dataset with respect
to the 8 TeV dataset, for a given process, strongly depends on the signal gain, G, defined

as the ratio between the cross section at 13 TeV and 8 TeV.

Figure 1.8 shows the gain in parton luminosity ratio from the MSTW2008NLO[30] PDF

group, a measure of the reach of a hadron collider that gives similar information as G.
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FI1GURE 1.8: Ratio of parton luminosities at 13 TeV over 8 TeV from MSTW2008NLO
for different production mechanisms gg, qq, qg as a function of the scale of the interac-
tion, Mx. The ratio grows rapidly above the TeV scale and leads to a higher discovery
potential at 13 TeV compared to 8 TeV for the highest W’ masses.

The several curves in the figure refer to different production mechanism, q¢’, qg, gg, that
govern the production of a new particle X with mass Mx as a function of the scale of
the interaction, ) = Mx. The higher the scale of the interaction, the higher the gain
in signal cross section at 13 TeV. Particularly, for most of the studies in which typical
scale has a luminosity ratio larger than ~ 10 (red line), the 13 TeV dataset with only

2.3 tb~! is expected to have at least the same sensitivity as the 8 TeV dataset.

In the manuscript, the Z + ¢ cross section measurement is based on the 8 TeV dataset
whereas the W’ search focuses on the 13 TeV dataset. One of the motivations for this
choice is that heavy mass searches probe high Mx, and therefore profit of a large gain in
signal cross section by going from 8 TeV to 13 TeV. Particularly, with only 2.3 fb~! at
13 TeV, the W’ analysis is already more sensitive above Mx &~ 2 TeV than the previous
W’ search at 8 TeV with 19.7 fb~!. In the other hand, for lower My processes like
precision measurement of Z + ¢ production, the luminosity in the 2015 13 TeV dataset

is still too low compared to 19.7 fb~! at 8 TeV.
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1.3 The detector: Compact Muon Solenoid

The Compact Muon Solenoid is a particle detector located in Cessy (France) at the
Interacting Point 5 (P5) of the LHC. After the discovery of a Higgs boson consistent
with the one predicted by the SM in 2012, the search for physics beyond the Standard
Model is the new main goal in the CMS physics program. Particularly, the detection of
potential new states such as W’ bosons or deviations with respect to the SM predictions
in precise measurements, are more important than ever. Before entering into details of
the detector or analysis techniques for the W' and Z + ¢ analysis presented in this thesis,
it is convenient to introduce the coordinate system employed for both analyses in the

document.

The CMS Cartesian coordinate system is defined with the origin at the centre of the
detector. The z axis is defined along the proton beam in the way that the CMS mag-
netic field points towards positive +z. The (z,y) plane or transverse plane is defined
perpendicularly to the proton beam. Quantities are often referred to this plane and
denoted in the text with a Xp subscript. The y axis is perpendicular to the LHC plane
and the z axis points to the center of the LHC. However it is convenient for most of
CMS analysis to use a cylindrical coordinate system (z, ¢, #). In this case, the polar co-
ordinate 0 < # < 7 is measured with respect to the z axis and the azimuthal coordinate
—7m < ¢ < m is measured in the (z,y) plane. In hadronic collisions, it is useful to define

the pseudo-rapidity, 7, as a re-parametrization of the polar coordinate 6,
0
n = — In[tan (5)] (1.9)

The minus sign is added in the pseudo-rapidity definition to make 7 positive when points
to the same direction as the magnetic field. As an example of this, the polar coordinate
0 =0, 35,7, leads ton = 00,0, —oc in terms of the pseudo-rapidity. Often in the thesis the
angle, AR, between two objects (71, ¢1) and (n2, ¢2) is used, being AR = \/m,
and An = —n2, Ad = ¢1 — P2

Going back to CMS, the detector is placed 100 m underground and it has a cylindrical
shape with 28.7 m in length and 14.6 m in diameter with a total weight of 14 000 tons.
Along the beam line, the detector is divided into 5 wheels (-2,-1,0,+1,42) in the barrel
region that can be opened independently, plus two endcaps. Figure 1.9 shows a real

picture of CMS in which one of the wheels and one of the endcaps are separated.

The innermost part of the detector is made of three concentric layers of silicon pixel plus
a strip tracker detector surrounding beam spot. Their objective is to measure the mo-

mentum and trajectory of charged particles. In the next layer, a crystal electromagnetic
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FI1GURE 1.9: CMS detector in one of the latest stages of its construction. In the figure
one of the wheels and one of the endcaps are opened. (Photo courtesy of CERN/Max-
imilien Brice).

calorimeter (ECAL) made of lead tungstate, PbWOQ,, measures the energy of electrons
and photons. Between the ECAL and the CMS magnet, a hadron calorimeter (HCAL)
made of brass plates inter-laid with plastic scintillator tiles measures the energy and di-
rection of hadronic jets produced in the hadronization of quarks and gluons. Additional
calorimeters are placed in the large pseudo-rapidity range 3 < |n| < 5 to guarantee a
good closure and coverage of the detector. A liquid helium cooled solenoid magnet gen-
erates a magnetic field of 3.8 T along the positive +z axis that bends charged particle
trajectories and allows the measurement of their track momenta. Outside the magnetic
field, and embedded in the steel return yoke, gas-ionization muon detectors are placed

for muon trigger, identification and momentum measurement purposes.

Most of the sub-detectors in the |n| < 1.2-1.6 region are placed surrounding the beam
pipe, whereas in the forward region |n| > 1.2-1.6 are oriented orthogonally with respect to
the beam pipe. This configuration maximizes the hermeticity of the detector around the
interaction point. Figure 1.10 shows a illustrative sketch of the different sub-detectors
in CMS. Technical details about each of the sub-detectors are provided in the CMS
Technical Design Report [40], and a short introduction to each of them is provided in

the following sections.
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CMS DETECTOR STEEL RETURN YOKE
Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS
Overall diameter :15.0 m Pixel (100x150 pm) ~16m* ~66M channels
Overall length ~ :28.7 m Microstrips (80x180 um) ~200m? ~9.6M channels
Magnetic field  :3.8T
SUPERCONDUCTING SOLENOID
g Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m? ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PEWO, crystals

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels

FIGURE 1.10: 3-Dimensional sketch of the CMS detector and its different sub-detectors.
Figure taken from [41].

1.3.1 Tracker system

The main purpose of the tracker system is to reconstruct trajectories of charged particles
and measure their momenta. A schematic view of the CMS tracker is provided in
Figure 1.11, and a detailed description of the detector and its performance is provided
in [42-44]. The tracker has cylindrical shape with a 2.5 m diameter and 5.8 m length. It
is divided into two silicon subsystems: pixel and strip detectors. They have to provide
good spatial and temporal resolution while operating efficiently under high instantaneous
luminosities (£ ~ 1.03*¢cm™2s7!) and bunch crossing every 25 ns, that create a high

occupancy and high radiation environment.

The innermost detector, the pixel, is distributed over three cylindrical layers with radii
4.4 cm, 7.3 cm and 10.2 c¢m respectively and two disks in the forward region in z =
+34.5 cm and z = +46.5 cm covering the pseudo-rapidity || < 2.5 . It is segmented
into 66 million of single pixels with size of 100x150 um?. The spatial resolution of the
pixel detector is 10 pum in the transverse plane and 20 — 40 pm in the longitudinal
coordinate. The strip detector that surrounds the pixel detector is made of 9,3 million
strips and it is composed of four different sub-detectors. In the innermost part, the
tracker inner barrel (TIB) has four layers with 20-55 cm radius and |z| < 60 cm plus
three tracker inner disks (TID) between z = £[60—118] cm providing a spatial resolution
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FIGURE 1.11: Schematic view of the CMS Tracker in the r-z plane and its different
sub-detectors where each line represents a different detector module. More details are
provided in Section 1.3.1. Figure taken from [42].

of 13 — 38 pm in the transverse plane. The tracker outer barrel (TOB) with six layers
with 55 — 116 cm radius and |z| < 118 cm has a spatial resolution of 18 — 47 pym. Each
endcap consists of nine tracker endcaps (TEC) between z = +[124 —282] cm with similar

resolution as the TOB.

The good spatial resolution of the tracker allows to distinguish tracks for different proton-
proton interaction vertices along the z axis in each event [42]. This is important to sep-
arate tracks coming from the vertex in which the hardest interaction happened, denoted
as primary vertex (PV), with respect to other tracks from all the other vertices, denoted
as pileup vertices (PU). The PV assignment in the context of the W’ search is discussed
in Section 2.3.2. Additionally, the tracker spatial resolution leads to an impact parame-
ter (IP) resolution, defined as the minimum distance in the transverse plane between a
track and the PV, of ~ 15 pum in the barrel. The latter allows CMS to identify displaced
tracks from decays of B/D hadrons and reconstruct secondary vertices displaced with
respect to the PV. The reconstruction of secondary vertices from semileptonic decays of
B/D hadrons, D¥ or D*¥(2010) is an important ingredient in the manuscript because
they are used to disentangle associated Z + ¢ production over the overwhelming back-
ground of Z + jets. More details about this are provided in the heavy flavour tagging
Section 3.3.3 and in Section 3.4.2.

The momentum resolution of the tracker is about 2% — 3% for 100 GeV particles in
the |n| < 1.5 region. In the case of TeV muons from a potential W’ the performance
slightly degrades due to the small bending of the track combined with the limited size of
the tracker. The inclusion of the muon detector, described in Section 1.3.4, enlarges the
tracking volume and improves the resolution. More details about the track momentum

assignment for muons are given in Section 2.3.4.
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1.3.2 Electromagnetic calorimeter

The main goal of the electromagnetic calorimeter (ECAL) is to trigger and identify elec-
trons and photons as well as measure their energy. The fine granularity of the calorimeter
reduces the misidentification of jets as photons or electrons, and when combined with
the tracker, helps to distinguish between electrons and photons. The ECAL calorimeter
covers the pseudo-rapidity region |n| < 3 and is made of two different sub-detectors,
both made of PbWOy scintillating crystals. This material has high-density, 8.28 g/ Cm3,
short radiation length, Xy = 0.89 cm and small Moliere radius, Ry; = 2.2 cm. These
properties are convenient for an efficient electron and photon reconstruction. Figure 1.12
shows a sketch of the different parts of the ECAL.

Crystals in a Preshower
supermodule

Supercrystals

End-cap crystals

FicUure 1.12: Sketch of the CMS ECAL showing the barrel supermodules, the two
endcaps and the preshower detectors. The ECAL barrel coverage is up to |n| = 1.48;
the endcaps extend the coverage to |n| = 3.0; the preshower detector fiducial area is
approximately 1.65 < |n| < 2.6. Figure taken from [45].

The barrel (EB) is made of 61 200 crystals each of them 23 cm long and 2.2 x 2.2 cm?
in the transverse plane, covering the pseudo-rapidity |n| < 1.48. Additionally two end-
caps (EE), each of them made of 7 324 crystals of 23 cm long and 2.86 x 2.86 cm? in the
transverse plane, extend the pseudo-rapidity up to |n| = 3.0. Finally preshowers detec-
tors, made of lead absorbers and silicon strip sensors are placed before the endcaps to
improve the photon identification and cover the pseudo-rapidity range 1.65 < |n| < 2.6.
One important property is that at high transverse momentum, contrary to the tracker
that relies in the detector alignment, the electron and photon energy resolution are
dominated by the energy deposited in the calorimeter and the performance is expected
to improve. Due to this, high energy photons and electrons are excellent probes for
searches of new high mass particles. For example, at 1 TeV the electron energy resolu-

tion is expected to be better than 2% according to simulations.
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1.3.3 Hadronic calorimeter

The main goal of the hadronic calorimeter (HCAL) is to measure the energy of jets
produced in the hadronization of quarks and gluons. The constituents of the jets are
typically particles such as protons, neutrons, kaons, pions, electrons, muons etc... The
measurement of energies for all the jets in each bunch crossing up to large n is combined
with information from other detectors giving valuable information of the activity in the
event. This combined measurement allows CMS to measure indirectly the total amount
of transverse momenta of invisible particles, Efllms , such as neutrinos or dark-matter
(if produced) [46, 47] that leave no trace in the detector. This estimation is based on
the assumption of conservation of the momentum in the transverse plane before and
after the collision and is discussed in Section 2.3.8. The layout of the detector is shown
in Figure 1.13. A detailed description of the detector is documented [48, 49] and its
performance to measure the energy of jets is documented here [50].

Ring 2 Ring 1 Ring 0
15 I4I3|2|10987654321
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“ 1L15m >

F1GURE 1.13: Schematic layout of the CMS HCAL. The HCAL barrel coverage is up
to |n| = 1.3; the endcaps extend the coverage to |n| = 3.0; forward calorimeters are
placed outside the CMS wheels in the region 2.5 < || < 5.0. Figure taken from [49]

The HCAL is made of an interplay of layers of a dense brass absorber and tiles of
plastic scintillator. Three different sub-detectors form the calorimeter: barrel (HB)
In| < 1.3 and endcap (HE) for 1.3 < |n| < 3.0 placed in the space between the ECAL
and the magnet, plus the outer detector (HO) covering |n| < 1.3 outside the magnet.
Finally, forward calorimeters (HF) are placed outside the CMS wheels covering the
region 2.5 < |n| < 5.0 and are located at z = £12.5 m. The HF measures Cherenkov

light produced in quartz fibres and ensures a good hermeticity of the calorimeter.
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1.3.4 Muon detectors

Muons have a mass that is about about 200 times the mass of the electron and only
interact electromagnetically and weakly. They typically behave as minimum ionizing
particles in the calorimeters and are the only interacting particle? that leave the detector
without being stopped. The muon system is located outside the magnetic solenoid and
embedded in the steel return yoke. The main tasks of the muon detector are: muon
triggering, muon identification and the improvement of the muon momentum resolution
for high momentum muons. Three different type of gas-ionization muon detectors are
placed to meet this goals: drift tubes (DT), |n| < 1.2, cathode strip chambers (CSC),
0.9 < |n| < 2.4 and resistive plate chambers (RPC), || < 1.8. A detailed description of
the muon detectors and its performance can be found in [51, 52] and a schematic view

of the different subsystems in Figure 1.14.

B (——
200 400 600 800 1000 1200
Z (cm)

F1cURE 1.14: Sketch of the CMS Muon System. Additional details of the differents
sub-detectors are given in Section 1.3.4. Figure taken from [52].

The DTs, shown in grey in Figure 1.15 (left), are organized in 12 sectors per wheel along
the ¢ coordinate. Each sector is composed of at least four stations at different radii
amounting a total of 250 chambers surrounding the beam pipe. Each of the chambers
is made of two super-layers that measure the position along r¢ and one along rz, where
each the super-layers is made of 4 layers of drift tubes. The basic element of the drift
tube is the drift cell with size 42 x 13 mm? and with a 50 gm diameter gold-plated
stainless-steel anode wire at the center. The designed spatial resolution of the DTs are

100 pm along r¢ and 150 pm along rz.

2In the group of non-interacting particles I refer to neutrinos and hypothetical new particles such as:
neutralinos, dark-matter, etc...
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In the forward region CSC detectors, shown in Figure 1.15 (right), are placed transver-
sally with respect to the beam pipe and operate in harder conditions such as higher
muon and background rates as well as stronger and non-uniform magnetic fields. The
CSCs are divided in two endcaps sandwiching the five wheels, each of them divided in 4

disks made of 2-3 rings located at different radii. The spatial resolution is 75 — 150 pm

along r¢ and 1.9 — 6 mm in r.

FI1GURE 1.15: CMS Muon system during its installation, DT muon chambers are displayed in grey in
left and CSCs in the right. RPCs are located behind the CSC in the right pad.

A key property of DT and CSCs systems is that each of them is able to measure the exact
collision bunch crossing, among the sea of LHC collisions every 25 ns, that generated
the muon that was used to trigger the event. In addition to the DT and CSC detectors,
the RPC system is a complementary system with excellent time resolution better than
3 ns that is used to for trigger purposes and reinforces the correct measurement of the

bunch crossing at the highest LHC luminosities.

Muon triggering and identification are crucial ingredients in a large fraction of CMS
analysis. This is because isolated muons are a powerful tool to select events with po-
tential signatures of new physics over the overwhelming rate of QCD processes at the

LHC. Both aspects are discussed in Section 2.3.3 in the context of the W’ search.

At high transverse momentum, p% > 200 GeV, the muon resolution is largely improved
when DT’s, CSC’s and tracker system are aligned with respect to each other and muon
hits are included in the muon track reconstruction. The designed requirements for the
CMS muon system originally specified a muon resolution for the tracker plus muon
system track of the order of 6 — 17% for 1 TeV muons. Measurements with cosmic
muons in 2012 determined that the muon resolution is better than 10% at 1 TeV in the
pseudo-rapidity |n| < 1.2. Muon momentum performance and detector alignment with

the 2015 conditions in the context of W’ search are discussed in Section 2.3.4.



Chapter 2
Search for W — ;v bosons

2.1 Is the Standard Model the ultimate theory?

The Standard Model is without any doubt, the most sucessful theory at describing
strong, weak and electromagnetic interactions with high precision up to O(1 TeV) in-
cluding the latest results from the LHC. As an example, in Figure 1.2 it was shown the
impressive level of agreement between many predictions of the SM for several processes
and the experimental measurements. So far, there is not clear evidence of any new

particle after the observation of a new scalar with a mass of 125 GeV [18, 19].

Latest measurements of the properties of the newly discovered boson with the full 8 TeV
dataset [53], and the evidence of the same observation at 13 TeV with the recent Run II
dataset [54, 55], reinforced the observation that the recently discovered scalar, is in fact
a SM Higgs-like boson!. Higgs apart, after many dedicated searches by the ATLAS
and CMS collaborations, there is no strong evidence of any other new state found with
respect to the predictions of the Standard Model. After the 4" of July of 2012, day of
the announcement of the discovery of the Higgs boson, all the particles in the Standard

Model have been detected experimentally.

Now the question is, after the Higgs discovery, should we declare the end of particle
physics? The answer is no. There are already conceptual tensions and experimental
observations that indicate that the SM is not the final theory. This section discusses
some of the open questions in high energy physics that point to some new physics Beyond
the Standard Model (BSM).

In the original formulation of the SM neutrinos are massless particles. However, the

observation of neutrino flavour oscillation [56], and its confirmation by many experiments

!The jargon used here is because there is experimental hope to find deviations with respect to the
predictions of the SM Higgs boson.

28
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since then, causes a major breach in the SM. Indeed, in order to oscillate, neutrinos need
to have a non-zero mass. Recent measurement point to a light mass of the neutrino which
would require a modification of the SM to explain how neutrinos acquire mass and why
its small value. There are different theoretical formulations that try to give mass to the
neutrinos. Among the most popular ones, there are theories that predict the existence
of heavy Majorana neutrinos to explain the smallness of the neutrino mass with the so
called see-saw mechanism [57]. The latter would imply the existence of heavy neutrinos
that could be produced at the LHC. So far, there are not evidences of such a kind of

heavy neutrino and, as today, the nature of the neutrino mass remains unknown.

Another evidence of the limitations of the SM is its failure to explain why our universe
is dominated by matter over anti-matter. According to the Shakarov conditions [5§],
in order to evolve into a universe dominated by only matter starting from a balanced
situation, one would need violation of barion number, CP violation and interactions
out of thermal equilibrium in the early universe. Within the SM frame, CP violation
was observed for the first time in kaon decays [59] and also recently in B meson decays
[60, 61]. However the rarity of such events is not enough to explain the amount of matter
in the universe. A hope of new sources of CP violation in the coming years is foreseen
in the neutrino sector after the discovery of neutrino oscillations... Unfortunately, as of
today there is not a convincing answer to explain why not all the matter annihilated

with anti-matter in the early universe.

Probably the strongest evince of a new phenomena not explained in the SM comes from
studies of the anisotropies in the Cosmic Microwave Background (CMB) temperature.
Recent measurements with data collected with the Planck satellite reported that about
27% of the energy content in the universe is in form of dark matter and 68% in form of
dark energy [62]. The SM cannot provide an explanation for their nature and nowadays
their study is a very active front of research in both, theory and experiment. Dark
matter, if it couples to Standard Model particles, could be produced and studied at the
LHC. The strategy followed by the ATLAS and CMS collaborations is to search for dark
matter in the so called Mono-X channels. These analyses search for direct production
of invisible particles (dark matter) produced in association with detectable initial state
radiated particles, e.g jets (mono-jets), vector bosons (mono-vector bosons) or photons
(mono-photons)... Unfortunately, as today, there is no evidence of production of dark

matter at the LHC, nor convincing explanation of the nature of dark energy.

The next motivations for BSM physics are two conceptual problems in the theory that
are related with the Higgs boson itself. They are called: technical hierarchy problem and
the vacuum stability of the Higgs potential. The first case is related with the fact that the

Higgs boson is the only scalar in the SM and suffers from divergent radiative corrections
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to its mass. The main source of corrections comes from the one-loop Higgs correction
with positive sign plus the one-loop top and gauge boson correction with opposite sign.
The problem arises because the size of the corrections to the value of the Higgs mass is
proportional to the cut-off, Ay p, defined by the scale in which of new physics is suppose
to play a role. If there is no BSM at the TeV scale and the next scale of new physics is at
the Planck scale Apjaner ~ 101 GeV, the low value of the Higgs mass, 125 GeV, would
be a result of a cancellation of large positive and negative corrections several orders of
magnitude larger than the mass itself. This picture is unnatural for physicists and a
mechanism is expected that protects the Higgs mass against large radiative corrections.
However such mechanism, if existing, is still unknown. The size of the technical hierarchy
problem could be reduced if the cut-off scale occurs at the TeV scale instead that at
the Planck scale. This would imply the presence of new states with masses of the order
of TeV. There are alternative models that predict that the Higgs is not an elementary
particle and does not suffer from radiative corrections [63]. Finally a third solution
predicts the existence of extra dimensions that move the Planck scale to the TeV scale
and eliminate the large corrections to the Higgs mass [64]. In all the cases, new states

could emerge at the new Run of the LHC to give more light to this conceptual problem.

The vacuum stability [65] is another undesired feature in the theory motivated by a
potential instability in the Higgs potential (see Equation A.29) due to the running of
the Higgs quartic coupling, A\. At the electroweak scale, v = 246 GeV, the value of
the Higgs quartic coupling is positive and depends on the Higgs mass and the Higgs
vacuum expectation value, A = %(%)2 ~ 0.13. However, it is not guaranteed that A
will remain positive up to the Planck scale since its evolution strongly depends on its
radiative corrections. The problem arises because with the current measurements of the
top quark and W boson mass, the evolution of A points to small and possibly negative
value of A before the Planck scale [66]. If this was true, the Higgs potential could have
a metastable or unstable minima that compromises the existence of our universe. The
fact that your are reading this paragraph suggests that probably this is not true, and
the simplest explanation for this conceptual problem is to assume that there are new
particles, yet-to-be-discovered, that affect the evolution of A and keeps it positive all the

way up to the Planck scale.

Moving to more speculative scenarios of new physics, historically physicists always aimed
to find the deepest underlying principles in each phenomenal studied. However in the
SM there are almost 20 free parameters (excluding the neutrino sector), including three
gauge couplings with completely different magnitudes and 100% parity violation in weak
decays... This picture seems not very simple and physicists, Einstein included, tried to
find an unified, simple and beautiful theory that could explain and unify the spectrum

of particles and interactions. These are the basis of the Grand Unified Theories (GUT).
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In these theories, the underlying gauge symmetry principle in Nature is in fact a simple
and larger than the SM gauge symmetry group. The Standard Model as we know would
be the result of a broken symmetry at a low energy scale of this unified theory. Next
section will briefly introduce some generalities of GUT theories, and most importantly
their prediction of additional W' and Z’ gauge bosons and interactions that can be

directly searched at particle accelerators such as the LHC.

Finally, the Standard Model does not include gravity in its original formulation. In the
process of writing this manuscript, gravitational waves have been firstly detected by the
Ligo and Virgo collaborations [67], opening a new era and field of research, and perhaps
a new experimental bridge where to attempt to include gravity and particle physics

under a common formulation.

2.1.1 New interactions and extended gauge symmetries

Extended gauge symmetries are inspired by GUT theories that aim to unify all the
known forces in nature except gravity, namely: electromagnetic, weak and strong, into
a single force with an unique coupling. In the same spirit that above the electroweak
energy scale, the electromagnetic and the weak theory are two different manifestations
of the electroweak force (EW), some GUT theories defend the possibility that the three
fundamental forces were no longer distinguishable in the early universe above a given

energy scale, Aqur < Apiank, called the GUT scale.

An important requirement for any of these BSM models is that they should recover the
SM at low energies. For this, normally it is assumed that the vacuum expectation values
(VEVs) in the first and second Spontaneous Symmetry Breaking (SSB) are such that
v1 >> v9, where vy is the scale in which the unbroken SM is recovered and vy, = 246 GeV
corresponds to the Higgs VEV. Contrary to the SM model, where mass relation of the
W and Z give little freedom in the choices of the Higgs representation to break the SM,
different GUT theories can have can different symmetry breaking pattern possibilities

at different energy scales, that give rise to different predictions [68].

There is no unique and accepted GUT theory, but the commonality in all of them is that
this unification is achieved by enlarging the symmetry group of the Standard Model into
a larger symmetry group called the GUT symmetry group. It is important to remark
that the choice of the gauge structure of the SM, SU(3)c ® SU(2);, ® U(1)y, is not a
prediction of the theory, and it is rather adopted because is the simplest that explains
all the interactions observed in Nature. When the GUT group contains a subgroup in
addition to SU(3)®SU(2)®U (1), it means that new gauge bosons exist and interactions

associated to those also exist.
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As an example of one of these extended gauge symmetries, one of the minimal extensions
of the electroweak sector, SU(2)r ® U(1)y, that incorporates new W and Z bosons,
hereafter denoted as W’ and Z’ bosons are the G221 models which present a extended
gauge symmetry: SU(2); ® SU(2)2 ® U(1) [68]. Among the GUTSs theories that may
contain the Gag1 as a subgroup, SO(10) is one of the most popular. This section briefly
introduces the case of the Gg1 group, focusing on the possible W’ signals in the dilepton

(lepton+neutrino) final state that may appear in an extension of this kind.

Case I: identify SU(2); as SU(2)r

The parity violation in weak interaction in the SM has been tested experimentally with
high level of precision in different experiments. However its origin in Nature is still not
well understood. Due to this, many extensions of the SM predict that the Left-Right
(LR) symmetry in weak interactions is recovered at higher energies. One of the simplest
ways to do this is to extend the electroweak part in the SM, SU(2);, x U(1)y, to a
new Left-Right symmetric SU(2)r x SU(2)r, x U(1)p_r group, and assume that the

symmetry breakdown occurs in two steps:

SU©2)r x SUQ2)L x U)p_1, = SU©2), x U(l)y 2 U1)pu (2.1)
Where ® and H fields give mass to the new W’ /Z" and SM gauge bosons respectively. In
this extension, one of the predictions is the existence of a new W’ gauge boson, denoted
as Wg, that couples to right handed fermions. If the mass of the Wy is much larger
than the mass of the SM W, its existence does not contradict the current observations.
The existence of a potential Wg can be probed at accelerators if the centre of mass
energy is high enough. At the LHC, this possible Wr with mass at the TeV scale
could be produced via s-channel and potentially discovered in Wg — frupr final states

if m,, < mwyg, where £ =e, 1,7 .

In principle a Wr — frvR, does not necessarily produce a significant amount of signal
in the dilepton final state because it only couples to right handed fermions. However the
nature of the right handed neutrino, if exist, is unknown and its mass is not constrained
as long as it does not couple to SM particles. A possible massive right handed neutrino
that decays outside the detector, or decays into invisible particles, or passes undetected
trough the detector, will produce a clear signal in ¢ + EJ**$ final state and is searched

in the analysis presented in this chapter.

Finally, if the hypothetical right handed neutrino is heavier than the Wg, m,, > mwy,
then limits into leptonic final states decays do not apply, and searches in other final
states such as: W — ¢¢/, W — WZ or W — WH are probably better places to look
for a Wg.
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Case II: identify U(1) as Uy
In this second scenario, the W’ couples directly to left handed fermions and interference

between the W and the W’ is expected. The symmetry breaking pattern is the following:

) H
SU(2)L1 X SU(2)L2 X U(l)y — SU(Q)L X U(l)y — U(l)EM (22)
In this scenario the W’ directly decays into a lepton and a SM neutrino such as, W — pv.
This possibility clearly produces a signal in £ + EQT?“S final state and is also searched in

this chapter.

In practice, the real experimental and theoretical picture is more complicated. It is
important to remark that if there is ever a experimental discovery of a W’-like signature,
it is not guaranteed that it will correspond to any of the GUT theories or even to
a extension of the symmetry group of the Standard Model. There are other theories
that also predict W’-like signals and could produce a similar experimental signature.
For example, Kaluza-Klein excitations of the W boson that appear in extra-dimension
theories, predict the existence of interactions of the type Wgx — pv at the TeV scale.
These theories propose that the Plank scale could be as low as the TeV scale, thus
solving the hierarchy problem of the SM in a different way [69-72]. In conclusion, in the
hypothetical case of the discovery of a W'-like signal, further studies on the potential
signal properties and in other decays modes will be needed to discern between different

theoretical explanations.

Due to the large variety of different W’ signals that one could build in the zoo of GUT
theories (or any other model), historically the experimental collaborations use the so-
called benchmark models to simulate the W’ signals in their searches. Benchmark models
do not aim to be complete theories, they rather use phenomenological Lagrangians in
which the most relevant parameters are encoded in a simple way, leaving the details
of the full model aside. In other words, in case of discovery it will never be the one
predicted by the benchmark model, though it is expected that the main kinematical

properties of the observed W’ resemble the ones described by the benchmark model.

In summary, the study presented in this chapter aims to discover a trace of an extended
gauge sector of the SM. This is done by searching for new interactions mediated via new
heavy vector bosons that could have played a role in the early universe. Particularly the
search is designed to discover a new hypothetical W — pv boson that could produce a
signal with one high momentum muon plus an invisible particle for the detector, such

as a neutrino. This final state is denoted in the text as pu + E8,
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2.1.2 Sequential Standard Model W’

The benchmark signal model used in the W — uv search corresponds to the Sequential
Standard Model (SSM) W’ that is described in the ”Extended gauge model” in [73]. In
this scenario, the W’ has the same left-handed couplings to fermions as the W of the
SM described in Appendix A.4. Figure 2.1 shows the leading order Feynman diagram
for W — fv at the LHC.

FI1GURE 2.1: Leading order Feynman diagram describing SSM W’ production at the
LHC.

Taking the notation from the Particle Data Group (PDG)[74], the new Lagrangian terms
that describe the potential interaction of the W™ boson with fermions are given by a
generalization of Equation A.26 to three generations and right and left handed couplings:
I+
_~R L — (R L
ﬁ [ul(C’q” Pr + quj PL)W“dj + Vi(c&'j Pr + C&'j PL)’)/‘uej] (2.3)
Where u, d, v, e are the SM fermions in the mass eigenstate basis, and i = 1, 2, 3 refers

to each of the three fermion generations. The C')]? and C)L< are couplings to right and left

handed fermions respectively, and Pgr = # and P, = # are the chirality projector
matrices that satisfy Pr, 4+ Pr = 1, and are given by the Dirac gamma matrices for which
D = 70y ln243,

If a CF # 0 term is included in the theory, a W’g with coupling to right handed fermions
is predicted and right handed neutrinos are expected. The latter, would correspond to

something close to the Case I described in Section 2.1.1.

Alternatively if the W’ couplings are CqLij = gVerm,,, CF = g and C{=0. The new W’
is the one predicted in the SSM W’ and is rather similar to a SM W with higher mass.

This scenario is something closer to the Case II in Section 2.1.1.

In the SSM, if the mass of the W’ is larger than the tb threshold, my > 180 GeV, the
process W — tb opens up yielding to a reduction of the B(W’ — uv) ~ 1/12 = 8.3% for
each of the three leptonic decay modes ¢ = e, u, 7, and B(W' — ¢q) ~ 25% for each of
the hadronic decay modes ud’, cs’, tb, thus slightly modifying the branching ratios of
the SM W boson (see Table A.1).
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Potential W’ couplings with other boson such as: W' — WZ or W' — WH are in
general highly model dependent, and particularly in the SSM they are assumed to not
exist. With this choice, the SSM maximizes the W' — pv signal that one could expect
in the final state pu + E75,

Interference effects between the SM W and the W’ are not considered in the signal
modelling. The reason for this choice is that generally they are model dependent and a
second-order effect. For discovery purposes this effect can be ignored with the current
luminosity at 13 TeV. However, in case of discovery with high enough statistics, inter-
ference effects would give valuable information about the W’ properties with left handed

couplings.

If one neglects the interference effect with the SM W, the kinematics of the decay prod-
ucts of a W’ with right handed and left handed couplings do not differ and produce the
same signature in the fermionic decay channel. In this case, the W’ can be reinterpreted
as Wg in a Left-Right model if the potential right handed neutrino leaves no trace in

the detector and is light compared to mwy.

Hypothetical new resonances that decay into leptonic final states produce clean sig-
natures in the detector making them ”golden channels” for early discoveries. Due to
this, W' a Z’ bosons have been searched in previous experiments, and those analysis
were particularly important at the early days of the accelerators after an increase in the

centre-of-mass energy.

Current experimental limits at /s =8 TeV for W' at 2 TeV

The search of a new particle is always a marathon that requires a dedicated program of
searches targeting different final states. Table 2.1 shows the current observed limits to
the W’ production from the CMS experiment at 8 TeV for all the possible final states.

For this, a W’ with mass 2 TeV is taken as common reference in the table.

Channel Observed cross section limit Reference
owr X BIW' — uv) <1fb! EXO0-12-060 [25]
ow x B(W' — ev) < 0.5 b1 EXO0-12-060 [25]
ow x B(W' — 1v) <3 fb! EXO-12-011 [75]
ow x B(W' = qq) <200 fb~! EXO0-12-059 [76]
ow x B(W' — tb) <20 bt B2G-12-010 [77]
ow X B(W' — WZ) <10 fb~! EXO0-12-024 [78]
ow x B(W' — WH) <7t EXO0-14-009 [79]

TABLE 2.1: Observed cross section limit to a W’ of 2 TeV from CMS measurements
done at 8 TeV in different final states.
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2.2 Data samples and simulation

2.2.1 13 TeV dataset in 2015

2015 was a historical year in particle physics. The LHC restarted its program of collisions
in Summer at a centre of mass energy record of 13 TeV and delivered 4.2 fb~! in CMS.
The dataset analysed for the W’ search in this thesis corresponds to 2.3 fb~! certified
good for physics. The main difference between the recorded luminosity and the certified
dataset is due to a problem with the cooling of the superconducting magnet that caused
that about 1 fb~! of data were taken without magnetic field and is not used for the

search.

Only in the muon performance Section 2.3 of the document, where studies did not
require the explicit usage of the calorimeters, an extended dataset with a less stringent

certification for the calorimeters was used and amounts up to 2.8 fb=1.

The 2015 data taking was carried out with two different bunch crossing time conditions.
An early and short run in June 2015 with bunch crossings every 50 ns, and the nominal
run at 25 ns for the rest of the year. The data analysed in this thesis corresponds only
to the 25 ns period. A detector performance note was presented with 48 pb~! of data
at the 2015 LHCP conference collected at the end of the 50 ns run [80].

Finally cosmic muons were collected in April 2015 in a dedicated campaign called
CRAFT15 (Cosmic Ray at Four Tesla 2015). This dataset amounts to about 10 days of
cosmic muon data, and are used for dedicated studies of the performance of the muon

momentum measurement using high pp cosmic muons.

A preliminary version of this analysis was first presented at CERN during the 2015
end of the year Jamboree [81], and documented in the Physics Analysis Summary [20].
After the 2015 Jamboree, calorimeters were recalibrated and detector re-aligned giving
as a result an updated 2015 dataset with improved calibrations called 2015 re-calibrated
dataset. The results presented in this manuscript correspond to an updated version of

Ref. [20] using this re-calibrated data sample and published in December of 2016 [21].
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2.2.2 Monte Carlo simulations

Backgrounds

There are several processes whose final state is the same or may be mistaken as that
of the W’ signal. This section describes how the contribution from those processes
is estimated in the analysis. Prior to read this chapter it is convenient to familiarize
with the concepts associated to the LHC proton-proton phenomenology introduced in
Chapter 1, particularly Section 1.2.1 about PDFs and Section 1.2.2 about the hard

scattering.

The dominant and indistinguishable process from the W’ signal is SM W — puv, es-
pecially when the W is produced with high mass and at rest. The latter is sometimes
denoted as W* to distinguish both topologies. The W* — 7¢,, (1) channel contribution
to the high mass region is reduced compared to that from muons due to the presence of
two neutrino and the analysis selection (described in Section 2.4.1). Other background
processes are Z/v* — pp in which one of the leptons is lost or outside the detector
acceptance, tt in their semileptonic or dileptonic decay channel, single top production

and diboson processes (mainly high mass WW and to a less extent WZ and ZZ).

Figure 2.2 shows a sketch of these backgrounds that could mimic a W’ signal. In the
figure, red lines correspond to high momentum muons and green lines to neutrinos.
Yellow lines correspond to potential additional particles that contribute to the final
state, and black and blue lines correspond to intermediate particles. Section 2.4.1 gives
further details about each of the backgrounds and describes how their contribution is

evaluated, as well as how they can be suppressed.

Main backgrounds
b
W
W
w t w4z
| £ /7/
P 1 .
W addi?itgrlila?lajets,.. Wiz / Potential
) W/ / N additional jets...
s & B
Wjets . q | Z+jets
q Top pair q
q production Dibosons

FIGURE 2.2: Sketch of the main processes that could mimic a W’ — uv signal at the LHC. Details
about of each of the processes and the colour code of the lines in the sketch are provided in Section
2.2.2.
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All samples of simulated events are generated with MC event generators. A sample of
inclusive W boson plus jets is generated with the PDFs from the NNPDF 3.0 [28] group
and MADGRAPH5_AMC@NLO [35] for the hard scattering interfaced with PYTHIAS [32]

for parton showering and hadronization.

Regarding the remaining background processes, a sample of tt is generated with POWHEG [34]
and uses CT10 [29] for the PDF. Generated events are interfaced with PYTHIAS for par-
ton showering and hadronization. Z/v* electroweak backgrounds are generated also with
POwHEG, including a dedicated high-mass sample with the same generator. Contribu-
tions from diboson processes such as WW, WZ and ZZ are generated with PYTHIA8 and
CTEQG6L1 for the PDF.

All the distributions from the simulated samples are normalized to an equivalent lumi-
nosity of 2.3 fb~! for the W’ search and to 2.8 fb~! in the muon performance section.
The cross section for the W plus jet sample is taken from a NNLO prediction from
FEWZ [36], using MSTWO0S [30] for the PDF. In diboson processes the cross sections
are normalized to NLO predictions from MCFM [37] and MSTWO8 for the PDF. Top
pair production, tt, is taken at Next-to-Next-to-Leading-Logarithm (NNLL).

Additionally, it is important to have an accurate description of the mass distribution
of the W* production. This is particularly important at the highest masses where the
analysis is more sensitive due to the lower backgrounds. Due to this, the W boson plus
jets sample is combined with a dedicated set of W* samples generated with PYTHIAS in
different bins in mass of the W. Higher order QCD and EW corrections are taken into

account using dedicated differential k-factors as a function of the mass.

At the time in which this analysis was done, there was not any complete NNLO QCD +
NLO EW calculation for the W* process. However there were available separate QCD
and EWK corrections from different generators. Due to this, the practical approach is
to assume that their combination is additive (Equation 2.4) or multiplicative (Equation
2.5), and consider their difference as an additional systematic uncertainty. NLO EW
corrections were computed with the MCSANC [82] event generator while NNLO QCD
corrections were derived with FEWZ [36], both at 13 TeV. Figure 2.6 shows the two

possible combinations that give rise to two sets of k-factors.

[;%]QCD@EW = [;%]QCD + [;%]EW - [;%]Lo (2.4)
do [%]QCD [di]EW 25)

[@]QCD@EW = % : FTo)
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FIGURE 2.3: Combination of the NLO electroweak and NNLO QCD corrections to the
W* — pv production as a function of the invariant mass of the W*. Two different
combinations are shown, additively (red) and multiplicatively (black). Credit for this
study: Collaborators from the W/ — ev search analysis team.

The final k-factors, defined in Equation 2.6, are computed as a function of the invariant
mass and corresponds to the average of the additive and multiplicative combinations

(Equation 2.4 and 2.5).
_ Ac(NLO)/AMipy
K (Min) = Ac(LO)/AMjyy

(2.6)

The dependence of the k-factors is flat and constant as a function of the mass with a
value around 1.3 up to My = 1 TeV. For higher masses this value slightly drops due
to a higher impact of negative NLO EW corrections. An additional uncertainty of 5%
in the k-factors is considered in the analysis to cover the differences between the two

possible combinations and the individual QCD and EW corrections.

Finally, the modelling of the additional activity in parallel with the hard scattering,
known as underlying event, was modelled using PYTHIAS with the tuning CUETP8M1 [83,
84]. All the generated events are processed through the full GEANT4 [39] detector sim-

ulation, trigger emulation and event reconstruction chain of CMS.
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W’ Signals

W’ — pv signals samples for several W/ mass hypothesis are generated using PYTHIAS
and NNPDF 2.3 LO, following the predictions of the Sequential Standard Model (see
Section 2.1.2 for a description of the SSM). Signal cross sections are renormalized to
include a k-factor that includes NNLO QCD corrections derived with FEWZ and its
size is between 1.1 and 1.3. These corrections are computed assuming that the W’ is a
copy of the W with different mass. Table 2.2 shows the LO cross section from PYTHIAS8
and NNLO from FEWZ.

Sequential SM W’ boson

W’ mass [TeV | ‘ oLo B (fb) onNLo B (fb) k-factor ‘
1.0 2699.0 3623.5 1.343
1.2 1275.8 1708.9 1.340
1.4 657.28 877.23 1.335
1.6 360.15 478.18 1.328
1.8 206.47 272.38 1.319
2.0 122.55 160.43 1.309
2.2 74.726 96.957 1.298
2.4 46.584 59.813 1.284
2.6 29.560 37.510 1.269
2.8 19.035 23.852 1.253
3.0 12.412 15.348 1.237
3.2 8.1952 0.9844 1.218
3.4 5.4675 6.5682 1.201
3.6 3.6865 4.3708 1.186
3.8 2.5158 2.9432 1.170
4.0 1.7337 2.0092 1.159
4.2 1.2108 1.3926 1.150
4.4 8.5649 x 10! 9.8188 x 10! 1.146
4.6 6.1476 x 107! 7.0621 x 101 1.149
4.8 4.4871 x 1071 5.1886 x 101 1.156
5.0 3.3227 x 1071 3.8928 x 107! 1.172
5.2 2.5146 x 10! 2.9832 x 107! 1.186
5.4 1.9300 x 101 2.3371 x 1071 1.211
5.6 1.5128 x 1071 1.8659 x 1071 1.233
5.8 1.2029 x 101 1.5148 x 1071 1.259

TABLE 2.2: Signal production cross sections (at LO and NNLO) times branching frac-
tion, as well as the k-factor, for SSM Wprime bosons decaying to lepton plus neutrino,
at /s = 13 TeV. Credit for the k-factor study: Collaborators from the W' — ev search

analysis team.
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2.3 Physics objects: muons and MET

This section introduces the physics objects that are built from measurements in CMS,
giving special attention to the ones that are relevant for the muon object used in the

W’ search such as:

e Event triggering.

Primary vertex assignment.

e Muon reconstruction and identification.

Muon performance.

o Jets.

Missing E performance.

Without any doubt, the physics objects and their calibration described in this section
are as important as the W’ search itself. The reason for this can be explained with

simple a argument:

There is only one observable that is measured experimentally in a W' — uv search, a

high transverse momentum muon.

In 2015, CMS has re-started its operation after two years of upgrade that allowed the
detector to cope with the LHC collisions at 13 TeV. After such a long break all the
detector calibrations need to be re-derived, simulations re-calibrated and physics ob-
jects revised. The goal of this chapter is to show that predictions from simulation and
measurements are under control with the new conditions of the LHC and CMS detector
for the Run II.

Having the best possible understanding of the physics objects and their calibrations, is
what gives an analysis the best sensitivity, reduces systematic uncertainties and max-
imizes the discovery potential. Before claiming any discovery, it is necessary to show
that the predictions from simulations reproduce the observations in regions where the
contribution from a W’ signal is expected to be low. It is always important to keep
in mind that in searches with very low backgrounds, a badly calibrated detector could

easily create a fake signal.

Finally, most of the physics objects and techniques for calibration described in this
section (except for the muon performance, that is dedicated to high momentum muons
in the W’ search), were also employed in a similar fashion at 8 TeV for the Z + ¢ cross

section measurement in Chapter 3.
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2.3.1 Trigger

In order to discover a W’ or any other new particle, events containing potential can-
didates need to be recorded. However, due to the high collisions rate of 40 MHz at
25 ns and the large cross section of QCD processes, it is impossible and highly inefficient
to record all the collisions in CMS. As an example of this, at least 102 proton-proton

interactions are needed before producing one W’ — /v high mass candidate?.

The CMS trigger is a system designed to keep interesting events for physics analysis,
while discarding low energy events based on physics driven choices. A potential operation
without a trigger system is not possible and any problem with it could potentially prevent
CMS to take data. Thus, the trigger is one of the most critical aspects to monitor during
the data taking and has to be adapted to the data taking conditions and instantaneous
luminosity (see Equation 1.2 and Table 1.1 for details). Among the several requirements
of the CMS trigger system, there are two necessary characteristics that the trigger
has to fullfill in order to allow CMS to operate: the data acquisition rate has to be
reduced to 1 kHz, five orders of magnitude less than the collision rate, and the time
to take the decision has be less that few hundreds of millisecond. This is achieved in
the CMS Trigger system in two sequential steps: the Level 1 Trigger (L1) and the High
Level Trigger (HLT). For example, in the case of triggering a potential W — v signal
candidate, the most efficient way is to reconstruct a high pr muon at the trigger level

and decide to record the event in terms of the measured muon pr.

The first step towards a positive triggered event is the so called Level-1 Trigger (L1).
The L1 must provide an extremely fast response in few microseconds. Due to this, the
L1 trigger is purely hardware based and the decision is carried out in the detector front-
end electronics. In order to achieve a fast response, the trigger decision is based only
on ECAL, HCAL and muon system information. A positive L1 triggered event creates
a L1 seed. The latter in the case of a high pp muon is called L1_Mu25, which means
that the Level-1 Trigger track built in the muon system had a pr larger than 25 GeV.
After this step, the total fraction of total events with a positive L1 trigger reduces the
rate from 40 MHz to about 100 kHz.

Only L1 seeds passing the L1 trigger decision will enter into the second step in the chain:
the High Level Trigger system (HLT). In this second step, the decision is made using a
global overview of the event combining inputs from different sub-detectors. At this point
a more sophisticated decision is used involving selection criteria as close as possible to
the one used in the final analysis. Each set of selection criteria associated to a L1 seed

is called an HLT path. The CMS trigger consist a set of several HLT paths that aim

2 Assuming oy Br(W' — uv) <1 fb~ ! at 13 TeV.
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to select events for physics analysis with different topologies implemented with different

selection criteria. After this step the CMS output rate has to be of the order of 1 kHz.

In the case of the W’ search, the HLT trigger combines muon system information with
tracker information improving the muon pr resolution. The associated HLT path receives
the name of HLT _Mu50 and is seeded by the L1_Mu25. The HLT _Mu50 path selects
only an event if the pt of the muon is larger than 50 GeV and if it was reconstructed
in the pseudo-rapidity region || < 2.4. Due to resolution effects associated to the
muon momentum measurement in the trigger system, only reconstructed muons with
momentum larger than 53 GeV are selected for search. After a positive HLT decision,

W’ — pv candidates should be recorded on tape and ready to start the analysis.

The HLT muon trigger efficiency has been estimated with W’ signal samples (see Section
2.2.2) up to high transverse momentum. This efficiency, shown in Figure 2.4 (left), is
about 90% at 1 TeV for reconstructed and identified muons® as the ones used in the
search. Figure 2.4 (right) shows the same efficiency for muons with pp > 53 GeV as a
function of the pseudo-rapidity, 7.
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FIGURE 2.4: Muon trigger efficiencies as a function of the generated pr for a couple of
W’ samples (left) for well identified High-pr muons reconstructed in |n| < 2.4. Same
efficiency as a function of 5 for muons with pr > 53 GeV (right).

Simulations are not always perfect and their performance needs to be calibrated from
measurements in data. This is done using di-muon pais coming from Z — upu events

using the Tag & Probe technique [52].

In the Tag & Probe technique, dimuon events with opposite charge are selected with
an invariant mass in the range m,, € [70,110] GeV. Additionally, both muons have to
be identified as good muons for physics. Once they are selected, one of the muons is
called Tag muon and the other is called the Probe muon. In the case of the Tag muon,
it has to geometrically match with a reconstructed HLT_Mu_50 muon object. This way,

the muon trigger efficiency is computed as the fraction of events in which the Probe

3Muon reconstruction and identification will be defined more precisely in Section 2.3.3
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muon is also matched with a different HLT _Mu_50 object. Often these efficiencies are
computed separately in data and simulation as a function of the pseudo-rapidity and pp

of the Probe muon. For each of them, a calibration factor defined as the ratio between

the efficiency in data and simulation, egzltgager eJ\TJé‘?ger, is evaluated. In the case of the

trigger used in the analysis: HLT_Mu_50, the calibration factors are shown in Table 2.3

as a function of the pp and 7 of the Probe muon.

Trigger ; Trigger
Probe muon pt Probe muon n | €., /€y

53 GeV <pr < 60 GeV | 0.9> 7] >0 | 0.9655 =+ 0.0015
1.2 > || > 0.9 | 0.9533 + 0.0040
2.1 > |n| > 1.2 | 0.9568 & 0.0023
24> [n| > 2.1 | 0.8902 £ 0.0072
pr > 60 GeV 0.9> ][>0 | 0.9708 £ 0.0001
1.2 > || > 0.9 | 0.9528 + 0.0040
2.1> [n| > 1.2 | 0.9712 +0.0023
2.4 > |n| > 2.1 | 0.9417 £ 0.0072

TABLE 2.3: Calibration of the trigger used in the W’ search: HLT_Mu_50. The cali-
bration factors for the trigger are defined as the ratio of the trigger efficiency in data
with respect to the same value in simulation. Efficiencies were derived in dimuon events
using a Tag & Probe technique. Quoted uncertainties are only statistical. Credit of the
study: preliminary results from CMS Muon Performance Group.

The HLT Mu_50 trigger efficiencies are about 3% — 5% higher in simulation depending
on the pseudo-rapidity region. Trigger efficiencies in simulation are corrected at the
analysis level to improve the modelling of the simulations. An additional uncertainty of
5-8% depending on the pr of the muon is assigned to the extrapolation to higher p of
the calibration factors listed in Table 2.3.

2.3.2 Primary vertex

In the 2015 (2012) run at the LHC, for each bunch crossing there were on average about
10 (21) proton-proton interactions. This number of interactions was lower at 13 TeV
than at 8 TeV and the explanation for this is that the instantaneous luminosity was
not high enough in most of 2015 run as shown in Figure 2.5. However it is expected in
2016 that the LHC will surpass the barrier of £ = 103*cm™2s72 that will create a pileup

higher than 40 proton-proton interactions per bunch crossing.

Fortunately the CMS tracker is able to reconstruct tracks coming from different proton-
proton interactions along the z axis, and reconstruct the geometrical position of each of
the interaction vertices. A minimum of 4 tracks is needed to form a reconstructed vertex,
however not all the reconstructed vertices are interesting for the W’ search. Only the

vertex associated to the muon that triggered the event will be considered. This vertex
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FIGURE 2.5: Left (Right) Evolution of the maximum instantaneous luminosity (reached
at the beginning of the fill) along 2012(2015) in the 8(13) TeV run.

receives the name of primary vertex, and all the other reconstructed vertices are called
pileup vertices. Figure 2.6 shows the number of different reconstructed vertices along the

axis parallel to the beam line in a W/ — pv candidate event. Monte Carlo simulations

FIGURE 2.6: Event display that shows the number of reconstructed vertices (yellow
dots) along the z-axis in a W’ candidate event with a total pileup of < PU >=13. The
muon track candidate is shown in red and green lines correspond to all reconstructed
tracks with pr > 1.5 GeV. The yellow areas correspond to reconstructed jets.

are produced with the closest knowledge of the number of proton proton interactions at
the time of the generation of the samples. Unfortunately, this variable is hard to predict
since it strongly depends on the instantaneous luminosity delivered by the LHC, as well
as on the proton-proton cross section that is known with a 5% uncertainty. All the
simulations are corrected in order to match the number of proton-proton interactions
with the ones measured in data. This correction is done using a re-weighting function
denoted as C(Npy) in the text. Figure 2.7 shows the distribution of reconstructed
vertices in data and simulation in dimuon events before (left) and after (right) applying

the re-weighting function.

2.3.3 Muon reconstruction and identification

Muon candidates are reconstructed independently in the inner tracker (tracker-track)

and in the muon system (stand-alone track). These two reconstructions are combined
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FIGURE 2.7: Number of reconstructed vertices in a preselected pu*u~ sample in data
and simulation, before (left) and after (right) application of the re-weight. The average
number of reconstructed vertices in the sample is < PU >= 10.

into a common track that is called Global Muon track reconstruction. Under this recon-
struction, Global Muons are built following an outside-in reconstruction where starting
from a stand-alone track, a tracker track is found when propagating it back to the inner
tracker detector. After both tracks candidates are geometrically matched, the Global
Muon track is built using a Kalman-filtering technique [85] taking as input the list of
hits from both tracks. The choice of the Global Muon reconstruction is optimal because
it reduces the rate of fake tracks and at the same time brings a gain in detector length
by adding the hits found in the muon system. The latter improves the muon momentum

resolution for high pr muons, particularly above 200 GeV.

Due to the high efficiency in the track reconstruction in the tracker system and segment
reconstruction in the muon system, more than 97% of the muons are reconstructed
within the acceptance of the muon system, |n| < 2.4. Figure 2.8 shows the reconstruction
efficiency in simulation with respect to generated muons for different W’ samples up to

several TeV.

Once Global Muons are reconstructed, dedicated identification criteria are applied to
ensure that the track candidate is in fact a real muon. The goal of the identification is
to reduce the rate of fake, bad or misreconstruced muons while keeping the efficiency of

W’ candidates as high as possible.

The muon identification definition used in the W’ search is optimized for high p muons,
and is referred as High-pt muon identification in the literature [52]. Under this definition,
a High-pt muon is required to have at least one hit in the pixel detector, at least six

tracker layer hits and segments in two or more muon detector layers. Since segments
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FIGURE 2.8: Global muon reconstruction efficiency for generated W’ — pv muons in
the acceptance as a function of the generated muon pr for different W’ samples.

are typically found in consecutive layers separated by thick layers of steel, the latter
requirement significantly reduces the amount of hadronic punch-through (pions and to a
less extent kaons that escape the HCAL). To reduce background from cosmic ray muons,
each muon is required to have a transverse (longitudinal) impact parameter of the tracker
track of less than 0.02 cm (0.5 cm). Both parameters are defined relative to the primary
vertex. In order to suppress muons with mismeasured pr, an additional requirement
opp/pr < 0.3 is applied, where o, is the uncertainty from the track reconstruction.
Finally, the muon pseudo-rapidity must be || < 2.4 and the reconstructed muon pp

must be larger than 53 GeV, where the HLT_Mu50 trigger is already fully efficient.

Muons from W’ candidates are expected to be isolated from hadronic activity. Due
to this, a dedicated muon isolation criteria is applied to reduce the contribution of
secondary muons produced in hadron decays. This contribution is efficiently reduced by
requiring that the scalar sum of the pr of all tracks originating from the primary vertex

within a AR = \/A¢? + An? < 0.3 cone around its direction, excluding the muon itself,
to be less than 10% of the muon pr.

The High-pt muon identification efficiency for muons from a W’ in simulation is found
to be larger than 97% for TeV muons, as shown in Figure 2.9. Contributions from other
objects such as: jets, cosmic muons, electrons or photons that could mimic the signal
of a High-pr muon are found to be negligible compared to backgrounds that involve
real muons from collision events. The low rate of QCD background processes that could
mimic a High-pr muon signal, makes final states with isolated muons golden channels

to look for new physics in hadronic colliders.

As in the case of the trigger calibration in data described in Section 2.3.1, the calibration
and stability of the High-pt muon identification is done with an adapted version of the

Tag & Probe technique with a slightly different definition of the Probe muon. The reason
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FIGURE 2.9: High-pt muon identification efficiency for reconstructed muons as a func-
tion of the generated muon pr for different W’ samples (left), and as a function of 7
for muons with > 53 GeV (right).

for this change is that the identification criteria cannot be applied since is the element
to calibrate. In order to measure the muon identification in data, the Probe muon is
defined as a Global Muon track with pt more than 20 GeV. The Tag muon and the
rest of the event selection remains unchanged. This way, the High-pt muon efficiency is
computed as the fraction of events in which the Probe muon is additionally identified as
High-pt muon. The High-pt muon calibration factor, defined as the ratio between the
efficiency in data and simulation, EID?zta / eﬂ/?c, is shown in Table 2.4 as a function of the

pT and 7 of the Probe muon.

Probe muon pr Probe muon 7 egzm / ewaC

53 GeV <pr < 80 GeV In| < 1.2 0.9869 £+ 0.0012
2.1 < |n| < 1.2 | 0.9790 £ 0.0052
24 <|n<21] 0.958+0.028

80 GeV <pr < 120 GeV In| < 1.2 0.9984 £+ 0.0013
2.1 < |n| < 1.2 | 0.9892 £+ 0.0069
24 < |n <21 1.00 £ 0.023

120 GeV <pr < 200 GeV In| < 1.2 0.9764 £+ 0.0045
21<n <1.2| 0.945+0.025
24 <|n<21| 1.001+0.063

TABLE 2.4: High-pr muon identification calibration factors used in the W’ search at

13 TeV. The calibration factors for the muon identification are defined as the ratio of

the muon identification efficiency in data with respect to the same value in simulation.

Efficiencies were derived in dimuon events using a Tag & Probe technique. The quoted

uncertainties are only statistical. Credit of the study: preliminary results from CMS

Muon Performance Group.

The identification efficiencies are about 1% — 2% higher in simulation depending on the
pseudo-rapidity region. The High-pp muon identification efficiencies in simulation are
corrected at the analysis level to improve the modelling of the simulations. An additional
uncertainty of 2-3% depending on the pr of the muon is assigned to the extrapolation

to higher pt of the calibration factors in Table 2.4.
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2.3.4 Muon pr assignment and performance

Experimentally the muon momentum measurement is an indirect measurement that

depends on the magnetic field, B, and the radius of the reconstructed track, R.
pr(GeV] = 0.3 B[T] - R[m] (2.7)

The magnetic field is monitored with high precision in the different parts of the detector
and its maximum, B = 3.8 T, is reached inside the tracker volume. The measurement
of R depends on the physical observable sagitta, s, defined in Figure 2.10 (purple line),
and on the path length of the reconstructed track, L.

4

FIGURE 2.10: Sketch that illustrates the definition of the observable sagitta of a track.

Geometrically, saggita, the radius, and the path length are related as
R~ L?/2s. (2.8)

In Equation 2.7, sagitta is proportional to 1/pp. This makes the curvature, k = q/pr,

instead of pr the relevant quantity for muon momentum performance studies.

Inspecting Equations 2.7 and 2.8, rapidly one sees the problem for high pr tracks or
muons. For a fixed magnetic field, the radius grows proportionally to the pr of the
muon and given a fixed length of the detector L, s — 0 when the pr is large. In
other words, due to the smallness of the real physical observable sagitta at high pr, the
muon momentum assignment is sensitive to mismeasurements or small variations in the

measurement of s.

As described in the muon reconstruction (Section 2.3.3), the Global Muon track recon-
struction relies on the matching of two independent tracks reconstructed in two different
sub-detectors (tracker track and stand-alone track). Both detectors are separated more
than 3 meters and the best performance in the muon momentum measurement is reached
when this information is combined efficiently. The remaining of this section presents rel-

evant aspects that affect the performance of the high pt muon momentum measurement.
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As already stated, due to the smallness of sagitta at high pr, the most important aspect
that affects the muon p1 performance is the detector alignment. This involves: internal
tracker alignment, internal muon system alignment and the interplay between both
systems. Internal tracker alignment dominates at moderate pr < 200 GeV. However, at
the region of interest in pr for the W’ search, the interplay between tracker and muon

system alignment determines the ultimate performance at the TeV scale.

Before the start of the proton-proton run in June 2015, detectors were aligned from a
direct measurement of the positions of individual sub-detectors, as well as with tracks
coming from special runs of cosmic muons at 0 T and 3.8 T taken in March 2015. This
alignment is often referred in the literature as start-up alignment and corresponds to the
first dataset before re-calibrations. As the data taking progresses individual detectors
are further aligned using tracks from collision, for example including in the alignment
procedure the input of known resonances such as Z — puu events, or adapting the
alignment to the magnet cycles or movements of the individual sub-detectors. Typically
a good detector alignment is achieved when about 1 fb~! of collision data is used in the
alignment procedure. This stage is often called asymptotic alignment in the literature.
The dataset analysed for the W’ search has been re-processed at the end of 2015 to

include the best detector alignment conditions, and is close to the asymptotic alignment.

Additionally, as muons pass through the steel of the magnet return yoke that sustains the
muon system, they could emit radiation that alters the muon trajectory and produce
electromagnetic showers in the muon chambers. The latter gives rise to additional
fake hits and worsen the performance of the momentum as measured directly from the
Global Muon track. In order to mitigate this effect, several dedicated high pt muon
assignments, hereafter denoted as TeV re-fits, are computed for each muon and the
final pt assignment comes from a case-by-case decision. Currently four TeV re-fits are
considered in the muon momentum assignment, with different techniques to mitigate

the impact of fake hits coming from electromagnetic showers in the muon system:

The Picky algorithm starts with the full hit list of the Global-Muon track, but re-fits the
extrapolated tracker trajectory excluding individual hits in chambers with anomalously

large hit occupancy. This is done to avoid hits from potential electromagnetic showers.

The Dynamical Truncation (DYT) algorithm is designed to avoid hits after a large
energy loss in the muon system. This is done computing an estimator, F;, for every
muon station, ¢, with reconstructed segments in the Global Track. This estimator is
based on the compatibility of the propagated track from the tracker system to the muon
station i—1, to the reconstructed segment in the muon station i. Based on this estimator,
the algorithm decides to skip individual chambers in the re-fit, or if consecutive chambers

present large incompatibilities, directly truncates the re-fit at a certain station.
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The Tracker Plus First Muon Station (TPFMS) algorithm re-fits the Global Muon track
excluding all the hits in the muon system except the ones in the innermost layer of the
muon station. This is done aiming to reduce to the minimum the bias of using hits in the
neighbouring area of a shower. Additionally, this re-fit particularly protects the muon
momentum against large multiple scattering deviations in the muon system as well as

potential misalignments between different muon stations.

Finally the Tracker-only, takes the muon pr assignment as measured by the tracker
detector alone. This measurement is not sensitive to muon chamber misalignments,
however the performance degrades rapidly with the pp. Due to this, the tracker assign-

ment is essentially considered below 200 GeV and rarely used at higher momentum.

The best performance is finally obtained with the Tune-P assignment [52], an algorithm
that is designed to choose in a muon-by-muon basis the best muon pr among the different
TeV re-fits. The choice is based in terms of a weighted comparison between the x? of the
different re-fits. Currently the re-fits that enter in the Tune-P decision are: Picky, DYT,
TPFMS and the Tracker-only assignment. Despite the fact that four algorithms enter
in Tune-P for muons with pr above 200 GeV, more than 90% of the times the choice of
the Tune-P decision is only between Picky or DYT. Searches in CMS and particularly
in the presented W’ search, use the muon pr assignment based on the Tune-P decision
algorithm. The Tune-P and individual TeV re-fits performance with the 2015 conditions

are presented in the muon resolution and scale Sections 2.3.5 and 2.3.6 respectively.

2.3.5 Muon momentum resolution

The easiest and most efficient way to measure the muon resolution in data and cali-
brate simulations, is to select dimuon events coming from well known-resonances with
well understood mass and width. At low transverse momentum, pr < 15 GeV, in the
range of interest for b-physics, muons are calibrated using J/¢) and T resonances. For
intermediate momentum, 15 GeV < pr < 100 GeV, muons from Z decays are used
instead. Different resonances at different masses are needed to calibrate muons against
different physical process that could affect the muon measurement. For example, J/1
and T resonances cover the region where multiple scattering is dominant and are useful
to calibrate the description of the tracker material. In the other hand, muons from Z
decays are less affected by the tracker material and are more efficient to calibrate po-
tential misalignment in the tracker. Typically with these three resonances, most of the
muons used in CMS are calibrated with high precision. This is the standard method to
calibrate muons in CMS and it was employed in the Z + ¢ analysis [45, 51].
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However, searches for heavy resonances such as W — puv production employ muons with
pr larger than 200 GeV up to several TeV. At this regime, only a good internal tracker
alignment is not sufficient for the best performance. The proper alignment between
tracker detector plus muon system is what improves the performance at very high mo-
mentum. Unfortunately, at the TeV regime there are no resonances (yet) in which to
calibrate the leptons and the Tune-P algorithm. As a consequence, the calibration of
High-pt muons is experimentally challenging because it requires new techniques that do
not rely in resonances to probe the highest pt possible. Particularly, in this manuscript
two control regions are employed. The first control region uses cosmic muons and the

second control region uses high pr muons from large pr(Z) or high mass Z/~* events.

Cosmic muons were taken in a dedicated data-taking campaign with the magnet field at
3.8 Tesla called CRAFT and during pp collisions when there is no beam. The advantage
of cosmic muons is that the slope of the falling pt spectrum from cosmic muons is softer
than the same slope from dimuons from collision. As a consequence, cosmic muons are

an easy and powerful source of TeV muons in CMS for calibration.

Muons produced in collision events cross the detector starting from the primary vertex
to the exterior of the detector. In contrast, cosmic muons cross the detector vertically
leaving a trace in the upper-half as well as in the lower-half of CMS. Due to this, a
dedicated muon reconstruction is employed in cosmic muon studies. A sketch of the
cosmic muon reconstruction is shown in Figure 2.11. The cosmic muon reconstruction is
called 2-cosmic-leg in which each cosmic muon is reconstructed as two separate muons
that correspond to the upper-half track and the lower-half track respectively. In order to
reject false cosmic muon tracks, both cosmic-legs need to match geometrically in 1 and
¢, and each track separately has to be identified has a High-pt muon. As a consequence,

each muon is reconstructed, identified and its momentum measured twice independently.

Cosmic muon

///—S\ Upper leg plane

Lower leg plane

/U‘ lower

FIGURE 2.11: Sketch of the cosmic muon two leg reconstruction. Each cosmic muon
is reconstructed twice (red and light blue tracks), and its transverse momentum is also
measured twice independently.
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This way, the resolution in the muon curvature, 1/pr, is obtained from a Gaussian fit to
the relative residual R(q/pt) distribution obtained from the 1/pr measurement in the

upper and lower half separately.

(Q/pT)upper - (Q/pT)lower
(q/p ) f(Q/pT)lower (29)

The v/2 factor comes due to the fact that the two fits are independent. The lower half
measurement is taken as reference since is closer to the proton-proton reconstruction.
The validity of R(q/pr) to represent the curvature resolution has been validated with
the simulation. Additionally, it has been checked in the simulation that the upper and
lower leg have similar resolution. The drawback of this method is that probes only
vertical muons in the pseudo-rapidity range of |n| < 0.9. Fortunately, the central region
of the detector is where most of the muons from a heavy W’ candidates are expected

according to the simulated events.

The width of R(q/pr) as a function of the reconstructed pr of the lower cosmic muon leg
for different muon momentum assignments up to 1 TeV is shown in Figure 2.12 (left).
As an example of one of the fits, the distribution of R(q/pr) for cosmic muons in the
pr range between 420 GeV and 2 TeV is shown in Figure 2.12 (right). Measured values

were found in agreement with the performance in the simulation.
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FIGURE 2.12: Width of the relative inverse pr distribution, R(q/pr), evaluated with cosmic muons taking during

the CRAFT15 for different the different TeV re-fits (left).

muon momentum assignment for muons between 420 GeV and 2 TeV (right).

Example of the Gaussian fit to R(¢/pr) using Tune-P



Chapter 2. Search for W — uv bosons 54

2.3.6 Muon momentum scale

In situations where different sub-detectors are not perfectly aligned, the measurement
of the muon curvature could be biased. Figure 2.13 (left) shows an example of a rotated
geometry that could bias the muon momentum measurement. The difference between the
reconstructed curvature of the muon, Kpeqsured(1, @), and the real curvature, Kreqi (1, @),

is called the curvature bias, ky(7, @).

”b(na ¢) = ﬁmeasured(na ¢) - Kreal(na ¢) (210)

In a perfectly aligned detector the average bias should be small and consistent with zero,
< Kkp(n,») >= 0. In this section, the study of the muon momentum scale refers to the

study and calibration of the regions of the detector (if any) in which < ky(n, ¢) ># 0.

Examples of misalignments

- +

p x —
® Assumed geometry ® Assumed geometry
Rotated geometry Displaced geomtry

F1GURE 2.13: Sketch that shows academic examples of the effect of different misaligned
geometries in a reconstructed track. In the left panel, an hypothetical muon system has
been rotated in the ¢ plane (light blue). This type of geometry could potentially cause
a constant global bias along ¢. The right panel, shows a shift in the transverse plane,
x,y. This type of distortion could cause a potential local bias that strongly depends on
the ¢ coordinate. In both examples, the misaligned geometry affects differently positive
and negative tracks (u~ and u™T).

It is especially important at the beginning of each data-taking period, particularly after
opening/closing the wheels of CMS, to quantify the size of potential biases in the re-
construction. For example, there are geometrical regions in which is more complicated
to align the detector like the endcaps, where it is important to ensure < kp(n, @) ># 0.
In general, biases are introduced when the assumed geometry of the detector in the
reconstruction of the data, is different than the real geometry of the detector. Owing to

its geometrical nature, potential biases are evaluated separately in 7 and ¢ regions.
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At the pr range of interest used in most of the analysis in CMS, small non-zero-biases
can be corrected and marginally affect the performance of the muon momentum mea-
surement. However, searches such as W/ — pv deal with almost zero backgrounds at
high mass and three or four events are sufficient to claim a discovery. In this case, the

understanding of potential biases in the reconstruction is crucial to claim a discovery.

In order to put in context the typical size of biases and their potential impact at high
pT, Table 2.5 illustrates the effect in the measured momentum for different pt ranges
assuming a moderate bias of x, = 0.05 ¢/TeV. Due to the smallness of the curvature at
high pr, the bias in the reconstruction has higher impact for TeV muons originated in
the decay of a heavy W’. The motivation of the choice of 0.05 ¢/TeV in the examples
of the table, is because during Run I the precision in the determination of biases in the

reconstruction was of the order of 5% at 1 TeV.

Typical Range in pr | <pr> | <pr >biased |
SM measurement 25 GeV 25 GeV
Highest pr at 8 TeV W’ data | 600 GeV 700 GeV
Run I W’ exclusion 1600 GeV | 1400 GeV
Expected W’ sensitivity 2000 GeV | 1600 GeV

TABLE 2.5: Example to illustrate the effect of a curvature bias k, = 0.05 ¢/TeV, for
different pr cases.

One important characteristic is that potential detector misalignments usually affect dif-
ferently positive and negative tracks, as shown in the same Figure 2.13. In a misaligned
detector, positively-charged muons tend to increase (decrease) their curvature whereas

negatively-charged muons to decrease (increase).

The Generalized Endpoint (GE) method developed in this thesis, aims to quantify re-
construction biases, such as the ones described in Equation 2.10. The sample used for
the study is enriched in high mass Z* and high pr(Z) events by selecting high pt muons

from p*p~ events.

The analysis selection uses only events with at least two identified High-pt muons, in
which at least one of them has pr larger than 200 GeV. In order to probe separately
biases in barrel (DT) and each endcap (CSC), the analysis is done separately in three
independent categories: muons with |n| < 1.2, n > 1.2 and n < —1.2. The strategy is
simple, the method starts with a well known Z/+* simulation from POWHEG generated
with artificially injected biases ranging from < k >= [—1.0 ¢/TeV, 1.0 ¢/TeV] in steps
of 0.01 ¢/TeV. The discriminant variable for the study will be the muon curvature and
the pr assignment returned by the Tune-P algorithm. The latter is shown in Figure

2.14 for the selected events in data and a simulation with x; = 0.
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FIGURE 2.14: Data to simulation comparison of the curvature distribution in gt~
events for muons with more than 100 GeV. Negative curvature corresponds to the p~
and positive curvature corresponds to u™.

A x? test is performed between the curvature distribution in data and the curvature
distribution for each of the simulated samples as a function of injected bias k. The
result of the y? test for the three 1 categories is shown in Figure 2.15. In the three

cases, the measured k; is obtained at the minimum of a fitted 2P

order polynomial
to the y? distribution and the uncertainty is taken from Ax? = 1. As a result, in
the three pseudo-rapidity categories, kp is consistent with zero (Table 2.6) and large
structure misalignments that could cause a global scale bias in barrel or in the endcaps

are disfavoured by the measurement.

Region in detector | < K > [c/TeV | ‘

<12 ~0.01 +0.03
n>1.2 0.01 + 0.05
n<—12 —0.01 +0.06

TABLE 2.6: Measured kj in the in the pseudo-rapidity |n| < 1.2, n > 1.2 and n < —1.2
using muons with pp > 200 GeV. Quoted uncertainties refer only to statistical errors.

The reach in pt of the Generalized Endpoint method is statistically limited by the
amount of data collected in 2015. Due to this, an independent cross-check study was
performed with the comic dataset used for resolution studies using an adapted version
of the Endpoint Method using cosmic muons [51]. In this case the bias ky is defined as
the difference in curvature for positive and negative muons. The result of this study is
shown in Figure 2.16 and also disfavours large scale biases in the region |n| < 1.2, thus

reinforcing the results of the Generalized Endpoint method.
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pseudo-rapidity |n| < 1.2 (top, left), n > 1.2 (top, right) and n < —1.2 (bottom).

2.5

15

=

0.5

~

—— ¥2ndof

—— Kolmogorov test

-03 -02

0.1 0

0.1

0.2 0.3 0.4

Input K,

FIGURE 2.16: Measurement of x; via x?/n.d.of minimization for High pr identified
muons above 200 GeV using cosmic muons from CRAFT15.



Chapter 2. Search for W — uv bosons 58

Misalignments could be rare and complicated for a detector of the size of CMS, and
certain types of distortions could induce large biases that strongly depend on the ¢
coordinate in a particular n region. This biases will be denoted in the text as local scale
biases and Figure 2.13 (right) shows a sketch of one them. In order to quantify them,
the same procedure is used extending the number of (7, ¢) categories. Due to the limited
statistics when enlarging the number of categories, the pr thresholds for the study have
been lowered to 110 GeV taking as reference the Picky assignment. Only after lowering
the pr thresholds, the sample can be further divided into a grid of n and ¢ bins. The

measured &y for each of the 7, ¢ regions is shown in Figure 2.17.
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FIGURE 2.17: Measurement of potential local scale effects due to misalignment for muons above 110 GeV in a grid
of (n, ¢) regions. Quoted uncertainties refer only to statistical errors.

According to the results shown in the figure, local biases in the |n| < 1.2 region, if exist-
ing, are not large and do not show clear patterns along ¢. Due to this, the ¢ independent
measurement of |n| < 1.2 in Table 2.6 is less affected by statistical fluctuations and is
considered as reference. In the forward endcaps |n| > 2.0, particularly in the negative
endcap, local biases present a sinusoidal shape that could be non-negligible and affect the

muon pt measurement. The simulation was corrected to reproduce this misalignment.

As a result of the studies with the Generalized Endpoint and with cosmic muons, poten-
tial local and global scale biases as big as the ones described in this section, are included
as sources of systematic uncertainties in the W’ search and will be discussed in Section
2.4.6.
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2.3.7 Jets

Jets are produced in the hadronization of quarks and gluons and are the most abundant
objects produced in CMS. They are reconstructed by merging energy deposits obtained
by combining tracker and calorimeter information using the anti-kr algorithm [86] with
radius R = 0.4 at 13 TeV and R = 0.5 at 8 TeV. In practice, the energy measured
from the reconstructed jets does not correspond to the true particle-level energy and
needs to be corrected. For example, the calorimeter response is not linear in pt or 75
and pileup jets could affect the energy measurement. These effects are mitigated with
a dedicated set of jet energy corrections applied to the measured energy that enable a
mapping with the particle-level energy. The dominant corrections, derived separately
for data and simulation, subtract the energy coming from pileup jets and flatten the jet
response in 17 and pp. Additional residual corrections are applied only in data to fix

remaining differences in jet response between data and the simulation.

Often the flavour of the primary quark from which the jet originated may be deter-
mined thanks to the excellent tracking capabilities of the CMS tracker. Particularly,
jets originating from b-quarks, referred as b-jets, contain tracks with different kinemati-
cal properties that can be exploited for identification purposes. For example, B-hadrons
produced inside b-jets often have longer-lifetime and mass than hadrons produced in
other jets, yielding to larger number of high momentum displaced tracks with respect
to the primary vertex. Often the combination of displaced tracks under a common fit
allows the reconstruction of a displaced vertex, called secondary vertex, originated at

the decay point of the hadron.

CMS has developed a set of dedicated algorithms, called b-tagging algoritms, that exploit
these differences to identify b-jets efficiently from other jets. As an example, one of the
most-widely used b-tagging algorithms in CMS, the Combined Secondary Vertex (CSV)
[87], uses a multivariate analysis technique that exploits the different properties of tracks
and secondary vertices in jets to identify b-jets. The CSV algorithm has a 70% b-tagging
efficiency with only a 1% of misidentification rate of jets originated in the hadronization
of up, down or gluons. Heavy flavour tagging will be discussed in more detail in the

context of the Z + ¢ measurement in Section 3.3.3.

Despite jets and b-tagging techniques are widely used in many analysis in CMS, the
W’ — pv search is expected to have little contribution from additional jets, and the
hadronic activity in the event will affect mostly the MET computation as described in

the next section.

Finally secondary muons originated in the semileptonic decay of hadrons are produced

inside jets and not used in the search. In general those muons are surrounded by large
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hadronic activity preventing them to be identified as High-pt muons. The contribution
of non-isolated muons or jets misidentified as High-pt muons is negligible with respect

to other backgrounds and is considered to have no impact for the search.

2.3.8 MET

W bosons in their leptonic decay always produce a neutrino that unfortunately is exper-
imentally undetectable in CMS due to its low interaction cross section with matter. Due
to this, an indirect measurement of neutrino-like* particles is employed in the analysis.
In order to do this a new quantity is defined, the missing transverse energy, ﬁTmiSS, often
referred as MET in the literature. The MET exploits the conservation of the quadrimo-
mentum vector in the transverse plane, which has to be > p7 = 0 before and after the
collision. This way, the MET is defined as the missing pt component that restores the

conservation of the quadrimomentum in the transverse plane

P = = v (2.11)

where — ) pp sums over all reconstructed objects in the event: jets, muons, electrons...

and E%ﬁss is defined as the modulus of p,™%s.

The simple definition in Equation 2.11 implies complicated experimental challenges.
Having a good MET resolution is equivalent to measure all the activity in the transverse
plane with good resolution and scale. For example, since the MET uses jets in its cal-
culations, all the corrections to the energy of the jets need to be propagated accordingly

in the 15'75”"53 sum.

It is important to remark that a mismeasured quantity in the transverse plane could
produce artificially large EZ}”SS in the event and mimic the production of potential new
signals or interactions. Particularly, in the W/ — pv search, the sum in Equation 2.11 is
dominated by a high pt muon term and a mismeasurement of its pr would translate into
a mismeasurement of Effmss. Due to this, a good understanding of the muon momentum
at high pr is also needed to achieve a good MET performance. Due to this, all the
discussions about muon momentum performance in previous Sections 2.3.5 and 2.3.6,

directly translate to the MET resolution and scale in the context of the W' — pv search.

Events without neutrinos also present a non-zero E7Tm53 , since due to resolution and
instrumental effects, all the terms in the sum in Equation 2.11 do not exactly add up to

Zero.

4Tt must be noted, that any particle that leaves no trace in the detector will contribute to the MET.
However the only particles in the SM that we know that fulfills this condition are the neutrinos.
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Dilepton selections in which the invariant mass of the lepton pair is compatible with
the Z boson mass, are naturally enriched in Z/v* events and are useful for EJ"** stud-
ies. This is because the dilepton selection allows to check and calibrate simulations
in a sample where contributions from real neutrinos are expected to be small. As an
example, Figure 2.18 (left) shows the good agreement between data and simulations in
describing the MET distribution in dilepton events. Figure 2.18 (right) shows the same
measurement compared to a simulation generated with higher number of pileup vertices
compared to data. Collisions in a high pileup environment involve the production of
multiple jets and particles in the transverse plane, leading to a slight worsening of the

MET resolution.
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FIGURE 2.18: Missing transverse energy distribution in pu*pu~ events (left). The same
distribution is shown (right) compared to a simulation generated with an artificially
larger number reconstructed primary vertices.

Finally, a very small fraction of events could have a anomalously large MET. For exam-
ple, in some cases they are produced by calorimeter noise, muons from the beam or jets
near non-functioning channels in the calorimeters and others... These events are rare
and are removed efficiently in the analysis using a dedicated set of filters designed to

remove these pathological events.
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2.4 The W’ search:

The experimental signature in this search is the production of a high-momentum muon
and large missing transverse energy, E7T”i55, which may flag the presence of a non-
interacting particle from a potential new W' — uv boson. The selection of W’ candidates

follows a similar strategy to the one used in the 8 TeV version of this analysis [25].

The first set of selection cuts aims to keep event candidates containing just a single
and well identified High-ppr muon. This selection is referred in the document as the
pre-selection. Once potential candidates are identified, the final W’ selection is applied.
The latter aims to further improve the background rejection with additional kinematical

cuts between the muon and the missing transverse energy.

2.4.1 Analysis pre-selection: single muon candidates

A single muon enriched pre-selection is defined as follows:

e Events have to be recorded by the trigger HLT _Mu_50.

e Leading muon must have pr larger than 53 GeV and reconstructed in the pseudo-
rapidity region |n| < 2.4, defined by the muon system coverage. The muon mo-

mentum pr assignment is given by the Tune-P algorithm (see Section 2.3.4).
e Leading muon has to be identified as High-pt and isolated from hadron activity.

e Sub-leading muon (if existing) must have pp smaller than 25 GeV. This require-

ment reduces contribution from dilepton and cosmic muon events.

e The transverse mass built from the muon pr and the ﬁTmiss (see Equation 2.13 for

details) has to be larger than Mt > 50 GeV.

A word about the SM backgrounds

Backgrounds are defined as physical processes different from a W' — uv production that
could lead to a signature with a muon and missing transverse energy. The individual
contribution from each of the backgrounds used in the search is taken from simulated

events. The several generators used in their production was discussed in Section 2.2.2.

The number of primary vertices, muon trigger and identification efficiencies are re-

calibrated in simulation in order to improve their description of the data. Details of
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the calibrations were discussed in Section 2.3. The contribution of each individual back-
ground is normalized to an equivalent luminosity of L = 2.3 fb~!. The weight, wy, of

each entry in the histograms for a given background, b, is calculated as

Trigger ID

Nb € €
=L— - C(Npy) - Pua_ . _Dala 2.12
Wy o ( PU) eﬂé‘?‘qer 6{\/[DC ( )

where Ny and o3 are the number of generated events and the theoretical cross section of
the generated background process, b. C'(Npy) is the re-weighting function that matches
the number of proton-proton interactions in simulation to the ones measured in data
(Section 2.3.2). The egzifager / eﬂggﬂ factor corresponds to the calibration of the trigger
efficiencies (Section 2.3.1), and the e, /elD. factor corresponds to the calibration of

the muon reconstruction and identification efficiencies (Section 2.3.3).

In order of importance, the dominant background comes from W — uv production,
particularly when this process occurs at high mass W*. The W* background is called
irreducible because is kinematically identical to the W' — v contribution. Contribu-
tions from W — 7(uv)v are also included in the simulations although its contribution is

expected to populate the low transverse mass region and has little impact in the search.

Top quarks decay almost 100% of the times into a bottom quark and a W boson.
Subsequently, the W boson decays into a muon and a neutrino 11% of the times. This
way, top pair production, tf, may lead to signatures with one isolated lepton plus missing
transverse energy and additional jets. This background is partially rejected in its fully
leptonic decay mode with the veto of events in which there is a second muon. In the case
of the highest masses, where the search is more sensitive due to the lower backgrounds,
top quarks have large pr and its decay products, the bottom quark and the W boson,
are geometrically close to each other. As a consequence, the muon produced in the W
decay is geometrically close to the jet produced in the hadronization of the bottom quark

and is not identified as a High-pr muon because of the isolation requirement.

Finally diboson processes such as W({v)W(qq), W(¢v)Z(vv) may also mimic a W’ sig-
nal, although with a much reduced cross section. Decays from Z(¢¢)Z(vv) are highly
suppressed with the lepton veto and have even lower cross section. In general, diboson

contribution is expected to be small at high mass in the SM due to its low cross section.

Contrary to the clean W' — uv signal, often high pr W bosons produce high pr muons
accompanied by large hadronic activity to balance the momentum of the W in the
transverse plane. Other processes such as t(blv)t(vbqq), W(¢v)W(qq) or W(lv)Z(qq) ...
also present a visible amount of hadronic activity. These contributions are reduced with

a dedicated kinematical selection presented in Section 2.4.3.
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Figure 2.19 shows the distribution of the number of reconstructed vertices before (left)
and after (right) applying the C'(Npy ) re-weight described in Section 2.3.2. Figure 2.20
shows the ¢ (left) and n (right) distribution of the leading muon in the event. W’ signal
events are expected to be distributed symmetrically around ¢ and more preferentially
at low 17. The muon transverse momentum distribution, pr, is shown in Figure 2.21 and
the MET distribution in Figure 2.22. All the simulations are normalized to an equivalent

luminosity of 2.3 fb~! as described in Equation 2.12.

In all the cases the simulation provides a good description of the observed data and
enables this analysis to proceed and find the best distribution to discriminate between

a potential W’ signal and the backgrounds.
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FIGURE 2.19: Number of reconstructed vertices distribution at pre-selection before
(left) and after (right) applying the C(Npy) re-weight described in Section 2.3.2.
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2.4.2 Discriminant variable for the search: transverse mass

A discriminant variable in the W’ — uv search needs to fullfill two important criteria.
Firstly, it must have high separating power between signal and backgrounds. Secondly,
in case of positive signal, it needs to be able to give information about the nature of the

signal.

Owing to the two-body resonant nature of the W’ signal, a natural candidate would be
the muon-neutrino invariant mass that is directly sensitive to the pole mass and width
of the resonance. Unfortunately in the W' — pv search, the invariant mass cannot
be reconstructed since the missing transverse energy component along the beam axis,
=~ M1sSs

p; %%, cannot be measured experimentally. Instead, the transverse mass, Mr, defined

only with quantities measured in the transverse plane is used

My = \/2pL 2351 — cos[Ap(pf, p)]). (2.13)

A sketch of the discrimination power in the transverse mass between a potential W’
signal and the background is shown in Figure 2.23. In order to avoid strong constrains
from previous W’ searches at the LHC, potential contributions from a new W' — uv
with the new CMS 13 TeV data, if existing, should appear as anomalous events above

Mt > 1 TeV and around the W’ mass.

’ + Experimental data
— Standard Model
S W' signal

Transverse mass

FIGURE 2.23: Blue and red lines show a sketch of the shape of the transverse mass
distribution for background and signal events respectively. Individual signal events are
expected to stand out over the falling background spectrum.

The shape of the transverse mass of a resonance has an end-point at the original mass:
Mp < My For instance, this property has been used to determine the W mass at the
Tevatron [88].
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In practice, the situation is more complicated than the sharp peak shown in Figure
2.23. Reconstruction effects such as the muon momentum scale and resolution discussed
in Sections 2.3.5 and 2.3.6, and their correlation with the missing transverse energy
determination, E7T”i55, worsen the M resolution at higher masses. As a consequence,
Figure 2.24 shows the difference between the Mt distribution calculated using Equation

2.13 before (red) and after reconstruction (pink) for two different SSM W’ masses.
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F — Reco M; Fit L —— Reco M; Fit
0.4 n M gy 91.00 0.251 ” Mo 131.04
F : r :
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FI1GURE 2.24: Comparison between the transverse mass distribution at the generator
level (red) and same distribution after the CMS reconstruction (pink) for a W’ boson
with mass 2.5 TeV (left) and 3.6 TeV (right). At high mass the muon and B
resolution slightly degrade and the resonant peak broadens.

Going back to measured data, Figure 2.25 shows the reconstructed transverse mass
for each selected event in data and simulated samples. Potential W’ signal events are
expected to appear at high Mt values, while the different background contributions and
particularly the SM W boson decays, appear as a tail as the transverse mass increases.
At this stage of the analysis, simulations reproduce the measurement and there is no
hint of W production in the spectrum. In next section, the kinematics of the two-body
decay of the W’ are exploited to further reduced backgrounds and potentially enhance

contributions from new physics sources.

Finally it is not discarded that the W’ width could be larger than expected, or that new
physics could show up as non-resonant tail in the M distribution. In this case, the
excess should be visible mostly in the cumulative Mt distribution shown in Figure 2.26.
Each bin of this distribution corresponds to the integral from that bin to infinity. Again,

no excess in data with respect to the simulations is present in the distribution.
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FIGURE 2.25: Transverse mass at pre-selection stage. Expectation from a SSM W’
signal with masses 2.4 TeV (brown line) and 3.6 TeV (black line) are also shown.
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FI1GURE 2.26: Cumulative transverse mass distribution at the pre-selection stage. The
content of each bin of the distribution corresponds to the integral starting in that bin
to infinity.
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2.4.3 Kinematic selection

In the SSM W’ and in any other model that predicts a new heavy W' — v resonance,
the decay products have the kinematical properties of a 2 — 2 body decay. Under this

assumption, the following kinematical relations are expected:

e Conservation of the momentum in the transverse plane implies that p. ~ pr,, where

P and ph. correspond to the transverse momentum of the muon and neutrino.

e If additionally the daughters have almost no boost along the longitudinal axis,

pY ~ ply < pl, then My ~ 2ph.

In case of W — pv production at the TeV scale, one can approximate the p4. with the
ﬁTmiss component and exploit the kinematical properties of the muon and the missing
transverse energy to reduce backgrounds. For example, a fraction of events containing
high pr muons and large hadronic activity can be distinguished from W’ signal with two

simple and loose kinematic criteria:

e The difference in azimuthal angle between the muon and the missing transverse

> = miss

energy is required to be: Ag(piy, p*%) > 2.5. Figure 2.27 (left).

e The ratio of muon lepton transverse momentum and the missing transverse energy,

Emiss must lie in the region 0.4 < pp/EM$ < 1.5. Figure 2.27 (right).

Typically these set of kinematical cuts are useful to reduce events with high p muons

coming from W with large pp(W) or ti.

2.3 (13 Tev) 2.3fb (13 Tev)

¢ Data

¢ Data

Events

10° EEW - pv . W -y
[ .
7 Cay* Czy
10 [ Diboson [ Diboson

—— SSMW' 2.4 TeV x 20
—— SSM W' 3.6 TeV x 2000

—— SSM W' 2.4 TeV x 20
—— SSM W' 3.6 TeV x 2000

1
2

iy

@ Systematic uncertainty band
2 25 3 1 2 3 4 5
A g,ET™) Preselection p,/ET™ Preselection

N e
TTTT

Data/MC
Data/MC

.,

Rpegeet sasweg s e ooy

.

=

Elrz e, -
:fw e gy o

0.

F I Systematic uncertainty band
0 05 1 15

=)
5

FIGURE 2.27: Distribution of the kinematical cuts at the pre-selection stage. Only
events in which A@(p, pms®) > 2.5 (left) and 0.4 < pr/Er < 1.5 (right) are selected.
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In order to further understand the effect of the kinematical cuts, it is useful to compare
the distribution of the vectorial sum of the lepton momentum and the missing transverse
energy |13'1§ + ps%|, before and after they are applied. This distribution is highly
correlated with the pr(W) and is shown in Figure 2.28, before (top) and after (bottom)
the kinematical selection. As consequence of the kinematical selection, the selected

events have lower boost in the transverse plane and are closer to be produced at rest.
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FIGURE 2.28: Distribution of the module of the vectorial sum of the lepton momentum
and the missing transverse energy, |t + p"**%| before (up) and after (down) the kine-
matical selection shown in Figure 2.27. After kinematical selection, background events
are more balanced in the transverse plane (note the different x-axis range).
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2.4.4 Final selection

The final analysis selection is obtained with the pre-selection cuts introduced in Sec-
tion 2.4.1 and the kinematical cuts motivated in Section 2.4.3 to further reduced back-
grounds. Additionally, only events with Mt > 120 GeV will be considered to avoid

contamination from on-shell W.

The signal efficiency times acceptance, Ae, defined with respect to generated SSM W’
events as a function of the W’ mass is shown in Figure 2.29. About 75 + 8% of the W’
candidates, if produced, are expected to be selected with the full analysis selection. The
uncertainties in Ae are dominated by the extrapolation of the trigger, reconstruction and
identification efficiencies to high pr, where no measurements are available to validate

the simulations. Systematical uncertainties will be discussed in Section 2.4.6.

Above 3 TeV in mass, the drop in Ae is due to the My > 120 GeV cut that removes
highly off-shell W’. The explanation for this is that the low mass contribution becomes
non-negligible for such heavy W’ due to its larger resonance width and the suppression
of parton PDFs at very high z. However, in order to allow other reinterpretations less
dependent on the modelling of the W production towards lower masses, an Ae is also

determined excluding the M cut. The resulting value is a bit higher and about 83+7%.
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FIGURE 2.29: Acceptance times efficiency, A - €, for SSM W’ as a function of the W’
mass. Numbers are computed with respect to generated W'.
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Finally, Figure 2.30 shows the final transverse mass distribution, My, with the 2015
dataset and the cumulative Mt distributions in Figure 2.31. Unfortunately, none of the
distributions suggest a potential excess consistent with the production of new W' — v

bosons with respect to the predictions of the Standard Model.

It is interesting to note that, due to the evolution of the proton parton distribution
functions, the Mt distribution is also sensitive to the momentum fraction and nature
of the partons involved in the interaction. The ratio of W+ /W~ measured at the W
mass is about 1.29 + 0.01 4+ 0.01 at 13 TeV [89], while at higher mass the contribution
of WT is expected to be enhanced. Due to this, the consistency of the simulations with
respect to the observations has been also checked in the transverse mass distribution
for positive and negative muons separately. Both results are shown in Figure 2.32. As

expected, more W™ are measured in agreement with the simulations.
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FicUrRE 2.30: Final transverse mass distribution, My, after full analysis selection.
Expectation from a SSM W’ signal with masses 2.4 TeV (brown line) and 3.6 TeV
(black line) are also shown.
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F1GURE 2.31: Cumulative transverse mass distribution after the full analysis selection.
In the figure the content of each bin of the distribution corresponds to the integral
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FIGURE 2.32: Transverse mass distribution separately for positive (left) and negative
(right) muons after full analysis selection.
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2.4.5 Scrutiny of the highest Mt events
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Due to the low (almost zero) expectations from different backgrounds at the TeV scale

(see Figure 2.31), a couple of mis-reconstructed events could create a fake or hide a

signal.

In order to avoid this, a manual inspection of the highest mass events in a
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W’ — pv search is needed. Examples of pathological signatures that could suggest a

bad-reconstruction and create a fake signal are the following:

e In case of alignment problems, the muon-pt measurement could have large incon-
sistencies among different TeV re-fits described in Section 2.3.4, and also with the

pr assignment from the tracker detector alone.

e Especial attention to muons passing near boundaries of the detector, for example

at the intersection between two wheels.

e Checking potential mis-matches between a tracker-track with a stand-alone track

coming from a different muon leading to a fake-high pr track.

e Problems in the determination of the MET, such as calorimeter noise, jets or

electrons near non-functioning channels...

e Potential non-colliding backgrounds such as: cosmic muons, fake tracks, muons

from the beam or other type of anomalous activity in the detector...

All events analysed involving high-pT muons are likely to come from real proton-proton
collisions, and measured track parameters are consistent with studies in Sections 2.3.5
and 2.3.6. Nothing worrisome has been found in the manual inspection. As an example,
the event display of one of the highest Mt events is shown in the r — ¢ plane in Figure
2.33 and in the r — z plane in Figure 2.34. Both images have been pre-processed and

cleaned from non-relevant detector activity such as low momentum tracks or noise.

Met 0,

pt = 651.40
eta = 0.000
phi = 2.338

Muon 0,

pt = 627.73
eta = 0.450.
phi =-0.816

FI1GURE 2.33: Event display of the r-¢ view of one of the highest My events.
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FIGURE 2.34: Event display of the r-z view of one of the highest Mt events.
2.4.6 Systematic uncertainties

Different effects, denoted as systematic uncertainties, could affect the modelling of the
shape and normalization of the Mt distribution. One example of this kind is the value
of the integrated luminosity that is difficult to measure with a precision better than 2%.
As a result, this uncertainty directly translates to the expected normalization of the
M distribution. This section describes the main sources of systematic uncertainties,
how they are estimated, and their impact in the modelling of the transverse mass dis-
tribution/templates. Often in the manuscript the word template is used and refers to
the distribution of one individual component in simulation of a particular variable. For

example, the tt template of the Mt distribution.

In principle, each systematic uncertainty could affect differently signal and backgrounds.
Depending on their effect on the My distribution, they are grouped into two different
categories: those that affect only the overall normalization (multiplicative uncertainties)
and the ones that modify both, shape and normalization (shape uncertainties). For each
multiplicative uncertainty, their effect in the normalization is provided whereas in the
case of shape uncertainties, two alternative Mt templates were derived that correspond
to a variation of plus or minus one standard deviation of that systematic uncertainty.
Often in the text and for illustration, the size of a shape uncertainty is quantified by
providing the uncertainty in the expected number of events above a minimum My, ;.
threshold.
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A common experimental uncertainty that affects both, the normalization of W’ signals
and backgrounds, is the estimation of the recorded luminosity in CMS. The measured
value is L = 2.3 fb~! with an uncertainty of 2.7% [90]. This uncertainty, evaluated in
a dedicated Van der Meer scan [91], is taken into account as a common multiplicative

uncertainty that directly translates to the expected background and signal events.

An additional source of uncertainty comes from the description in simulation of the
number of proton-proton interaction per bunch crossing as explained in Section 2.3.2.
Two alternative Mt templates were derived using alternative re-weight function obtained
varying +5% the proton-proton inelastic cross section. The effect of this uncertainty in

the number of reconstructed vertices was shown in Figure 2.19.

The calibration factors, €5 99" /el 799 and €l /el described in Section 2.3.3 and
Section 2.3.1 were derived using intermediate pt muons produced in dilepton events. The
limitation of the method comes from the finite statistics of high pt muons of the data
sample. The calibration factors used to correct the simulations need to be extrapolated
to higher pt. Due to this, a pr dependent uncertainty that ranges between 5% — 8% was
assigned to their extrapolation to the TeV scale. The size of the uncertainty corresponds
to the maximal variation in the range 200 GeV < pp < 3 TeV of the trigger and

identification efficiencies as estimated from the simulation.

The muon scale and resolution uncertainties, when propagated to the muon momentum
measurement, do not affect the overall normalization of the Mt distribution. However,
they may largely affect the slope of the transverse mass and the expected number of
events above a Mr, , threshold. The effect of the muon moment scale uncertainty
was estimated with two M templates built smearing the muon momentum curvature®
by k' — Kk % kp(n,$). The value K, depends on the region in pseudo-rapidity of the
muon, and correspond to the uncertainties estimated in Table 2.6 for |n| < 2.0, and
the measured values in Figure 2.17 for |n| > 2.0. For example, the uncertainty in the
number of expected events due to the muon momentum scale uncertainty, is 10 (20)%
for events with Mt above 1 (3) TeV. In order to illustrate this effect, Figure 2.35 shows

the nominal transverse mass distribution and the two Mt templates obtained from a

simulation of SM W generated mass larger than 3 TeV, Mw > 3 TeV.

Other sources of systematic uncertainties are related to the theoretical modelling of the
simulations which also modify the shape of the Mt distribution. The most important
ones are associated to the evaluation of the higher order electroweak and QCD correc-
tions of the W* process, as well as the uncertainties associated to the PDFs predictions

used in the generation of the samples.

For every modification in the muon momentum assignment, the change was propagated coherentl
y g g g y
to the missing transverse energy of the event.
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FIGURE 2.35: Nominal transverse mass distribution and two Mt templates that cor-

responds to +1o variation of the scale uncertainty obtained from a simulation of SM
with a generated mass larger than 3 TeV, My, > 3 TeV.

Two Mt templates were obtained using alternative PDF's replicas following the recom-
mendations from the PDFALHC group [92]. The effect of the PDF uncertainties strongly
depends on the Q2 that governs the scale of the hard interaction. The higher the mass
Q?, the higher the z of the partons involved in the interaction and so the uncertainty.
This uncertainty ranges from 5% at 1 TeV in mass to 30% at 2 TeV.

In the absence at the time of the analysis of a complete NNLO QCD + NLO EW calcu-
lation of the W high mass distribution, both corrections were computed separately using
different generators. Electroweak NLO corrections were computed with MCSANC [82]
while NNLO QCD corrections were derived with FEWZ [36]. A flat 5% uncertainty was
considered for the uncertainty of the k-factors, that is larger than difference between the
derived k-factors when they are combined additively (Equation 2.4) or multiplicatively
(Equation 2.5). This choice yields an uncertainty which is large enough to cover the

differences between both combinations, as well as the individual uncertainty of each of
the corrections.

Finally, the uncertainties associated to the expectations from simulation of all the back-
grounds other than W plus jets, namely: tt, Z + jets and dibosons are assumed to be
negligible at high mass due to their small contribution at this region. The effect of their
uncertainty in the total number of expected background events with mass above 1 TeV,
is several orders of magnitude smaller compared to other uncertainties such as: PDF

uncertainties, higher order QCD and EW corrections or the muon momentum scale and
resolution uncertainties.
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2.5 Results and interpretation

Unfortunately, no deviations with respect to the predictions from the SM are present in
the 2015 dataset as shown in Figure 2.30. The last step in the analysis is to quantify
the 7size” of the non-W’ observation into quantities that can be computed directly from
the Lagrangian of a new physics model. Particularly this analysis sets an upper limit
to the potential W/ — uv production cross section at 13 TeV as a function of the W’

mass, ow B(W' = uv)]exc-

In other words, potential new physics models that include the prediction of additional
W’ bosons with coupling to leptons in which ow/B(W' — uv) < owB(W' — uv)|exc,
are not excluded by this search. By excluding theories that are not valid we can further
constrain the potential BSM theories that best describe the data. Historically hundreds

of searches along different channels and experiments are needed before any discovery.

2.5.1 Statistical model

The transverse mass distribution, My, presents a completely different behavior for the
different backgrounds and a potential W’ signal. This difference is exploited in a dedi-
cated statistical analysis that is designed to quantify the compatibility of the data with
the existence of a SSM W’. In the statistical language, this compatibility is given by the
probability density function of P(SM + W’|Data). This probability describes the com-
patibility of SM plus the existence of a SSM W’ boson, SM + W', given the measurement.
In order to simplify the notation in the formulas along this section, the benchmark SSM

Wggn signal, is denoted simply as W'.

The statistical model is built from the observed and expected counts in the final trans-

verse mass distribution (Figure 2.30), where:

e i =1... Ny, denotes the i bin in the My distribution.

e n; number of observed events in a given bin, and n = vaz”i" n; the total sum of

observed events.

e Total number of expected background events, b; = Zé\g’l lA)i’b that contribute to it*
bin in Mp. Where lA)Z-J, corresponds to the number of expected events from each of

the expected, b = 1...N}, backgrounds that contribute to the i*! bin.

e Number of expected signal events in a given bin, s; = Low/B(W' — uv)Ae;. Its
value depends on the mass of the W’ and its acceptance times efficiency in that

bin, Ae;. L = 2.3 fb~! corresponds to the integrated luminosity of the data sample.
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The parameter of interest is called the signal strength, u, and is defined as y = o/owr.
With this definition, the number of expected events in a given bin is A\;(u) = us; +b; and
AMp) = ZZN:’T Ai(p). For example, A(1), corresponds to the total number of expected
events given the nominal signal hypothesis or A(0) to the background-only hypothesis.

With the above definitions in mind, the statistical model is described by the likelihood,
L(n|A(p)), of observing n events given the model A(u), and it is built by the product of
the Poisson probability evaluated at each of the bins of the Mt distribution.

Noin ni oA (1)
Linfa) = [ 2 (2.14)
i=1 v

The model presented in Equation 2.14 it is still not complete because it does not include
any source of systematic uncertainties in the number of expected events A\(u). Each
source of systematic uncertainty described in Section 2.4.6, u = 1...N,, is defined by a

nuisance parameter, 6,, that could affect the expected background and signal events,
)\([1,, 91...9Nu),

Ny
)\i(,u, 01"’0Nu) = MSi(Ql--ﬂNu) + Z )\i,b(el..ﬂNu) (2.15)
b=1

Depending of the type of systematic uncertainty, different functional forms are consid-

ered for the nuisance parameters that distort the prediction of A\;(6;...0n,):

e Multiplicative uncertainties such as theory cross sections, luminosity uncertainty...

are parametrized with log normal distributions.

e Shape uncertainties such as muon momentum scale and resolution, trigger and
identification efficiencies, PDF uncertainties... are parametrized using as input
two alternive Mt shapes that corresponds to +1 standard deviation and are
parametrized following [93]. For example, in the case of the muon scale uncer-

tainty the two alternative templates were shown in Figure 2.35.

e Statistical uncertainties such as the limited size of the simulated samples... are

parametrized with gamma distributions.

This way, the proper statistical model corresponds to the following binned likelihood:

Nyin

LA 0) = ][

=1

Ai(p, 0)"i i)

(2.16)

Where a new variable § = 6;....0y, is defined to simplify the notation and encode all

the nuisance parameters.
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2.5.2 The upper limit

In the statistical model language, the desired probability, P(SM + W’|Data), corre-
sponds to the posterior probability P(A(u)|n). The latter is computed using Bayes
theorem from the likelihood of the statistical model in Equation 2.16, and integrating

over all the nuisance parameters # and with the proper normalization:

PO()|n) = J 0" L(n|X(u, 0"))7 (1, 0")

B [ dwdd’ L(n|\(w, 0w (!, 6")) (2.17)

Where 7(u, 6) is called the prior probability density function. In general several options
are valid for the choice of the prior function and usually are motivated by other measure-
ments or theoretical arguments. Often in searches, where typically no information about
signal cross section is available, the prior probability function is a uniform distribution
truncated at p = 0. With this choice, all positive values for the signal cross section are

assumed to be equally likely.

Integrating the posterior probability from zero to u

n
p(0 = [ POl (2.18)

0

allows to answer to the original question, P(SM + W’|Data), or equivalently:

gwen the measurement, how likely is to be consistent with SM+W’ for the given W’

mass hypothesis and signal strength u?

The answer to this question is encoded in the integrated p(u) and depends on the mass
of the W’ as well as on p. This analysis uses a 95% confidence level (C.L) definition
to set an exclusion on g, this means that if p(u) < 0.05, that choice of the signal
strength for a W’ hypothesis is disfavoured by the observations and is excluded. The
value of p for which p(u) = 0.05 is what is called the excluded signal strength, fieqzc at
95% C.L. Consequently, signal strengths for which p(u) > 0.05 are not excluded by the
measurement. It is important to note that if for some mass hypothesis, p(u) > 0.05,
it does not mean that SM+W’ is true. The latter only means that the considered
hypothesis is not inconsistent with the measurement, probably because p is too weak

for the sensitivity of the analysis.

For every W’ mass hypothesis two different fie.. are computed and shown in the results

Section 2.5.3, the so-called expected and observed e, at 95% C.L:

e The observed pie.c at 95% C.L is computed taking as input in the statistical model

the Mt measurements from data, n;.



Chapter 2. Search for W — uv bosons 81

e Alternatively, the expected pieze at 95% at C.L is independent of the measurement.
It is computed taking as input, n;, pseudo-data from random experiments follow-
ing expectations from SM only simulations. Additionally, one and two standard
deviations with respect to expected fieze at 95% C.L are also determined for each
mass hypothesis. Often in searches, the expected peze at 95% C.L. is computed

prior to data taking in order to quantify the potential sensitivity of a search.

For a given W’ model and mass hypothesis, if the observed pie,. at 95% C.L. is less
than unity, that mass hypothesis is said to be excluded at 95% C.L. in the model. The
conversion between a excluded signal strength into a excluded cross section is simple

from the definition of signal strength, geze = tlezcow:-

In practice, the value of pieze that gives [ P(n|A(u)) = 0.05 in Equation 2.18 is computed
using the Higgs Combine Tool, a centralized and maintained CMS software package for
statistical analysis based on RooStats [94]. The integral in Equation 2.17 is multi-
dimensional and not solvable analytically. Due to this, its solution has been computed
numerically using a Markov Chain Monte Carlo method [95]. The statistical model was
provided to the Higgs Combine Tool using plain text datacard files for each signal mass

and the Mt shape via histograms produced with ROOT software package [96].

2.5.3 Constrains to the W’ production at 13 TeV

In the absence of hints of new physics in events with a high momentum muon and
large missing transverse energy, the main physics result of the W' — pv search are
the observed and expected excluded cross sections pezcowB(W — pv) at 95% C.L.
Both quantities are determined using the statistical analysis described in Sections 2.5.1
and 2.5.2, taking as input the measured transverse mass distribution together with the

corresponding systematical uncertainties.

Figure 2.36 shows the observed and expected excluded cross section, piezcow B(W' — uv),
at the 95% C.L. The green and yellow bands correspond to one and two standard devia-
tions from the expected excluded cross section. Taking as reference a potential W’ with
mass larger than 2 TeV, new W/ — v interactions in which owB(W' — puv) > 3 b at
13 TeV are excluded by this measurement at 95% C.L.

Additionally, the plot also shows a black line that corresponds to the theoretical predic-
tions from the benchmark model SSM W’, UWéSMB(W, — pv). Those mass hypothesis
in which the observed excluded cross section is below the SSM W’ theory line, are said
to be excluded at 95% C.L. in the model. In other words, SSM W’ bosons with masses
below 3.9 TeV are excluded with this measurement at 95% C.L.
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FIGURE 2.36: Expected (dashed line) and observed (solid line) 95% C.L limits to
ow' B(W' — uv) for SSM W’ bosons at 13 TeV. The shaded green and yellow bands
represent the one- and two-sigma uncertainty bands. Also shown is the QCD NNLO
SSM W’ theoretical cross section with the corresponding PDF uncertainty band in grey.

A twin search with similar sensitivity has been analysed independently by other collab-
orators from CMS in the electron® channel, W — ev [20, 21]. In their study, the same
13 TeV dataset has been analysed using an strategy designed to discover a potential ex-
cess in events containing a high momentum electron and large missing transverse energy.
Unfortunately, the measurements in the electron channel are also in agreement with the

predictions of the SM, and there are no hints of physics beyond the SM.

The statistical interpretation was done using the same formalism as the one described
in this manuscript. Figure 2.37 shows the excluded signal cross, piezcow B(W' — ev), as
a function of the W’ mass. Since the sensitivity of the electron and muon analysis are

almost identical, SSM W’ — ev interactions are excluded up to 3.8 TeV in mass.

Given the non-observation of new physics in any of the two channels, one could make
further assumptions and combine both channels as if they were two independent mea-
surements of the same W’ decay. The combination, done by the W — er team, assumes
that the potential new W’ presents lepton flavour universality as the SM W. Under this
assumption, the excluded signal cross sections is pushed further and SSM W’ with masses

up to 4.2 TeV are excluded as shown in Figure 2.38.

5An introduction to electrons in CMS is provided in the context of the Z + ¢ analysis in Section 3.3.2
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FIGURE 2.37: Expected (dashed line) and observed (solid line) 95% C.L limits to
ow B(W' — ev) for SSM W’ bosons at 13 TeV. The shaded green and yellow bands
represent the one- and two-sigma uncertainty bands. Also shown is the QCD NNLO
SSM W’ theoretical cross section with the corresponding PDF uncertainty band in grey.
Credit for the study: Collaborators from the W’ — ev search analysis team.
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FIGURE 2.38: Expected (dashed line) and observed (solid line) 95% C.L limits to
ow' B(W' — (v) for SSM W' bosons at 13 TeV in the combined channel assuming
lepton flavour universality. The shaded green and yellow bands represent the one- and
two-sigma uncertainty bands. Also shown is the QCD NNLO SSM W’ theoretical cross
section with the corresponding PDF uncertainty band in grey.
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How does this new W' — uv search at 13 TeV compare to existing constrains at 8 TeV
from previous searches? The 13 TeV results presented in this thesis are more stringent
than previous searches for the highest W' masses. However for low W’ masses, the 8 TeV
results are still more stringent due to a much large integrated luminosity. According to
simulations, the crossover point is expected to be around a W’ with mass 2 TeV where
both analysis have a similar sensitivity. The reason why the 13 TeV analysis is more

sensitive for the highest masses was discussed in more detail in Section 1.2.4.

Finally the combined 8 TeV + 13 TeV upper limit to the signal strength ez at 95%
C.L. for SSM W’ — uv bosons is shown as a black line in Figure 2.39. The separation
between the expected 8 TeV result (dashed red line) and the new 13 TeV result (dashed
blue line) for a given mass, shows the improvement in sensitivity of the new result. As
expected, the largest improvement in sensitivity is for W bosons with mass larger than
2 TeV. In the context of the SSM W', this new result at 13 TeV extends the current
8 TeV exclusion by about 900 GeV in mass.

19.7 fb™ (8 TeV) + 2.3 fb™ (13 TeV)
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FIGURE 2.39: Expected (dashed line) and observed upper limits (solid line) to the
signal strength pie.. at 95% C.L using 19.7 fb=! at 8 TeV of data (red), this work
(in blue) and the combination (black) of both datasets 19.7 fb~! (8 TeV) + 2.3 fb~1
(13 TeV) for SSM W’ — v bosons. The shaded green and yellow bands represent the
one- and two-sigma uncertainty bands with respect to the expected combination.
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Summary of main physics results of the W — pv search analysis

Result 1: No evidence of excess in the y + EF* final state

After the analysis of 2.3 fb~! of data recorded at a centre of mass energy of
13 TeV, there are no hints of anomalous production compared to Standard Model
expectations in the transverse mass spectrum, M, in events with just one isolated

high momentum muon and large missing transverse energy.

Result 2: Upper limit to the W — v production cross section at 13 TeV ]—

This analysis is able to exclude BSM theories that predict new W’ — uv interac-
tions if their owB(W' — puv) > 3 fb~! at 13 TeV and their mass is larger than
2 TeV. This result is derived assuming that the hypothetical W’ has kinematical
properties similar to the W’ boson of the SSM benchmark model.

Result 3: SSM W' — uv excluded mass }

In the context of the W' Sequential Standard benchmark model, this analysis
excludes SSM W’ — pv bosons if their mass is smaller than 3.9 TeV.

Result 4: SSM W’ — /v excluded mass }

Under the assumption of lepton flavour universality, W’ bosons are excluded if
their O'W‘/N/B(W/ — fv) > 2 fb~! at 13 TeV and their mass is larger than 2 TeV.
In the context of the SSM, this limit translates into an exclusion of Wgg,; bosons

with masses smaller than 4.2 TeV.

Result 5: Comparison of 13 TeV analysis vs 8 TeV searches }

The analysis presented in this manuscript has higher sensitivity for discovery of
W’ bosons with mass above 2 TeV compared to the previous 8 TeV search. The
higher sensitivity of the 13 TeV analysis at the highest masses allows to extend
the excluded SSM W’ — ur mass region by about 900 GeV.
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2.6 Search for new W/ bosons: conclusions

The Standard Model has demonstrated its capacity to provide a coherent and precise
theoretical framework for particles and interactions up to the TeV energy scale in particle
accelerators during the past 50 years. The discovery of the Higgs boson in 2012 closes the
search for new particles within the SM and provides an experimental evidence of a scalar
required to give mass to the particle content in the theory. Despite the undoubted success
of this discovery, its light mass brings new conceptual problems in the SM formulation.
The hierarchy problem or the vacuum stability of the Higgs potential are two examples
of this kind. Additionally, recent observations in cosmology and in neutrino experiments
point to modifications in the SM theory to accommodate a dark matter candidate, as
well as the mass of the neutrino. Motivated by some of these questions, theoretical
physicists try to build extensions of the SM, while keeping the SM as a lower energy
limit to avoid tension with current measurements. Among these new theories, extended
gauge sectors of the SM predict the existence of new particles and interactions that could

be produced in particle physics accelerators.

The goal of this analysis is the search of new interactions/physics, manifested via new
charged gauge spin-1 bosons W/ — v, produced in the first 2.3 fb~! at 13 TeV of proton
proton collisions recorded in CMS. Due to the plethora of extensions of the SM that
predict additional W’ bosons, historically experimental collaborations used as reference
the benchmark model Sequential Standard Model W’. In this model, the predicted
W’ is a carbon copy of the W boson with the same couplings but higher mass. The W’
coupling to vector bosons is assumed to be suppressed. As a consequence, one detectable
signature of this new W’ boson would be a high momentum muon accompanied with

large missing transverse energy.

After more than two years of upgrade from early 2013 to the Summer of 2015, the
LHC and the CMS detector have restarted its operation at a new centre of mass energy
of 13 TeV. The increase in centre-of-mass energy leads to a higher sensitivity for the
discovery of heavy W’ bosons compared to previous searches in CMS with already the
first fb~! of data at 13 TeV. Due to this, an early calibration and validation of the muon
momentum measurement at high pr is a key aspect in the analysis. This calibration was
done using cosmic muons recorded prior to the data taking, as well as high momentum

muons produced in dimuon events recorded in collision data.

After analysing 2.3 fb~! at 13 TeV accumulated in 2015, there are no signs of new
W’ — pv like interactions at the new centre-of-mass energy. The statistical analysis of
the measurement determined that, in order to make a potential signal compatible with

the observations, the new W’ bosons should have a production cross section smaller than
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ow B(W' — pv) < 3 fb~1 at 13 TeV if its mass is larger than My > 2 TeV.

In the context of the benchmark model SSM, this cross section limit leads to the exclusion
of W' — v bosons with mass lighter than 3.9 TeV, and lighter than 4.2 TeV when
combined with the electron channel. This new result pushes the excluded W’ masses by
about 900 GeV with respect to the 8 TeV analysis. These results were derived with the
assumption that the W’ has similar kinematical properties to the one described by the

SSM and the absence of interference between the W and the W'.

In summary this analysis verifies and extends the validity of the SM at the new centre-
of-mass energy, and at the same time, excludes extensions of the SM that predict a
W’ — pv interaction with production cross section higher than the cross section limits

presented in this manuscript.



Chapter 3

/. + ¢ cross section measurement

3.1 Standard model against Z+cand Z+ b

The Standard Model of Particle Physics has demonstrated a clear success providing
theoretical predictions that have been tested experimentally against CMS measurements,

as already shown in the first chapter in Figure 1.2.

Z bosons decaying to isolated charged lepton pairs, Z — ete™ and Z — "™, are one
of the experimentally cleanest, theoretically well understood and abundant processes
produced at the LHC. The measurement of their production rate in association with
additional jets, serves as an ideal benchmark to test the finest theoretical predictions
from QCD (Section 1.2.2) and the proton PDFs (1.2.1). The associated production of
a vector boson (V=W,Z) with jets is denoted as V + jets in the text, and corresponds
to the first two columns in the same Figure 1.2. In this area, CMS has measured the
differential cross section at 7 TeV, 8 TeV and 13 TeV for different Z + jets and W + jets
processes up to several additional jets. All the measurements show a good agreement

compared to the theoretical predictions.

The excellent tracking capabilities (see Section 1.3.1) to identify displaced tracks and
reconstruct secondary vertices inside jets from D and B hadron decays, allows CMS also
to measure separately the associated production of vector bosons with jets originated in
the hadronization of charm or bottom quarks. The latter will be denoted in the text as
V + Heavy Flavour (HF). The associated production of bosons with heavy flavour jets
is particularly interesting to test the proton PDF for quarks other than up and down.
For example, the measurement of the W 4 ¢ process is sensitive to the modelling of the

strange quark PDF [97], or the study of Z + b is sensitive to the bottom quark PDF [98].

88



Chapter 3. Z + ¢ cross section measurement 89

Figure 3.1 shows a summary of the measured cross sections for V + jets and separately
for V4+HF processes compared to theoretical predictions. Measured cross sections for
W + ¢, W+ b and Z + b processes are also in agreement with the theoretical predictions

within uncertainties.
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FIGURE 3.1: Measured cross sections (when available) at two different center of mass
energies, compared to QCD predictions of the Standard Model. The figure covers
processes such as W, Z and tf produced in association with multiple jets or heavy
flavour jets.

There is an important measurement that is missing in Figure 3.1, the associated pro-
duction of a Z boson with charm quarks, hereafter denoted as Z + c. The measurement
of the Z + ¢ process presented in this thesis fills this hole in the CMS physics program,
and sets the first step towards a new era of precision Z + ¢ measurements in CMS.
Figure 3.2 shows the leading order Feynman diagram associated to this process. The
physical motivation of this analysis is to test the QCD and charm PDF predictions of
the Monte Carlo generators in describing the Z + ¢ process, and its relative production

to the associated production with bottom quarks, Z + b.

Recently there is a renewed interest from the theory community to study the charm
content of the proton [99]. Current PDF sets at the LHC assume that charm is gen-
erated perturbatively through pair production from gluons, g — c¢. However, it is not
experimentally discarded that there could be an additional intrinsic charm component
in the proton with non-perturbative origin. Several studies point out to a potential

modification of the charm PDF, if there is an additional intrinsic componenent at large
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x. This component, if existing, would translate into an enhancement in the differential
Z + ¢ production for large transverse momentum of the Z boson, p%, or large trans-
verse momentum of the c-jet [100-103]. Charm PDF and potential enhancements due

to intrinsic charm are discussed in Section 3.1.1.

Additionally, the associated Z+HF production appears as one of the major backgrounds
in many searches in the CMS physics program. For example, the measurement of the SM
Higgs boson coupling to bottom quarks, Z* — H(bb)Z(£¢), has a dominant background
of Z4+HF jets. The theoretically interesting, and at the same time experimentally chal-
lenging charm coupling, Z* — H(cc)Z(¢¢), would also require a good simulation of the

Z + c¢ background as well as the Z + ¢/Z + b ratio.

Moving to more exotic searches, Flavour Changing Neutral Currents (FCNC) are highly
supressed in the SM. However, the measurement of new physic processes of the kind
t — Z+c [104] would require a good knowledge of Z + ¢ production. Diboson resonances
of the type X — Z(¢¢)V(qq) often use b-tagging techniques to maximize their sensitivity,
and deal with Z4+HF as dominant background. Another example are searches for third-
generation of supersymmetric quarks, ¢, decaying via charm quarks in final states with a
c-jet and a large missing transverse energy, t — cx~0 [105, 106]. In the t search, Z(vv) +c
is one of the dominant backgrounds, and an accurate estimation of its contribution can
thus be obtained from the study of the same process where the Z boson decays to charged

leptons.

This chapter presents the fiducial cross section measurement of the production of a Z
boson associated with at least one charm quark, o(pp — Z + ¢ + X), and its relative
production with respect to bottom, o(pp — Z + ¢+ X)/o(pp — Z + b+ X). Both mea-
surements are determined inclusively and differentially as a function of the Z transverse

momentum, p% , and the jet with heavy flavour content, p]Te k
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The strategy employed in the analysis selects Z bosons through its decay into electrons
or muons pairs, plus an additional jet with heavy flavour content selected in one of the

following three independent channels:

e Semileptonic channel: A displaced secondary vertex in which one of the tracks is
a well identified muon. This channel is designed to select semileptonic decays of

D — p+ X and B — p+ X hadrons.

e D* channel: A displaced secondary vertex made of three tracks in which the

invariant mass of the vertex is compatible with a D*¥ — KTrt71T decay.

e D**¥(2010) channel: A displaced secondary vertex made of two tracks in which the
invariant mass is consistent with a D — K*7= (D% — K~7") decay, together
with a primary vertex track called soft pion, m,, all being consistent with the
D*=(2010) — D 7, (D*T(2010) — D°x}) decay chain.

Finally, there are experimental motivations to develop a Z + ¢ measurement in the con-
text of flavour tagging studies with charm jets. For example, CMS has developed for
the first time a dedicated charm tagger for the Run II, and techniques and methods
developed in this thesis are currently used to calibrate simulations of the new tagger
with 13 TeV data [107].

A preliminary version of this analysis internally reviewed by CMS, was released for the
first time during the ICHEP2016 conference. The analysis was originally published in
the form of a Physics Analysis Summary (PAS) and documented here [22].
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3.1.1 The charm quark PDF

Modern PDFs! assume that charm is generated purely perturbatively inside the proton
in ¢ — cc¢ processes above a minimum threshold dictated by the charm-quark mass,
mec. Technically this translates in the following constraint in the determination of the
charm quark PDF: f.(z,Q) = fz(z,Q) = 0 if @ < m,. At higher @, the charm is
generated perturbatively though the DGLAP evolution equation. A direct consequence
of this assumption is that charm quark PDFs generated perturbatively are correlated

with gluon PDFs, and their predictions are affected by the value and definition of m..

However this assumption is not necessarily completely true. Over the years several mod-
els have been proposed that predict the existence of an additional non-perturbative or
intrinsic charm component. Their existance could lead to a modification of the charm
PDF. For example, the BHPS intrinsic charm model [108], predicts a valence-like evolu-
tion of the charm PDF that could lead into enhancements at high x. A recent study from
the CT14 collaboration [109] studied the compatibility of a intrinsic charm contribution
with current measurements, assuming the existence of an additional BHPS charm at
high z. They computed an upper limit of z;c < 2.5% at 90% C.L. to the total fraction
of momentum carried by a potential intrinsic charm in the proton. The conclusion of
their study is that current measurements can be described without a intrinsic charm

component, however a small contribution is not completely excluded by data at high x.

As of today some questions still remain open... is there intrinsic charm in the proton?,
what is the energy scale (if any) at which the charm PDF is non-zero?, is it m.? what
is the total fraction of the proton’s momentum carried by charm? Some of these ques-
tions could be answered if the charm PDF was fitted and determined separately with
other PDFs. With this spirit, the NNPDF collaboration tried to quantify the charm
content of the proton and determine a intrinsic charm component (if any) from available
measurements [101]. In their study, the charm PDF is obtained using the NNPDF fit
methodology along with the gluon and light PDFs assuming f.(z, Q) = fz(z, Q). Their
result suggests that the fitted charm has perturbative origin for z < 0.1 and vanishes
for all = below @ ~ 1.6 GeV near the m, threshold. Additionally the fitted charm PDF,
shown in Figure 3.3, presents a mild intrinsic component that peaks around x = 0.5.

The latter is not present when the charm component is only generated perturbatively.

The total fraction of momentum of the proton carried by the fitted charm is measured
to be 0.7 +0.3% at 68% C.L. whereas in the case in which the charm is not fitted and
produced only perturbatively is found to be 0.239 4+ 0.003%. One of the main predic-
tions of the NNPDF fitted charm PDF that could be tested in a CMS measurement,

IPrior to read this Section is convenient to read the introduction to PDFs in Section 1.2.1
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FIGURE 3.3: Charm PDF generated perturbatively compared to fitted charm PDF by
NNPDF collaboration. Figure taken from [101]

is a potential enhancement of the Z + ¢ production at large transverse momentum and
pseudo-rapidity. A similar Z 4 ¢ enhancement at high p% is also present in different
intrinsic charm models such as the BHPS studied by the CT14 group. Figure 3.4 shows
the size of the potential Z + ¢ enhancement as a function of p% according to the predic-
tions from the fitted NNPDF charm, as well as the non-excluded predictions from the
BHPS intrinsic charm model from the CT14 collaboration.

According to these studies, the size of potential Z + ¢ enhancements could be as large
as 20%(100%) at pZ ~ 100(600) GeV in the most optimist predictions [101]. However it
must be noted that all these predictions suffer from large theoretical uncertainties, and

the size of the enhancement could be much smaller.
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FIGURE 3.4: Z boson transverse mass distribution computed using the fitted charm
from the NNPDF group and the different non-excluded predictions from CT14, each of
the predictions is normalized to charm generated perturbatively [101].
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3.2 Data samples and simulation

3.2.1 2012 8 TeV dataset

The dataset used in the manuscript for the Z + ¢ cross section measurement was recorded
at a centre-of-mass energy of 8 TeV between March and December in 2012, and amounts
up to 19.7 fb~!. This dataset corresponds to a re-calibrated sample with the latest
calibrations derived for the sample, and has been declared with the highest quality for

physics analysis by the CMS data certification team.

3.2.2 Monte Carlo simulations

All the samples of simulated events are produced with MC event generators, both for
signal and background processes. The signal is generated with a sample of Z boson
plus jets events using MADGRAPH [35] event generator and PDF set CTEQ6L [110],
interfaced with PYTHIAG [33] for parton showering and hadronization. The MADGRAPH
generator produces parton-level events with a vector boson and up to four partons on
the basis of a matrix-element calculation. The matching scale is set to 10 GeV?, and

the factorization and re-normalization scales are set to Q% = M% w T p?r 7/W

Z+c, Z+Db and Z + light definition and event classification

The MADGRAPH signal sample includes Z-boson events accompanied by generator level
jets originating from quarks of all flavours (b, ¢ and light = u,d, s, g). Generator level
jets are built with the anti-kr algorithm with radius 0.5, clustering all stable particles
after fragmentation and hadronisation except neutrinos. Events are classified as Z + b,

Z + c or Z + light according to the flavour of the generator level jet defined as follows:

A generator level jet is defined to be b-flavoured if there is a b-meson (500 < |PDGiq| <
600) or b-baryon (5000 < |PDGjq| < 6000) among the particles generated in the event,
within a cone of radius AR = \/m = 0.5 of the jet axis. The PDGjq for
different mesons or barions is documented here [111]. Similarly, a generator level jet is
considered to be c-flavoured if there is a c-meson (400 < |PDGjq| < 500) or c¢-baryon
(4000 < |PDGiq| < 5000) and no b-hadrons within a cone of AR = 0.5 of the jet axis.

A 7 + jets event is assigned as a Z + b event if there is a generator level jet with pZ; b
15 GeV identified as a b-flavoured jet. Analogously a Z + jets event is classified as Z + c if
there is a c-flavoured generator level jet with p%z * > 15 GeV and no b-flavoured generator
level jets. Finally a Z + jets event is classified as Z + light when is not classified as Z + ¢
or Z + b. Signal events refer only to those classified as Z + ¢ or Z + b, whereas Z + light

are considered as background.
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The main backgrounds other than Z + light are the production of tt and dibosons pro-
cesses (WW, WZ, and ZZ). A sample of tt events is generated with POWHEG v1.0 [34],
interfaced with PYTHIAG and CT10 for the PDF [29]. Diboson processes are modelled
with samples of events generated with PYTHIA6 using the PDF set CTEQG6L1 [110]. The
tau channel, Z — 7 (utv)7~(u"v) and Z — 71 (etv)r (e v), is also taken into ac-
count, however its contribution is negligible compared to that from electrons and muons.
Finally a W plus jets sample is generated with MADGRAPH generator, interfaced with
PYTHIAG and is only used in Section 3.4.3 where complementary studies with an auxiliary

W + ¢ sample are presented.

Figure 3.5 shows a sketch of the main backgrounds that could mimic a Z plus heavy
flavour jets signal. In the figure, red lines correspond to dilepton pairs (eTe™ or u™u™)
and green lines to heavy flavour jets (charm or bottom). Yellow lines correspond to
additional particles that contribute to the final state, and black and blue lines correspond

to intermediate particles.
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FI1GURE 3.5: Sketch of the main processes that could mimic a Z plus heavy flavour signal at the LHC.
Details about of each of the processes and the colour code used for the lines in the sketch are provided
in Section 2.2.2.

Distributions from the simulated samples along this chapter are normalized to an equiva-
lent integrated luminosity of the recorded data, 19.7 fb~!. For electroweak processes the
cross sections are normalized to NNLO calculation computed with FEWZ [36], using the
PDF set MSTW2008NNLO [30]. Diboson processes are normalized to NLO predictions
from MCFM [37] and the tt cross section is taken at NNLL from [112].

Simulated samples are corrected for differences between data and simulation in describ-
ing the lepton trigger, reconstruction and identification efficiencies as well as the inclusion
of a pileup re-weighting factor. All these corrections were derived in a similar manner as
explained in Section 2.3 with the 8 TeV dataset. Correction factors are applied to the

simulation as weights on an event-by-event basis as in the W/ search (Equation 2.12).



Chapter 3. Z + ¢ cross section measurement 96

3.3 Physics objects: leptons and heavy flavour

Lepton pairs with opposite charge, isolated from hadron activity and with the invariant
mass compatible with the Z boson mass, provide a clean signature that is used to select
Z + jets events. The following Sections 3.3.1 and 3.3.2 describe how lepton candidates
from Z — ptp~ and Z — eTe” are selected. Once potential candidates are identified,
heavy flavour tagging techniques are used to enrich the Z + jets sample in Z 4+ ¢ and
Z + b by removing Z + light events. Section 3.3.3 introduces some of the heavy flavour

techniques used in CMS, and particularly in the Z 4+ ¢ cross section analysis.

3.3.1 Muons

Muons were already extensively discussed in the context of the W' — pv search in Chap-
ter 2. Due to this and especially to avoid text repetition, this section assumes familiarity
with the concepts described already in Section 2.3, and focuses on the main differences

with respect to a high pr single muon analysis.

The trigger strategy employed in the Z 4+ c cross section measurement is slightly differ-
ent from the one used in the W’ — uv analysis described in Section 2.3.1. The main
difference is the usage of a dimuon trigger instead of a single muon trigger. The choice of
a dimuon trigger is important in the Z + c analysis because it allows lower pt thresholds

of the muons, yielding to an increase of the number of selected signal candidates.

Each muon trigger track candidate is built combining muon detector information with
silicon tracker detector information. The resulting track must have a transverse mo-
mentum larger than 17(8) GeV for the leading (sub-leading) muon trigger candidate.
Only reconstructed muons in the pseudo-rapidity range |n| < 2.1, and with transverse
momentum larger than 20 GeV are considered for the analysis. For this selection, more
than 90% of the Z — p*u~ candidates in data are selected by the dimuon trigger de-
pending on their muon pseudo-rapidity [113]. The trigger performance in simulations
is corrected using data-to-simulation calibration factors derived using the Tag & Probe

technique (see Section 2.3.1).

Dimuon pairs in the Z 4 ¢ analysis use an identification criteria called Tight muon,
that is similar to the High-pt muon identification described in Section 2.3.3. The main
difference between both definitions is that there is no requirement in o, /pr of the
track, but there is a requirement in the x2/n.d.f < 10 of the track instead. The latter
was dropped for High-pt muons to avoid losses in efficiency for muons that produce an

electromagnetic shower in the muon system. Additionally, the isolation definition is also
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modified compared to the W' analysis. An isolation variable, I o, is built to test the

presence of additional activity around the muon in a cone of AR = 0.4.

Leomp = Z pr(charged hadrons) 4+ Er(neutral hadrons) + Et(photons) + Pileup corrections
AR

(3.1)
The isolation variable is corrected in order to exclude from the sum in Equation 3.1,
particles originated in a different primary vertex. A muon is said to be isolated if
Leomp/ p’:ﬁ < 0.20. The efficiency for a real muon to be identified as Tight muon is close
to the one for High-pt muons, as well as for calibration factors that are also close to

unity [114].

Finally the muon momentum scale and resolution are mostly dominated by the internal
tracker alignment at the pr range relevant for the analysis. Due to this, the muon
curvature assignment was calibrated in data and simulation using Z — u™u~ events,
correcting for effects such as potential tracker misalignments as well as mismodellings

of the tracker material among other effects.

3.3.2 Electrons

The Z — eTe™ and Z — u™ ™ leptonic channels are treated similarly in the Z + ¢ cross
section measurement. Both channels should provide the same measurement and they
serve each other as an independent cross check. This section provides a short description
about the electron trigger, reconstruction and identification in the Z + ¢ analysis, as well
as some of the differences between low and high energy electrons as the ones used in a

W’ — ev search.

The electron trigger used to select Z — eTe™ candidates requires the presence of at least
two energy clusters in the ECAL detector, each associated with a track reconstructed
in the tracker detector. The total transverse energy of the leading (sub-leading) energy
cluster has to be larger than 17(8) GeV. The trigger efficiency for Z — eTe™ candidates
is larger than 98 % for potential signal candidates reconstructed with pr > 20 GeV and
In| < 2.1 [115].

Electrons are reconstructed using a Gaussian Sum Filter (GSF) algorithm [45]. In
this algorithm, candidates are built from energy clusters in the ECAL. These clusters
are matched with hits in the silicon pixel detector after recovering energy losses due
bremsstrahlung emission along the electron trajectory before reaching the ECAL [116].

This energy spread, mostly along ¢ and small around n due to the magnetic field, defines
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a characteristic shape of the energy deposit in the ECAL that is also used to identify

electrons efficiently.

A super-cluster (SC) is built from the individual energy clusters consistent with the
electron candidate, and its position is determined from a energy weighted average of
them. The electron candidate energy is given by the energy of the associated super-
cluster, Egc, which needs to be adjusted with calibration and regression methods [45].
Remaining differences in the electron scale and resolution are calibrated using Z — ete™

events.

Different quality criteria are imposed to reconstructed electron candidates in order to
ensure that they come from real electrons. This step is called electron identification and
refers to a minimum set of quality criteria, shown in Table 3.1, required to an electron
in order to be considered as a valid candidate from Z — e*e™. The definitions of the

variables listed in the table that enter in the identification of electrons are the following:

|An| and |A¢|: They define the angular separation along 1 and ¢ between the
super-cluster position and the extrapolated tracker track from the primary vertex
to the ECAL.

e H/Egc: ratio between the energy as measured in the HCAL in a cone of radius
AR = 0.15 around the electron position in the ECAL, H, to the energy of the

super-cluster, Fgc.

e 0., A measure of the energy spread along 7 of the energy cluster. Due to the
magnetic field pointing towards 4z, the energy spread for a real electron should

be small in 7 and larger in ¢.

e |1/Esc — 1/p|: A measure of the difference between the super-cluster energy and
the measurement of the electron momentum in the tracker. This quantity should

be small for real electrons.

e d,, and d.: transverse and longitudinal impact parameter defined relative to the
primary vertex. Real prompt electrons originated at the primary vertex have small

impact parameter values.

e Missing hits: number of tracker layers without compatible hits in the reconstructed
electron tracker track, this variable is used to reject electrons produced in the

conversion of photons.
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Variable ECAL barrel | ECAL endcap
|An| < 0.004 < 0.007

|AQ| < 0.06 < 0.03
H/ESC < 0.12 < 0.10

T < 0.01 < 0.03
|1/Esc —1/p| | <0.05 < 0.05

gy < 0.02 cm < 0.02 cm

d, < 0.2 cm < 0.2 cm
Missing Hits 1 1

TABLE 3.1: Electron identification in the ECAL barrel (second column) and endcaps
(third column). More details about each of the variables listed in the first column are
provided in the text in Section 3.3.2.

Similarly to muons originated from Z — p*u~ candidates, potential electron candidates
from Z — eTe™ events are required to be isolated from hadronic activity. The isolation
definition for electrons uses the same Iy, variable as for the muons (see Equation
3.1) with a reduced radius, AR = 0.3. This way, an electron is said to be isolated if
Ieomy/PT < 0.15.

The identification efficiency for a real electron, as prescribed with the cuts listed in the
Table 3.1, is about 90%(85%) in the barrel (endcaps)[45]. Simulations are corrected to
take into account differences between data and simulation in the electron identification
plus trigger efficiencies. The size of the calibration factors is between 0.95 and 1.10 [115]

and are dominated by corrections to the electron identification efficiency part.

Only well identified electron candidates, reconstructed in the pseudo-rapidity range |n| <
2.1 and with transverse momentum larger than 20 GeV are considered in the analysis.
This particular choice is common with the Z — p*u~ channel, and is adopted to ease

the synchronization among both lepton channels.

Finally, the main practical difference between low and high energy electrons such as the
ones used in a W — ev search, is the assignment of the energy measurement. In the
case of low momentum electrons, Er < 100 GeV, the best performance is achieved when
the electron momentum as measured in the tracker, and the ECAL super-cluster energy
are combined together in a single measurement. This combination is done with prior
weights based on the individual uncertainty of each measurement. In the case of high
energy electrons, the best performance is obtained with the ECAL super-cluster energy

alone.
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3.3.3 Heavy flavour tagging

This section covers heavy flavour tagging in CMS and is complementary to the Physics

Objects described in Section 2.3 since they are also used in the Z + ¢ measurement.

The identification of jets originated in the hadronization of charm or bottom quarks is
called heavy flavour tagging. Particularly, the identification of jets coming from charm
(bottom) quarks is called c-jet (b-jet) tagging. Heavy flavour tagging benefits from the
excellent spatial resolution and tracking capabilities of CMS (see Section 1.3.1 for a
description of the CMS Tracker), that allow the reconstruction of primary vertices as
well as the identification of displaced tracks with respect to the primary vertex from

charm and bottom hadrons (denoted as D and B hadrons) in their decay.

Why is heavy flavour tagging in CMS or in the Z 4 ¢ measurement needed?
The common strategy in most of the analysis in CMS is to maximize the separation
between their signal of interest and potential backgrounds. For example, final states
that involve isolated leptons such as Z — u™u~ or W — uv, are excellent signatures to
identify potential signals over the overwhelming background of QCD jets?. In a similar
spirit, heavy flavour tagging is another powerful tool to reduce backgrounds that involve

light (u,d,s,g) jets.

Heavy flavour tagging techniques are widely used in CMS analyses. For example,
searches of new physics like diboson resonances, Higgs boson searches as well as top
or electroweak measurements often use b-tagging techniques to reduce backgrounds of
light jets. Currently there are three main algorithms for heavy flavour tagging in CMS.
On one hand, the Combined Secondary Vertex (CSV) and Jet Probability (JP) algo-
rithms, widely used at 8 TeV and 13 TeV, are optimized to maximize the b-tagging
against light-tagging. On the other hand, the charm tagger, recently released at 13 TeV,

is optimized to select charm jets by minimizing the light and bottom tagging power.

The tagging power is quantified by the (b-, c-, light-) tagging efficiencies, defined as
the fraction of (b-, c-, light-) jets identified by the algorithm. For a given b-tagging
algorithm, there are several working points that correspond to different light-tagging
efficiencies. Each analysis has to decide, in a case-by-case basis, what is the ideal balance

between b- and light-tagging efficiencies and choose the appropriate working point.

The output of a b-tagging tagging algorithm, for a given jet, is a unique number called
the b-jet discriminator. Usually they are defined that the higher the discriminator, more
likely the jet to be a true b-jet. Once a working point is chosen, if the b-jet discriminator

is larger than the working point, the jet is identified as a b-jet.

2This made the W' — pv search an experimental ”golden final state” to look for new physics
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Combined Secondary Vertex

The Combined Secondary Vertex [87] algorithm uses information from the track con-
stituents inside the jet and from possible reconstructed secondary vertices into two like-
lihood ratio tests. One that discriminates between b- and c-jets and other that discrim-
inates between b- and light-jets. The discriminator is obtained from a combination of
both them with prior weights of 0.25 and 0.75 respectively. For example, at 8 TeV a
typical working point for the CSV algorithm has a b-tagging efficiency of about ¢, = 70%
with a light-tagging efficiency of €;gn = 1% and for charm e. = 10%.

There are many variables that enter in the two CSV likelihood test. For example, some
of these variables are the impact parameter for each track in the jet, the mass of a
potential secondary vertex, the number of tracks associated to a secondary vertex, the
ratio of the energy carried by tracks at the vertex with respect to all tracks in the jet...
Among all the variables that enter in the CSV, the one with largest discriminant power
between between charm and bottom in jets with a secondary vertex, is the secondary
vertex mass. The latter for its simplicity, separation power, and ease to calibrate in

simulations was chosen to separate Z + c and Z + b in the semileptonic channel.

Jet Probability
The Jet Probability (JP) [87] uses as b-tag discriminator, Pje, an estimate of the like-

lihood that all tracks from the jet, Ny.qck, are originated at the primary vertex:

Ntrack ]- o lnH N
Py =11 Z i T =[] Maz(P/",0.005) (3.2)
=1

where P/ is the probability density function of the impact parameter for tracks orig-
inated at the primary vertex. The latter can be calibrated with tracks from data that
have negative impact parameter®. Jets in which there are multiple displaced tracks from
a secondary decay are highly incompatible with the primary vertex and have large val-
ues of the Jet Probability discriminant. In this case, b-jets typically get the highest JP
discriminant values because they often contain a larger number displaced tracks with

larger impact parameter than c-jets.

In the cases of the reconstructed D¥ and D**¥(2010) channels, the invariant mass of
the secondary vertex mass is resonant at their nominal mass and does not provide any
separation power between b- and c- jets. As a consequence, the performance of the Jet
Probability is similar to the one provided by Combined Secondary Vertex. Due to the
simpler structure of the JP algorithm, the latter was chosen to separate between charm

(Z + ¢) and bottom component (Z + b) in the D* and D**(2010) channels.

3Primary vertex tracks are equally likely to have positive and negative impact parameter, whereas
tracks originated in a secondary vertex mostly have positive impact parameter.
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Charm tagging vs Bottom tagging

Charm tagging is challenging and more complicated than bottom tagging in CMS. One
of the main reasons for this is the lower mass and lifetime of D hadrons with respect to B
hadrons. Charmed hadrons decay closer to the primary vertex and in general complicate
a potential secondary vertex reconstruction. In the cases where the secondary vertex is
not reconstructed, the kinematical properties of a c-jet resemble a light jet, whereas in
the cases where the secondary vertex is reconstructed, it may be misidentified with a b-
jet. Probably one of the cleanest way to identify charm jets is by looking at the invariant
mass of a reconstructed secondary vertex. The lower mass of charm quarks compared to
bottom leads to reconstructed secondary vertices with lower invariant mass. Nonetheless
this is not always conclusive. Often b-jets contain B — C — X decay chains with a
secondary vertex as well as a tertiary vertex. In some cases, only the tertiary with lower

mass is reconstructed and can be misidentified with a charm jet.

As an example of the complexity of charm tagging, in the newly released charm tagger
in CMS at 13 TeV, for a fixed light and bottom jet efficiency, €/ign: = 5% and €, = 20%,
the charm efficiency is about €, = 25% [107]. In order to increase the charm efficiency
to €. = 35% while keeping the light efficiency as low as possible €45 = 6%), the increase

in b-tagging efficiency is more than a factor three, ¢, = 70%.

Z+-c analysis strategy: reconstruction of exclusive final states

The simulation of the b-tagging discriminants are not perfect and relies in complicated
algorithms that need to be calibrated with data. The b-tagging discriminant can be
computed for any jet, however the calibration of b-tagging algorithms is usually done
in b-jet or light jet enriched topologies. For example, isolated ey pairs provide a clean
sample that is enriched in b-jets from tt decays for b-jet calibration. Unfortunately it
is not known experimentally any enriched (> 85% purity) c-jet topology without any
prior selection on the jet content. As a consequence, the calibration of b- and c-tagging

algorithms for c-jets is experimentally a challenging task.

The analysis presented in this chapter is a charm precision measurement and unfortu-
nately traditional b-tagging algorithms at 8 TeV, such as CSV and JP, are nor optimized
for c-tagging nor calibrated using c-jets. Additionally, due to the similar kinematics of
light and c-jets, a strong suppression of the light jet efficiency is needed in order to

extract the Z 4 ¢ in the cleanest possible environment.

In order to overcome some of the above problems, an alternative approach is used in the
7 + c analysis in which jets are heavy flavoured tagged in three different final states tar-
geting different jet topologies: semileptonic decays of HF hadrons, and D* or D**(2010)
secondary vertices. The technical details about how these channels are selected are post-

poned to Section 3.4.2.
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These channels provide a strong suppression of the light-jet efficiency, €jgne < 5 X 1074
leaving a sample with a purity in Z+HF jets of more than 85% in all three cases. The
choice of exclusive final states ensures that the largest Z + light background is rejected
efficiently, with the additional benefit that the jet topology of such exclusive final states
is known. The latter is exploited thanks to W + ¢ and ep auxiliary selections that
provide a clean samples of charm and b-jets with equivalent jet structure. Their high
purity in charm and bottom jets allows to calibrate the differences in jet, track and
secondary vertexing performance in simulation with data. The details about how the
auxiliary W + ¢ and ey samples are selected, and how the simulation is calibrated are
provided in Section 3.4.3 and 3.4.4.

Once the Z+HF candidates are selected in one of the three channels, and the simulation
calibrated with W+-c and ep auxiliary samples, the next step is to separate the Z + c and
Z 4+ b components using b-tagging algorithms. This is possible thanks to the calibrated
discriminant variables of the Jet Probability (D*¥(2010), D¥) or the secondary vertex
mass (semileptonic channel). The details about how the signals are extracted in data

are provided in Section 3.4.5.

Finally, the usage of three independent channels allows the extraction of:
(semileptonic, D, D**(2010)) x (Z = ete™, Z — utpu~) =6

six independent Z + c cross section measurement that will give an additional level of

robustness to the measurement.
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3.4 The Z+charm measurement

The experimental signature of the Z 4 ¢ analysis is defined by two isolated, well identified
and oppositely charged leptons (electrons or muons), with an invariant mass compatible
with the Z boson mass. Additionally, it is required the presence of at least one recon-
structed jet in one of the following three exclusive decay channels: semileptonic and
D* or D**(2010) vertices.

This section assumes familiarity with the physics objects described in the W’ analysis
in Section 2.3, particularly with jets and the missing transverse energy described in
Sections 2.3.7 and 2.3.8, as well as with muons in 3.3.1, electrons in 3.3.2 and the heavy

flavour tagging techniques in 3.3.3.

The description of the analysis selection is divided in two sequential steps. Firstly, in
Section 3.4.1, Z + jets candidates are selected in dilepton plus at least one jet events. In
the second step, described in Section 3.4.2, its where this Z + jets sample is enriched in

heavy flavour jets and the three exclusive channels explained in detail.

3.4.1 Z+jets selection

The selection of the Z+jets sample follows closely the strategy used in the CMS Z —
ptp™ and Z — eTe” cross section analysis at 8 TeV [117]. The leptonic signature
is defined by a pair of isolated and well identified* muons or electrons with opposite
charge. Both leptons have to be reconstructed in the pseudo-rapidity range |n| < 2.1
with a measured transverse momentum larger than 20 GeV. The invariant mass of the

dilepton system, myy, must lie in the mass range 71 GeV < my < 111 GeV.

In addition to the two leptons, at least one jet with pjTe > 25 GeV has to be reconstructed
in the pseudo-rapidity range |n| < 2.5 defined by the combined tracker and HCAL
coverage (see Section 1.3.3 for details about the HCAL). Events in which the angular
separation between the jet axis and one of the lepton candidates is less than AR = 0.5

are not considered.

Finally the missing transverse energy in the event has to be smaller than E%”SS <
40 GeV. The motivation of this requirement is to reduce the contribution from ¢t
background events. The resulting sample with the requirements listed in this section
is mostly enriched in Z + light events. As an example, Figure 3.6 shows the dilepton

invariant mass in the electron (top), muon (bottom) channel.

“Muon and electron identification were introduced in Section 2.3.3 and 3.3.2 respectively
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FIGURE 3.6: Dilepton invariant mass in the electron (top) and muon (bottom) chan-
nel, after applying the Z + jets selection described in Section 3.4.1. Backgrounds are
normalized to the equivalent luminosity of the sample in a similar manner as described
in Section 2.4.
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3.4.2 Z+heavy flavour selection

This section describes the details of each of the three different channels that are used
in this analysis to select heavy flavour jets, as well as the discriminant variables used to

separate the Z 4+ ¢ and Z + b signals.

All three channels exploit the fact that bottom and charm hadrons decay weakly with
lifetimes of the order of 1072 s and decay lengths at the LHC energies of more than
100 pum. As a consequnce, multiple displaced tracks are originated in a common sec-
ondary vertex that may be reconstructed in CMS. Two different algorithms exist to
build displaced vertices in CMS: Simple Secondary Vertex (SV) [87] and the Inclusive
Vertex Finder Vertex (IVF) [118, 119].

Displaced secondary vertices in the semileptonic and D¥ channels are formed either us-
ing a SV or an IVF vertex algorithm; a different technique is employed for the D**(2010)
channel. Figure 3.7 shows a sketch of the secondary vertex topology in the three chan-
nels. In the figure, the reconstructed primary and secondary vertex are drawn as blue
circles, black lines correspond to lines of flights of hadrons, red lines correspond to the
minimum reconstructed tracks needed for the vertex category, green tracks are ”invisi-
ble” tracks (neutrinos) and yellow lines correspond to additional charged tracks associ-
ated to the secondary vertex. The particular details about each of the three topologies

are provided along this section.

Semileptonic channel D* channel

PV SV-IVF /u PV SV-IVF K
(= O e
\) ﬁ t
D*t(2010) channel
.
PV-D**vertex K

O .

“% ﬂ_t

FIGURE 3.7: Sketch of the three channel used to select charm jets: semileptonic (top,
left), D*(top, right), D**(2010)(bottom). The description of the color code and the
particular details of the channels drawn in the diagram are given in Section 3.4.2.
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Semileptonic channel

A Z +HF sample enriched in semileptonic decays of D and B mesons, D/B — u+ X,
is obtained by selecting events that contain a jet with a displaced muons produced in
a secondary vertex. A sketch of this channel is shown in Figure 3.7 (top, left). Muons
originated in semileptonic decays of hadrons are usually close to the jet axis and non-

isolated from hadronic activity. Event candidates in this channel are selected as follows:

e A reconstructed muon, hereafter called muon-inside-a-jet, has to be one of the
tracks of the selected jet. Only muons with pl. < 25 GeV, p%/p];t < 0.6 and

reconstructed in the pseudo-rapidity region |n| < 2.5 are considered as candidates.

e The muon-inside-a-jet has to be identified with the same quality criteria imposed
to the muons from the Z decay except the isolation cut (see Equation 3.1). In this
case, the muon-inside-a-jet should not be isolated from hadronic activity and the

cut is reversed, Ieomp/ph > 0.2.

e The muon-inside-a-jet track is required to be one of the tracks that is used to built

a secondary vertex (either SV or IVF). In case of ambiguity, the SV is preferred.

After applying this selection, 4 145 events in the Z — ete™ channel and 5 258 events
in the Z — pu"pu~ channel are used for the measurement in the semileptonic channel.
According to simulations, the resulting composition of this channel is 25% in Z + ¢, 65%
in Z+ b, 4% in Z + light and 6% of other background such as tt and diboson VV. As
an example, Figure 3.8 (top, left) shows the muon-inside-a-jet transverse momentum

distribution.

The discriminant variable used in this channel is the invariant mass distribution of all
charged particles that constitute the reconstructed secondary vertex, Myerter. The latter
is corrected, MS2T. ., to take into account neutral (or charged) particles that participated

vertex)

in the secondary vertex but were not reconstructed in the CMS tracker [120]:

M;):g;:;ex - \/Mgertex + pgerteaz Sin2 0 + Puertex sin 9 (33)

In the formula, pyerter, corresponds to the modulus of the momentum-sum of all re-
constructed particles that form the secondary vertex. The angle, 0, corresponds to the
angular separation between pyerter and the direction of the line between the primary
and the secondary vertex. The M:2').  exploits the larger mass of B hadrons compared

to D hadrons to separate the Z + ¢ to the Z + b signal efficiently (see Figure 3.19).

Finally the individual identification of particles in the secondary vertex, such as kaon vs
pions separation is not possible (in general) in CMS. Due to this, all tracks associated

to the vertex are given the mass hypothesis of the pion, except for the muon itself.
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D* channel

Event candidates in the D* channel are selected requiring a reconstructed secondary
vertex (either SV or IVF) made of exactly three charged tracks. Additionally, the
invariant mass of the reconstructed secondary vertex has to be consistent with the DT
mass: 1869.5 £ 0.4 MeV [74]. A sketch of this channel is shown in Figure 3.7 (top,

right). Event candidates in this channel are selected as follows:

e The secondary vertex charge, defined as the sum of the individual charges of the
three tracks that form the vertex, has to be =1 and is associated to the charge of
the D* candidate.

e The kaon track hypothesis is identified as the track with opposite charge to the
vertex charge. This assumption is correct more than 99% of the cases since D¥ —

K*7%7F decays are Cabibbo suppressed.

e Events are selected in the signal region defined in a window of 50 MeV around the
difference between the reconstructed vertex mass, m"ec(DjE)7 and the experimen-

tally measured D* mass:
Am(D*) = |m™¢(DF) — 1869.5 MeV| < 50 MeV

Non-resonant backgrounds in the signal region are subtracted using an estimation
at the neighboring 50 MeV side-band regions away from the resonance: 50 MeV <
Am(D*) < 100 MeV.

As an example of this channel, the distribution of the invariant mass of the secondary
vertex m"®¢(D¥) is shown in Figure 3.8 (top, right) prior side-band subtraction. After
non-resonant backgrounds are subtracted in the signal region, 375 events are selected in
the Z — eTe™ channel and 490 in the Z — p*p~ channel. According to simulations, the
composition of the resulting sample after background subtraction is 60% in Z + ¢, 36%

in Z + b, less than 1% in Z + light and 3% combining tt and diboson VV.

The discriminant variable used in this channel is the Jet Probability algorithm (see
Section 3.3.3 for more datails), and is based on the likelihood that all the tracks inside
the jet are originated at the primary vertex. In this channel the JP discriminant exploits
the closer distance of the secondary D* decay tracks to the primary vertex in Z + ¢ than
in Z+ b events. The explanation for this is that typically D* hadron decays in b-jets
are produced in a tertiary vertex such as B — D¥(— KTr*n%)X, leading to a larger
number of tracks with larger impact parameter and incompatibility with the primary
vertex. As a consequence, these differences lead to larger values of the JP discriminant

in Z + b events than in Z + c events as shown in Figure 3.20.
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D*%(2010) channel

The first step in the identification of a D**(2010) candidate is done selecting a pair of
oppositely charged tracks among the reconstructed tracks inside the jet. A valid two
track system is only considered if it forms a common vertex displaced with respect to
the primary vertex, and has an invariant mass consistent with a D° meson. In a second
step, this D° candidate is combined with a third track originated at the primary vertex

called soft-pion, 74 to form the D**(2010) candidate.

The mass difference between the D**(2010) and D° hadrons is experimentally known
to be about 145.42 MeV. As a consequence of this small mass splitting, the angular
separation between the line of flight of the D° candidate and the slow pion is required
to be small, AR(D°,7r5) < 0.1. A sketch of this decay channel is shown in Figure 3.7
(bottom). The details about how the D° candidates are formed as well as its combination

with the soft pion to make a D** (2010) candidate, are provided in the following items:

e The charge of the D**(2010) candidate is determined by the charge of the soft-pion

track, 7.

e The track of the D candidate vertex with opposite charge to the soft-pion is

assumed to be a kaon. The remaining track is assumed to be a pion.

e The minimum transverse momentum of the three D**(2010) track candidates is
pp > 0.5 GeV, p& > 1.75 GeV and p% > 0.75 GeV.

e The secondary vertex compatible with the D? mass is built using a Kalman Vertex

Fitter [85], in which the vertex probability is required to be > 0.05.

e In order to ensure a clean separation between the primary vertex and the secondary
vertex, the decay length significance in the transverse plane, L,,/0(Lg,), has to

be larger than three.

e In order to guarantee that the D° was produced at the primary vertex, the mo-
mentum vector of the D? candidate has to be collinear with the line starting from
the primary to the secondary vertex. This angular separation is denoted by the

angle oy, and it has to be small, cos o, > 0.99.

e The reconstructed masses and mass differences of the D**(2010) and D° candi-

dates have to agree with their experimental values from the PDG:

|m"e¢(DY) — 1864.86 MeV| < 100 MeV
|mre¢(D**) — m"e¢(DY)| C [145.42 4 5] MeV
Am(D**) = |m"¢(D**) — 2010.27 MeV| < 40 MeV
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e Non-resonant backgrounds in the signal region are subtracted taking as estimate
their contribution in the neighboring side-band region away from the D**(2010)
resonance: 40 MeV < Am(D*¥) < 100 MeV.

Figure 3.8 (bottom) shows the distribution of m”¢¢(D**) prior the side-band subtraction.
The number of selected events after non-resonant backgrounds are subtracted is 234

(308) in the electron (muon) channel. According to simulations the resulting composition
is 66% in Z+c¢, 30% in Z + b, < 1% in Z + light and < 4% of tt and diboson, VV.

In this channel the separation power provided by the Jet Probability algorithm between
7 4 c and Z + b is higher than in the D* channel. This is shown in Figure 3.21. The
explanation for this is that in addition to potential tertiary tracks in B jets from the
DY decay, the slow-pion in Z + ¢ events is a primary track whereas in Z + b processes is

also another displaced track originated at the decay the B hadron, B — D**(2010)X.
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FIGURE 3.8: Muon-inside-a-jet transverse momentum distribution (top, left). Recon-
structed secondary vertex mass in m”°°(D¥) (top, right) and m™°(D**) (bottom).
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3.4.3 W+c and ey auxiliary samples

In Section 3.4.2, three different channels have been introduced to enrich the Z + jets
sample in Z 4+ HF jets, and discriminant variables introduced to distinguish between the

Z 4+ ¢ and Z + b components. A summary of this discussion is shown in Table 3.2.

Channel ‘ Discriminant Variable ‘ Z+c ‘ Z+b ‘ 7 + light ‘ tt + VV
Semileptonic MSoT 25% | 65% 4% 6%
D* Jet Probability 60% | 36% | <1% < 3%
D*%(2010) Jet Probability 65% | 30% | < 1% < 4%

TABLE 3.2: Summary of the discriminant variables used in each of the three different
channels and the composition of the resulting samples according the simulation.

Simulations are not necessarily perfect and need to be calibrated prior the signal extrac-
tion. The next step in the analysis is the calibration of the shape of the discriminant
variables, as well as the calibration of the secondary vertexing efficiency in simulation
for c- and b- jets separately. In this section two auxiliary selections or control samples
denoted as W + ¢ and ep are introduced to obtain such information. Figure 3.9 shows a
summary of the calibration strategy used in the analysis. The different elements of the

diagram are going to be presented throughout this section.

O Data

Control Regions @ Simulation
s
W+ charm bottom
enriched '.) /u_ enriched

0
oy =d

Yes Yes/No? Yes/No? Yes

A bV

bottom
Z+c charm i Z+b
1 vertexing vertexing ]
template  officiencies efficiencies template
O O Vs @ O Vs @ O

FIGURE 3.9: Sketch of the calibration strategy used to validate the shape and normal-
ization of the discriminant variables in the simulation. All the parts of the diagram will
be explained in Section 3.4.3.
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Auxiliary sample: W+charm

An auxiliary pure sample in c-jets can be obtained from the associated production of a
W-boson and a jet originating from a c-quark. This process will be denoted in the text
as W + c and it is used to calibrate the shape of the Z + c templates of the discriminant

variables, characterize distributions of c-jets and measure the charm secondary vertexing

efficiency.
— — + —
s,d W s,d W d,d o,
e AV AV AV AV AVAVAVAV; ww
{ Y ~ u,u
g c g C c,b...
“000000——">—— 000000 ——">——
c,b...
OS event OS event Bckg: 50% OS, 50% S

F1GURE 3.10: Left and middle: leading order production of W+c signal with opposite
sign charges (OS). Right: production of W+-charm final state through the gluon split-
ting process. In gluon splitting there is an additional charm quark with the same sign
as the W boson (SS)

At the LHC, W + ¢ production (Figure 3.10, left and center) is dominated by qg —
W+ +¢ and qg — W~ + ¢ contributions at the hard scattering level. A key property
of a general qg — W + ¢ process is the presence in the final state of a charm quark
and a W boson with opposite sign charges (OS). Gluon splitting processes like du —
W~ +¢g — W~ 4 qq (Figure 3.10, right) also give rise to final states with a W and a
charm quark, but in this case, there is an additional charm quark with the same sign
(SS) as the W boson. Most of the background processes are evenly OS and SS, whereas
qg — W +c is always OS. A pure distribution of c-jets is obtained by subtracting OS-SS
events [97]. This subtraction is done by multiplying the event weight by -1 when filling

the histograms for SS candidates.

The W + ¢ sample is constructed starting from a W + jets sample® separately for elec-

trons and muons as follows:

e Events are recorded by single-lepton triggers that require the presence of an iso-

lated electron or muon.

e The minimum lepton pr is 30 (25) GeV for electrons (muons). Additionally they
have to be in the region |n| < 2.1 and identified as good leptons (see Section 3.3).

e The transverse mass, defined in Equation 2.13, has to be larger than 55 (50) GeV.

e At least one jet with pgret > 25 GeV and reconstructed in the region |n| < 2.5.

5Note that already a similar W+jets selection was described at 13 TeV in Section 2.4.1.
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The identification of jets originating from c-quarks proceeds exactly in the same three
channels described in Section 3.4.2. An advantage of using exclusive channels is that in
all cases the charge of the c-quark is unequivocally known. In the semileptonic channel,
the charge of the muon-inside-a-jet, determines the charge of the c-quark. In the other
channels, the charge of the D* and D**(2010), determines the charge of the c-quark.
OS (SS) events are identified when the isolated lepton from the W — lv, has opposite
(same) charge to the charge of the muon-inside-a-jet (or D , D**(2010)).

After the OS-SS subtraction the purity in W 4 ¢ of the resulting selection is more than
90% in the semileptonic channel, and more than 98% in the D and D**(2010) channels.
Figure 3.11 shows an example of the high purity in charm of the W+-c selection in
the three channels: semileptonic (left), D (center), D**¥(2010) (right). The W +c

contribution is shown in light blue in all the figures.
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FicUrE 3.11: Data to simulation comparison of the three channels after the W + ¢
selection in the W — ev channel. Muon-inside-a-jet transverse momentum distribu-
tion (top, left). Reconstructed secondary vertex mass, m"*°(D¥) (top, right) and
m"e(D**) (bottom). All distributions are shown after OS-SS subtraction.
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Z+charm template

Due to the high purity in c-jets after the OS-SS subtraction, these W + ¢ distributions
are used to validate the Z 4 ¢ modelling of the discriminant variables used in the anal-
ysis. In practice this means that differences between data and simulation seen on the
W + ¢ sample, are used to calibrate the Z + ¢ simulation. In other words, if the shape
of the discriminant variable is different between data and simulation in the auxiliary
and charm enriched W + ¢ sample, then the Z 4 c¢ simulation is also assumed not to
describe accurately the Z + ¢ data. This way, differences between the shape in data and
simulation seen in the W + ¢ sample are used to calibrate the shape of the Z 4+ ¢ simu-
lation. This procedure assumes that the shape of any interesting variable obtained with
the W 4 ¢ sample corresponds to the same shape on the Z + ¢ sample. This calibration
strategy has been validated in simulation by comparing the discriminant shape between

Z +cand W + c.

Main variables of charm jets such as: pr, 1, number of charged tracks inside the jet or
number of reconstructed IVF vertices inside the jet, are found to be consistent between
Z+c and W+charm simulations. As an example, Figure 3.12 shows the distribution
of the jet transverse momentum pgret (left), and number of reconstructed IVF vertices

inside the jet (right) in simulated W + ¢ and Z 4 ¢ compared to W + ¢ data.

CMS Preliminary 19.7 fo™ (s = 8 TeV) CMS Preliminary 19.7 fb* ({s =8 TeV)
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FIGURE 3.12: Transverse momentum distribution of the c-tagged jet (left) and number
of reconstructed secondary vertices (right) in simulated W + ¢ and Z + ¢ sample, and
in W + ¢ data. W + ¢ distributions are presented after OS-SS subtraction. Remaining
backgrounds in W + ¢ data are subtracted according to simulations in both figures.

Figure 3.13 shows the corrected secondary mass, MS,. . (Equation 3.3), and the Jet
Probability discriminant (Equation 3.2), normalized to unity in W + ¢ and Z + ¢ simu-

lation, compared to W + ¢ data for the channels in which they are relevant.
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FIGURE 3.13: Distribution of the secondary vertex mass (up, left) and Jet Probability
discriminant for D* (up, right) and D**(2010) (bottom), in simulated Z 4 ¢ and W + ¢
compared with W + ¢ data. W + ¢ distributions are presented after OS-SS subtraction
and all three figures are normalized to unity. Remaining backgrounds in W + ¢ data
are subtracted according to simulations in the figures.

The largest difference between the simulated and measured W + ¢ is seen in the cor-
rected secondary vertex mass distribution (Figure 3.13 top, left). The source of this
discrepancy comes from differences in the relative fraction of secondary vertices made
of three-track and two-track respectively in data and simulation. This distribution is
consistent between Z + ¢ and W + ¢ simulation, however is slightly different when com-
pared with the measured W + c. As a consequence, it is expected that the W + ¢ data
describes more accurately the measured secondary vertex mass in Z + ¢ data, given the

fact that the simulation do not reproduce the relative W + ¢ vertex track multiplicity.

For the analysis, the shape of Mo/ . in simulation has been re-weighted to match the
distribution in W + ¢ data. In the D* and D*(2010) channels, the simulations agree

with the measured W + ¢ within the statistical uncertainties. However, for consistency
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with the semileptonic channel their Jet Probability shapes are also corrected to match

the shape of the observed W + ¢ data.

Secondary vertex efficiencies in charm jets

Even if the shapes are well modelled and calibrated in simulations, it is not guaranteed
that simulations exactly reproduce the probability of reconstructing a secondary vertex
in c-jets in the CMS data. In case differences in the secondary vertex performance are

found, they have to be corrected prior the signal extraction.

This calibration is done in the W + ¢ semileptonic channel because it is possible to release
the secondary vertex requirement while keeping the OS-SS subtraction. The reason
being that in the D*, D**¥(2010) channels the charge of the c-quark is determined by
the charge of the vertex whereas in the semileptonic channel only the muon-inside-a-jet
is needed. This particularity of the semileptonic channel in the W + ¢ selection allows
to calibrate the charm secondary vertexing efficiency in charm jets. In order to simplify

the notation in the calibration, two categories are defined:

e A W+c event is defined to be "pre-tagged”, if there is a reconstructed muon-

inside-a-jet (independently of the presence of a secondary vertex inside the jet).

e A W+c event is defined to be "tagged”, if there is a reconstructed secondary
vertex and the muon-inside-a-jet is one of the tracks constituting the vertex. In
case the secondary vertex is of the type SV(IFV), then the event is said to be
"SV(IFV)-tagged”.

The c-jet secondary vertexing efficiency, €., is defined as the fraction of "tagged” W+c

events over all the ”pre-tagged”, both after OS-SS subtraction.

N(W +0)0558 (3.

€c —
0OS-SS
N(W + C)pre—tagged

The charm secondary vertex calibration factor is defined as the ratio between the Equa-
tion 3.4 evaluated in data and simulation separately, €2 /eMC The efficiencies in data
and simulation and calibration factors are computed differentially as a function of the
pr of the jet and shown in Figure 3.14. The inclusive calibration factor (yellow band in

the same Figure) in an unique p]; ! bin above 25 GeV is:

0.924 + 0.033 (stat) +0.020 (syst) for SV vertices in c-jets
0.931 £ 0.027 (stat) £ 0.019 (syst) for IVF vertices in c-jets

The calibration factors in Figure 3.14 are applied to Z 4 ¢ simulations in the analysis to

improve the modelling of the c-jet vertexing efficiency prior the signal extraction.
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Charm jet secondary vertexing efficiency (SSV) Charm jet secondary vertexing efficiency (IVF)
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FIGURE 3.14: Secondary vertex efficiencies in c-jets for SV (left) vertices and IVF
vertices (right) as a function of the pr of the jet. The upper pad shows the charm
secondary vertexing efficiency whereas the lower pad shows the calibration factors. The
yellow band shows the inclusive results for only jets with a minimum pr of 25 GeV.

Even if it is not used in the Z 4+ ¢ cross section analysis, the same procedure in Equa-
tion 3.4 was used to calibrate the standard b-tagging algorithms described in Section
3.3.3 for the first time using charm jets in CMS. In this case, the "tagged” category is

adapted for each studied algorithm and results are shown in Figure 3.15.
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Ficure 3.15: Calibration factors for the main b-tagging algorithms used in CMS:
Combined Secondary Vertex, Jet Probability, Simple Secondary Vertex, Inclusive Ver-
tex Finder for muon-inside-a-jet charm jets. More details are provided in AN-14-225.

Currently, the W + ¢ auxiliary sample with the muon-in-jet selection is one of the stan-

dard tools to calibrate charm and bottom taggers with charm jets in CMS.
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Auxiliary sample: ey + HF jets

Analogously to the W + ¢ selection for charm jets, an auxiliary sample enriched in b-
jets is obtained selecting events with two leptons with opposite flavour, e, originated
in decays of tt pairs. This selection is a natural source of b-jets since top quarks decay
into t — Wb more than 99% of the times. The requirement of opposite flavour leptons is
applied to remove symmetric backgrounds such as Z — eTe™ or Z — uTpu~. This way,

the ep +jets selection is defined as follows:

Events are recorded using a trigger based on electron-muon pairs.

Reconstructed muons (electrons) are required to have a pr larger than 25(30) GeV,

and both leptons are reconstructed in the pseudo-rapidity range |n| < 2.1.

As in the Z + jets or W + ¢ selections described in this chapter, both leptons have

to be well identified and isolated from hadronic activity (see Section 3.4.1).

At least one jet with p‘%e "> 25 GeV and reconstructed in the region || < 2.5.

The identification of jets originating from b-quarks proceeds in the same three channels
described in this section: semileptonic, D*, D*i(2010). In all three cases the purity of

the sample in b-jets is more than > 97% and are used to calibrate Z + b simulations.

Z+bottom template
Owing to the high purity in b-jets of the eu+HF sample, the shape of the discriminant
variables obtained from Z + b simulations is validated by comparing the shape obtained

with both selections.

In the semileptonic channel, the purity in Z + b is expected to be about 65% according to
the MC simulation expectations (see Table 3.2). Figure 3.16 shows the shape comparison
of the secondary vertex mass in the semileptonic channel, M2/ . between a bottom
enriched ep+Semileptonic selection in data and a Z + b simulation. The simulation
describes well the shape in data, apart from the region between 3-4 GeV and above
7.5 GeV. These differences are of the order of 13% in the 3-4 GeV region and around
50% above 7.5 GeV, and are used to correct the shape of the Z + b simulation of the
Mort..- The uncertainty asociated to this correction is propagated as a additional

source of systematic uncertainty.

The reduced number of selected events in the eu+D* and eu+D**, combined with the
low purity in b-jets in Z + b in those channels does not allow for a meaningful validation
of the Jet Probability distribution with data. In both cases the distribution of the Jet
Probability discriminant is taken directly from simulation, and the Z + ¢/Z + b ratio is

not measured.
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FIGURE 3.16: Secondary vertex mass distribution in ey plus muon-inside-a-jet events
(black) compared with Z + b simulations (red).

Secondary vertexing efficiencies in bottom jets

As in the case of c-jets, it is not expected either from the simulation to fully reproduce
the probability of having a secondary vertex in bottom jets. Their calibration can be
done also in the semileptonic channel since it is possible to release the vertex requirement
while having > 97% purity in b-jets for calibration. Events are classified into two types

in the calibration:

e A ey event is defined to be "pre-tagged” if there is an additional muon-inside-a-jet

(independently of the presence of the secondary vertex).

e A ey event is defined to be ”tagged” if there is a reconstructed secondary vertex
and the muon-inside-a-jet is one of the tracks constituting the vertex. In case the

secondary vertex is of the type IVF(SV), then is said to be "IVF(SV)-tagged”.

N(eu)tagged (35)

€ =
N(e,u) pre-tagged

The b-jet secondary vertex calibration factors are defined as the ratio between Equation
3.5 evaluated in data and simulation, ebD ata / eéw €. The efficiencies and calibration factors
are computed differentially as a function of the pt of the jet and shown in Figure 3.17.

The inclusive calibration factors in an unique p!;t bin above 25 GeV are:

0.963 £ 0.025 (stat) = 0.007 (syst) for SV vertices in b-jets
0.964 + 0.024 (stat) +0.006 (syst) for IVF vertices in b-jets

In the analysis, Z 4+ b simulations are corrected by the calibration factors in Figure 3.17

to improve the modelling of the b-jet vertexing efficiency prior the signal extraction.
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Bottom jet secondary vertexing efficiency (SSV) Bottom jet secondary vertexing efficiency (IVF)
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FIGURE 3.17: Secondary vertex efficiencies in b-jets for SV (left) vertices and IVF
vertices (right) as a function of the pr of the jet. The upper pad shows the bottom
secondary vertexing efficiency, whereas the lower pad shows the calibration factors. The
yellow band shows the inclusive results for only jets with a minimum pr of 25 GeV.

3.4.4 Other background: tt, diboson and Z-light

tt pair production

The resulting contribution from ¢¢ events is about 4% in the semileptonic and less than
2% in the D* and D**(2010) channels. In all three cases the expected contribution
is evaluated with a POWHEG simulation normalized to a NNLL calculation from [112].
Additionally, the expected contribution in the semileptonic channel is also evaluated with
a data-driven technique. This method evaluates ¢t contribution using four orthogonal

selections (A,B,C,D) defined using different final states:

Region A: pu(ee) + Semileptonic and EJY¢ < 40 GeV.

Region B: eu + Semileptonic and EF < 40 GeV.

Region C: pu(ee) + Semileptonic and EF*$ > 80 GeV.

Region D: ep + Semileptonic and EX% > 80 GeV.

In all the regions there is an additional cut on the invariant mass of the leptons 70 GeV <
my < 111 GeV. The goal of this method is to estimate the shape and normalization
of the secondary vertex mass for ¢t events in Region A. For this, the secondary vertex
mass shape is obtained in Region B (more than 99% pure in tt), and the normalization
is obtained as the number of observed events in data in Region B times the ratio of the
number events in regions C'/D. This method assumes that the fraction of events in C'/D

is the same as in region A/B. The latter has been checked with simulations.
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Figure 3.18 shows a summary chart of the 4 regions and how the secondary vertex
mass is extracted for Region A. The agreement between the tf simulation and the data-
driven estimation (baseline in the semileptonic channel) is within 10%. This difference

is considered as the uncertainty in the expectation of the tt background.
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FIGURE 3.18: Sketch of the data-driven estimation of the tt contribution in the semilep-
tonic channel. The details of the method are explained in Section 3.4.4.

Diboson: WW, WZ, ZZ

The resulting contribution from diboson processes such as WW, WZ and ZZ is about 2%
in the semileptonic channel and less than 1% in the D* and D**(2010) channels. The
dominant diboson processes that mimics the Z+HF final state are WZ and ZZ production
in which the Z boson decays to leptons and the other boson decays hadronically. Their
expectation in all three channels is taken directly from a PYTHIA6 simulations normalized
to NLO cross sections from MCFM [37] using MSTW2008NLO PDF.

Z+light

One of the motivations to choose an analysis strategy based on three exclusive final
states is to minimize the Z + light contribution. The resulting fraction of light jets is
about 4% in the semileptonic channel and negligible in the D* and D**(2010) chan-
nels. Discrepancies in the light-tagging efficiencies between data and simulations are
corrected in the simulation using the typical calibration factors derived for the CSV
b-tagging algorithm in its medium working point [121]. The uncertainty in the Z + light
contribution is taken from the largest variations (10%-30% depending on p%f ") of the

light-tagging calibration factors among the different working points of the algorithm.

Finally, the contributions from all backgrounds described in this Section 3.4.4 except for
Z + c and Z + b, are subtracted in data according to the predictions prior to the Z + ¢

signal extraction.
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3.4.5 Signal extraction

Once contributions from different backgrounds have been evaluated and discriminant
distributions calibrated, the next step in the analysis is to extract the total number of

observed Z + ¢ and Z + b events in each of the three channels.

Their total contribution is extracted from a x? minimization fit of the Z 4+ c and Z + b
templates to the measured data. In the case of the semileptonic channel, the templates
correspond to the distribution of the secondary vertex mass, whereas in the cases of the
D* and D**(2010) channels the templates come from the Jet Probability algorithm.

The expression for the x? to minimize is the following:

dat Zc Z+b
(nia @~z N7 = pz N )

o2 (o7 + (NC)?

7 3

(3.6)

Where nfat“ is the number of entries in bin ¢ of the observed distribution after the
subtraction of the Z + light, tt, and VV contribution in the discriminant variable. NiZJrC,

NZ-Z+b are the number of entries in bin i for the Z + ¢ and Z + b templates according
MC

to the predictions. 0;-1 and ;"> correspond to the statistical uncertainty of the 7 bin
in data and expectations respectively. Finally the free parameters in the fit are the
signal strengths pz+. and uz.4y, that relate the respective contributions predicted by the
background expectation with the measured data. Fitted signal strengths close to unity

imply a good modelling of the Z + ¢ and Z + b predictions in the reference simulations.

The initial normalization level of all components is set to the predictions obtained with
the simulated samples, after all the calibrations described in Section 3.4.3 are included
in the Z + ¢ and Z + b templates. The parameters pzight, itz and pyy associated to
the strength of the backgrounds described in Section 3.4.4, are assumed to be equal to

one and subtracted prior the fit.

The fitted secondary vertex mass distribution in the semileptonic decay channel is shown
in Figure 3.19 for the dilelectron (left) and dimuon (right) channel. Table 3.3 contains
the extracted number of Z + ¢ and Z + b in data, denoted as Nﬁztfgd and Ngtt;’i as well

as the fitted signal strengths with the corresponding statistical uncertainties.

Similarly Jet Probability fitted distributions for D¥ and D**(2010) channels are shown
in Figure 3.20 and 3.21 respectively. Finally Tables 3.4 and 3.5 contain the measured
7 + c and fitted signal strengths in the D* and D**¥(2010) channels respectively.

Keeping in mind that the results in the tables only include statistical uncertainties
(see Section 3.4.6 for a discussion of the systematic uncertainties), at this point it is

interesting to highlight some interesting observations about the first results.
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FIGURE 3.19: Corrected vertex mass in the dielectron (left) and dimuon (right) chan-
nel. The shape of the Z + ¢ and Z + b contributions is estimated as explained in Section
3.4.3. Their normalization is adjusted to the results of the signal extraction fit in Table
3.3. Sub-dominant backgrounds such as tt, diboson and Z + light are subtracted in
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channels has completely different secondary vertex topologies.
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In all three exclusive channels the fitted signal strengths are found to be compatible
when comparing the electron and muon channels. The latter is not surprising since it is

expected that Z decays to charged leptons are universal, however it serves as an internal

Additionally it is also an interesting result that the extracted signal strengths are com-
patible (and not far from unity) among the three exclusive channels. This is important

because it gives an additional level of robustness to the measurement since each of the
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data according to SM expectations as described in Section 3.4.4.
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Semileptonic mode
Channel | Ny HzZtc HzZ+b NEe NEt>
Z —ete” | 4145 | 1.05 £ 0.09 | 1.01 4+ 0.04 | 1066 £+ 95 | 2606 + 114
Z — puTpT | 5258 | 1.11 £ 0.11 | 0.92 4+ 0.04 | 1449 + 143 | 3240 + 147

TABLE 3.3: Ngq is the total number of selected events in the semileptonic channel prior
the background subtraction. pzy. and pz4y, refer to the measured signal strengths to
apply to the predicted events by the Z + ¢ and Z + b simulations. The measured Z + c
and Z + b events in data are indicated by NﬁZtJ{gd and Nﬁztfgd respectively. The errors

correspond to the statistical uncertainty from the fit.
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FIGURE 3.20: Distribution of the JP discriminant in the dielectron (left) and dimuon
(right) channel for Z + jets events with a D* — K¥Tx%n* candidate. The shape of the
Z + c and Z + b contributions is estimated as explained in Section 3.4.3. Their normal-
ization is adjusted to the results of the signal extraction fit in Table 3.4. Sub-dominant
backgrounds such as tt, diboson and Z + light are subtracted in data according to SM
expectations estimated as described in Section 3.4.4.

D* — KTr*r* mode
Channel | Ngg UZtc Né:gg 3
Z —ete” | 375 | 1.35 £ 0.26 | 276 + 54
Z <t~ | 490 | 1.10 £ 0.26 | 317 + 74

TABLE 3.4: Ny is the total number of selected events in the D¥ — K¥x®x® channel
prior the background subtraction. pyz.. refers to the measured signal strength to apply
to the Z + c events predicted by the simulation. The measured Z + ¢ in data is indicated
by Nﬁztfgd. The errors correspond to the statistical uncertainty from the fit.
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FIGURE 3.21: Distribution of the Jet Probability discriminant in the dielectron (left)
and dimuon (right) channel for Z + jets events with a D**(2010) — D°nF — KFr¥nt
candidate. The shape of the Z 4 ¢ and Z + b contributions is estimated as explained in
Section 3.4.3. Their normalization is adjusted to the results of the signal extraction fit in
Table 3.5. Sub-dominant backgrounds such as tt, diboson and Z + light are subtracted

in data according to the SM expectations estimated as described in Section 3.4.4.

D**(2010) — D7}, DY — K—7" mode
Channel | Ngg UZtc Néttg 3
Z —ete” | 234 | 0.90 £ 0.18 | 151 £ 31

Z — utp~ | 309 | 1.06 £ 0.13 | 228 + 28

TABLE 3.5: N is the total number of selected events in the D**(2010) — D%rf,
D% — K~7" channel prior the background subtraction. gz, . refers to the measured
signal strength to apply to the Z + c events predicted by the simulation. The measured
Z + c in data is indicated by Ngtt(fd. The errors correspond to the statistical uncertainty

from the fit.
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3.4.6 Systematic uncertainties

There are different sources of systematic uncertainties that could affect the modelling
of the discriminant variables in the three channels. Particularly any change in the
shape or normalization of the templates prior to the fit will give different fitted signal
strengths pzyc, pz4n and pzyc/pz41n. For each systematic uncertainty, the discriminant
templates are recalculated and fits re-evaluated. Differences with respect to the nominal
signal strengths (see Tables 3.3, 3.4, 3.5) are added in quadrature and contribute to the

systematical uncertainty associated to the measurement.

In the semileptonic channel, the main contribution to the systematic uncertainty comes
from the modelling of the hadronization and decay of charmed hadrons (see Section
1.2.2 for more details about hadronization). The measured inclusive (exclusive) charm
semileptonic branching fractions is B(c — ¢) = 0.096+£0.004 [74], (0.086+0.004) [74, 122]
and the average of these two values is B(¢ — £) = 0.0914+0.003. This value is consistent
with the PYTHIA value present in the simulations (9.3%). An additional 5% uncertainty
is assigned in order to the cover both central values within one standard deviation.
The average of the inclusive bottom semileptonic branching fractions is B(b — ¢) =
0.1069 £ 0.0022 [74], that is consistent with the PYTHIA value used in the simulations

(10.5%). In the latter case, an additional uncertainty of 2% is considered.

In the D* channel, the decay is fully reconstructed and simulations are corrected to
match the experimental values from [122]. In particular, the charm fraction B(c — D)
in the PYTHIA simulation (19.44 £ 0.02%) is lower than the value (22.7 £+ 0.9 £ 0.5%)
obtained from a combination [122] of published measurements performed at LEP. The
branching fraction of the decay D¥ — KTr*n® (7.96 + 0.03%), is also lower than
the PDG value (9.13 £ 0.19%) [74]. Predicted event rates from the simulation are re-
weighted in order to match the experimental values. An additional uncertainty of 5% in

the re-weighting procedure is considered.

Similarly, in the D**¥(2010) channel the product of the branching fractions B(c —
D**(2010)) x B(D**(2010) — D7 ") xB(DY — K~7T) (+c.c.) in the PYTHIA simulation
is (0.741 £ 0.005)%, which is about 15% larger than the measured experimental value,
(0.622 £+ 0.020)% [74, 122]. Expected event rates the from simulation are re-weighted
in order to match the experimental values and an uncertainty of 3.2% is considered in
this re-weighting procedure. This uncertainty assignment associated to the modelling of

the hadronization is similar to the one used in the W + ¢ cross section measurement at
7 TeV from CMS [97].
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The uncertainty associated to the c-jet (b-jet) secondary vertexing calibration factors
(see Section 3.4.3 for details) is in the range 3.5-4% (2.5%) in Figure 3.14 and 3.17.
This uncertainty directly propagates to the normalization of the templates prior to
the fit and so to the fitted signal strengths. In the D**(2010) mode, the candidate
building procedure is repeated changing independently by one sigma, in terms of the
pr resolution, the different pp thresholds imposed and the decay-length significance
requirement. The uncertainty is taken as the quadratic sum of the respective differences

between simulation and data in the number of selected D**(2010) candidates, 2.8%.

The jet energy scale and resolution (see Section 2.3.7) are corrected in both data and
simulation in order to flatten the jet response in pt and 1. These calibrations are derived
in v + jets and Z + jets processes. Energy scale and jet energy resolution uncertainties
are assessed by varying the corresponding correction factors within their uncertainties
according to the results of CMS dedicated studies at 8 TeV [123]. The variation of them
modifies the normalization and shape of the templates and its impact in the fitted signal
strength is about 5% in the semileptonic channel, 3% in the D* channel and 2% in the
D**(2010).

The uncertainty from a mismeasurement of the missing transverse energy of the event is
estimated by adding to the reconstructed EIF“S a 10% of the energy of the unclustered
objects in the event. The latter refers the energy deposits that are not associated to any
reconstructed object. The effect of this change is less than 1% in the extracted signal

strength.

The uncertainty from the trigger and identification calibration factors is 2% in the
Z — pp and 4% in the Z — ee channels. In the case of the calibration of the identifi-
cation of non-isolated muons, as the muon-inside-a-jet in the semileptonic channel, this

uncertainty is enlarged to 3% according to dedicated studies in multi-jet events.

The reference signal sample is generated with MADGRAPH +PYTHIAG using the PDF
CTEQG6L1 and reweighted to NNLO PDF set MSTW2008NNLO (see Section 1.2.1 for
more details). The effect of using other PDF sets such as NNPDF2.3 [124] or CT10
is evaluated and the largest difference is found to be less than 2% compared to the

predictions with the reference sample.

Collinear emission of partons suffer from large theoretical uncertainties in the calculation.
The potential mismodelling of gluon splitting process into collinear cé (bb) pairs in the
reference Z + jets simulated sample, is evaluated by increasing by a +£50% the weight
of events in which at least two c-hadrons (b-hadrons) at generator level close to the
reconstructed jet AR(jet,c(b)) < 0.5. The fraction of those events is small, and the

effect in the extracted signal strength is smaller than 1%.
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The Z + ¢ shapes of the discriminant distributions obtained from the W + ¢ event sample
are observed to be stable under jet energy scale variations and changes in the lepton pt
threshold in the selection. Thanks to this stability in the templates shape, no additional
systematic is included in the extracted shapes from W + c¢. In the case of Z + b, there
are some differences between the shape of the secondary vertex mass estimated from the
ep (Figure 3.16) sample and directly from the Z + b simulation in the region between
3-5 GeV and above 7.5 GeV. Templates are corrected by this observed difference, and
the systematic uncertainty is evaluated varying this correction by their uncertainties.

Their effect in the extracted signal strength is less than 2.5%.

Sub-dominant backgrounds (see Section 3.4.4) such as tt, Z 4 light, VV are subtracted
in data prior to the signal extraction assuming juf = fiz41ight = fvv = 1. An additional
systematic uncertainty is assigned to account for possible mismodelling of the subtracted
backgrounds. In the case of tt, an alternative subtraction is performed using directly the
expectation from simulation instead of the data-driven estimation described in Figure
3.18. The diboson component, uyvy, is varied by 6% according to the uncertainty in
their theoretical cross section. The uncertainty associated to the Z + light contribution
is evaluated varying fiz41igne prior the subtraction. The size of this uncertainty is 10%-
30% depending on the pZ; " and corresponds to the largest variation of the light-tagging
calibration factors in the CSV algorithm among the different working points. Due to
the smallness of these backgrounds in all the cases, the impact of their uncertainties is

less than 2% in the extracted signal strengths.

The uncertainty in the determination of the integrated luminosity of the data sample
is 2.6% [125], and directly translates to the uncertainty of the fitted signal strengths.
Potential mismodellings of the number of proton-proton interactions in simulation are
calculated using a modified pileup profile. The latter gives a modified re-weighting
function, C(Npy) (see Section 2.3.2 for details), obtained varying the minimum bias

cross section by its uncertainty, 5%. The effect of this uncertainty is smaller than 1%.

Systematic uncertainties arising from a common source affecting different final states
are assumed to be fully correlated across channels e.g: estimation of the integrated
luminosity, pileup modelling in simulation, the estimation of Er?"'ss , secondary vertex
efficiencies, jet energy scale and resolution... However, those related to lepton trigger,
identification and reconstruction efficiencies are assumed to be uncorrelated between the

electron and muon channels.

In the extraction of the ratio puzic/pz11, common uncertainties in both processes such
as luminosity, lepton efficiencies or PDF uncertainties cancel out, however some other

uncertainties that are anti-correlated between the c- and b-jet components are amplified.
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Figure 3.22 and Table 3.6 serve as summary of this section and show the systematic
uncertainties for each of the channels used in the o(Z + ¢) and o(Z + ¢)/o(Z + b) mea-
surements. The systematic uncertainties are about 11% in the semileptonic channel,
8.5% in the D* channel and 7% in the D*¥(2010) channel. The total size of the sys-

tematic uncertainty in the ratio is about 10%.

CMS Preliminary 19.7 tb™ (Ys = 8 TeV)

T T T T
5 == Total .

. [ ] c(b)-modeling -
- [Elet+MET -

EroF -

Efficiencies —

=
0]

=
o

Systematic uncertainty (%)

AR RN
[Jother NN
AR RN
NN\
AN
5 1 —t
1
- [} . A
I (] '] 1
[ | 1 [ 1
™ 1 1 (| -
: 977 . :
- [} 1 1 1 4
] v 1 1
! 1 1 1
’ 1 1 1 i -
0 ] ] ] ]
SL D* D** Comb.  Ratio

FI1GURE 3.22: Contributions to the systematic uncertainty in the measured Z + c cross
section and in the Z 4 ¢/Z + b cross section ratio. The first three bins in the graphic
show the uncertainties in the Z + ¢ cross section in the three decay modes: semileptonic
, D%, and D**(2010) calculated from the combination in the dimuon and dielectron
Z-boson decay channels. The fourth bin shows the systematic uncertainties in the
combined Z + ¢ cross section. The last bin presents the systematic uncertainty in the
Z +c¢/Z + Db cross section ratio measured in the semileptonic channel. Contributions
are presented in a cumulative manner.
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Source of systematic uncertainty Semileptonic | D* | D**¥(2010) | Ratio
D and B hadron modelling in simulation 5.5% 5% 3% 5.5%
PDF uncertainties < 2% < 2% < 2% N/A
Collinear gluon splitting in simulation <1% <1% <1% <1%
Calibration of secondary vertexing efficiencies 4% 4% 2.8% 2%
Lepton trigger, reconstruction and identification < 4% < 4% < 4% N/A
Jet energy scale and resolution 5% 3% 2% 5%
Estimation of Efs 1% 1% 1% 1%
Calibration of discriminant template shape 2.5% <1% < 1% 6%
Background subtraction 1.5% 1% 1% 1.5%
Pileup modelling in simulation < 1% < 2% < 2% < 1%
Estimation of integrated luminosity 2.6% 2.6% 2.6% N/A
Total 11% 8.5% ™% 10%

TABLE 3.6: Breakdown of the individual contributions of each the sources of systematic uncertainties
in the measured Z + ¢ cross section and Z + ¢/Z + b ratio for the three channels. See Section 3.4.6 for
a detailed description of each of the sources listed in the first column.

Finally in Section 3.5.2, uz+c and pzyc/puzep are extracted differentially in the semilep-
tonic channel using a reduced sample binned in p% and p]; t separately. In such cases, the
uncertainties are larger and of the order of 11%-15%. The main sources of systematic
uncertainties in the differential measurement are jet energy scale and resolution as well
as charm fragmentation and decay in the reference simulation. Additionally, charm and
bottom secondary vertexing calibration factors are evaluated differentially giving rise to

an increase in the systematic uncertainty from 3.5%-4% to 7%-8%.
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3.5 Results and interpretation

Fiducial cross section oyiq

At the LHC, the cross section (see Equation 1.1) for a given process is a measurement
of the rate in which it is produced in the proton-proton collisions. For all the channels
under study, the associated production of a Z boson with a charm quark is measured in
the fiducial region, o¢q(pp — Z + ¢ + X). The latter refers to the process rate in the

region of the phase space in which the measurement is done:

e pf > 20 GeV, || < 2.1 where £ = e, u and pgft > 25 GeV, |n/¢| < 2.5 where jet
refers to a charm or bottom jet clustered using the anti-k7 algorithm with radius

R = 0.5. The latter is also known as AKS5 jets in the literature.
e The invariant mass of the lepton pairs, 71 GeV < my, < 111 GeV.

e Angular separation between the leptons from the Z and the jet is AR(jet, ) > 0.5.

The fraction of events produced in the fiducial region with respect to the total number
of events is called the acceptance, A, and is estimated using simulated samples. The

relation between the fiducial cross section and the total cross section is given by
oridlpp = Z+c+X)=Ao(pp > Z+c+ X) (3.7)

In this analysis only ofiq(pp = Z+c+ X) and opa(pp — Z+c + X)/opia(pp —
Z + b+ X) are measured, however they are denoted in the text simply as o(Z 4 ¢) and
0(Z + c)/o(Z + b) to simplify the notation.

In practice, not all the Z 4+ c or Z + b events produced in the fiducial region, N(Z};Ef\I
and NCZ;EEI, are used in the analysis. Only a fraction of them, NIZ{E(%O and Néggo, are

reconstructed in CMS and selected in the analysis depending on the channel.
7+ _ 7+ 7+ 7Z+b  __ Z+barZ+Db
Ngpco =€ "Nagen  » Nreco =€ NGex (3.8)

Usually € is called the reconstruction and selection efficiency and is estimated directly
from simulation. Potential mismodellings between the simulation and real performance
of the detector affect the efficiencies and need to be corrected (the calibration of the
simulation was discussed in Sections 3.3 and 3.4.3). The calibrated reconstruction and
selection efficiencies in the simulation are denoted as €., and shown in Table 3.7 for all

the channels employed in the measurement.



Chapter 3. Z + ¢ cross section measurement 132

€Z+¢ and €4t | Semileptonic (%) | D* (%) | D**(2010) (%) |
Muon channel and Z + ¢ 0.63 £0.02 0.134+0.02 0.10£0.01
Electron channel and Z + ¢ 0.81+£0.02 0.18 £0.02 0.13+0.01
Muon channel and Z + b 2.88+0.08 N/A N/A
Electron channel and Z + b 3.89+0.10 N/A N/A

TABLE 3.7: Reconstruction and selection efficiencies in the form of (%) in semileptonic,
D**(2010) and D* channels for Z + ¢ and Z + b.

With all the ingredients in place, the measured fiducial cross sections, 0z and o(Z + ¢)/o(Z + b),

are computed using Equation 1.1 combined with the definition in Equation 3.8:

6§+CL‘ ) O'(Z 4 b) Néiicgd 6g-l—c :

Where Nglfced (Nglj_tﬁd) corresponds to the number of reconstructed Z + ¢ (Z + b) in the

CMS data and was determined in Section 3.4.5 for all three channels.

Alternatively it is also interesting to re-write the cross section in terms of the signal
strengths, pzyc and pzyy,. The latter were defined as the factor that relates the expected
number of reconstructed events in data and simulation, Ngitgd = MZ+CN1%EFJO' This way,
the number of fitted events, N%ﬁfgd, can be written as
fitted Z zZ Z

N7 = g e NEéo = bzrcer T NEER (3.10)
Combining Equations 3.9 and 3.10, the measured cross section is related with the cross
section of the reference simulation, o/(Z + c)mc = N&ig/L and o(Z + b)mc = Né;gg/ﬁ,

only by the fitted signal strengths.

0(Z+¢) _ pzie 0(Z+ c)uc
o(Z+b) pz4b0(Z+b)mc

0(Z+ ¢) = pzsco(Z + c)me ; (3.11)

In other words, the signal strengths are a measurement of the deviation of the mea-
surement with respect to the predictions from the reference simulation obtained with

MADGRAPH.

3.5.1 Inclusive Z+c and Z+c/Z+b cross section

The associated Z + c cross section in the fiducial region has been measured in three decay
modes and two different Z decay flavours. The extracted signal strengths and number
of Ngj_tﬁd and Ngj_tgd were collected in Tables 3.3, 3.4, 3.5 and the reconstruction and
selection efficiencies in Table 3.7. With this information, the measured cross sections

are computed equivalently for all the channels using Equation 3.9 or 3.11.
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Figure 3.23 (top) shows the measured cross section for each channel. All six measure-
ments are consistent between each other at the level of one standard deviation and they

are combined in a unique measurement:
o(Z +c) = 8.6+ 0.5 (stat) = 0.7 (syst) pb.

The relative Z + ¢ production to Z + b is encoded in the o(Z + c¢)/o(Z + b) ratio that is
measured only in the semileptonic channel. Figure 3.24 (top) shows the measured ratio

in the electron and muon channels, as well as the combined measurement:
0(Z+c)/o(Z+Db) =2.0+£0.2 (stat) £ 0.2 (syst).

In the following, all these measurements are compared with theoretical predictions,
0(Z + ¢)mc and o(Z + ¢)yc/o(Z + b)umc, from three MC event generators: the reference
MADGRAPH sample, MADGRAPH5_AMC@NLO and MCFM. All the theoretical predic-
tions are computed in the same fiducial region as the one employed by the measurement:
two leptons with pZT > 20 GeV, pseudo-rapidity ]ne\ < 2.1, and dilepton invariant mass
71 GeV < mypy < 111 GeV, and a heavy flavour-quark jet with p];t > 25 GeV and
|n7¢| < 2.5. Generated partons are clustered into jets using an anti-kr algorithm with a
radius R = 0.5. Generated jets are separated from the leptons originated in the Z-boson

decay with an angular requirement AR(jet, ) > 0.5.

The reference Z + jets sample used in the analysis is generated with MADGRAPH and
CTEQG6L1 as PDF. A proper k-factor for the normalization is obtained with a NNLO
prediction from FEWZ3.1 and MSTW2008NNLO PDF. Generated events are interfaced
with PYTHIAG for parton shower and hadronization. The predicted cross sections in the

reference sample are in agreement with the measured values:

(Z + ¢)Mapcrarn = 8.14 £ 0.03 (stat) + 0.25 (PDF) pb
0(Z +¢)/o(Z + b)|mapcrapn = 1.8 £ 0.01 (stat).

The predictions from MADGRAPH5_AMC@NLO and NNPDF3.0 [28] PDF set interfaced

with PYTHIA8 [32], are also in agreement with the measurements:

U(Z + C)/U(Z + b)|1VIADGRAPH5,AI\rIC@NLO — ]..87 :l: 0.02 (Stat) :l: 0.07 (SC&leS).

In the above prediccions, the matrix element calculation includes up to 2 partons at

NLO and uses the FxFx[126] merging scheme with scale parameter of 20 GeV.
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FIGURE 3.23: o(Z +c) cross section measurement (top) in six different channels:
semileptonic decays, D, D**(2010) each of them in two Z boson decay channels.
The error bars in the measurement include statistical uncertainties due to the limited
size of the sample in addition to the uncertainty of the fit and systematic uncertain-
ties as described in Section 3.4.6. The combination of all channels is also displayed.
The combined measurement is compared with predictions (bottom) from MADGRAPH
renormalized to NNLO prediction from FEWZ, MADGRAPH5_AMC@NLO and MCFM.
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Finally measurements are compared with predictions from MCFM generator using
MSTW2008, CT10 and NNPDF3.0 sets. Predictions are calculated only at parton level,
and an additional correction (estimated with the reference MADGRAPH sample) of the
order 10% for Z + ¢ are included to take into account non-perturbative effects. Pre-
dictions with the three PDF sets agree up to 10% and taking as reference the largest
prediction from MSTWOS set,

o(Z + c)mcerm = 5.32 4 0.01 (stat)T952 (PDF) 032 (scales) pb
0(Z+c)/o(Z+Db)|mcrm = 1.58 £ 0.01 (stat) £ 0.07 (scales).

The predicted MADGRAPH and MADGRAPH5_AMCQNLO predictions are in agreement
with the measurement. On the other hand, MCFM cross sections and the ratio are
smaller and disfavored by the measurement. Figures 3.23 and 3.24 (bottom) show a

summary of the theoretical predictions compared to the combined measurements.
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FIGURE 3.24: Measured o(Z + ¢)/o(Z + b) cross section ratio from semileptonic decays
in two Z boson decay channel (top), Z — ete™ and Z — pTpu~. The error bars in the
measurement include statistical uncertainties due to the limited size of the sample in
addition to the uncertainty of the fit and systematic uncertainties described in Section
3.4.6. The combined measurement is compared (bottom) with predictions from MAD-
GRAPH5_AMC@NLO, MADGRAPH renormalized to a NNLO prediction from FEWZ,
and MCFM.
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3.5.2 Differential Z+c and Z+c/Z+Db cross section

The o(Z + ¢) production cross section and the o(Z + ¢)/o(Z + b) ratio are also measured
differentially as a function of the transverse momentum of the Z boson and the heavy

flavoured jet in the semileptonic mode.

This measurement is important because differential measurements are sensitive to dif-
ferent regions in the phase space and topologies. For example, they are used to isolate
the regions in the phase space where the modelling of different generators is not opti-
mal (or best) to describe the data. Additionally, differential distributions in the Z + ¢
measurement are also sensitive to a potential intrinsic component of the charm PDF
(more details are given in Section 3.1.1). Several studies suggest that at high transverse
momentum of the Z boson, the differential o(Z + ¢) measurement could discern among
PDF sets that include intrinsic charm component in the proton to others that do not

include it.

Technically, the Z + ¢ differential measurement is done when the original sample is fur-
ther divided into different sub-samples according to the value of the variable of interest,
p% or p]fe !, For each of these sub-samples, the signal extraction fit (Equation 3.10) is
performed independently for the Z — eTe™ and Z — u™pu~ decay modes and the cross
section is measured. The size of each of the sub-samples is chosen in such way that the
secondary vertex mass distribution is sufficiently populated to perform a robust signal

extraction fit (binning is shown in Table 3.10).

Differential measurements are often referred (when relevant) to quantities at particle
level prior to the CMS reconstruction. This is needed because allows an easier com-
parison among different experiments and with theoretical predictions. The transition
between an observable after detector reconstruction to the same at particle level is called
unfolding. For example, one of the typical reconstruction effects are potential migrations
between neighbouring bins in the differential measurement (or inside/outside the accep-
tance) due to the detector resolution. This effect has been studied in the pJT6 " differential
measurement since migrations are expected due to the experimental jet energy scale and
resolution. The largest effect that is observed are potential migrations between the first

and second bin (< 30%), and also between the second and last bin (< 10%).

These effects are encoded in a response matrix built from a dedicated study in simulation
of bin migrations before and after CMS reconstruction. This unfolding is performed with
an analytical inversion of the response matrix and is used to convert fitted signal yields
to those at particle level. The uncertainty in the unfolded fitted signal yields is in
the range 4% — 6% for the Z 4+ ¢ and 4.5% — 7% for the Z + ¢/Z + b ratio. Statistical

and systematic uncertainties discussed in Section 3.4.6 are also propagated through the
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unfolding procedure. Table 3.8 shows the measured differential cross section and the

ratio, as a function of the pg" " for the electron and muon channels separately.
signal do(Z+ signal do(Z+ do(Z+b
Channel N ﬁ (pb) N;f_ba d(p?retC)/ d(:ll‘?fEt )
25 CeV < pif" < 40 GeV
Z—ete | 476 58 | 0.342 £ 0.048 +0.041 | 1022 +£67 | 2.3+ 0.6 +0.2
Z— ptp~ | 583+ 91 | 0.337 £ 0.059 +0.055 | 1393 4+90 | 2.4 +0.5+0.3
40 GeV < p' < 60 GeV
Z —ete | 2890447 | 0.090 £0.027 +0.018 | 843+59 | 1.3+ 0.6 +0.3
Z— pTpm | 456 £66 | 0.103 £0.027£0.014 | 1044 £75 | 1.9£0.5+0.3
60 GeV < p" < 200 GeV
Z—ete” | 310+£56 | 0.01240.003 +£0.008 | 686+64 | 1.74+0.5+0.3
Z— ptp~ | 369 £63 | 0.0134+0.003 +0.007 | 800+75 | 1.9+0.5+0.3
TABLE 3.8: Differential cross section % , and cross section ratio % dil(pzjib)
in the semileptonic mode and in the two Z-boson decay channels. Nzifzal and N;ifﬁa]

are the yields of Z + ¢ and Z + b events extracted from the fit. All uncertainties quoted
in the table are statistical except for the measured cross sections and cross sections
ratio, where the first uncertainty is statistical and the second one is the systematic
uncertainty from the sources discussed in Section 3.4.6.

In the case of the differential measurement as a function of p%, migration effects are
negligible due to the good momentum resolution compared to the size of the bins. In
this case, the response matrix used to unfold the fitted signal yields was measured to be
almost diagonal. Due to this, no unfolding was applied and an additional uncertainty
of 2% was added to the fitted signal yields. Table 3.9 shows the measured differential

cross section and the ratio in the electron and muon channel as a function of the p% .

Channel | Ny&™ it (ob) NyE | T
pp < 30 GeV

Z—ete” | 212 £44 | 0.066 £ 0.014 & 0.010 | 578 £ 52 | 1.5 &+ 0.4 £ 0.2

Z— ptp~ | 380 + 61 | 0.103 + 0.017 + 0.018 | 693 + 68 | 2.7 + 0.6 + 0.4
30 GeV < p7 <60 GeV

Z —ete” | 501 & 60 | 0.144 4 0.017 & 0.019 | 1035 £ 66 | 2.4 £ 0.4 £ 0.3

Z— ptpT | 586 £ 92 | 0.123 £ 0.019 + 0.018 | 1422 4+ 87 | 1.9 + 0.4 + 0.3
60 GeV < pZ < 200 GeV

Z —ete” | 363 &£ 53 | 0.017 &£ 0.002 & 0.002 | 913 &£ 67 | 1.7 £ 0.3 £ 0.2

7 —s 't~ | 474 + 73 | 0.017 + 0.003 + 0.002 | 1056 + 81 | 2.1 + 0.4 + 0.3

TABLE 3.9: Differential cross section d”g)gc), and cross section ratio d”g)gc) / dgt(ii%b)

in the semileptonic mode and in the two Z-boson decay channels.

Nsignal and Nsignal

Z+c Z+b

are the yields of Z + ¢ and Z + b events extracted from the fit. All uncertainties quoted
in the table are statistical except for the measured cross sections and cross sections
ratio, where the first uncertainty is statistical and the second one is the systematic
uncertainty from the sources discussed in Section 3.4.6.
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Finally in Table 3.10 the unfolded cross sections are shown after the muon and the

electron channels are combined together.

[p%min ) p%max] dU(Z+C) [ b] dU(Z+C) /dO’(Zer)
[GGV} dp% dp% deZ,
[0, 30] 0.075+£0.011 £0.012 | 1.8 +£0.3+0.2

(30, 60] 0.133£0.013+£0.018 | 21£0.3+£0.3
(60, 200] 0.017+£0.002£0.002 | 1.9£0.3+0.2

[ Yin’pJTiax] do(Ztc) [pb] do(Z+c) /da(z_+b)
[GeV] dpy’ e

[25, 40] 0.341 £0.037£0.042 | 25+£04£0.3
[40, 60] 0.097 £0.019£0.012 | 1.5£0.3+0.2
(60, 200] 0.013 +£0.002+£0.002 | 1.8+£04£0.3

TaBLE 3.10: Differential o(Z + ¢) cross section and o(Z + ¢)/o(Z + b) cross sections
ratio. The first block presents the differential measurements as a function of the trans-
verse momentum of the Z boson. The second block shows the cross section and ratio as
a function of the transverse momentum of the jet with heavy flavour content. The first
uncertainty is the statistical and the second one is the systematic uncertainty arising
from the sources discussed in Section 3.4.6.

In the remaining of this section, the differential measurements listed in Table 3.10 are

compared with theoretical predictions from the same generators used in Section 3.5.1.

Figure 3.25 shows the differential Z + ¢ cross sections compared to several predictions as
a function of the pgre " (left) and pZ (right). Statistical and theoretical uncertainties in the
predictions are added in quadrature and shown as vertical error bars. In both figures,
the predictions from MADGRAPH (re-scaled to a NNLO prediction from FEWZ 3.1)
and MADGRAPH5_AMCQNLO agree with the measurements at the level of one standard
deviation. The largest difference is observed at the lowest jet transverse momentum,
where the MADGRAPHS_AMCQ@NLO gives the best description of the data. In the case of
MCFM, the predictions were found to be about 40% lower in the inclusive measurement
described in Section 3.5.1. In the differential measurement, this observed disagreement
is more pronounced in the region of the phase space where the jet transverse momentum
is between 25 GeV and 40 GeV.

The differential measurement with the highest pZ in Figure 3.25 (right), covers the
dilepton momentum between 60 GeV and 200 GeV. This measurement is important
because is the one with the highest sensitivity to a potential Z + ¢ enhancement due
to a potential contribution from a non-perturbative component of the charm inside
the proton (see Section 3.1.1 for more details). According to recent studies, the size
of this enhancement could be as high as 20% in the most optimistic scenarios at p% ~
100 GeV. However it is important to keep in mind that predictions have large theoretical

uncertainties and this enhancement could be much smaller.



Chapter 3. Z + ¢ cross section measurement 139

CMS Preliminary 19.7 fo™ (Vs = 8 TeV) CMS Preliminary 19.7 fb* (Vs = 8 TeV)
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F1GURE 3.25: Differential Z + c cross section as a function of the transverse momentum
of the jet (left) and the transverse momentum of the Z boson (right).The combination of
the results in the dielectron and dimuon channels are shown (black dots) and compared
with different theoretical predictions. Statistical and systematical errors are added in
quadrature (green band).

The measurement in the highest p% bin agrees within the uncertainties with the predic-
tion from MADGRAPH5_AMC@NLO that uses NNPDF3.0 set that treats charm pertur-

batively.

The effect of a different treatment of the charm PDF for this 60 GeV < p% < 200 GeV
region has been studied using MCFM with different PDF's as input. Predictions of the
Z + c differential distributions using NNPDF3.0, MSTW or CT10, all using charm gener-
ated perturbatively inside the proton, do not show sizable differences in their predictions.
Additionally, the predictions using the traditional NNPDF' set were also compared with
a modified PDF (NNPDF3IC)[101] prediction in which the charm PDF has been fitted
(see Figure 3.3 and 3.4 in Section 3.1.1 for a comparison of both PDFs). As a result
of this comparison, both PDF sets do not present sizable differences for the same p%
regime of the measurement. As expected, differences among both PDF sets start to be

sizable when the transverse momentum of the Z boson is greater than 200 GeV.

Unfortunately, the sensitivity of this analysis at high p% is limited by the statistics in
the data sample and it is not possible to probe the predictions above p% > 200 GeV,
where the size of the enhancement is expected to be higher. For example, the size of
this enhancement at p% ~ 600 GeV could be as big as a factor two. Due to this, an
updated version of this analysis with the future LHC Run II dataset at 13 TeV should
be able to extend the differential measurement to higher p%, and make a more conclusive
statement about potential o(Z + ¢) enhancements due to an intrinsic charm component

in the proton.
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Finally Figure 3.26 shows the combined o(Z + ¢)/o(Z + b) cross section ratio compared
to several predictions as a function of the Te " (left) and p# (right). All three generators
predict a flat behaviour of the ratio as a function of the observable that is confirmed by
the measurement. However the expected central value of the ratio is rather different for
the three generators. It is a good new that MADGRAPH and MADGRAPH5_AMC@QNLO,
baselines generators at 13 TeV in CMS, give an accurate description of the data con-
firming the inclusive results in Figure 3.24.
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FIGURE 3.26: Differential cross section ratio Z + ¢/Z + b as a function of the transverse
momentum of the jet (left) and the transverse momentum of the Z boson (right). The
combination of the results in the dielectron and dimuon channels are shown (black dots)
and compared with different theoretical predictions. Statistical and systematical errors
are added in quadrature (green band).

The largest difference in the differential o(Z + ¢)/o(Z + b) measurement is concentrated
in the lowest pj; " bin between 25 GeV and 40 GeV. In this region, the difference between
the measurement and the predictions is of the order of one standard deviation, and the
measurement is slightly higher than the predictions of the three generators and the

inclusive measurement.

The differential o(Z + ¢)/o(Z + b) measurement presented in this analysis is an interest-
ing quantity because it appears naturally (for example) in direct searches/measurements
of the Yukawa coupling of the Higgs boson to charm/bottom quarks. The latter is stud-
ied at the LHC with the 13 TeV data in searches of Higgsstrahlung processes of the
type: Z* — H(cc)Z(¢¢) and Z* — H(bb)Z(¢¢), in which Z + b and Z + ¢ are dominant
background processes. This way, the measurement of the differential cross section ratio
presented in this thesis will serve as an important check of the capability of the genera-
tors used in CMS to reproduce the relative rate in which the dominant backgrounds in

these searches are produced.
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Summary of main physics results of the Z + ¢ analysis:

Result 6: Inclusive o(Z + c) cross section measurement }

The fiducial cross section of the associated production of a Z boson with at least
one charm quark is measured in six different final states. Measurements in all the
channels are compatible between each other given the quoted uncertainties. The

combined cross section was determined to be:
ofid(Z +c) =8.6+0.5 (stat) £ 0.7 (syst) pb

in agreement with predictions from MADGRAPH5_AMC@NLO and MADGRAPH

renormalized to a FEW?Z calculation.

Result 7: Inclusive o(Z + c)/o(Z + b) ratio }

The relative production of charm to bottom in association with a Z boson was

measured in the semileptonic channel in the same fiducial region:
ofid(Z +c)/opia(Z +b) = 2.0 0.2 (stat) £0.2 (syst)

in agreement with predictions from MADGRAPH5_AMC@NLO and MADGRAPH

renormalized to a FEWZ calculation.

Result 8: Differential o(Z + ¢) and o(Z + ¢)/o(Z + b) measurement }

The differential o(Z + ¢) and o(Z + ¢)/o(Z + b) distributions were also measured
as a function of the p% or p@a " with heavy flavour content.

Measurements in the region 25 GeV < p&?t < 200 GeV and p% < 200 GeV
are collected in Table 3.10, and are in good agreement with predictions from

MADGRAPH5_AMCQNLO and MADGRAPH.

Result 9: Differential ¢(Z + c) at high pZ N

The differential o(Z + c) cross section measurement at high p% could be slightly
enhanced due to the existence of a charm component in the proton of non-
perturbative origin. This analysis at high p% is limited by the statistics of the sam-
ple, and the measurement in the most sensitive region, 60 GeV < p% < 200 GeV,
can be explained using PDFs that include only charm generated perturbatively.
Future measurements with the new 13 TeV dataset at higher p% > 200 GeV,
where this enhancement is expected to be larger, should be able to exclude or

confirm the existence of a intrinsic charm component inside the proton.
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3.6 7 4+ c cross section measurement: conclusions

Z bosons decaying to electron and muon pairs are one of the most abundant, experimen-
tally clean, and theoretically known process produced at the LHC. Their measurement
in association with jets serves as an excellent benchmark to test the SM predictions from

different generators against the experimental data.

The excellent capabilities of the tracker system to identify jets originated in the hadroniza-
tion of heavy flavour quarks allowed CMS to develop a dedicated program of measure-
ment of Z bosons in association with bottom quarks at 7 and 8 TeV. The Z + ¢ mea-
surement described in this chapter aims to extend this program and provides the cross
section measurement of associated production of Z bosons with charm quarks for the
first time in CMS.

This new measurement serves as an excellent test of the QCD predictions of the SM, as
well as the PDF sets used at the LHC. Particularly, there is an ongoing effort to study
the charm PDF of the proton. Modern PDF sets assume that charm is produced pertur-
batively inside the proton, however it is not experimentally discarded that there could
be an additional intrinsic component of non-perturbative origin that modifies the charm
PDF. For example, according to recent studies from the CT10 and NNPDF groups, its
existence could lead to a small enhancement in the differential Z 4+ ¢ cross section as big
as 20%(100%) for a transverse momentum of the Z boson of pZ ~ 100 GeV (600 GeV).

Z plus heavy flavour jets processes are also interesting in measurements or searches for
new physics since they are often one of the dominant backgrounds. For example, the
yet-to-be discovered Higgs boson coupling to bottom/charm in the Z* — H(bb, cc)Z(¢¢)
channel has a dominant background of Z boson produced in association with heavy
flavour jets. Moving to more exotic searches, diboson resonances of the type X —
Z(00)V(qq) using b-tagging techniques, flavour changing neutral currents of the type
t — Z + c or third generation of light squarks decaying via charm and neutralino, t —
cx?, all have in common that they deal with the associated production of Z — ¢¢ with

heavy flavour jets as background.
The second analysis in this thesis, presents the measurement of the cross section of
o(Z + c) and its relative production to bottom, o(Z + c¢)/o(Z + b), in the fiducial region:
e pf > 20 GeV, ] < 2.1, p]Tet > 25 GeV, |n/¢| < 2.5, where £ = e, i1, and jet refers
to a charm or bottom anti-k7r with radius R = 0.5 (AK5) jet.
e Dilepton invariant mass 71 GeV < myp < 111 GeV.

e Angular separation between the leptons from the Z and the jet is AR(¢, jet) > 0.5.
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The measurement is done inclusively in six independent channels targeting three different
jet topologies. Displaced muons from semileptonic decays of D- and B- hadrons and
D* or D**¥(2010) secondary vertices. The Z 4+ c signal is extracted from a 2 fit of
the secondary vertex mass or the Jet Probability distribution in data, by using those
obtained with the simulation after they have been calibrated using W + ¢ and ey control

regions. The measurements are compatible in all six channels and its combination is:
orid(pp = Z+c+ X) =8.6+0.5 (stat) £ 0.7 (syst) pb

in agreement with the predictions from MADGRAPH5_AMC@NLO, one of the baseline
generator in CMS at 13 TeV for SM precision measurements, and MADGRAPH re-
normalized to a NNLO QCD prediction from FEWZ. The prediction from MCFM
was lower than the measured value. The relative production of charm to bottom in as-
sociation with a Z boson was measured in the semileptonic channel in the same fiducial

region:
oridlpp = Z+c+ X)/opialpp = Z+b+ X) =2.0=£0.2 (stat) = 0.2 (syst)

Again, this measurement agrees with the predictions from MADGRAPH5_AMC@NLO and
MADGRAPH. The MCFM prediction was also lower than the measured value. The data
was further analysed and these cross sections were also measured differentially as a func-
tion of the pgre " and p% . The extracted signals yields were unfolded to particle level and
compared with several theory predictions. MADGRAPH5_AMC@NLO generator predic-
tions showed an excellent agreement with the differential measurement. The agreement
with MADGRAPH was found to be also good. The largest discrepancy between the mea-
surement and the predictions was found in comparison with predictions from MCFM.

This discrepancy is more pronounced in the region 25 GeV < pjTe " < 40 GeV.

The cross section measurement at the highest momentum, 60 GeV < p% < 200 GeV,
is in agreement with predictions from MADGRAPH5_AMCQ@QNLO using the NNPDF set
that treats charm perturbatively. According to theoretical predictions in this p% range,
the size of the intrinsic charm enhancement is expected to be small (and predictions
suffer from large theoretical uncertainties). As a consequence, this analysis alone is not
able to exclude or confirm the existence of intrinsic charm in the proton. Unfortunately,
measurements in the region p% > 200 GeV are limited by the statistics of the sample. An
updated measurement with a larger LHC dataset at 13 TeV, should lead to a stronger

statement about potential Z + ¢ enhancements at larger momentum p% > 200 GeV.

Finally, this measurement uses novel techniques in CMS, such as W + ¢, to study the
performance of charm jets in the context of heavy flavour tagging that are currently

used to calibrate c- and b-tagging algorithms with 13 TeV data.



Summary and outlook

After the discovery of the Higgs boson in 2012, all the particles in the original version of
the Standard Model (SM) have been discovered experimentally. In its current form, this
model is a powerful theory because it makes precise predictions of phenomena that have
been verified to be true in studies using collisions from different particle accelerators
during the past 50 years. However, despite its astonishing power to predict phenomena,
it leaves un-answered some of the fundamental questions and also cannot explain the
origin of some processes observed in nature, e.g the Nature of dark matter or the origin

of the neutrino masses.

Nowadays physicists are convinced that the SM is a valid theory up to some unknown
energy scale, Ayp, in which new processes should manifest in terms of new particles/in-
teractions that could give an answer to those problems. The reason why these new
processes were not discovered in previous experiments is that their effects at low energy
scale are negligible. For this, the new LHC data is an excellent place to seek for new

physics at an unique energy scale in the history of accelerator particle physics, 13 TeV.

Our goal as particle physicists is to understand what are the elementary building blocks
in Nature, their interactions and in general the universe we live in. There are experimen-
tal evidences from cosmology and astrophysics studies that indicate that our universe
evolved from a high density and high temperature state to the universe we know today.
In order to understand how this evolution happened, it is necessary to know if potential

new interactions and particles were relevant at higher energy scales and temperatures.

The physics motivation of the first analysis presented in this thesis is to search for new
interactions that manifest via new W’ bosons, which could have played a role in the early
days of the universe. Their existence could enlarge the symmetry group of the SM and
modify its particle content. After analysing the first 2.3 fb~! of proton-proton collision
ever recorded at 13 TeV in CMS, there are no signs of potential new W’ like interactions
at the new centre-of-mass energy. If such states existed in Nature and manifested in
a similar way as prescribed by the W’ Sequential Standard Model (SSM), their cross

section at 13 TeV must be smaller than

144
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ow' Br(W' — uv) < 3 fb=1 if their mass is larger than My > 2 TeV.

This cross section limit in the context of the W’ predicted in the SSM translates into

the exclusion of Wggy; — pv bosons with masses below 3.9 TeV.

This result, combined with the full searches program of ATLAS/CMS with the early
2015 LHC dataset at 13 TeV, extends the validity of the SM one step higher in energy
scale. At this point, a key question for particle physicist is, how far is this new energy
scale, Ay p, in which the new physics is relevant? We do not know the answer, but our
goal as particle physicist is to keep and keep searching and testing the validity of the
finest predictions of the SM in the laboratory...

Alternatively, the validity of the SM is tested experimentally in precise measurements.
For example, its capability to predict the rate at which rare processes occur at the
LHC serves as an excellent benchmark of the theory against experimental observations.
Precision cross section measurements are an excellent approach to test the accuracy of
the latest theoretical predictions, as well as search for enhancements/deficits in this rate

due to potential sources of new physics.

With this spirit in mind, the measurement of the Z 4 ¢ cross section aims to test the
latest predictions of the strong sector of the SM, as well as the proton PDF modelling of
the Monte Carlo generators used in CMS. For example, several theoretical works point
to a potential enhancement in the differential Z + c distribution at large Z transverse
momentum due to a possible non-zero contribution of an intrinsic charm component
inside the proton. Additionally, the analysis presents the first step towards a program

of 0(Z+c) and o(Z + c)/o(Z + b) cross section measurements in CMS.

Due to the novelty of the measurement, the designed strategy aims to use a simple and
robust analysis. This way, charm jets are selected in different final states targeting three
different jet topologies: semileptonic decays of D and B mesons, and reconstruction of
D* or D**(2010) vertices. These three channels are analyzed when they are produced
in association with a Z boson in two flavour decay modes, Z — e*e™ and Z — u*u~,
thus leading to a total of six different final states enriched in Z + ¢ and Z + b events.
Independent final states serve as cross checks of the measurement, giving an additional
level of robustness to the presented results. All measurements agree at the level of one

standard deviation and the combined results in the fiducial region are determined to be:

oria(pp — Z +c+ X) = 8.6 £0.5 (stat) £ 0.7 (syst) pb
oridlpp = Z+c+X)/opialpp = Z+Db+ X) =2.0=£0.2 (stat) = 0.2 (syst)

both in agreement with predictions from MADGRAPH5_AMC@NLO and MADGRAPH.

The predictions from MCFM are slightly lower and disfavoured by the measurement.
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The cross sections and the ratio were also determined differentially as a function of
the transverse momentum of the Z boson up to 200 GeV, and as a function of the the
momentum of the jet with heavy flavour content in the range 20 GeV < pj; ¥ < 200 GeV.
The differential measurement agrees with the predictions from MADGRAPH5_AMCQNLO
and MADGRAPH and disfavours the predictions from MCFM, especially at the lowest

transverse momentum (25 GeV < pffe b <40 GeV).

The differential measurement with the highest sensitivity to potential Z + ¢ enhance-
ments is in the range 60 GeV < p% < 200 GeV. In this interval, the size of the
enhancement could be as high as 20% according to the most optimistic predictions.
The measurement agrees with predictions made with MADGRAPH5_AMC@NLO and the
PDF set from the NNPDF group using charm generated perturbatively. However it is
important to remark that the size of this enhancement is expected to grow with the
momentum of the Z boson, particularly above 200 GeV. Currently the precision of the
measurement is limited by the statistics of the sample. Due to this, it is expected that
an updated version of this measurement with the future larger dataset at 13 TeV, to be
able to discern between PDF sets that treat charm perturbatively to others that do not
do it.

The results presented in this manuscript are a summary of about four years of research
carried out at the Centro de Investigaciones Energéticas Mediombientales y Tecnologicas
(CIEMAT) as a member of the CMS collaboration. This work was financially supported
by the Formacién de Personal Investigador (FPI) scholarship BES-2012-057486 awarded
by the Ministerio de Economia y Competitividad (MINECO) in December of 2012.

During the four years of research I have been mostly involved in the Z + ¢ and W’ — pv
analysis, and the results presented in this manuscript correspond to the official CMS

results in the topic.

The W’ analysis was carried out during the years 2014-2016 in close collaboration with
Begona de la Cruz Martinez and Oscar Gonzélez Lépez, and it corresponds to the
first search of this kind at 13 TeV in CMS. The analysis was carried out after two
years of upgrade of the detector and the accelerator (2013-2015). During this time, the
calibration of the detector and the readiness of the early searches such as W — puv using
the new 13 TeV data were two of the main priorities for the collaboration. In parallel
with the search, I tried to bring new ideas to study the performance and calibration
of high pp muons. For example, studies with cosmic muons or the development of the
Generalized Endpoint Method, were used as additional methods to calibrate the scale

of high pr muons in early 2015 and used by other analysis within the collaboration.
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The Z + c measurement at 8 TeV is a completely new analysis in CMS and thus required
longer periods of research and brainstorming. The analysis strategy and the methods
employed in the analysis were developed during the years 2012-2016 in close collaboration
with Isabel Josa Mutuberria, taking as starting point the software framework developed
by the W + ¢ at 7 TeV CIEMAT analysis team. The theoretical predictions presented in
Section 3.5 and the unfolding of the differential results to particle level in Section 3.5.2
were not part of my research and all the credit must be given to Isabel. In addition to
the measurement itself, this work brings new techniques and strategies to handle charm
jets for a precision measurement. Particularly it was interesting to recycle traditional
ideas like W + ¢ to calibrate charm secondary vertexing and the discriminant variables
for a new Z + ¢ measurement. For example studies with the W + ¢ sample developed
during the thesis are today one of the standard methods to calibrate the performance

of b- and c-taggers in CMS with charm jets at 13 TeV.

Finally I would like to conclude this manuscript with a short remark. The LHC and the
CMS experiment are two incredible achievements of human kind and guarantee solid
base of particle physics research around CERN. The LHC physics program at 13 TeV
has just started and will give us more than 20 years of pioneering research in particle
physics. The two analysis presented in this manuscript are at the front of research today,
however they were done only with less that 0.1% of the data that the LHC is expected
to deliver in the coming years... With this in mind, the only thing I can say is... Fasten

your seat-belt, surprises ahead in the coming years!

Alberto Escalante del Valle



Medida de la produccion asociada de Z+charm y
Bisqueda de bosones W’ en el experiemento CMS del LHC

por Alberto Escalante del Valle

iSabemos como interaccionan las particulas elementales entre ellas?, jsomos capaces
de predecir cual seria el resultado de colisiones entre dichas particulas elementales en
el LHC? Después del descubrimiento del bosén de Higgs en 2012, todas las particulas
elementales en la versién original del Modelo Estdndar de Fisica de Particulas (ME),
modelo tedrico més aceptado para explicar dichas interacciones, han sido descubiertas
de forma experimental. A dia de hoy, el ME es una teoria con una alta capacidad
predictiva, ya que es capaz de hacer predicciones tedricas con gran precisiéon que han
sido verificadas de forma experimental en los dltimos 50 afios. El objetivo cientifico de
esta tesis doctoral es investigar si el ME es capaz de predecir la frecuencia a la cual los

procesos Z + ¢y W — uv son producidos en las colisiones entre protones en el LHC.

La primera mitad de la tesis doctoral se dedica a estudiar la posible existencia de un
nuevo proceso, W/ — uv, mediado por la existencia de un bosén, W', que seria respon-
sable de un nuevo tipo de interaccién entre particulas. Este tipo de interacciones no
existen el ME, sin embargo aparecen en predicciones tedricas en muchas de sus exten-
siones. En el caso de que dichas interacciones hubiesen ocurrido en la naturaleza, la
existencia del bosén W’ podria ser demostrada gracias a las energias alcanzas en las
colisiones del LHC. Después de casi dos anos de mantenimiento y mejora del LHC y
CMS, en verano de 2015 se han reanudado las colisiones y la toma de datos a una en-
ergia en el centro de masas récord en la historia de la fisica de particulas, 13 TeV. Este
aumento en la energia permite una sensibilidad mayor desde las primeras colisiones para
el descubrimiento de un nuevo bosén W’ con masa en la escala del TeV comparado con
todas las busquedas hechas hasta la fecha. La estrategia del analisis se basa en encontrar
un exceso de produccién en los primeros 2.3 fb~! a 13 TeV en sucesos en los cuales se
han formado un muén de alto momento y mucha energia perdida, ambos medidos en el

plano transverso del detector.

Para poder certificar un posible exceso en la produccién de sucesos con un muén de
alto momento en el plano transverso y garantizar el descubrimiento del W’ (en caso de
haberse producido en las colisiones), es necesaria una rapida calibracién y validacién de
la medida del momento transversal de los muones. Dicha calibraciéon se ha realizado
utilizando una muestra de muones césmicos que fueron tomados antes de las colisiones,

y otra muestra de muones de alto momento enriquecida en sucesos Z — ut ™.
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Una vez analizada la muestra, la frecuencia a la cual estos procesos se han detectado
en CMS se encuentra en acuerdo con las predicciones del ME, desfavoreciendo la pro-
duccién de nuevas interacciones del tipo W/ — uv en los primeros 2.3 fb=! a 13 TeV.
Este resultado en el contexto tedrico del Modelo Estdndar Secuencial (SSM), modelo de
referencia usado por colaboraciones experimentales para interpretar sus busquedas de
procesos W' — pv, excluye la existencia de bosones Wgg); en las cuales el bosén tiene

masa menor de 3.9 TeV.

Le segunda parte del manuscrito presenta la primera medida en CMS de la produccién
de un bosén Z asociada con quarks de tipo charm, Z 4 c¢. El objetivo del analisis es medir
la seccién eficaz de produccion del proceso Z + ¢, asi como medir su produccion relativa
respecto al quark bottom Z + b. Esta nueva medida servird para poder cuantificar el
nivel de precisién las prediciones tedricas del sector fuerte (QCD) del ME y las funciones
de distribucién de partones (PDF), que explican como se distribuye la energia y el
contenido de quarks y gluones dentro del protén. Por otro lado, un posible exceso o
déficit en la medida de la seccién eficaz en la cual un proceso se produce comparado con
predicciones del ME, podria ser una indicacién de fisica nueva o una pista de un nuevo

proceso no recogido en el ME.

Para este estudio se ha empleado una muestra de colisiones de protones a una energia en
el centro de mases de 8 TeV de 19.7 fb~! de tamafio. La estrategia del andlisis experimen-
tal se basa en la identificacién del bosén Z a través de su desintegracién en parejas de elec-

Te~ 0Z — pTp y laidentificacién de quarks

trones o muones con carga opuesta, Z — e
de tipo charm en tres estados finales independientes: desintegraciones semilepténicas de

hadrones de tipo B y D y la reconstruccién de hadrones D o D**(2010).

Como resultado de este estudio, la seccién eficaz del proceso Z + ¢ ha sido medida en la
regién fiducial o(Z 4 ¢) = 8.6+0.5 (stat)+0.7 (syst) pb y su produccién relativa respecto
al quark bottom o(Z+c)/o(Z+b) = 2.0 £ 0.2 (stat) £ 0.2 (syst). Ademads, dichas
medidas se han hecho también de forma diferencial en funcién del momento transversal
del bosén Z y del momento transverso del quark de tipo charm. Todas las medidas se han
comparado con diferentes predicciones tedricas llevadas a cabo siguiendo las predicciones
del ME. El resultado de dicha comparativa muestra que las medidas estan en acuerdo con
las predicciones de MADGRAPH5_AMCQNLO y MADGRAPH, generadores Monte Carlo

frecuentemente utilizados para producir simulaciones en muchos otros analisis de CMS.

Los resultados presentados en esta tesis ponen de manifiesto, una vez mas, la excelente
capacidad predictiva del ME utilizando como referencia una nueva medida experimental,
el estudio de la produccién del proceso Z + ¢. Al mismo tiempo, la biisqueda de nuevas
interacciones W — ur a 13 TeV extiende la validez de sus predicciones para explicar

las interacciones entre las particulas un paso mas alto en energia.



Appendix A

Summary of the Standard Model
of Particle Physics

The Standard Model of Particle Physics (SM) is a local gauge theory of quantum fields
that provides a theoretical framework which is able to describe almost all the exper-
imental measurements in particle physics with high precision up to date. It is based
on the symmetry group SU(3)c ® SU(2)p ® U(1)y, and describes three of the four
fundamental interactions in nature: strong, weak and electromagnetism. These inter-
actions are manifested via the exchange of spin-1 gauge fields: gluons, W* and Z and
the photon respectively. Experimentally we know that the gluons and the photon are
massless, whereas the W* and Z bosons, responsible of weak interactions, have non-zero
mass. The Higgs mechanism provides an explanation to the non-zero mass of the weak
gauge bosons, and gives rise to the appearance of a massive scalar spin-0 state, the Higgs

boson.

All the visible matter content in the Universe is described in the SM framework by
fermionic spin-1/2 constituents, grouped into quarks and leptons. Quarks participate
in all the three fundamental interactions, whereas leptons do not participate in strong
interactions. As of today, six quarks and six leptons have been discovered experimentally,

which are organized into three families or generations.

The first generation is responsible for everyday matter and is made of an up quark (u)
with charge +2/3 and a down quark (d) with charge -1/3, the electron (e) and a neutral
neutrino (). The second and third generations appear as heavy replicas of the first
generation with the same quantum numbers and a similar particle structure. They are
made of one up-type quark (c, t) one down-type quark (s, b) and a negatively charged
lepton (y, 7) with the corresponding neutrino (v, v,). Additionally each particle in the

SM has a carbon copy, called its anti-particle, with opposite electric charge, and in the

150
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case of fermions also opposite flavour quantum numbers. A summary of all the particles

in the SM and their properties is shown in Figure A.1.
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FicURE A.1: Fundamental particles in the Standard Model with their corresponding experimental
masses and properties according to the Particle Data Group

The only known interaction that is missing in the SM framework is the gravitational
force. This is because it is challenging to fit in a single theoretical framework general
relativity and quantum mechanics. As of today, their theoretical unification is an active
front of research in the theory community. The lack of gravity in the SM is not a problem
for the LHC phenomenology, and the reason for this is that at the distances and energies
probed in particle accelerators, the gravitational force is too weak compared to the other

forces and is neglected.

This appendix is not a direct result of my research and it rather contains a short intro-
duction to the Standard Model of Particle Physics. The way the concepts are introduced
is heavily inspired by lecture notes from [127], [128] and personal notes from Summer
Schools T attended during my formation. The appendix focuses on the presentation of
the fundamental interactions in the SM, the problem of the mass in the SM, and its
solution through the spontaneous symmetry breaking of the SM symmetries and the

Higgs mechanism.
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A.1 Local gauge invariance

The Standard Model is a gauge theory of quantum fields and in its mathematical formu-
lation the Lagrangian density, £(¢;, 0u¢;), is a Lorentz-invariant function of the quantum
fields, ¢;, and its space-time derivatives 0,,¢;. The fundamental interactions appear in
the theory when local gauge invariance is required in the free Lagrangian of the physical

system.

This way, L£(¢;,0,¢i), is said to be local gauge invariant when the physical system is
invariant under local ¢ ' — U¢ transformations of a certain type. In the latter, the
transformation matrix, U, belongs to the group SU(N) of N x N unitary matrices with
Det(U) = 1. An important property is that any SU(N) matrix that defines the local

gauge transformation, U, can be re-written as:
U = ¢T0(@) (A1)

Where T% are @ = 1, ..., N>—1 Hermitian traceless matrices that are called the generators
of the SU(N) group. Each pair of generators of the group satisfy, [T¢,T?) = ifebeTe,
where f%¢ are real numbers that are called the structure constants the group. The 0, (z)
are arbitrary parameters of the transformation and depend on the space-time coordinate

x. A sum over a repeated upper and lower index is assumed in this appendix.

The complete Standard Model Lagrangian is invariant under local SU(3)c ® SU(2)r, ®
U(1)y transformations. The fundamental interactions between different particles in the
Standard Model Lagrangian, Lsaq, are contained into two main pieces. The strong
sector (QCD), Locp, and the electroweak sector, Lgyy, which unifies electromagnetism
(QED) and weak interactions.

In the following sections, local gauge U(1), SU(3) and SU(2); ® U(1)y invariance is
required separately under a free Lagrangian. These requirements lead to the Locp,
Logp and Lgyy Lagrangians respectively. The aim of this appendix is to show different
examples of how the gauge principle is able to generate different interactions via the

exchange of spin one bosons.

However it must be noted that the gauge principle alone is not enough to build the SM.
This procedure generates interactions mediated only by massless bosons and experimen-
tally it is well known since many years that the W and Z bosons are not massless. The
discussion of the mass in the SM requires the inclusion of the Higgs mechanism and the

concept of Spontaneous Symmetry Breaking that are presented separately.



Appendix. Standard Model of particle physics 153

A.2 Quantum Electrodynamics: QED

In this section the QED Lagrangian, Logp, is derived by requiring invariance under a

local U(1) transformation to the massive free Dirac fermion Lagrangian:

Lo = ipy"Outp — mip) (A.2)

Under a local SU(1) transformation ¢ — v = ¥e'Q9®) £ is not invariant due to the
presence of an extra term containing d,6. However there is a possible solution if one
adds an extra term to Lo transforming in such a way that cancels out the extra 9,0
term. This is done by introducing an extra spin-1 field to the free Lagrangian, A,
transforming as

1
A= Ay = Ay = 0,0 (A.3)

Once the new spin-1 field has been included, the new Lagrangian is now invariant under

local U(1) transformations:

L= Lo QU A (A.4)

Local U(1) gauge invariance required the introduction of new term —SQT/_)’}/“AMT/). This
term corresponds to a new interaction between a Dirac fermion and the new spin-1 field,
A, A mass term ~ %mQA“AM for the new gauge field is not allowed because violates
gauge invariance, so the new spin 1 field has to be massless and is nothing else than
a massless photon field of QED. @ is the gauge charge and it depends on the gauge
quantum numbers assigned to the fields in the theory. The parameter e is called the

electric charge and governs the size of the electromagnetic coupling.

In its current form, £, does not include the propagating properties of the electromagnetic
field in the Maxwell equations. Due to this, an additional gauge invariant kinetic term
has to be added.

Laim = —iF"”FM,, (A.5)

Where F* = gFAY — 9% A* is called the field strength. Putting everything together, the
QED Lagrangian reads:

Loep =~ FW Fyy + 00y — mibp — eQun® Ay (A.6)

Finally Equation A.6 can by simplified by defining the covariant derivative of the field:
YDy¢ = Do = v*[0, + ieQA, )¢ and the simplified Logp reads as

1 .- -
ﬁQé’D = _ZF#VFMV + W’Y“Dﬂf - mWﬁ (A7)
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A.3 Quantum Cromodynamics: QCD

Since the discovery of the quark in 1968 and the gluon in 1979, we know that the proton is
not an elementary particle and is made up of quarks and gluons. The posterior discovery
of a mysterious new bound state made of three up quarks, A*™, forced the introduction
of a new quantum number, the color quantum number, to avoid the violation of the
Pauli principle. The interaction that binds quarks together to form hadrons like the
proton is the so-called color or strong interaction, and it is described theoretically by
Quantum Cromodynamics (QCD). Each quark exists in three possible different colours
(red, green, blue) and forms a color triplet. Gluons are spin-1 bosons that mediate

strong interactions and carry color-anticolor charge.

QCD has two important properties whose origin is still not well understood, quark con-
finement and asymptotic freedom. Confinement refers to the experimental fact that all
observed hadrons are colourless, whereas each of its constituent quarks has color. As a
consequence, free-quarks have never been observed experimentally and only colourless
hadrons made of 2 or 3 quarks, denoted as mesons and barions respectively, exist in
Nature. Asymptotic freedom refers to the property of the strength of strong interac-
tions that, in contrast to QED, decreases when the energy scale of the interaction, Q?,
increases. In other words, for large momentum transfer or small distances like at the

LHC, the quarks inside the proton behave almost as free particles.

The QCD Lagrangian can be derived requiring local gauge invariance, as in the QED
case, but in this case the invariance is under a larger gauge group, SU(3). In contrast
to the U(1) group, the generators of SU(3) are eight matrices, \,, called Gell-Mann
matrices that do not commute with each other. Due to this, QCD is also referred as a

non-Abelian theory.

Let’s consider the free Lagrangian for a fermionic triplet ¢ = (q},q?,qg), where the

superscript indicates the color (red, green, blue) and f is the quark flavour (u,d,c,s,t,b).

Lo=1iY p(v'0u — mpbs)py (A.8)
f

Under a local SU(3) transformation ¢ — 1" = wei%e(x)“, Ly is not invariant similarly
to the QED case. The gauge invariance is guaranteed if eight different spin-1 gauge
bosons, G identified as the gluons, are added to the free Lagrangian with the following

transformation properties:

1
GH — GF — ;aﬂea — fabeg, G (A.9)
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Where g, is the strength of the strong interactions and f%¢ in the last term of the

transformation are the SU(3) structure constants.
[A%, 0] = 4 fabepe (A.10)

Once the gluon fields with the proper transformation rule are introduced, £y becomes
gauge invariant,

A

L =L _QS;QEfVuGgwa (A~11)

In its current form, the Lagrangian does not include a kinetic term and hence cannot
describe a propagating field. Due to this, an additional kinematic term that respects

the transformation rules of the gauge field has to be added
1 Uy a
Liin = _ZGG Gl (A.12)
Where G4 is called the field strength, and has the following gauge invariant form
GH = OMGY — 0"GH — g5 f*™ G GY. (A.13)

The non-commutativity of the generators \* gives rise to additional terms in the kinetic
Lagrangian involving the gluon fields themselves. Putting everything together, the final
QCD Lagrangian has the following form,

1 vV a . Iy T n A?
Lacp = —; GGGy, +i D (10 — mpp by — g5 > GGl by (A.14)
f f

and if one decomposes the Lagrangian into its different pieces, it is explicitly visible the

richer QCD phenomenology compared to QED,

1 . - -
Locp = —Z(aHGZ — 0"GY)(0,Gy, — aVGZ) t Z V(YO — mpthy )iy
f

_ A
_ B
9s §f rwGa 5y
_i_%fabC(auGV . auGu)Gb G¢ — &gfabcf G,uGZ/GdGe
2 a a) T uv 4 ade™ Ty T, Uy

The non-Abelian nature of the generators of the SU(3) matrices gives rise to cubic and
quartic self-interactions of the gluon field encoded in the last line of the expanded QCD
Lagrangian. As is the QED case, the SU(3) symmetry forbids a mass term of the form
%m%Gﬁ G}, and the gluons have to be massless. Finally the presence of self-interactions
is a new feature with respect to QED, and one would expect them to explain some of

the particular properties of the QCD like asymptotic freedom and confinement.
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A.4 Electroweak unification

Weinberg-Salam-Glashow in the 60’s proposed a unified description of two of the four
known fundamental forces in Nature: electromagnetism and weak force, the latter being
responsible for beta decays. Despite the differences between both interactions at low en-
ergies, they proposed that above certain energy scale, both interactions should manifest
as an unique force, called electroweak interaction (EW). One of the main predictions of
the EW theory is the existence of the W¥ and Z bosons. Their discovery in 1983 by the
UA1 and UA2 collaborations, confirmed and established the electroweak theory as one

of the pillars in the SM.

Prior to the W and Z discovery, it was known experimentally some of the unique prop-
erties of weak interactions, not present in QED and QCD, that the unified model had
to address. For example, in 1957 the Wu experiment observed a 100% parity violation
in the angular distribution of 8 decays of the type n — pe~v,. Since then, the parity
violation in weak decays has been confirmed in many experiments, however, its origin in
Nature is still not well understood. Today we know experimentally that only left-handed

fermions' and right handed anti-fermions participate in weak interactions.

In the electroweak formulation, left handed fermions, L, transform as SU(2); @ U(1)y
doublets and right handed fermions, R, as U(1)y singlets. This choice is motivated by
the fact that we have never observed lepton flavour violating processes in leptonic weak
decays. Due to this, a doublet representation that turns left handed electrons into left
handed neutrinos of the same SU(2) doublet is appropriate. Additionally, in order to
reproduce observed parity violation in weak decays, left and right handed fermions must
have different weak isospin I = % and I = 0 respectively. The third component of the
weak isospin, I3, is conserved in weak interactions and has value of 03/2 = £1/2 or

o3 = 0 depending on the fermion.

In local SU(2) gauge transformations, the generators, o;, are the Pauli matrices, and in
the case of local U(1)y transformation, Y, is identified with the weak hypercharge. The
physical interpretation of the weak hypercharge and its relation with the weak isospin
and the electromagnetic charge in QED, will be postponed to next section. In summary

all the needed ingredients with the corresponding transformations are the following:

_ (¢ u 1 (Y B@)+ G ()
L < >L,(d,)L... L—IL —e Fai@)

R=egpur,dg,.. R—-R =eYP@WR [1=0=0

Left and right handed fermions are defined as the projections of Dirac fermions ¥y g = ?d)
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In the quark sector, the situation is slightly different since we have observed experimen-
tally mixing between flavours and CP violation in kaon decays. This observation can be
encoded in the EW theory if the weak eigenstate d’, s’, ' are not the same as the mass
eigenstates d, s, b. Their relation is given by the Vg (Cabibbo-Kobayashi-Maskawa)

unitary matrix, and its elements have to be measured experimentally:

d 0.97427 £ 0.00014 0.22536 £ 0.00061 0.00355 £ 0.00015| |d
s'| = [0.22522 + 0.00061 0.97343 + 0.00015  0.0414 + 0.0012 S (A.15)
d 0.00886 £ 0.00033  0.0404 £ 0.0012  0.99914 + 0.00005| |c

The Lgw is obtained requiring local SU(2); ® U(1)y invariance into the free Dirac
Lagrangian, Lo, similarly to the QED and QCD cases. As in the other examples, this
requirement turns partial derivatives into covariant derivatives, and introduces as many

new fields as generators of the symmetry group:
DL = [0, +igW,, +ig'Y B,]L (A.16)

DR =10, +igYB,R (A.17)

where VNVM is defined as

1) 3 1 A2
W,=Zwi=_ W o Wy =i, (A.18)
2 2 \wr+awg o W

The W;L where ¢ = 1,2,3 are three new spin-1 massless fields that are introduced to
guarantee local gauge SU(2);, invariance. The field B,, is another massless field intro-
duced to preserve the U(1)y local symmetry. The parameters g and ¢’ are the coupling

strengths of the new W and B interactions respectively.

As in the QCD and QED example, in order to allow the propagation of the W and B

fields, a gauge invariant kinetic term is also needed. This way Lg)y can be written as:

1 1 — =
Lew = _ZWé‘”Wgy - ZBWBW + E iL;PL; + iR;DR; (A.19)
Yi=L,R

Where the field strengths, B, and W . are introduced in a gauge invariant way

N
B, = ouB, — 0vB, (A.20)
Wi, = 0,W5 — 9,Wy — ge " Wiw) (A.21)
Since the Pauli matrices do not commute [o%, ab] = €™¢5¢, the kinetic term, —iWLf ”Wl‘fy,

will raise to cubic and quartic self interactions involving the Wﬁ fields themselves.
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However it is important to notice that, in contrast to QCD and QED, the gauge symme-
try forbids writing a mass term for the fermionic fields. The reason for this is that such
a term would mix left handed and right handed chiralities. The latter is not possible in
the EW theory since left handed and right handed fermions have different transforma-
tion properties. Additionally, a mass term for the gauge fields is also forbidden because

such term would also violate local gauge invariance.

Neutral currents and mixing of SU(2) and U(1)

The next step in the electroweak unification is to identify the new gauge fields, W3
and B, with the known physical Z and the photon . Experimentally we know that
neutrinos do not couple with the photon field, however the term iL;DL; + iR;IDR; in
the Lgw in Equation A.19 presents such coupling. As a consequence, this coupling is
problematic and breaks the naive identification of the B, field with the photon field, A4,.

Nonetheless, since both fields are neutral, one can try a linear combination of them:

W
By,

Zy

I (A.22)

B [cos Ow  sin Oy

—sinfy cos by

where Oy is a free parameter in the theory, called the weak mixing angle. Re-writing

the relevant kinetic terms of the neutral-current Lgy Lagrangian in terms of the mixed
fields Z,, and A, leads to:

L= Y br"{Aulg%) sinbu +g'Y cosbuw] + Z,lg5 cosbw — g'Y sin by}
Yi=L,R
(A.23)

In order to identify A, in Equation A.23 as the electromagnetic field from QED in

Equation A.6, the following two conditions need to be satisfied simultaneously:
gsinby = ¢ cosby = eQ Y=Q-1I3 (A.24)

Where now the identification of I3 = % becomes manifest and the electric charge, @,
is naturally defined from the weak hypercharge. The relation, Y = @ — I3, is called
the Nishijima-Gell-Gann’s formula, and allows to compute the weak hypercharge of the

different fermions:

Y(ve,)=Y(er) = — Y(Vep) =0 Y(er)=-1

Y(ug) =Y (dr) == Y(ugr)=2/3 Y(dr)=-1/3

RN

The Oy angle is a free parameter in the theory that can be measured with high precision
from weak decay rates. Its precise value will have important consequences that can be

tested experimentally. For example, its value will fix the relation between the mass of
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the physical W and Z bosons in the context of the Higgs mechanism.
gl
sin Oy = = 0.215. (A.25)

VR

One of the main predictions of the EW theory that has been verified in high energy

colliders with high precision, is that the fermionic coupling of the Z,, shown in Equation

cong (I3 —sinOw Q).

A.23, is not universal and is given by

Finally neutrinos in the SM have exactly zero mass and a possible right-handed neutrino,
VR, is not included in the EW theory because it would not interact with any of the

fundamental forces, thus, resulting undetectable.

Charged Currents: W boson in the SM model

The interaction of the W bosons with leptons is encoded in the term Z%: L.R iL;DL;
in Equation A.19. Motivated? by Equation A.18, it is possible to define the physical W
bosons as (W' +iWW?)/v/2 and write down all the interactions of the fermions with the
W field. As an illustrative example and for its simplicity, lets consider the coupling of

the W only with the second generation of fermions: L = (’;;)L and (),

EglgGen _ E

= ﬂ{VﬁLW+ML+61W+VCKM21dL+61W+VCKM228L+C}JW+VCKM23bL+h.C}

(A.26)
Charged current interactions that involve leptons, W — [v, are universal and diagonal
with a unique coupling strength g. Table A.1 shows the branching ratio of the W boson

as predicted by the theory compared to the measurements.

Parameter Experiment Theory
BR(W — [tv) (32.58+ 0.27)% | ~3/9=0.33
BR(W — eTv,) (10.71 £ 0.16)% | ~1/9 =0.11
BR(W — utvy,) (10.63 £ 0.15)% | ~1/9 =0.11
BR(W — 7tu;) (11.38 £ 0.21)% | ~ 1/9 =0.11
BR(W — Hadron) | (67.41 £ 0.27)% | ~ 2-3/9 = 0.66
BR(W — ¢X) (33.3 £ 2.3)% ~ 3/9 =0.33

TABLE A.1: Branching ratio of the SM W boson into different fermions.

In the quark sector, W — g;q;, the weak interaction basis is different than the mass
basis and breaks the universality. This way flavour changing weak decays are allowed
and are not diagonal. The coupling strength depends the CKM matrix element gV,
in Equation A.15.

2In next section when discussing the Higgs mechanism, this definition of the W appears naturally
when trying to identify the W with the physical boson.
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A.5 Spontaneous symmetry breaking and
Higgs mechanism

As already described in the previous section, the electroweak SM is invariant under
local SU(2)r, ® U(1)y gauge transformations. It was also noted that, in its original
formulation, the Lg)y Lagrangian only contains massless W1, W2, W3, B bosons and
fermions. However it is known experimentally since many years that, for example, the

physical W and Z bosons have a non-zero mass whereas only the photon is massless [74]:
My = 80.385+£0.015 GeV Mz =91.1876+0.0021 GeV M, < 1078 eV (A.27)

In order to solve this puzzling situation, a new important ingredient needs to be added
to the SM. A complex scalar doublet field, denoted by ¢,

+
-] s

Where ¢t and ¢° are two complex fields and together form a isospin doublet with
quantum numbers I3 = +1/2 and Y = 1/2 respectively. This particular choice of the

quantum numbers is necessary to keep the photon massless.

This new scalar field enters in the Lg)y Lagrangian as a new term, Lpiggs, that is also

SU(2)r, ® U(1)y gauge invariant:

Liiggs = (D)1 (Dyo) — V() = (D"9)'(Dyo) — 1*(¢'9) — A(676)” (A.29)

Additionally, it is also possible to a include Yukawa interaction term, Lyukawa, Petween

the new scalar field and the fermions with strength Y;;,
£Yukawa = tYij [Ez¢Rg + ]’LC] (ASO)

Firstly it is important to focus on the particular structure of the minimum of the Higgs
potential, V(¢), in Equation A.29. If the self interaction is negative x> < 0 and the quar-
tic coupling A > 0 positive, there is a degenerate set of states with non-zero minimum

energy®,

(01¢°]0) = 4/ —~ (A.31)

Where v = \/TQ//\ ~ 246 GeV is denoted as the Higgs vacuum expectation value

(VEV) and can be determined from the muon lifetime measurement. This particular

3These conditions are imposed in the potential in order to have a non-zero VEV in the Higgs potential.
Their particular values cannot be obtained from first principles.
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value is a key parameter in the theory because sets the energy scale, also known as
electroweak energy scale, in which the Higgs mechanism played a role in the evolution

of the early universe.

Keeping this energy scale in mind, it is interesting to distinguish two eras in the evolution
of the universe: T'(t) >> v and T'(t) << v, where T'(t) refers to the temperature of the
universe at some point in time, . At the very early universe, at high enough energy
and temperatures 7' >> v, the SM is invariant under SU(2);, ® U(1)y transformations
and V(¢) has a degenerate set of states with minimum energy (¢) = 0. However as
the universe cools down to energies below the electroweak energy scale, T' << v, the
symmetries in the SM will spontaneously break, and the Higgs potential, V(¢), will
acquire a non-zero vacuum expectation value among the degenerate set of states with
minimum energy in Equation A.31. A this point, the minimum of the Higgs potential

is not longer around (¢) = 0.

With this in mind, and due to the SU(2) invariance of the Lagrangian, it is possible to
rewrite the scalar field in terms of a shifted and re-parametrized potential, H = ¢—v/ V2,
that is also known as the Higgs field

(0405 0
H = iy [ ] (A.32)

This freedom in the choice of the Higgs potential is caused by the presence of three
non-physical massless Goldstone bosons, 6;, that have never been observed in nature.
The problem of their existence can be solved if the original SU(2); ® Uy symmetry
of the Lagrangian, is also broken with the choice of a particular unitary gauge (6; =
0). This choice will remove the non-physical massless Goldstone bosons, break the
SU(2), ® Uy symmetry, and leave the SM Lagrangian invariant under the unbroken
U(1)gm symmetry.

As a consequence of the Spontaneous Symmetry Breaking (SSB) of the SU(2); ® Uy
symmetry and the Higgs mechanism, the W and Z bosons acquire mass and interactions

with the Higgs field trough the kinetic term in Lg)y (Equation A.29):

g2

8cos20y,

2
SSB
D¢D,¢ 255 4 (v + H)? [%WJW“ +

2, 2" + ... (A.33)
Where the W field in the above expression corresponds to (W' + iWW?2)/y/2 and is the
physical W boson. The masses of the W and Z bosons are identified with the terms
%MWWJW“ and %M 7224, 4" in Equation A.33 respectively. From their mass relation,
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one gets a very important prediction that can be tested in particle accelerators
COS HW = Mw/MZ (A.34)

where Oy is again the weak mixing angle that appeared in Equation A.25 relating the g
and ¢’ couplings. This important relation fixes the mass of the W boson with the mass
of the Z boson, and has been confirmed experimentally to be true in measurements in
particle accelerators with high precision. This confirmation gave a strong experimental
support to the presence of SSB mechanism due to a scalar field to explain the masses of

the weak bosons in the SM.

Nevertheless, the final and definitive experimental confirmation of this mechanism, re-
quires the discovery of a new scalar boson in the theory, the Higgs boson. The latter

acquires its mass trough his self interactions in the Higgs potential

SSB 1 1 1
Vip) 222 . — 5\/—2u2H2 - %\/—QMQHS - @\/—2M2H4 + ... (A.35)

Unfortunately for experimental physicist the Higgs boson mass, My, is not predicted in

the SM as long as A is a free parameter in the theory
My = V2. (A.36)

After decades of searches in previous particle accelerators such as LEP or Tevatron, the
Higgs boson was finally discovered in 2012 by the CMS and ATLAS experiments at the
LHC. They measured the Higgs boson mass to be:

Mpy =125.7+0.4 GeV (A.37)

This discovery provides the final experimental evidence of the existence of SSB breaking
in the SM, and confirms the Higgs mechanism as our best explanation of the mass of
the W and Z bosons.

Finally the Higgs boson also gives mass to the fermions via their Yukawa couplings to
the Higgs field. Rewriting Equation A.30 in terms of the Higgs field after SSB, one
obtains:

SSB v+ H

EYukawa —_— — Y;j(ﬁ)ﬁfj (A38)

Choosing the Yukawa matrix to be diagonal, the masses of the fermions can be written

i3

as a function of the Yukawa couplings y; of the Higgs field with the fermions:

YeV YuU

My = ==
Y2

(A.39)

me =

S



Appendix. Standard Model of particle physics 163

This way the heavier the mass of the fermion, the larger its Yukawa coupling with the
Higgs field. The experimental evidence of the coupling of the recently discovered Higgs
boson to the heaviest fermions (but lighter than the Higgs itself), bb + 77, confirmed

these Yukawa couplings as our best explanation to the mass of the fermions.

Conclusion

The gauge principle allows, in a simple way, to introduce in the theory the different
interactions we know in nature: strong, electromagnetic and weak interactions (excluding
gravity) imposing only symmetry arguments. However as a result of this exercise, the
built theory only contains interactions mediated by massless spin-1 fields. The latter
is in clear contradiction with experimental measurements of the mass of the W and Z

bosons.

A simple solution to this problem is to add a scalar field to the theory, and spontaneously
break the original symmetry and generate masses for the different particles. This solution
was confirmed experimentally in 2012 after the discovery of the Higgs boson. The
latter also closes the search for the SM particles, since all of the have been detected

experimentally.

In the process of building the SM, it was needed to introduce ’only’ 18 different parame-
ters, whose value cannot be predicted by the theory. These parameters are: 3 masses for
the leptons (leaving the neutrinos massless...), 6 masses for the quarks, 3-mixing angles
and 1-CP violating phase in the CKM matrix, 3 gauge couplings, a vacuum expectation

value and the Higgs mass itself.



Appendix B

Publications and technical reports

During the development of this thesis several publications as well as technical reports
were written that further expand the content of the thesis. Particularly by publications
I refer to CMS reviewed documents (either published or not) that are approved by the
CMS Collaboration to be shown in international conferences. Technical reports refer to
documents that described the step by step details of an analysis and their content is

only available for members of the CMS Collaboration.
Publications:
e "Search for heavy gauge W’ boson in events with an energetic lepton and large

missing transverse momentum at /s = 13 TeV 7. December 2016. arXiv:1612.09274.
Submitted to PLB.

e "Measurement of associated Z+charm production in pp collisions at 8 TeV ”.
August 2016. SMP-15-0009.

e ”Search for SSM W’ production, in the lepton+MET final state at a center-of-mass
energy of 13 TeV 7. December 2015. EXO-15-005.

e "Performance of b-tagging at /s = 8 TeV in multijet, t¢ and boosted topology
events”. September 2013. PAS-BTV-13-001.

Technical reports:

e "Measurement of the high pt muon momentum scale using the endpoint method”.
AN-15-228. December 2016.

e "New measurement of c-jet tagging efficiencies in W associated with charm at
Vs = 13 TeV 7. AN-2016-162. August 2016.
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e "Measurement of associated Z+charm production at 8 TeV 7. AN-2014-235. Au-
gust 2016.

e ”Search for new physics in lepton+MET at 13 TeV ”. AN-2015-226. December
2015.

e "Preparation for Run II : Search for new physics in lepton+MET at 13 TeV 7.
AN-2015-094. August 2015.

e "Measurement of c-jet tag efficiencies in W + ¢ at /s = 8 TeV”. AN-2014-225.
February 2016.

e ”Combination of b-tag efficiency measurements for the 22-Jan-2013 dataset”. AN-
2013-213. September 2012.

e "B-tagging efficiencies with non-prompt J/¢”. AN-2013-154. September 2012.
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