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ABSTRACT

Particle physics concerns the understanding of the fundamental building blocks of nature,
the production of particles and their interactions. The experimental study of high energy
collisions allows us to probe the theoretical predictions pertaining to particles. The Large
Hadron Collider was built on the outskirts of Geneva, to accelerate and collide protons at the
highest energies ever, and allow for the study of the products of these collisions. The ATLAS
detector is designed to detect the particles resulting from the proton—proton collisions and
collect the data for further study.

The discovery of the J/1) meson in 1974 paved the way for the presence of three families
of quarks in the Standard Model of Particle Physics. The production mechanism of J/v at
the LHC is not well understood, and several models have been proposed to explain it, such
as the Color Singlet and Color Octet models. The associated production of J/1 meson with
a W boson offers an additional insight on the production of J/v.

In this thesis, we report the first observation of the W+ + .J /1 production using 4.5 fh—1
of ATLAS data from proton—proton collisions at center of mass energy of 7 TeV at the Large
Hadron Collider. In addition, we measure the cross-section ratio of the W+ +J /1 production
to the inclusive W production. The results are dominated by statistical uncertainties and
suggest that a combination of the different models for J/1¢ production is needed to explain

J /1 production.
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CHAPTER 1

INTRODUCTION

A poet once said, "The whole universe is in a glass of wine." We will probably never
know in what sense he meant that, for poets do not write to be understood. But it
is true that if we look at a glass of wine closely enough we see the entire universe.

— Richard Feynman, The Feynman Lectures on Physics

Particle physics concerns the study of particles, the smallest fundamental units that make
up the observable universe. Since ancient times, Leucippus, and his student Democritus
defined the term drtopo (atom), which is Greek for something that is not possible to be
further divided. Since then, theoretical and experimental progress has found that atoms
consist of a nucleus of protons and neutrons, surrounded by electrons. Furthermore, protons
and neutrons themselves are made of quarks. Interestingly, Epicurus posited around 300
B.C. that atoms do not always travel in straight lines, but that these lines of motion are
occassionally disturbed, avoiding the implicit determinism of the earlier school of thought,
which was only confirmed by quantum mechanics in the early 20th century. Epicurus also
pioneered the scientific method, by insisting that “nothing should be believed, except that
which was tested through direct observation and logical deduction”.

To study the physics of particles, scientists have devised ways to produce fundamental
particles in the laboratory. Protons or electrons are collided in high energies and the particle
products of these collisions are studied for clues into how they are produced and how they
interact with each other. The principle of conservation of energy allows for the production
of more energetic or massive particles, by increasing the energy of collisions. Each time two
particles collide, distinct probabilities govern the rate of production of each different product.
These probabilities can be calculated using theoretical models, such as the Standard Model
of Particle Physics, or measured in experiments built for this purpose. Higher rates of
collision can be achieved with advances in technology and allow us to probe rarer processes.
Rare processes have a low probability of occurring, which may be due to the energy of the
colliding and produced particles, or the rules governing their interactions. Probing even
rarer and processes in higher energies allows us to investigate the universe at a time nearer
the Big Bang, since it is during that time that particles existed in the form that they are

produced in particle collisions.



The Large Hadron Collider was built to further push the forefront of fundamental knowl-
edge in particle physics, and the ATLAS experiment in particular was designed to detect
any signs of new physics, as well as allow the study of even rarer processes than before. The
first observation of one such rare process, the associated production of charmonium with a
vector boson, is reported in this thesis, along with the measurement of its production cross
section using 4.5 fb~! of data from proton—proton collisions at 7 TeV.

Following the scientific method posited by Epicurus, the direct observation of the associ-
ated production of W and J/v is presented in this thesis. Despite the success of the Standard
Model of Particle Physics in describing the interactions between quarks and leptons, the
mechanism behind the production of J/v at hadron colliders is still largely unknown. The
observation and measurement of the production cross section of the associated production
of J/1 and W can shed light to the production mechanism of the J/v. The experimental
apparatus used for this measurement consists of the accelerator of the Large Hadron Col-
lider, and the detectors of the ATLAS experiment. The analysis strategy takes into account
considerations such as the choice of dataset, the selection of the experimental signature and
the determination of efficiencies and background sources. A fit procedure is used to extract
the W= + prompt J /1 signal and calculate the statistical significance of the observation,
considering the main sources of uncertainties. The measurement of the production cross
section of the W= + prompt J /1 process must take into account both the case where the W
and J/1 are produced from the same partons, as well as the multiple parton scattering pro-
duction of W and J/1, where the W and J/1 are produced in different partons in the same
proton—proton collision. The results are compared with theoretical predictions from different
mechanisms of J/1) production to determine which might be the dominant contribution.

In conclusion, this thesis provides the first experimental results towards understanding
J /1 production through the associated production of vector boson with charmonium. In
the interplay between theory and experiment, phenomenologists will be able to use these
results to refine their models, and experimental results with more data will contribute further

knowledge, when they become possible.



CHAPTER 2

THEORETICAL MOTIVATION

I waste much time gaping and wondering. During a walk or in a book or in the
middle of an embrace, suddenly I awake to a stark amazement at everything.
— W.N.P. Barbellion, Journal of a Disappointed Man

The associated production of W boson and J/1¢ meson is described by a range of the-
oretical models, used to describe the production of W, J/v and the associated production
of the two particles. In this chapter, a brief overview of the Standard Model of particle
physics is presented, followed by a discussion of the theoretical ideas proposed for quarkonia

production, along with a discussion of the experimental results on quarkonia.

2.1 The Standard Model of particle physics

The Standard Model of particle physics (SM), proposed by Glashow, Salam and Weinberg
in the 1960s [IH3], is a theory that describes the strong and electroweak interactions between
quarks and leptons via the mediation of force carriers. The theory has withstood a series of
experimental tests, and has predicted the existence of particles before their discovery, and
hence is the dominant theory in particle physics. The SM is a non-abelian broken gauge
theory based on the group SU(3)c ® SU(2);, @ U(1)y. SU(3)¢ refers to the ‘color’ charge
which is carried by the gluons, mediators of the strong force. The SU(2), term denotes the
left handed coupling of the weak isospin doublets, which is responsible for the electroweak
force, via the photon and W and Z bosons, while U(1)y is the weak hypercharge. The model
contains three generations of quarks and leptons, with properties as described in Table

Antiparticles of the aforementioned particles are also part of the SM and can be produced
and interact in a symmetric way as their ordinary counterparts.

The four fundamental forces describe the interactions between the quarks and leptons via
the exchange of virtual gauge vector bosons, which are shown in Table[2.2] The gravitational
force is not included in the SM, but it is too weak at the scales described by particle physics

to matter.



Fermion Short-hand Generation Charge Mass Spin

up u I 2.4 MeV
charm c I +% 1.27 GeV %
top t 11 171.2 GeV
Quarks
down d I 4.8 MeV
strange s IT —31; 104 MeV %
bottom b 11 4.2 GeV
electron neutrino Ve I <22 eV
muon neutrino Vi 11 0 <0.17 MeV 3
tau neutrino Vr 111 < 15.5 MeV
Leptons
electron e I 0.511 MeV
muon W I1 -1 105.7 GeV %
tau T 11 1.777 GeV

Table 2.1: The three generations of quarks and leptons in the Standard Model.

Quantum Electrodynamics [4], [5] describes the interactions between electrically charged

particles via the exchange of a photon, via the following Lagrangian:

£ = 3(iv" Dy — m) iFWFW (2.1)

where v are Dirac matrices, 1) and ¢ are Dirac spinors that represent fermion fields, D, is
the gauge covariant derivative, and Fj,, is the electromagnetic field tensor.

The weak interaction, mediated by the W and Z bosons, is a flavor-changing and parity-
violating force. Charged-current interactions occur via the charged W=, while neutral-
current interactions are mediated by the neutral Z°. Leptons, quarks, and the W and Z
bosons themselves can interact via the weak interaction. However, parity violation dictates
that only left-handed fermions can couple with the W and Z bosons.

The electroweak theory comes from the unification of the electromagnetic and weak forces
into a single field theory. This is achieved using a parity-violating weak force and a parity-
conserving electromagnetic force, in the form of SU(2); @ U(1)y, and correctly predicted the
neutral-current interactions. The W and Z bosons were discovered at CERN in 1983 [6-8]
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Force Boson Charge Mass Spin

Electromagnetic photon 0 0 1
Weak |44 +1 80.4 GeV 1
Weak A 0 91.2 GeV 1
Strong gluon 0 0 1

Table 2.2: The four force carriers in the Standard Model.

and firmly established the electroweak theory.

The mechanism of electroweak symmetry breaking, first described by Brout, Englert and
Higgs [9, [10], is mediated by a massive scalar boson and explains how the fundamental parti-
cles, including the Higgs boson itself, acquire mass. The mathematical formalism enables the
spontaneous breaking of the SU(2);,®U(1)y symmetry to a U(1)g symmetry that preserves
the original electromagnetic symmetry, but gives rise to mass. The Higgs boson was discov-
ered on July 4th 2012 by both the ATLAS and CMS experiments using the Large Hadron
Collider at CERN [111, 12], and resolved one of the main questions in our understanding of
nature.

Quantum Chromodynamics is a non-abelian gauge field theory based on the SU(3) group
and describes the strong interaction between quarks and gluons [13]|. Gluons can self-interact,
which leads to quark confinement, the idea that quarks cannot be observed individually in
nature, and asymptotic freedom, the property that makes the force between the quarks be

stronger at short distances, decreasing with increasing distance [I4HI6].

2.2 J/1 production

Quarkonium is defined as the bound state of a quark and its antiquark. Based on the quark
flavor, there exist different families of quarkonia, such as charmonia (charm-anticharm)
and bottomonia (bottom—antibottom). The .J/1¢ meson is an example of charmonium, but
more charmonia exist with different mass and spin (such as the x. meson). In addition,
the T meson, is an example of bottomonium, which was discovered in 1977 [I7]. The
Standard Model cannot explain the production of quarkonium due to the fact that the
velocity of the consituent quarks of the quarkonia is orders of magnitude different than the

quark rest mass. This is in contrast to high—energy scattering processes, such as the quark—
5



antiquark annihilation to two gluons, which can be calculated from first principles. The
nonrelativistic QCD (NRQCD) formalism is an effective field theory used to overcome the
challenge of explaining quarkonia production by factoring out processes with mass similar

to the momentum scale, from harder processes [18].
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Figure 2.1: The discovery of the J/i¢ meson in November 1974 independently by two
experiments, SPEAR (left) and AGS (right). Both exhibit peaks in the oppositely charged
dielectron mass spectrum consistent with the J/¢ mass at 3.1 GeV.

The J/1¢ meson was discovered by two experiments in November 1974 independently, and
cemented the quark model as the dominant theoretical description of fundamental particles.
The SPEAR experiment at Stanford Linear Accelerator collided electrons with positrons and
reconstructed the hadronic mass, the dimuon mass and dielectron mass of the products, all of
which had a resonant peak at 3.1 GeV [19]. The AGS experiment at the Brookhaven National
Laboratory had a slightly different strategy. It collided protons into Beryllium nuclei, and
the dielectron invariant mass showed the same peak at 3.1 GeV [20]. The observation of
the J/v served to begin the confirmation of the Kobayashi and Maskawa prediction of the
presence of six quarks [21], which added a family of quarks to those proposed by Cabibbo [22].
The presence of six quarks was finally confirmed with the top quark observation by CDF
and DO in 1995 [23] 24].



The J/1¢ meson is an electrically neutral bound state of a charm-anticharm pair, with
mass 3.1 GeV and spin 1. Its orbital angular momentum is 0, and it is characterized by odd
charge conjugation and parity [25]. In addition, the J/¢ width is narrower than would be
naively expected. The decay of J/1 to D meson (charm — antiquark pair) is kinematically
blocked, since the mass of the J/¢ is smaller than two times the mass of the D meson.
The decay of J/¢ to two gluons, that would result in a hadronic signature is forbidden
by quantum mechanics, because it violates the charge conjucation parity. The decay to
three gluons is accepted, but suppressed due to the OZI rule [26-28], which states that the
coupling constant in QCD decreases with increasing energy. Since the gluons must have at
least as much energy as the rest mass of the J/v, the coupling constant appears small to
these gluons. Since strong decays are suppressed, or outright forbidden, the electromagnetic
decay of J/1¢ to a virtual photon, and consequently to two leptons or hadrons, constitutes
~ 30% of the total width [25].

Even though it was discovered more than a generation ago, the J/v production is not
fully understood, as the proposed models fail to predict all of its properties [29-35]. Two
of the main models proposed to explain the production of J/v are the Color Singlet Model
and the Color Octet Model [361-40].

The Color Singlet Model assumes that the J/1 is produced from the gluon gluon fusion
to produce a color singlet J/v and a third gluon, following the leading-order decay, also

shown in Fig. 2.2}
g+g—celJ/d]+g (2:2)

This model has certain shortcomings, since it does not predict the measured cross sections
and wrongly predicts that most of the J/i’s come from x. (charm-anticharm pair with
higher mass and different spin properties than J/1) decays, while measurements show that
this is not the case [41].

The alternative, Color Octet Model, uses the NRQCD formalism and predicts the J/
production in a soft gluon exchange starting from gluon gluon fusion, according to the decay,
also shown in Fig. 2.2}

g+g—celJ/vl+g (2.3)

Even though the predicted cross sections of the Color Octet Model agree with the measure-

ments, the expected spin-alignment profile does not agree, which is the shortcoming of the
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Color Octet Model.

Figure 2.2: The leading-order Feynman diagrams for .J/v production in Color Singlet Model
(left) and Color Octet Model (right).

Other models have also been proposed, such as the Color Evaporation Model [42], but
we focus on these two, since they exhibit differences in the associated production of W+
prompt J/1, which is the subject of this thesis. In reality, it is possible that the production
of J/1 is not a case of one or another, but a combination of models might be needed to

explain it, and is more natural.

2.3 W= + prompt .J/¢ production

The associated production of W= + prompt .J /1 is predicted from both the Color Singlet
Model and the Color Octet Model. With the presence of the W= boson, the production of
W + prompt J /1 can occur at leading-order only in the Color Octet Model, since the W

boson cannot interact strongly, according to the decays, also shown in Fig. 2.3}
ud — ce[J /] + W ad — ce[J /] + W™ (2.4)

The leading-order Color Octet Model contributions to the W=+ + .J /1 production appeared

C

Figure 2.3: The leading-order Feynman diagrams for W= + J /1 production in Color Octet
Model.



to dominate in the literature [43, @4], and observation of the W= 4 .J/1) process was seen as
the definitive confirmation of the Color Octet Model [37, [3§].

Recently, it was proposed that next-to-leading-order Color Singlet Model contributions
can have a comparable cross section as the leading-order Color Octet Model predictions [45].
The first Color Singlet Model contribution involves the strange quark - gluon fusion which

produces a W +charm pair, where the charm fragments into a J/4:
s+g—=Wac+ J/Y (2.5)

Another Color Singlet Model contribution produces the .J/¢ bound state by an off-shell
photon emitted by the quark that also radiates the W boson:

q+q—> W+~ =W+ J/ (2.6)

Feynman diagrams for both contributions can be seen in Fig. . In addition to direct J/1)

Figure 2.4: Representative Feynman diagrams for W=+ + J /1 production in Color Singlet
Model.

production, J/v is produced from x. radiative decays, which is taken into account in the

Color Singlet Model calculations.

2.3.1 Implications for J/v production

The observation of the associated production of W* + .J /1 can shed light on the mechanism
for J/v production at hadron colliders by offering a complementary measurement to direct
or indirect J/¢ measurements. The relative importance of the Color Octet and Color Singlet

Model contributions to the J/¢ production is still a subject of debate [29H35]. During the
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J /1 production in association with a W boson, different partonic initial states are selected
than in direct J/v production, and the relative contribution of Color Octet and Color Singlet
Models should be different.

In addition, the spin-alignment profile of the .J/v, which will be described in Section m,
could be different for direct J/1) production than from W= +.J /¢ production. Measuring the
spin-alignment for both processes is necessary for better understanding of the .J/1¢ production

mechanism, since it can affect the cross section of the J/1.

2.4 Previous searches

The CDF experiment at Fermilab, collided protons and antiprotons at a center of mass
energy of 1.8 TeV and 1.96 TeV during two runs. During the first run, using 83 pb~! of
data at 1.8 TeV in 1994-1995, a search was performed for the associated production of T
mesons with vector bosons [46]. The main motivation behind that search was the Higgs
boson’s branching fraction into YW or TZ pairs, depending on whether it is charged or
neutral, according to various supersymmetric models.

The search was similar to that described in this thesis, in that the final state is the same.
The differences lie in the lower expected cross section of the YW compared to the W +.J /1,
because of the lower mass of the T and the lower center of mass energy of the collisions.

The search at CDF found no evidence for YW or TZ production and set upper limits to
the production cross sections. Since then, no search has been performed for W= + J /1 or
other associated production of a vector boson with a quarkonium bound state. Hence, this

thesis constitutes the first search for associated production of W + J/%.
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CHAPTER 3

THE LARGE HADRON COLLIDER
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The Large Hadron Collider (LHC) [47] was built at CERN, in Geneva, Switzerland with
the main goal of discovering the mechanism behind Electroweak Symmetry Breaking, and
explain how the mass of the W and Z bosons arises, and subsequently that of all fermions

and bosons. The LHC was designed to occupy the Large Electron Positron tunnel, a 27-km

diameter circular tunnel that sits across the Swiss-French border near Lake Geneva, as seen
in Fig. 3.1}

Figure 3.1: The Large Hadron Collider. The Super Proton Synchrotron accelerates the
protons and feeds them to the LHC tunnel to collide at the interaction points of four exper-

iments, ATLAS, CMS, LHCb and ALICE.

The LHC was designed to collide protons at a center-of-mass energy of 14 TeV. Protons
are generated at the Super Proton Synchrotron by extracting hydrogen atoms from water
molecules (H20) and expelling the electron in those atoms. These protons are then accel-
erated in a series of circular apparatus to reach the desired energy, just below the speed of
light. Due to an incident with the cables connecting the superconductive magnets of the

LHC together, the actual center-of-mass energy during the start-up of the LHC was 7 TeV.
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Even at this reduced center-of-mass energy, the LHC achieved the highest energy colli-
sions ever, surpassing the previous record of 1.96 TeV held by the Tevatron [48] by a factor
of three. In light of this, the Tevatron shut down its proton-antiproton collision program in
2010. This makes the LHC the only machine for studying physics processes at the energy
frontier, ideal for studying rare processes or uncovering previously unobserved processes.

The LHC serves as the accelerator and collider of protons for four main experiments,
ATLAS [49], CMS [50], ALICE [51] and LHCb [52]. ATLAS and CMS are multi-purpose
detectors which detect a variety of objects produced in proton-proton collisions and study the
mechanism of Electroweak Symmetry Breaking and the Standard Model of Particle Physics.
ALICE focuses on studying the quark-gluon plasma in heavy ion collisions, while LHCb
specializes in studying the bottom quark. The ATLAS detector was used for this thesis and
will be described in detail in Chapter [4]

Luminosity is defined as the number of particles that collide per unit area per unit time.
The integrated luminosity over time is the measure of the amount of data collected at particle
physics experiments. Advances in accelerator physics allow more collisions per unit time,
hence more data to be collected. In addition, multiple bunches of protons can be collided at
each event, resulting in an even greater amount of data. An event, in particle physics, is the
result of the proton—proton collisions as it is saved by the trigger system of an experiment.
During the 7 TeV run of the LHC, 5.6 fb~! of data were delivered to each of the experiments
ATLAS and CMS, of which 4.5 fb~! were used in this analysis.
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CHAPTER 4

A TOrROIDAL LHC APPARATUS
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ATLAS is a multi-purpose detector built for the Large Hadron Collider (LHC) and is
shown in Figfd.1] [49).

ATLAS consists of three main parts, each with specific purposes:

1. the Inner detector, which detects all tracks that are produced from proton-proton

collisions
2. the Calorimeters, which detect the energy deposits left by these tracks, and

3. the Muon detectors, which detect the paths of muons that make it all the way through
the detector.

In addition, the Toroidal Magnet consists of an inner magnetic solenoid of 2 T magnetic
field, which surrounds the Inner Detector, and outer magnetic solenoids of 0.5 T magnetic
field, situated within the Muon detectors.

In the following Sections, each of the ATLAS main parts will be described, with an
emphasis on the Muon detectors, since the experimental signature of W= + .J /1 consists of

three muons and missing transverse energy.

4.1 System of coordinates

The coordinate system of ATLAS is typical of particle physics detectors. The z-axis is
defined as the proton—proton beam direction, whereas the x—y plane is transverse to the
beam direction at the collision point, which is the origin of the coordinate system. The
positive x—direction points to the center of the LHC ring, while the positive y—direction

points vertically downwards. The transverse momentum p is defined as the momentum of
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Figure 4.1: The ATLAS experiment. The interaction point is at the center of the detector,
surrounded by the Inner detector, which detects all tracks that are produced from proton-
proton collisions. Surrounding the Inner detector are the Liquid Argon and Tile calorimeters,
which detect the energy deposits left by these tracks. The Muon detectors detect the paths
of muons that make it all the way through the detector, and the magnetic solenoids aid in
the particle identification and measurement of their properties.

the particle in the x-y plane. The azimuthal angle ¢ is measured around the beam axis and
the polar angle 6 is measured from the positive z—direction.

Rapidity is defined as
E+p,c

1
nE—ch

y (4.1)

1
2
where p, is the particle’s momentum in the beam direction, F is its energy, and c is the
speed of light. Rapidity is Lorentz—invariant along the beam axis, and has the property of
moving the observer from the lab frame (collisions frame) to the frame in which the particle

moves only perpendicular to the beam. Rapidity is hard to measure for highly relativistic
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particles, because of difficulties in measuring the total momentum vector, especially at high
values of rapidity where the particle is travelling near the z—axis.
The pseudorapidity, defined as
=—In tang (4.2)

is easier to measure for highly energetic particles and is roughly equivalent to the rapidity.
In particle physics, rapidity is often used for quarkonia studies, since these particles do
not tend to be too energetic, while pseudorapidity is used in most other cases.

The distance AR in pseudorapidity—azimuthal angle (n7—¢) space is given by AR =
V(An)? + (Ag)?.

4.2 Inner detector

The Inner detector is situated nearest the interaction point and consists of high-granularity
Pixel detectors, surrounded by Semiconductor Trackers in the barrel and endcap, and Tran-
sition Radiation Trackers further out.

The pixel detector consists of three cylinders at the radial positions 50.5 mm, 88.5 mm
and 122.5 mm which consist of silicon chips of size 16.4 mm x 60.8 mm and 46 080 pixels.
To cover the forward part of the detector, three pixel disks are located on each side of the
barrel. As a particle travels through the pixel detector, it leaves a trace of hits that can be
combined to reconstruct the track of the particle.

The Semiconductor Tracker system consists of an additional four cylinders of silicon
microstrip detectors located further from the pixel detector that enable a better measure of
the particles’ tracks. In the forward part of the detector, nine disks on each side are used to
completely cover the possible tracks.

The Transition Radiation Tracker (TRT) uses straw detectors that consist of a thin wire
surrounded by Xenon gas. As charged particles travel through the TRT, they interact with
the gas to leave a trail of particles which drift towards the central wire. The drift time, along
with the density of the hits in the TRT are used to precisely locate the charged particle, and
discriminate between electrons and hadrons in the TRT.

The momentum resolution of the Inner detector is App/pp = 0.04% X pp P 2% and the

impact parameter resolution is 15 pm in the transverse plane.
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Fig. [£.2] shows the ATLAS Inner detector, as it is traversed by two tracks at pseudora-
pidity 1.4 and 2.2.
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Figure 4.2: The ATLAS Inner detector, consisting of the pixel, SCT and TRT systems,
both in the barrel and endcap. Two tracks are shown as they traverse the detector at
pseudorapidity 1.4 and 2.2.

4.3 Calorimeters

The Liquid Argon calorimeter (LAr) measures the energy deposits left by particles as they
are absorbed by the calorimeter. The LAr has fine granularity and covers the detector up
to pseudorapidity, 7, of 4.9, while fully covering the detector in azimuthal angle, ¢. As
charged particles pass through the calorimeters, ionization electrons are produced and drift
towards the electrodes to produce signals proportional to the deposited energy. The LAr
electromagnetic calorimeter provides measurements of the energy of particles with resolution
of AE/E = 11.5%/v'E @ 0.5%, in addition to measuring the polar direction of a particle
shower with a resolution of Af = 50mrad/ VE.

The Tile calorimeter consists of tiles of plastic scintillator cells which detect parti-
cles as they are absorbed by the calorimeter. Signals from the tiles are amplified using
photomultiplier tubes, and the energy readout is proportional to the energy of the par-

ticle. The Tile calorimeter provides measurements of the energy of jets with resolution
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AE/E = 50%/vVE @ 3%, with a segmentation of Anp x A¢ = 0.1 x 0.1. Jets are cones of
hadrons and other particles produced by the hadronization of quarks or gluons in particle

physics experiments.
Fig. shows the ATLAS calorimeters.

Tile barrel Tile extended barrel

LAr hadronic
end-cap (HEC)

LAr eleciromagnetic
end-cap (EMEC)

LAr electromagnetic

barrel
LAr forward (FCal)

Figure 4.3: The ATLAS calorimeters, consisting of the LAr and Tile calorimeters, both in
the barrel and endcap.

4.4 Muon detectors

The ATLAS Muon detector system consists of the Muon Drift Tubes, Cathode Strip Cham-
bers, Resistive Plate Chambers and Thin Gap Chambers. Combining the tracks of the Inner
Detector, with the hits of the muon detectors that lie at the outermost layers of ATLAS,
yields muon track candidates.

Muon Drift Tubes consist of tubes filled with Argon centered with a 50 um wire made
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of Tungsten. They cover a pseudorapidity range up to 2. Cathode Strip Chambers, with an
Argon-Carbon Dioxide-Carbon Fluoride gas mixture cover the pseudorapidity range from 2
to 2.7. These constitute the precision chambers, capable of making precise measurements of
the hits left by muon tracks on the detector.

Resistive Plate Chambers and Thin Gap Chambers operate with a much coarser space
resolution, but faster decision time, making them ideal for triggering, i.e. choosing which
collisions are interesting enough to be saved for further analysis, as will be explained in
Section They cover the pseudorapidity range up to 1.05 and 1.05-2.4 respectively.

The Muon detector system provides a measurement of the momentum of muons with
resolution of approximately 10% for 1 TeV tracks, and around 3% for tracks below 100 GeV.
Muon momenta down to approximately 4 GeV can be measured in the muon system, but
below that, the energy loss at the calorimeters may not allow the muons to escape.

Fig. shows the ATLAS Muon detector system.

Thin-gap chambers (TGC)
n Cathode strip chambers (CSC)

Barrel toroid

Resistive-plate
chambers (RPC)

End-cap toroid
Monitored drift tubes (MDT)

Figure 4.4: The ATLAS Muon detector system, consisting of Muon Drift Tubes, Cathode
Strip Chambers, Resistive Plate Chambers and Thin Gap Chambers.
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4.4.1  Muon reconstruction

Muon reconstruction at ATLAS occurs using all the aforementioned detectors, with an em-
phasis on the Muon detectors. Muon tracks with high enough transverse momentum tran-
verse the whole detector and leave a minimum ionizing energy profile in the calorimeter.
“Standalone” muon tracks consist of hits in the muon chambers, that are then extrapolated
to the interaction point to combine with the inner detector tracks to give “Combined” muons.
“Segment-tagged” muon tracks consist of inner detector tracks that are matched with a seg-
ment in the muon detectors, but the segment is not a standalone muon. These are generally
muons with lower transverse momentum, hence the muon tracks do not have enough en-
ergy to traverse through the whole detector. For the analysis in this thesis, combined and
segment-tagged muons are used. In addition, the “STACO” algorithm is used for reconstruct-
ing the muons, using a statistical combination of track vectors and co variant matrices from

the vertex and the muon inner detector tracks to extract the full track parameters [53].

4.4.2  Missing transverse energy measurement

Neutrinos are not detected in conventional particle detectors due to their lack of interaction
with the particle material and their lack of electrical charge. Since they are the only known
particle that is undetectable, their presence is inferred by the energy-momentum imbalance
in the ATLAS detector, after all other particles are accounted for. Due to the principle of
conservation of energy, and since the proton—proton collision is head-on, the total energy at
the center of mass momentum frame should be zero. Any deviation from this is recorded
as the missing transverse energy, E%liss. We use the “METRefFinal” algorithm to measure
the missing transverse momentum, which takes into account all clusters of energy in the

calorimeters, as well as the muon tracks [54].

4.5 Trigger

Thousands of proton—proton collisions occur per second in the ATLAS detector, during
normal operations. A limit on the number of events that is possible to save for further
analysis exists, due to computational constraints in transferring and saving the data in real

time. The ATLAS trigger system aims to choose in each beam crossing the “best” 200
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events to be saved for further analysis, according to some criteria. These criteria include the
apparent physics interest of the experimental signature, but also the need to include random
events, in order to ensure the detection of signatures that are not predictably interesting.
The decisions need to be taken in microseconds, since the rate of proton—proton collisions is
very high.

There are three levels of triggers, with increasing complexity and decreasing rejection
power. The ATLAS trigger system is shown in Fig.[£.5] The Level 1 trigger uses information
from the calorimeters and muon detectors to form regions of interest and decide in ~2 ms
whether to save the event in the buffer for the higher trigger levels [55]. The Level 2 and
Event Filter Triggers work on the subset of the Level 1 chosen regions of interest and with
algorithms can measure more complex objects, such as electrons, missing transverse energy,
and dimuon events [56]. In ~10 ms, the decision whether to save the event is taken by the
higher level triggers, and the event moves from the buffer to the readout electronics to be
recorded on tape. Only events chosen by at least one trigger are saved for further analysis.
The trigger choices for an experiment are crucial for the success of the data collection of
such experiment.

For the analysis described in this thesis, we use the EF_mu18_MG or EF_mu18_MG_medium
triggers, depending on the period of the data collection. This stands for an “Event Filter”
trigger which requires at least one muon in the event with transverse momentum above
18 GeV and which satisfies some basic isolation criteria to be a “good” muon candidate.
Since triggering for muons occurs in the Resistive Plate Chambers or Thin Gap Chambers,

the range of pseudorapidity for the triggered muon is up to 2.4, as described in Section [4.4]

4.5.1 The Fuast Tracker trigger upgrade

The ATLAS trigger system is efficient and in good condition for data taking at the current
conditions of proton proton collisions at 7 and 8 TeV. The upcoming upgrade to the full
design energy of 14 TeV, and the subsequent increase in instantaneous luminosity, offers an
unprecedented challenge for the trigger. While the rate of collisions will increase, the rate
at which we can record and store data for further analysis will stay approximately constant,
since the data transfer and storage infrastructure cannot be upgraded to a large extent. For

this reason, smarter ways to trigger are necessary.
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Figure 4.5: The ATLAS trigger system. Information from tracking, muon and calorimeter
systems is used at the Level 1 hardware trigger to reduce the rate of events from 1 GHz to
below 75 kHz and create the regions of interest to be used for higher level triggers. The Level
2 and Event Filter software triggers further reduce the event rate to a more manageable 200
Hz, to be used for further analysis.

Building on the success of the Silicon Vertex Tracker [57] at CDF, the Fast Tracker
Trigger upgrade (FTK) aims to offer an additional hardware trigger layer between Level 1
and High Level Triggers [58, 59]. FTK will use associative memory banks to match the
hits in the Inner Detector with offline “roads” and determine whether the event should be
saved for further analysis. FTK is doing this at the hardware level, which is faster than
software-based trigger systems. The FTK output, FTK tracks, can be used directly by the
higher level trigger system, in addition to the Level 1 trigger regions of interest, which can
use the additional time to run more sophisticated algorithms to enable even higher efficiency

and better resolution for the helix parameters of the track than before.
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CHAPTER 5

ANALYSIS
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For the results presented in this thesis, we use data from the ATLAS detector to detect
and measure the cross section of the associated production of W= +prompt J /1. The analysis
strategy to select the experimental signature, the fit procedure to establish the observation
of the process, and the details to take into account when performing the measurement are

explained in this Chapter.

5.1 Strategy

The analysis serves two objectives:
1. The observation of associated production of W+ + prompt J /1
2. The measurement of the cross section ratio W= + prompt J JY:W

We look for W + prompt .J/¢ in the decay channels W+ — pFv and J/¢ — ptu~
in 4.5 th~! of ATLAS data at 7 TeV center of mass energy proton-proton collisions. As
such, our final state consists of three muons and missing transverse energy (ErTniSS). We do
not consider the electron decay channel of the W boson because the multi-jet background is
dominating the low statistics of this process. Processes with lots of jets, particles resulting
from the hadronization of quarks and gluons, can easily mimic the signature of the electron,
which is also detected in the calorimeter. The di-electron decay of the J/4 is not considered
because electrons of low transverse momentum are not detected to great accuracy with our
detector. The dataset used in this analysis is described in Section [5.2] while the criteria to
select the experimental signature are shown in Section [5.3}

The cross section of a physics scattering process is defined as:

N
Lxex A
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where N is the number of events observed, L is the integrated luminosity of the data used, €
accounts for the efficiency of detecting the particles due to detector effects, and A accounts
for the acceptance of detecting the J/v due to the spin-alignment of the J/v. These will be
explained in Section [5.4

For this analysis, we measure the cross section ratio of the W=+ prompt J /1 production

divided by the inclusive W production, R ok

Nw 1 g/
OWgj | LEXewxep XAy Nw 1 g/
Ry = = = (5.2)
oW Z]Xi NWxEJ/wX.AJ/w
ew

The uncertainties related to the luminosity and the W production, as well as the efficiency
of the W, cancel out in the ratio, leaving only the efficiency and acceptance related to the
J/1 in the final ratio measurement.

Background processes are physics processes that exhibit a similar experimental signature
to the signal process, in this case the WE +J /1. In Section [5.5 the various sources of
backgrounds are described, along with the steps taken to eliminate them, or take them into
account when establishing the signal process.

The multiple parton scattering contribution to the W+ 4+ prompt J /1 signal is considered

in Section 5.6, along with an estimate of the amount of this contribution.

5.2 Dataset

We use the proton—proton collision data collected by the ATLAS detector between March and
December 2011, with the LHC operating at a center-of-mass energy of 7 TeV. Since we are
especially interested in final states with three muons and E%iss, we use the “muon stream”
of data, a pre-selected group of events that contains at least one muon with transverse
momentum above 5 GeV. In addition, we require that all ATLAS sub-detectors operate
normally and use a “Good Run List’ﬂ prepared by the ATLAS Data Preparation group to
select the runs which are good to use according to specific requirements.

We use a multitude of simulated samples to model the main background processes using

Monte Carlo (MC) and detector—level corrections. Different MC generators handle different

1. datall_7TeV.periodAllYear_DetStatus-v36-prol0-02_CoolRunQuery-00-04-08_A1ll_Good.xml
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sources of physics processes, or different effects from the detector, such as hadronization, with
varying accuracy. The main result of this analysis is data—driven. The simulated samples
are not used in the derivation of the results, but rather as cross—checks of the procedure and
for the purposes of modelling the background processes when designing the analysis, as will
be described in this Chapter.

Table summarizes the MC samples we used for this analysis, while each background
will be specifically explained in Section [5.5]

5.3 Selecting the experimental signature

The W+ + J /1 final state in the muon decay channel consists of a muon and a neutrino
from the W boson, and two oppositely charged muons from the J/¢ meson. These muons
have different properties amongst each other and with respect to the background, and we
optimize our selection of the experimental signature to reflect that.

The muon from the W decay tends to have high transverse momentum (p), in contrast
to the muons from the J/v decay. In order to select a sample for further analysis, a trigger
must be fired, and single lepton, high-p triggers are the most efficient triggers. For this
reason, we require the muon originating from the W to match the EF_mu18_MG(_medium)
trigger, as explained in Section In addition, since the neutrino cannot be detected in
the ATLAS detector, events with a W tend to have an energy-momentum imbalance. This
is measured by adding vectorially all momentum contributions from detected particles, and
taking the momentum vector in the opposite directions to define the missing transverse
energy E%liss, as explained in Section . Combining muon originating from the W and

the Eﬁﬂniss, we can calculate the W boson transverse mass, Mp(WW):

My (W) = /2B (0)(1 — cos Ag((, ERISS)) (5.3)

which is expected to have a different shape for W events, than for multi-jet background
events. Multi-jet events are products of the proton—proton collisions that contain a mul-
titude of jets, of which at least one could mimic the muon signature, as will be explained
in Section [5.5.1] The muon originating from the W is required to have pp greater than
25 GeV and fall within the pseudorapidity range |n| < 2.4 to ensure high trigger efficiency.
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Process oX BR (pb) k-factor Generator Effective Lumi (pbfl) Sample Tag
Efficiency
6.9e+403 1.2 1.0 4.2e4-02 107680
1.3e+03 1.2 1.0 1.6e+03 107681
Alpgen Wtjets — ev 3.8e+02 1.2 1.0 8.4e+03 107682
1.0e+02 1.2 1.0 8.3e+03 107683
26. 1.2 1.0 8.1e+03 107684
7.0 1.2 1.0 8.4e+03 107685
6.9e+03 1.2 1.0 3.7e+02 107690
1.3e+03 1.2 1.0 1.6e+03 107691
Alpgen Wtjets — uv 3.8e+02 1.2 1.0 8.4e+03 107692
1.0e+4-02 1.2 1.0 8.3e+03 107693
26. 1.2 1.0 8.3e+03 107694
6.9 1.2 1.0 8.5e+03 107695
6.9e+03 1.2 1.0 3.9e+02 107700
1.3e+403 1.2 1.0 1.6e+03 107701
Alpgen W-jets — 7o 3.8e+02 1.2 1.0 8.3e+03 107702
1.0e+4-02 1.2 1.0 8.3e+03 107703
26. 1.2 1.0 8.2e+4-03 107704
7.0 1.2 1.0 7.7e+03 107705
Pythia W+jets — ev 1.0e+04 1.0 1.0 1.0e+04 106043
Pythia W+jets — uv 1.0e+-04 1.0 1.0 1.0e+04 106044
Pythia W+jets — Tv 1.0e-+04 1.0 1.0 1.0e+04 107054
6.7e+402 1.2 1.0 8.0e+03 107650
1.3e+02 1.2 1.0 8.0e+03 107651
Alpgen Z-jets — ee 41. 1.2 1.0 4.0e+4-04 107652
11. 1.2 1.0 4.0e+04 107653
2.9 1.2 1.0 4.2e4-04 107654
0.83 1.2 1.0 4.8e+04 107655
6.7e+02 1.2 1.0 7.3e+03 107660
1.3e+02 1.2 1.0 8.0e+03 107661
Alpgen Z-jets — pp 40. 1.2 1.0 4.0e+4-04 107662
11. 1.2 1.0 3.9e+04 107663
2.7 1.2 1.0 4.4e+4-04 107664
0.77 1.2 1.0 5.2e+04 107665
6.7e+02 1.2 1.0 1.3e+04 107670
1.3e+402 1.2 1.0 2.0e+04 107671
Alpgen Z-+jets — 77 40. 1.2 1.0 2.0e+04 107672
11. 1.2 1.0 3.6e+04 107673
2.8 1.2 1.0 4.2e+04 107674
0.77 1.2 1.0 4.7e4-04 107675
MC@NLO tt 1.6e+02 1.0 0.56 3.2e+04 105200
6.9 1.0 1.0 1.2e+05 117360
6.8 1.0 1.0 1.2e+05 117361
7.3 1.0 1.0 1.2e+05 117362
AcerMC Single Top 0.50 1.0 1.0 4.0e+05 117363
0.50 1.0 1.0 4.0e+4-05 117364
0.50 1.0 1.0 1.0e+-06 117365
16. 1.0 1.0 6.4e+04 105500
30. 1.5 0.39 1.4e+05 105985
Herwig Diboson (WW,/WZ/ZZ) 1.6 1.4 0.21 1.8¢405 105986
3.4 1.6 1.0 1.9e+05 105987

Table 5.1: Cross section times branching ratio (times k-factor when applied), and filter
efficiency for MC samples used in the inclusive W studies. The k-factor and filter efficiency
are factors that bring the rates of the MC closer to the predicted cross section, while the
sample tag is the ATLAS run number that is allocated for each MC sample.
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Moreover, the muon originating from the W has to be “combined”, i.e. include both a track
in the inner detector, as well as an additional segment in the muon spectrometers, as defined
in Section 4.4.1] Additional requirements on the muon originating from the W are chosen
to discriminate against the multi-jet background, such as very tight isolation criteria. The
muon originating from the W is required to be nearest the primary vertex, as its track has
to be within 1 mm in the z-direction (proton beam direction), and the impact parameter
significance has to be smaller than 3. The impact parameter is the distance in the x—y
plane (transverse) from the interaction point, as defined in Section 4.1l The significance is
defined as the ratio of the impact parameter value to its resolution, and can give a more
accurate measure of the impact parameter, since it takes into account the resolution. The

requirements associated with the W boson are summarized in Table

W boson requirements

muon requirements

Fire and match trigger EF_mu18_MG or EF_mul8_MG_medium
STACO combined
Pass MCP cuts

Transverse Momentum p1> 25 GeV
Pseudorapidity In] <24
Distance from primary vertex in z-direction |20| < 1 mm
Impact parameter significance dp| < 30y,
Track isolation momentum in cone of AR < 0.3 < 0.05pT
Calorimeter isolation energy in cone of AR < 0.3 < 0.05p
Missing Transverse Energy ErTniSS > 20 GeV
W Transverse Mass Mp(W) > 40 GeV

Table 5.2: Requirements for W boson

The inclusive W production was observed in ATLAS with 33 pb~! of data, as shown
in Fig. [5.1] from [60]. The figure shows the transverse mass of the W boson for both the

positively charged and negatively charged W boson decay to a muon and neutrino.
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Figure 5.1: The W transverse mass distribution is shown for positvely and negatively
charged W boson decays to a muon and neutrino for 33 pb~! of data at ATLAS. The main
backgrounds are multi—jet (QCD), the associated production of Z with jets, and the W decay
to a tau and a neutrino.

Two additional muons whose invariant mass reconstructs the J/¢ mass are required for
the J/v reconstruction. These muons have looser requirements than the muon originating
from the W, and are required to be oppositely charged, as expected from the J/1) — ™t~
decay. The J/¢ muons can be either “combined” or “segment-tagged”, which do not nec-
essarily require a track in the muon spectrometer, to improve the efficiency for low-pr, as
defined in Section [4.4.1] The transverse momentum of J/¢ muons can be lower, down to
2.5 GeV for certain pseudorapidity regions, and the distance from the primary vertex in the
z-direction can be up to 10 mm. The rapidity of the .J/v is required to be |y| < 2.1 to ensure
good acceptance of the J/1. The rapidity is used for the J/1, and the pseudorapidity for the
muons, as explained in Section 4.1l An additional requirement is imposed on the invariant
mass of the muon originating from the W and the oppositely charged .J/1) muon, to reject
Z-+jets background, as will be explained in Section[5.5.2] The requirements imposed because
of the J/1 are outlined in Table [5.3]

Following these requirements, events that are triggered and reconstruct one J/1) can-
didate, in addition to a W candidate, are pre-selected for further analysis. The analysis
separates prompt J/1¢ production from non-prompt production by fitting the .J/¢ pseudo-
proper time, as will be explained in Chapter @ The prompt J/1 is chosen because it is a
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J /1 muon requirements

STACO combined or segment-tagged
pass MCP cuts

Transverse Momentum pr> 2.5 GeV if |n| > 1.3
Transverse Momentum pr> 3.5 GeV if |n| < 1.3
Pseudorapidity In| <2.5
Distance from primary vertex in z-direction |20 < 10 mm

Dimuon requirements

Oppositely charged muons

At least one combined muon with Pp > 4 GeV
Post-vertexing J/v Invariant Mass € (2.5,3.5) GeV
J /1 transverse momentum pp € (8.5,30) GeV

J /¢ rapidity |y| € (0,2.1)

Invariant mass of “w muon” and oppositely charged “J/¢) muon” outside (81,101)GeV

Table 5.3: Requirements for .J/1)

result of direct J/v¢ production, and not J/v produced from decays of long-lived particles,
such as b-hadrons, as explained in Section [2.2]

The J/1 pseudo-proper time is defined to separate prompt .J/¢ from non-prompt decays,
often associated with b-hadron decays [6I]. Since we cannot fully reconstruct the b-hadron,

we calculate

(5.4)

where L is the vectorial distance between the primary vertex and J/1 decay vertex. The
probability for the decay of a b-hadron as a function of the proper decay time t follows an
exponential decay distribution:

P() = Zexp(~1) (55)

Ty Ty

where 73, is the lifetime of the b-hadron. The proper decay time for each decay can be
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calculated as:

_L
By

where L is the distance between the b-hadron production and decay vertex, and (v is the

t (5.6)

Lorentz factor. Projecting the decay length and momentum on the transverse plane for

b-hadrons, we obtain:

L
t= xybmb (5.7)
Pt

where Ly is the distance between the reconstructed secondary vertex and the primary vertex

in the event. We then define the pseudoproper time, 7:

PDG
J/ '
Pt

where m??ﬁ is the mass of the J/1.

Directly produced .J/i¢ mesons have 7 = 0 within the experimental resolution, while
those produced from b decays tend to have vertices displaced from the primary vertex and to
have positive 7 which can be acceptably modeled by an exponential distribution. Negative
pseudo-proper time values can arise due to resolution effects in the measurement of the
distance Lz, when a track decays at short distances and combines with another track that
does not necessarily travel in the same direction.

Fig. shows the mass and pseudo-proper time distributions for the inclusive J/v pro-
duction [61], from 2.3 pb~! of proton-proton collisions.

As has been shown, ATLAS has already observed the W boson and J/v meson separately.
The associated production of W and J/1 has not yet been observed, and the first search is
reported in this thesis.

At the end of the selection, 149 events remain, which will be fit using the procedure

explained in Chapter [6], to obtain the results in Chapters[7]and [§

5.4 Efficiency determination

The ATLAS detector, as is often the case in particle physics experiments, is not perfect.

Because of the construction and the shape of the detector, it is not possible to detect all
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Figure 5.2: The dimuon invariant mass distribution for inclusive .J/¢ production is shown
(left), with a clear peak at the .J/v mass, separating the .J/v from combinatorial background.
The pseudo-proper time distribution is shown (right), with the functional forms separating
the prompt J/1¢ component (Gaussian), from the non—prompt J/1) component (exponential
decay), and the combinatorial background (combination of Gaussian and exponential decay).

particles produced in proton—proton collisions in the interaction point at the center of the
detector. In addition, even if a particle is produced in the geometrical space covered by the
detector, it is possible that it is not sufficiently reconstructed or identified as the type of
particle it is. For example, if a muon has too low transverse momentum, it will not be able
to travel through the whole detector and leave hits in the muon detectors. With the few
hits such a muon would leave in the inner detector, it is more challenging for ATLAS to
reconstruct the track of the muon and identify that it is indeed a muon.

When a measurement of the cross section of a physics process is performed, it is necessary
to evaluate the efficiency of the detection of the experimental signature, to extrapolate from
the observed number of events of such process to the actual number of events that were
produced in the proton—proton collisions.

For the measurement of the cross section ratio W= + prompt J /YW | it is necessary to
evaluate the efficiency of the detector to detect each of the J/i) muons. The efficiency to
detect the W boson is not needed, as it is a factor both in the numerator and denominator of
the ratio expression. There are two types of J/1 efficiency that need to be taken into account.
First, the efficiency for the ATLAS detector to detect and reconstruct the two muons needs
to be calculated, as it depends on the pseudorapidity and transverse momentum of each
muon, as will be explained in Section . Secondly, the spin-alignment of the J/1, as
will be explained in Section [5.4.2] is not known, but can be measured experimentally given
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enough statistics. Depending on the spin-alignment, the J/1 can decay with the two muons
traveling in different orientations, making them more, or less likely to be detected by the

ATLAS detector. We have calculated both efficiencies, as described below.

5.4.1 Muon efficiencies

The muons used in this analysis include “segment-tagged” and “combined” muons with p
below 4 GeV, which were not used for any other analysis in ATLAS.

The philosophy behind measuring the muon efficiencies relies on the “tag-and-probe”
method (see for example [62]). Events are selected from triggers that fire on single muons,
or muon and track pairs that fall in the J/¢ mass window. We use the .J/1¢ mass window,
since we are interested in low-pT muons, but the premise behind the method is similar in
Z-boson “tag-and-probe” studies as well. A muon that satisfies a series of quality criteria,
called a “tag muon”, is required to be present in the event, and is combined with a track,
called a “probe muon”. The efficiency is then the number of “probe muons” that are also
identified as “tag muons”. In practice, we reconstruct the invariant mass of “tag-and-probe”
pairs, and plot it in the range 2.5-4 GeV. We then fit the distributions with a Gaussian
to represent the J/v¢ and a polynomial to represent the background, as shown in Fig. .
The number of J/1 events is taken as the normalization constant of the Gaussian in the
fit. Events where the “probe muon” also satisfies the “tag muon” requirements are also used
to reconstruct the J/1 invariant mass. The procedure is repeated for various bins in muon
pr and pseudorapidity to extract the efficiency for each bin, as it depends very strongly on
the geometrical shape of the detector. The two-dimensional efficiency map, as well as the

efficiencies as functions of pp and pseudorapidity are shown in Fig. 5.3

5.4.2  J/v acceptance

The spin of a particle is its intrinsic angular momentum (S), and when added to the orbital
angular momentum (L), it gives rise to the total angular momentum, J=L+S. The total
angular momentum (J) is a conserved quantity in physics. Spin-alignment arises from the
alignment of the spin vector of the J/¢ and is difficult to determine experimentally (statistics-
limited) and theoretically (current models do not describe the data correctly, both in cross

sections and in spin-alignment).
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Figure 5.3: The fit performed in a specific n-p slice on pre-selected events to determine
the muon reconstruction efficiency using the tag-and-probe method (left). The efficiency is
the ratio of events that reconstruct the J/i¢ mass, over the total number of events. The
two-dimensional efficiency map in 7 and pp, derived from data (right).

Generically, the fraction of J/¢ mesons produced in different spin-alignment states (the
“spin-alignment profile”) in different processes at the LHC is not known. Moreover, the spin-
alignment profile can be quite different for inclusive prompt J/1 processes and exclusive
production processes such as Wt +J /.

The procedure we followed to measure the corrections due to the acceptance of the J/v is
explained here. With our muon selections, we simulate the probability that .J/¢ candidates
are able to be reconstructed as a function of the J/¢ pp and rapidity. We vary the assumed
spin-alignment profile of the J/v¢ candidates and get acceptance maps for each scenario, as
shown in Fig.|5.5| The angular distribution for the decay J/1» — pu in the J/1¢ decay frame
" d*N X2 k2 X onk %

deos 0 dor o 1+ Ageos 0™ + Ay sin 0™ cos 2¢™ + Agy sin 20™ cos ¢”, (5.9)
where the angular variables are defined in Fig. 5.4, The terms Ag, Ay, and gy, are the
coefficients of each angular term, and can take values in € (0,1). The extreme values of the
A coefficients cover the whole allowed phase space.

We quote the cross-section ratio for the envelope spanned by the following scenarios, as

in [61]:
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Figure 5.4: Definitions of the J/v spin-alignment angles, in the J/v¢ decay frame. 6* is the
angle between the direction of the positive muon momentum in the J/1 decay frame and the
J /¢ line of flight (2*-axis), while ¢* is the angle between the J/1) production plane (z* — z*)
and the decay plane formed by the direction of the J/v¢ and the positive muon (from [61])

1. Isotropic distribution, independent of 6% and ¢*, with A\g = Ay = A\gy = 0. This is

used for the nominal measurement.
2. Full longitudinal alignment with A\g = —1, Ay = Mgy = 0
3. Transverse-0 alignment with \g = +1, Ay = Mgy =0
4. Transverse-M alignment with Ag = +1, Ay = =1, g, = 0
5. Transverse-P alignment with A\g = Ay = +1, Agy =0

For each event, we apply a correction that is the inverse of the .J/¢ acceptance, as
shown in Eq. in Section . We observe that the J/1 acceptance falls to below 30% for
events with J/v transverse momentum smaller than 8.5 GeV or absolute J /1) rapidity larger
than 2.1 (in some scenarios). Hence, we introduce a cut on the J/1 transverse momentum
pr > 8.5 GeV and rapidity |y| < 2.1, in order to avoid outliers — events with extremely low
acceptance and high inverse acceptance — which introduce large statistical uncertainties to
our measurement. Since most of our events are on the low end of J/¢ pp, we choose to focus
on the pp € (8.5 — 30)GeV region to measure the cross section ratio in this region.

In addition to the .J/v spin-alignment not being known, the spin-alignment of J/v +W

can be quite different. This has an implication in the estimate of the double parton scattering
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contribution, which can change if the spin-alignment of J/1 is correlated in inclusive J/4
and J/1 +W events, as will be described in Sec. . We do not assume that the spin-
alignment of J/1 is the same for both processes, and introduce a systematic uncertainty due

to the spin-alignment on the estimate of the double parton scattering contribution.

5.5 Background sources

Various sources of background have been considered for the W+ + prompt J /1 process.
Background processes are processes that are detected using a similar experimental signature
as our signal, and as such, they need to be taken into account when calculating the number of
W+ +prompt J /1 events. For example, the multi-jet background can give rise to a signature
similar to a W boson, when a hadron is mis-identified as a muon. In addition, top—anti-top
pairs and the associated production of Z with jets can produce similar signatures to the
Wt 4+J /1 process, as well as BCjE decays. Pileup interactions at the LHC can allow for a
W boson and a J/1) meson to be produced in different proton—proton interactions. Some
background sources predominantly produce non-prompt J/v, while others do not have a real
J/1, falling in the combinatorial background category. Using the fit procedure, as will be
described in Chapter @, we can extract the prompt J/1) component and differentiate it from
the non-prompt J/1 and combinatorial background. Pileup and multi-jet backgrounds are

the only backgrounds that fall in the prompt J/v category.

5.5.1  Multi-jet background determination

Multijet background is mostly relevant in the cases where a muon produced from a hadronic
decay due to Quantum Chromodynamic processes. This muon can mimic, or “fake”, the muon
from the W decay (W — pr). When combined with a J/1, this is the same experimental
signature as our signal process. To minimize the effect of this source of background, we have
enforced strict isolation criteria on the muon that originates from the W decay, as explained
in Section In addition, to estimate the amount of the multi-jet background, we use a
data-driven technique to extract a template distribution of the Mp(W), defined in Eq.
in Section [5.3] This template will be used in a fit in conjuction with a template from W
production, to estimate the amount of multi-jet background, as will be explained in Chapter

[
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The data-driven method is a refinement of the “ABCD” method, as explained below. We
separate data in four regions, according to the missing transverse energy (E%M) and W
transverse mass (M7 (1)) of the event, and the isolation of the muon originating from the
W, as follows:

A EITniSS < 20 GeV and M7 (W) < 40 GeV and isolated muon
B E%liss < 20 GeV and M7 (W) < 40 GeV and anti-isolated muon
C ERSS > 20 GeV and M7 (W) > 40 GeV and isolated muon
D E%liss > 20 GeV and Mp(W) > 40 GeV and anti-isolated muon

The selections presented here are orthogonal to each other. An anti-isolated muon has
the opposite isolation requirement than an isolated muon, as described in Section [5.3]

We assume that the ratio A /B gives a kinematic-independent “muon isolation fake factor”,
so (A/B) x D gives the multi-jet contamination of the signal region (C). This fake factor is
calculated in muon transverse momentum bins of size 5 GeV in the range 0-200 GeV, to allow
for the possibility that the factor depends on the kinematics of the muon. This procedure
yields a template shape for the multi-jet contribution to be used to discriminate between
real W events and multi-jet background.

Fig. shows the multi-jet and W boson templates in the Mp(W) distributions. The
W boson templates were extracted from Monte Carlo simulation and validated in data.
ALPGEN [63] was used to simulate the associated production of W and jets used for this
template extraction, with the details shown in Table [5.1]in Section [5.2]

Since the multi-jet background mimics the W boson signature, it can fall in the prompt
J/1 background category. The amount of multi-jet background is negligible, since we use

very strict isolation criteria, as will be shown in Chapter [7]

5.5.2  Z-+jets production

Another possible source of background is the associated production of a Z boson with jets. In
contrast to the muon originating from the W, the two .J/¢ muons do not have strict isolation
criteria, making it easier for an additional muon to be a jet-associated muon from Z-jets
events. The Z boson can decay to two muons, of which one can be the muon originating
from the W, and the other can be one of the “.J/¢ muons” in our selections. When plotting

the invariant mass of the muon originating from the W along with the oppositely charged
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Figure 5.6: The template shapes of multi-jet and W boson in the Mp(W) distribution
are shown. The multi-jet template was obtained from data-driven methods, while the W
template was obtained from simulation and validated in data.

“J /1 muon” in a control region (dimuon mass outside .J/¢ mass window, 3-3.2 GeV), the
simulated Z-jets background clearly demonstrates the presence of a Z+jets component in
the data, as seen in Fig. ALPGEN [63] was used to simulate the associated production of Z
and jets used for this template extraction, with the details shown in Table[5.1]in Section [5.2]

To reject the Z+jets background, an additional selection is applied to the invariant mass
of the oppositely charged muon pair including the W muon, to exclude the region within
10 GeV of the mass of the Z boson M, = 91.1876 GeV. After the application of this selection,
this background is found to be negligible.

5.5.8 tt production

The top quark decays almost exclusively to a W boson in association with a bottom quark.
The W boson subsequently decays either leptonically or hadronically. Events with a leptonic
decay tend to exhibit large missing transverse energy (E%liss). Subsequent decays of bottom
quarks can produced final states with J/t. This results in W* + J/¢ signatures, that
originate from t¢ production, Since the bottom quark is long-lived, the J/v produced from
its decay tends to be non-prompt.

To confirm this, we performed a two-dimensional fit, as will be explained in Chapter [6, on
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Z+jets background.

the J/v mass and pseudo-proper time, in order to extract the amount of ¢t events that give
a W + prompt J /1 component. The ¢t process was simulated using MCONLO [64] generator,
with the details shown in Table [5.1]in Section

The fit results to a yield of —0.6 4+ 4.1 W+ + prompt J/1 events, which is consistent
with 0. This confirms the assumption that the ¢ process is a non-prompt background to the
W + J /4 process.

5.5.4 BZF decays

The Bg': meson can decay to J/v, a lepton and neutrino, mimicking the Wt4+J /1 signature
Bf — J/y IFvX (5.10)

where X can be any neutral particle. The branching ratio of this decay is low (5.2 % 10_5), but
the BCjE meson has a very short lifetime, compared to other B mesons, making the J/1 look
more prompt, like our signal. To determine if any B, decays are included in the W=+ + .J /U
sample, we measure the invariant mass of the three muons M (3p). The pre-selected events

are weighted using sPlot [65] to get distributions for the W* + prompt J/¢ candidates.
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We find no W+ + J/1 candidates having M (3u) near the B, mass of 6.277 £ 0.006 GeV, as
shown in Fig. 5.8
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Figure 5.8: sPlot-weighted distribution for prompt .J/1 candidates, showing the invariant
mass of the three muons M (3u) for barrel (left) and endcap (right) in the range M (3u) <
40GeV. There is no event with invariant mass near the B, mass of 6.277 £ 0.006 GeV.

5.5.5  Pileup background

We are only interested in the W= + J/1) candidates where the W boson and the J/v are
produced in the same hard scatter. Since many pp interactions occur for each filled LHC
bunch crossing, as explained in Chapter , it is possible for the W and the J/4 to be produced
in separate pp collisions which occur close to each other in the detector, also called pileup
interactions.

We require that the muons from the J/v¢ have |z5| < 10 mm relative to the primary
vertex. Thus, we effectively require that, for any real J/v¢ candidates associated to a pileup
vertex, the vertex is within 10 mm of the W vertex. As the beam spread o, for 2011 data
was ~ 5.5 cm, this already reduces the impact of pileup.

We use the following model to evaluate the background due to pileup. We obtain the
luminosity-weighted distribution of (i), the mean number of collisions per bunch crossing,
from the standard MC pileup reweighting mechanism. The values of p we use in ATLAS
for 7 TeV collisions assume an inelastic collision cross section of 71.5 mb [66]. We run a toy

MC which samples the () distribution, throws a Poisson-distributed number of vertices,
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and then distributes them in 2z according to a Gaussian with width o, = 55+ 5 mm. One
is randomly chosen as the primary vertex, and then the mean number of additional vertices
within +10 mm is determined. The mean number of additional vertices is found to be
0.81 + 0.08, with the uncertainty arising from assumed value of .

These extra vertices have some probability of producing a J/v candidate with appropriate

kinematics. For a (|y|, pT)-bin i, we determine this probability (per extra vertex) to be

1 d2o(pp — T/ X
/ (pp /v X) dy dpp
bin ¢

dly| dpr

Oinel

with oj,e] = 71.5 mb. We take the inclusive J/1 production cross sections from the ATLAS
7 TeV paper [61]. The expected pileup background levels are given in Table .

40



‘syuoAd dnofid Jo POIA pajoadxe o) SMOYS UWNod YIXIS oy ], o[dures Ino ut sjyuors dnojid
JO IoqUUNU oY} 9JRUII)SO 0) POST ST YDIYM ‘UL [ORD UL 1/ SAISN[OUT WOI} ADULo X 2ourjdosoe a8rIoAr oY) SMOTS UWN[OD
YUY oY, "S0jel POAISSqO 9} WO PojdeIIgNs 9q 09 P/r Y 07 SUOIIDDLI0D Y[} oIv 0891} "o'T ‘eoeds Ld x |fi| ur uiq o1y Jo ozIs
oY) AQ POZI[RULIOU UWIN[OD PIIY) Y} JO SAN[RA 9Y) SMOYS UWN[0D YIIMNOJ O], "0 0} anp SI AJUTRLISOUN [[}IN0J Y], "JUSWUSI[e
-urds pue ‘O1)RWRISAS ‘[RO1)SIIR)S IR SOIJUIRLISIUN 99IY) ISIY Y], "UOIIIAS SSOID /| SAISN[OUL S} O} 9IINOS SIY) WOIJ SIUSAD
n/r+ +/M P91991100-00urR)dd00R pure -ADUSIOLD JO OTYel PaoIPaId o1} SMOYS UWIN[0D PIY} ST, "AJUIRIINUN JUSUFI e-UIdS
Y[} ST PIIY) o) PUR DIPRUT)SAS PUODIS ST} ‘[BOIISIIRYS ST Ajure)rooun 181y o], [99] vIep SVTILV A°L 2 Paysiqnd ot) wolj
PojYen[eAd ‘ulq JIpeWDULY S} Ul UOI09s ssoId ¢/ aarsnoul jdurord poynduos o1y ST UWN[od puodds oy, "¢/ o) Jo oords
Ld x |fi] ur urq o) smoys umwnjod 9s1y o], ‘sjuosd dnoqrd Surdde[Ioao oI} SUOIINLIJUOD PUNOISY DR PaoddXy :§°G o[qR],

000 F 70°0 12°0 000 F9.07 000 F 000 F 100 ¥0°0 F007 ¥0'0 F 200 F LEO 3901 €0°0 F 300 F €€°0 (og*81) X (12°1)
000 F S0°0 L9°0 000 Fo0.07 000 F 000 F 200 ¥0°0 Fo0.07 €00 F 200 F¥P0  50.07 ¥0°0 F 300 F 6£°0 (0g‘81) x (1°0)
T0°0 F 60°0 ¢9'0 10°0 FL05 10°0 F 0000 F IT°0 60°0 Fyr-gy 010 F €00 F €60 2197 60°0 F €0°0 F 80 (81%1) x (rz‘1)
10°0 F 60°0 95°0 10°0 FE907 100 F 100 F €1°0 010 Fiegy IT0 F VOO F 90T &8.07 010 F 00 F €6°0 (8T%1) X (1°0)
v0°0 F ¥¥°0 gg0 90°0 FELOT 200 F 100 F 660 T9°0 Fag iy 6270 F 600 F0z'e  S897 260 F 800 F 6% (F1'0m) x (T2°1)
700 F LE0 €7°0 LO0 F5107 800 F 100 F 690  F50 Fapry ¢90 F IT0 F 67'S  seip 60 F 010 F 48 (F1°01) X (1°0)
S0°0 FI¥0 v o 12°0 Fohor €60 F 00 F 11T 690 Fogry LLOF LIOF 96°9 g1y 890 F GT°0 F ¥1°9 (01'g'8) x (1'2°1)
€0°0 F 0€°0 LT0 V2’0 Fogor 680 F 600 F 0v'c 1.0 Fiol7 960 F 920 F 612 317 V80 F €2°0 F ¥£'9 (01°g'8) X (1°0)
pRIS poyoadxy < X3 > (s-01) “T5E =2 (5-01) Mo/ur0 (qu) (111 < b/ Adworg)o  (peD) Id x |fi] urg

punoidyoeyqg dnoaig

41



Applying the average efficiencies in each |y| X pp bin, we expect a total rate of recon-
structed overlapping events of ~ 15.1 x 1078 per inclusive W. Multiplying by the number
of W candidates, 1.5 x 107, and taking into account the average efficiency from the inclusive
J /1 for each bin, we estimate an expected 1.8 + 0.2 reconstructed events arising from pileup
in our whole sample. We investigate the difference between the distance from the primary
vertex in the z—direction of the muon originating from the W and the average distance from
the primary vertex in the z—direction of the muons forming the J/v candidate for the prompt
W+ +J /1 candidates. All events have a difference < 1 mm, except for one outlier with

sPlot weight of 1.7 for W= +prompt J /1. This is quite consistent with our a priori estimate.

5.6 Multiple parton scattering

It is possible for multiple hard processes to occur in a single pp collision; if there are two
interactions the situation is called double parton scattering (DPS). DPS production is in-
distinguishable from the single parton scattering (SPS) process with low number of events.
The SPS production is the W= + .J /1 production that is predicted by the theories described
in Sec. 2.3] The kinematic distribution of the opening angle between the W and J/¢ in
SPS W+ + J/1 events is expected to peak at 7, since the W and J/v¢ are produced in
the same parton—parton interaction and conservation of energy holds. The DPS kinematic
distribution is expected to be flat, since the W and J/v¢ are produced in different parton—
parton interactions. Fig. shows the expected distributions with the DPS simulated from
PYTHIA [67] and SPS simulated using MadGraph [68]. Since DPS process is indistinguishable
from the SPS process, we observe both contributions, and estimate the amount of the DPS
contribution a priori, in order to calculate the amount of SPS to compare with the theoretical
predictions, as will be shown in Chapter [§

For a collision in which hard process A occurs, the probability that an additional (dis-

tinguishable) process B occurs is parametrized as

g
Oeff

where 0.4 is a parameter we take to be 15+ 3(stat.)fg(syst.) mb from the ATLAS measure-

ment of hard double-parton scattering interactions in W — [v + 2 jet events [69H71].

42



jg 0774 L L B B B LB T \i
g F ATLAS Preliminary, Simulation —
> 0.6~ 4 SPS template (MadGraph COM NLO) —
®© [ ==DPS template (flat) ]
S 05- 1
< N ]
0.4 .
0.3 -
0.2 1
0.1~ -

0: . & @=Ly | \:

0 0.5 1 1.5 2 2.5 3

A o(W,Jly)

Figure 5.9: The azimuthal angle separation between the W boson and the J/¢ meson in
single parton scattering (SPS) and double parton scattering (DPS) production as estimated
from simulation. The DPS template is assumed flat, and was validated with PYTHIA, while
the SPS template was simulated with specific phenomenological assumptions in MadGraph.

This has exactly the same form as the pileup term considered in Sec. (i.e. a proba-
bility per W event, given by the .J/v cross section divided by another cross section). Because
oo 18 much smaller than oy, the DPS background is actually significantly higher (4.8%)
than the pileup background. The expected DPS production rates are shown in Table [5.5
Multiplying by the number of W candidates, 1.5 x 107, and taking into account the average
efficiency from inclusive J/1) for each bin, the total number of DPS production in our sample

is expected to be 10.8 & 4.2 events.
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CHAPTER 6

FI1T PROCEDURE

Alguien va en un entierro sollozando
¢ Como luego ingresar a la Academia?

— Cesar Vallejo, Un hombre pasa con un pan al hombro

We use a fit procedure to extract the W= + prompt J /1 signal from the dataset. The
statistical significance of the observation of the W= + prompt .J /1 process is calculated using
the likelihood ratio method. Systematic uncertainties introduced due to the fit procedure

are calculated and several cross-checks on the fit procedure are shown in this Chapter.

6.1 Signal extraction

The number of W+ + prompt J /1 candidates is extracted using a two-dimensional fit in the
dimuon invariant mass and pseudo-proper time distributions. This allows for the separation
of combinatorial and non-prompt background from the prompt J/i¢) component. The J/1
pseudo-proper time distribution is expected to peak at 0 for prompt J/v, while resolution
effects allow for smearing of this distribution. The non-prompt background is expected to
follow an exponentially falling distribution, as shown in Fig.[5.2]in Section[5.3] The following

functional forms were used for the fits on the pseudo-proper time distributions:

Torompt /(7). = G(730,07) @ ((1 — a)5(7) + aCpe |T\/To>
Thon-prompt J/u(7) = G(7;0,07) @ (Cle(T)e_T/Tl>
Tpvompt bke(7) = G(730,07) @ (1= 0)d(r) + bCye™I71/70)
Thon-prompt bkg(T) = G(7:0,07) ® (059(7)6_7/72> .

In the above, G(x; i, o) is a Gaussian function of  with mean p and width o; ¢ is the Dirac
delta function; 6 is the step function; a, b, and the 7; are shape parameters; and the C; are
appropriate normalization constants.

The dimuon invariant mass distribution exhibits a Gaussian peak at the J/¢ mass for

the J/ signal, and a combinatorial background on both sides of the /i) mass peak. The
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resolution of the Gaussian depends on the region of the detector where the J/1) is detected.
J/1 candidates near the barrel region have better resolution, while those in the endcap
region exhibit slightly worse resolution. To take advantage of the different resolution, we
separate the fit in two regions, barrel and endcap, defined by the rapidity (y) of the J/v,
0<J/Yy<landl < J/y< 2.1, respectively. The following functional forms were used

for the fits on the mass distributions:

PDG

Myppmye=) = GOy y=sm ", om)
—-m _/k
Mprompt bkg(m,fru—) = (Che whu /ko
—-m _k
Mnon—prompt bkg(mu-i-ﬂ—) = (Cge whu /K1

In the above, G(x; u,0) is a Gaussian function of x with mean p and width o, the k; are
shape parameters; and the C; are appropriate normalization constants.

The combined probability density function used for the fit is:

P o Npvompt 7/g X MMyt =) X Torompt 7/3(7)
+  Nuon-prompt /o X My (my+ =) X Thonprompt 7/ (7)
+  Nprompt bkg X Mprompt bkg M+ 4~) X Tprompt bkg(T)
+  Nuon-prompt bkg X Mnon-prompt bkg(M+,~) X Thon-prompt bkg(T)-

The functional forms and the values of the nuisance parameters used for the fits were
derived using a combination of data-driven techniques and Monte Carlo simulated samples.
Nuisance parameters are the parameters that define the shapes the functional forms will
take in a fit, and are determined using inclusive J/v fits in the two regions. This is because
the inclusive J/v fits have enough statistics to offer a more reliable measure of the nuisance
parameters. In contrast, the pre-selected events for the W= + J /1 analysis are too few to
be able to constrain the nuisance parameters using a two-dimensional fit procedure. We
allow for the possibility that the nuisance parameters are different between the inclusive
J/ fit and the W+ J /1 fit, by allowing the nuisance parameters to float with a Gaussian
constraint equal to the uncertainty of the parameters from the inclusive fit. The following
nuisance parameters are allowed to float: oy, o7, 79,71, T, ko, k1, and the fractions a, b,

while the mean values of the Gaussian functions in mass and pseudo-proper time are kept
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constant at the J/1¢ mass and 0 respectively.

We use the Roofit statistical toolkit [72] for the implementation of our fits, which normal-
izes the probability density functions to unity. Roofit is a collection of standardized tools in
particle physics that performs fits to datasets according to user-defined functional forms, in
order to extract the nuisance parameters, or the yield of certain physics processes, modelled
by each functional form.

We use the sPlot procedure [65] to extract weights for the prompt J/¢) hypothesis
for all the events. Every event is assigned a weight for the prompt J/v, non-prompt J/1),
and combinatoric background hypotheses. This allows us to determine the distributions of
signal-like events in other variables. In particular, we plot the W transverse mass distribution
for the prompt J/¢ component as determined by sPlot. We fit this distribution with the
inclusive W shape from Monte Carlo simulation and the data-driven multi-jet shape to
determine which hypothesis — W-only or multi-jet-only — better models the sPlot weighted
distribution, using the x?2 test. To determine the yields of W+ + prompt J /¢ and multi-
jet+prompt J/1¢ from the fit we perform a fit on the W transverse mass including the W
and multi-jet templates simultaneously and find the ratio of the models that minimizes the
X2 value.

In order to determine the cross-section ratio, we apply an event-by-event correction for
cach W+ + prompt J /1 candidate given by the efficiency of reconstructing the J/1 muons
and the acceptance of reconstructing the J/v¢ in the ATLAS detector. We use the maps of
soft muon reconstruction efficiencies € and J/1 acceptance A, as described in Section [5.4]
We report the differential cross-section ratio R/, in bins in J/¢ rapidity [y[, (0,1) and
(1,2.1), and J/9 transverse momentum pp, (8.5 —10), (10 —14), (14, 18) and (18 —30) GeV.
Moreover, the branching ratio of the J/¢ — pu decay (5.98%) is implied in the results, to
correct for the fact that we are only considering this decay channel of the J/4.

The measurement of the cross-section ratio strongly depends on the assumed spin-alignment
scenario. We report the ratio with isotropic scenario assumption as our base measurement.
In addition, we report the ratio measurement for the different scenarios.

For the ratio measurement, we assume all the prompt J/v candidates are associated with
a W boson. The results in Chapter 7| show that the W-only hypothesis is strongly preferred,

and that the amount of multi-jet background in consistent with 0.
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6.2 Significance calculation

In particle physics, we define the p-value as a measure of the statistical significance of a
physics process. The p-value is the probability that the background-only hypothesis (also
known as null hypothesis) fluctuates to at least the number of signal events that were observed
in the data. The statistical significance is obtained from the p-value by converting it to a “o—
level”, or the number of standard deviations away from the mean of a normal distributions.
The standard for observation of “new physics” in particle physics is 50. For a detailed treatise
of statistical methods, see for example [73| [74].

To calculate the statistical significance of the W+ + prompt J /1 process, we use the
likelihood ratio method. The likelihood ratio A(—21In L) between the best fit hypothesis
(with a floating prompt J/¢ yield) and the null hypothesis (prompt J/v¢ yield forced to
zero) for the data, is compared with thousands of pseudoexperiments to generate the p-value,
which is used to estimate the significance for prompt J/v production. After establishing
the observation of prompt J/v, we fit the sPlot-weighted prompt J/1 candidates in the W
transverse mass distribution to separate the real W boson process from multi-jet background.
We repeat the fit with the null hypothesis, assuming no W exists in association with the
prompt J/1¢ candidates. The significance of the W production, as opposed to multi-jet, in
association with J/v is found using the Ax? between the two hypotheses. The results of
applying this procedure will be described in Chapter [7]

6.3 Fit systematic uncertainties

Systematic uncertainties may be introduced due to our choice of fit functions. We try
different functional forms, such as removing the double-sided exponential tails, changing the
exponential in combinatorics mass distributions to Chebychev polynomials, using the same
exponents for signal and background in pseudo-proper time, using the same exponents for
prompt and non-prompt combinatorics in mass, using asymmetric double-sided exponential
tails, and others, and find the maximum effect on the yields to be 4%. We attribute this
as a systematic due to our choice of the fit functional forms. We allow the fit nuisance
parameters to float with a Gaussian constraint equal to the error from the inclusive J/1 fit.

We estimate the uncertainty due to the fit procedure by repeating the two-dimensional fit by
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allowing a Gaussian constraint on each of the nuisance parameters equal to the error from
the inclusive J/1 fit, and comparing the errors on the yields with the errors on the yields
when we keep the nuisance parameters constant at the fitted values. Keeping the nuisance
parameters constant allows us to separate the statistical error from the total, statistical and
systematic, error that is derived from the fit.

The systematic uncertainty due to the fit procedure is f%g% in the barrel and J_F%:i% in
the endcap. Applying the Gaussian constraint on the nuisance parameters from the inclusive
parameter reduces the systematic uncertainty due to the fit, since it is derived from a well
understood inclusive J/1 fit, and takes into account the correlations between the nuisance
parameters. When we allow the nuisance parameters to float with a Gaussian constraint
equal to five times the error from the inclusive J/9 fit, the results are comparable.

In addition, the fit systematic uncertainty in the significance calculation is taken into
account when we allow the nuisance parameters to float in the final fit with the Gaussian
constraints on the nuisance parameters of 1 ¢ from the inclusive fits, compared to keeping
the nuisance parameters constant at their fitted values. The profile likelihood of the yield
of W* + prompt J /1 is shown in Fig. for the two cases. We report the results of the
fit when the nuisance parameters are allowed to float with a Gaussian constraint of 1 o, to
include the systematic uncertainties.

Table shows the nuisance parameters of the inclusive J/v fit and the Wt +J /U
fitted values after we apply Gaussian constraints on the nuisance parameters with the error

from the inclusive fit.
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Figure 6.1: The profile likelihood ratio for the W= + prompt J /1 yield is shown for the
cases where the nuisance parameters are allowed to float with a Gaussian constraint on the
nuisance parameters of 1o of the parameters from the inclusive J/v fit (magenta), compared
with keeping the nuisance parameters fixed at their fitted values (blue). The difference in
the errors corresponds to the systematic uncertainty due to the fit procedure.
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The nuisance parameters of the fit were extracted from the inclusive J/v fit in the J/¢
transverse momentum range 8.5-30GeV, the same range used for the W+ + .J /1. The J/4
transverse momentum distribution is different between the inclusive J/1» and the W+ +
prompt J/1. We estimated the effect of this discrepancy in the yields by fitting the inclusive
J /1 transverse momentum subregions 8.5-10, 10-14 and 14-30 GeV separately, first with no
constraints on the fit, and then using the 8.5-30 GeV nuisance parameters with constraints,
as done for the WE+J /1 fit. The prompt J/4 yields for both fits are shown in Table . The
results show that using a different J/v transverse momentum range for the extraction of the
fit nuisance parameters has a small effect, less than 1%, on the prompt J/1) yields, compared
to leaving the inclusive J/v fit unconstrained and extracting the yields independently for
each region. We assign a systematic uncertainty associated with this effect, to account for the
assumption that the fit nuisance parameters extracted from the inclusive J/v distribution
can be used as a template for the W+ + J /1 distribution, which might follow a different

J /1 transverse momentum distribution than the inclusive J/1.

Prompt J/1 yields in inclusive J/4 fits

(Jy| X pr) bin Unconstrained prompt J/¢  Constrained prompt J/v  Absolute difference  Percentage difference

(0,1) x (8.5,10) 4373479 4413477 40 1%
(1,2.1) x (8.5,10) 475586 4693+83 -62 —1%
(0,1) x (10,14) 4400+78 4400+76 0 0%
(1,2.1) x (10, 14) 4646482 4620480 -26 —1%
(0,1) x (14, 30) 3907+73 3898-£72 -9 —0%
(1,2.1) x (14, 30) 4031476 406575 34 1%

Table 6.2: The prompt J/1 yields in inclusive fits in three subregions in J/v transverse
momentum and two regions in rapidity are shown for unconstrained fits in the second column.
The third column shows the prompt J/v¢ yields for constrained fits, using the nuisance
parameters from the fit in the whole J/v transverse momentum range, 8.5-30 GeV, with
Gaussian constraints. The absolute and percentage difference of constrained-unconstrained
yields is also shown. The differences are less than 1%.

6.4 Cross-checks

We performed various cross-checks to confirm that our fit procedure is robust and stable,

without biases being introduced due to the choice of nuisance parameters or fit functional
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forms. Specifically, we calculated the pull distributions for thousands of pseudoexperiments

and performed a cross-check for the W+ non-prompt J/1 yields, as explained below.

6.4.1 Pull distributions

In order to confirm that our fit procedure is unbiased and that the errors are estimated
correctly, we performed 20000 pseudoexperiments where for each we generated events drawn
from a Poisson distribution of the yields of prompt J/v, non-prompt J/v, prompt combi-
natorics and non-prompt combinatorics. We then fit the generated pseudodata using the fit
model described in Chapter [6] with floating nuisance parameters with a Gaussian constraint
with the error from the inclusive J/1 fit. We keep the results of the fits that successfully

converged and get the pulls using the following formula:

(Mean of Poisson generated yield) — (Yield result from fit)

Pull =
h Yield error from fit

(6.1)

taking into account the asymmetric errors. Fig. shows the pull distributions for the 20000
pseudoexperiments. The results exhibit a small bias, which does not affect the results.

Furthermore, during the fit, we allow the combinatorics background parameterization to
vary explicitly, by not fixing the ratio of the prompt:non-prompt components in the J/1
and combinatorics pseudo-proper time fit. The fact that the fit under the null hypothesis,
ignoring the W= + prompt .J /1 contribution, cannot sufficiently describe the data, further
illustrates the robustness of our fit. In addition, the fit sufficiently describes separately
the J/1 mass peak region and its sidebands in the pseudo-proper time distribution, even
though the fit is performed simultaneously in the full J/¢ mass and pseudo-proper time
distributions.

We conclude that the fit is robust and stable. The statistical uncertainties are derived
by keeping the nuisance parameters fixed and performing the fit again. The systematic
uncertainties due to the fit are found from the quadratic difference between the total error
and the statistical error, when we allow the nuisance parameters to float within a 1o Gaussian
constraint of the values from the inclusive J/v fit. In the calculation of the significance, we
use the fit with 1o constraints, which takes into account both statistical and systematic

uncertainties with correlations due to the fit procedure.
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Figure 6.2: Pulls for 20000 pseudoexperiments generated with Poisson fluctuations of the
expectations using our fit model, allowing the nuisance parameters to float. The results
exhibit a small bias, which however does not affect the results.

6.4.2

W + b cross-check

In addition to the W= + prompt .J /1, this analysis can determine the W and non-prompt

J /1 production. In this section, we investigate if the results are consistent with the published

W + b results from ATLAS [75]. There are some differences between the phase space of

the two analyses; we use muons with transverse momentum above 25 GeV and missing

transverse energy above 20 GeV, compared to 20 GeV for the muon and 25 GeV for missing



transverse energy in the W + b result. In addition, the W + b paper requires the b — jets
to have transverse momentum above 25 GeV, whereas in this analysis the J/t¢ transverse
momentum is required to be above 8.5 GeV.

The measured cross-section of W + b in the muon channel is 9.7 pb, which we divide
by the inclusive W cross-section from ATLAS [60], which is 5.127 nb, to get the ratio
W+b: W =1.9x1073. Taking into account the B¥/B?/BY /b—baryon admixture branching
fraction to J/¢ and the J/¢¥ — pp branching fraction (1.1% and 5.9% respectively), we
calculate the ratio W 4 b : W to be 1.2 x 107,

From our fit in Chapter , we determine the number of W +non-prompt J/1) events to
be 41.81‘?:%. After correcting for the muon efficiencies and J/v¢ acceptance, the weighted
number of W -+non-prompt J/¢ events becomes 86.2. We divide by the number of W
candidates in data, 1.48 x 107, to get the ratio W + non-prompt.J/¢ : W = 5.8 X 1076, 1f
we assume around 50% of this to come from double parton scattering (as estimated for the
W + promptJ /1 in Section , the ratio becomes 2.9 x 1076,

This result has the same order of magnitude as the expected value from the published
results, and considering the large statistical uncertainties in our measurement, it is consistent
with expectation. Another reason for the difference is that in the W + b paper, the minimum
transverse momentum of the b—jets was required to be 25 GeV, which corresponds to a higher
transverse momentum requirement on the J/¢ product, than this analysis’ requirement of 8.5
GeV. The W + b background is non-prompt, and this study is meant as a rough cross-check
of the fit procedure.
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CHAPTER 7

OBSERVATION OF W¥ 4+ PROMPT .J/1) PRODUCTION

Scrivere ¢ sempre nascondere qualcosa in modo che venga poi scoperto.

— Italo Calvino, Se una notte d’inverno un viaggiatore

We report on the search for W+ + prompt J /1 production, a process that has not
been observed before, and has important implications towards our understanding of J/1
production at hadron colliders, as explained in Chapter . Prompt J/v is selected as it
is being produced directly in association with a W boson, in contrast to non-prompt J/1
produced from long-lived particles, such as b-hadrons.

We select W+ + J/¢ candidates as described in Section and fit as described in
Chapter [6] We have 78 candidate events in the barrel region and 71 events in the endcap
region, shown in the two-dimensional J/1) invariant mass - pseudo-proper time phase space
in Fig. [7.1]

The Mp(W) distribution of the candidates, as well as the A¢(W, J/v) distribution are
shown in Fig. [7.2 The shape of the Mp(W) distribution is consistent with a W boson.
These plots include the non-prompt J/1 and combinatoric background in the windows in
dimuon invariant mass between 3 and 3.2 GeV and pseudoproper time between -0.5 and
0.5 ps. A more sophisticated background subtraction technique, sPlot, is used after the
two-dimensional fit is conducted, and the My (W) and A¢(W, J/4) distributions for W+ +
prompt J/v are shown in Figs. and .

The two-dimensional fit in J/1 candidate mass and pseudo-proper time 7 determines the
number of prompt J/v candidates. The fit is performed separately for barrel and endcap J/
candidates. Fig. shows the result of the fit in the .J/1¢ mass for all the .J/v¢ candidates,
when the two fits are summed. The pseudo-proper time fit for the J/¢ mass peak region
is also shown in Fig. . The J/¢ mass peak region is defined as the region with dimuon
invariant mass 3 — 3.2 GeV.

Fig. shows the sPlot-weighted distribution of the Agp(W, J/v) for both regions. It is
evident from the A¢ distribution that there is a tendency for the candidates to have angles
close to m, i.e. for the W boson and J/v to be back-to-back. By studying the simulated
predictions of W + prompt .J /1 production from simulation, they tend to also exhibit large

angles, in contrast to the expected uniform distribution of double parton scattering events.
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Figure 7.1: Two-dimensional plot of W= + .J /1 candidates in J/v invariant mass - pseudo-
proper time in the whole region in J/1 rapidity (0 — 2.1). Most of the candidates fall near
the J/v mass of 3.097 GeV and pseudo-proper time 0 ps, as expected from prompt J/1)
production.

The expected double parton scattering contribution is also shown on Fig. [7.4] normalized to
the expected number of double parton scattering events as calculated in Section [5.6]

We observe a non-zero yield of W+ + prompt J /¢ candidates, after subtraction of the
pileup contribution. We use a two-step method to determine the significance of the W+ +
prompt J/1) process production: first, we establish a significance for the production of
prompt J/1 candidates in W=+ prompt J /1 candidates, and then establish that the prompt
candidates are consistent with W production rather than multi-jet background. For the first
stage, we fit the WE4J /1 candidates in the data in the J/1) mass and pseudo-proper time
distributions with the procedure described in Chapter @, and obtain the —12A(In £) between
the best fit hypothesis (with a floating prompt J/1 yield) and the null hypothesis (prompt
J /1 yield forced to zero).

After establishing the observation of prompt J/v, we fit the sPlot-weighted prompt
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events are not efficiency /acceptance-weighted, and no background has been subtracted.
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Figure 7.3: Invariant mass and lifetime projections of the two-dimensional mass-lifetime fit
used to extract the prompt .J/1¢ candidates.

J/1 candidates in the W transverse mass distribution to separate the real W boson process
from multi-jet background. We repeat the fit with the null hypothesis, assuming no W

exists in association with the prompt .J/v¢ candidates. The significance of the W production,
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Figure 7.4: The sPlot-weighted azimuthal angle between the W= and the J /1 is shown
for W* + prompt J /1 candidates. No efficiency or acceptance corrections are applied.
The determined DPS contribution (with systematic uncertainties) is overlaid, using a flat
DPS template validated using PYTHIAS [67] MC simulation and normalized to the total
rate as estimated in Section [5.6f The hashed region shows the uncertainty on the DPS
estimate. The A¢ distribution is not itself used in the estimation of the DPS component of
the W* + prompt J/v data.

as opposed to multi-jet, in association with J/v is found using the Ax? between the two
hypotheses.

Table shows the yields in each of the two detector regions, barrel and endcap, includ-
ing the statistical error from the fit for the prompt J/1, non-prompt J/1 and combinatoric
background components. We also extract the p-value for the prompt J/v¢ hypothesis, and
find the significance with respect to the null hypothesis to be 5.10.

To estimate the p-value with pseudoexperiments, we performed 1.4 million pseudoexper-
iments where for each experiment we generated events drawn from a Poisson distribution of
the yields of non-prompt J/1, prompt combinatorics and non-prompt combinatorics from

the null (background-only) hypothesis. The nuisance parameters of the fit were also ran-
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Yields and significance from 2-dimensional fit

Process Barrel Endcap Total
Prompt J /% 10.015 7 (stat) T3 (syst)  19.272 % (stat) T3 (syst)  29.2175 (%)
Non-prompt J/v 27.9fg:g(stat)t8:§ (syst) 13 91@212 (stat)fgé(syst) 41.8J_r§'§
Prompt combinatorics 20.4J_rg:‘? (stat)f%é (syst) 18.8t§:g(stat)f8:§(syst) 39,2J_r§'_g
Non-prompt combinatorics 19‘8fizg(stat)t8'_§ (syst) 19.2J_rg'& (stat)fg‘g(syst) 39.0J_r§1?
p-value 8.0 x 1073 1.4 x 1076 2.1 x 1077
Significance (o) 2.4 4.7 5.1

(*) of which 1.8 £ 0.2 originate from pileup

Table 7.1: The yields for the prompt J/v, non-prompt J/¢ and combinatorics background
using the fit method in Chapter [ff The errors shown include the statistical and systematic
uncertainties from the fit, as described in Section [6.3] The systematic uncertainties due
to the fit procedure are negligible. The significance is calculated using the p-value from
pseudoexperiments.

domized at generation for each pseudoexperiment. We then fit the generated pseudodata
using the background-only hypothesis, and also with the signal+background hypothesis and
we calculated for each pseudoexperiment the —2A(In £) value between the two fits. The nui-
sance parameters were allowed to float within their Gaussian constraints during the fitting
stage, following the same procedure as for the data, as described in Chapter [l This way,
we can estimate the p-value, i.e. how often we can expect 0 prompt J/v events to fluctuate
upwards to a value at least as high as the result from the data, hence a high —2A(In L)
between the null and signal+background hypotheses.

As described in Chapter [6] we use sPlot to plot the W transverse mass for the prompt
J /1 candidates. We then compare multi-jet-only and W-only hypotheses using data-driven
templates for Mp(W). The W-only model is strongly preferred, with a Ax? with respect to
the multi-jet-only model of > 40 for five degrees of freedom, as shown in Fig. [7.5]

We fit the sPlot-weighted W transverse mass distribution with both the W and the
multi-jet templates, to extract the relative yield of the two processes in association with the
prompt .J/1 production, by minimizing the x2 for the range of values for the fraction of W
candidates. Table shows the yields for W and multi-jet background, and Fig. shows
the fit in the W transverse mass for all the prompt J/v candidates. Assuming a flat prior in
[0, 1] for the multi-jet fraction, the probability of data given the hypothesis is proportional
to exp(—(f(multi-jet) — best fit f (multi-jet)?/20%;)). Following Bayes’ theorem, we get the
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Figure 7.5: The fit on the W transverse mass distribution for prompt .J/¢ candidates using
sPlot is shown for the W-only hypothesis (left) and the multi-jet-only hypothesis (right).
The W-only hypothesis is strongly preferred. Only the first five bins above 40 GeV are used
to compute the x2. The fit is performed in the region 40-140 GeV in Mp(W).

Process Yield
W + prompt J/1) 29.14+4.6
multi-jet + prompt J/¢» 0.1 +4.6

Table 7.2: The yields for the prompt J/1 candidates associated with W boson or multi-jet
background, using the fit method in Chapter [6] The errors shown are statistical.

fraction of multi-jet to be smaller than 0.31 at 95% credibility level.

7.1 Event displays

To better illustrate the observation of the W+ + J /1 process, we use the Atlantis software

package to draw the displays for specific events that have a high sPlot weight for being
W + prompt J /1 events. Figs and show two examples of such events.
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W and multi-jet components. The fit is performed in the region 40-140 GeV in Mp(W).
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SJATLAS

A EXPERIMENT

Run Number: 191513, Event Number: 11053516
Date: 2011-10-23 17:21:09 UTC

Figure 7.7: This event display for event 11053516 in run 191513 clearly shows the two J/¢
muons at the 9 o’clock position, the W muon at 6 o’clock, and the EF"™ vector in the
direction of 12 o’clock, opposite from the muon originating from the W.
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SJATLAS

A EXPERIMENT

Run Number: 189421, Event Number: 32188372
Date: 2011-09-16 18:30:08 UTC

Figure 7.8:  This event display for event 321883372 in run 189421 clearly shows the two
J/1 muons at the 1 o’clock position, the W muon at 3 o’clock, and the EF"™ vector in the
direction of 9 o’clock, opposite from the muon originating from the W.
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CHAPTER 8

MEASUREMENT OF THE CROSS SECTION RATIO W& + J/¢: W

C’est le temps que tu a perdu pour ta rose qui fait ta rose si importante.

— Antoine de Saint-Exupery, Le petit prince

Once the observation of the W+ + prompt J /1 process is established, as shown in Chap-
ter , we need to measure the cross section of the W= +prompt .J /1 process. To cancel errors
related to the W boson, we calculate the cross section ratio of the W= + prompt .J /1 process
to the inclusive W production, as explained in Section 5.1} Measuring the cross section ratio
of the W+ + prompt J/1 process to the inclusive W, and subtracting the double parton
scattering contribution, as explained in Section [5.6] allows us to compare our measurement
with theoretical predictions for single parton scattering production of W= + prompt .J /1, as
will be shown below.

We extract the cross-section ratio Rj i by dividing the number of W+ + prompt J /1
candidates determined by the two-dimensional mass-pseudoproper time fit described in

Chapter [6] by the number of inclusive W candidates in the same fiducial region.

Nw /4
R Wy DRares Ay Ny 4174
J/q/}_ ow o Zjil _NWxEJ/wx.AJ/¢
ew

Each W+ + prompt J /1 candidate is weighted by the geometrical acceptance of the .J/v for
that rapidity and pp (evaluated in Section , and the efficiency of reconstructing the
J/¢ muons, discussed in Section [5.4.1] The nominal measurement assumes isotropic .J/¢
decays. In addition, the branching fraction of the J/¢¥ — up decay is implicitly included in
the measurement.

Fig. shows the inclusive and double parton scattering differential cross-section ratio
as a function of J/1 transverse momentum for the isotropic scenario, after the subtraction of
the pileup background, whereas Fig. shows the DPS-subtracted (SPS) differential cross-
section ratio after the subtraction of the double parton scattering estimated contribution
as well. Table shows the inclusive and DPS-subtracted (SPS) differential cross-section

ratio, after the subtraction of the double parton scattering component.
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Figure 8.1: The inclusive differential cross-section ratio R Jy 88 function of J/1 transverse
momentum, for the isotropic spin-alignment scenario in linear (left) and logarithmic (right)
scale. The error band shows the range of the value of the ratio with different spin-alignment
scenarios. The total error is statistical and systematic, whereas the first tick shows the sys-
tematic error. The expected pileup background contribution has been subtracted, but the
double parton scattering contribution is included in the total ratio. The expected contribu-
tion of double parton scattering is also shown.

Table 8.2 shows the differential cross-section ratio results for all considered spin align-
ment scenarios, after the subtraction of pileup background, estimated in Section [5.5.5] The

f%g%(syst)) as esti-

double parton scattering expectation has a high uncertainty (33%(stat)
mated in Section [5.6] The inclusive single parton scattering and double parton scattering
contribution is shown in Table 8.2l The expected single parton scattering contribution is
shown in Table [8.3] after the subtraction of the double parton scattering estimate, and the

introduction of an additional systematic uncertainty due the DPS estimate.
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We define the fiducial cross section ratio

_ BRUJ/Y = ptpT) dogq(pp — W+ J/9)
T oga(pp — W) dy
NCC(W=* + J/y) 1

- N(Wi) A_y B Rplleup7

Rid

where N¢(W= + J /1) is the yield of W= 4 prompt J/1 events after correction for the J /1)
muon reconstruction efficiencies, N(W¥) is the background-subtracted yield of inclusive W=

events, Ay = 4.2 is the size of the fiducial region in y ; /> and Rid s the expected pileup

ileu
background contribution in the fiducal J/¢ acceptance. For R Ji) " va)fe do not correct either
for the the incomplete acceptance for J/1) muons or for the W acceptance. Also note that
only the cross section for 8.5 < py I < 30 GeV is considered.
In addition to reporting Rfid T/ We present results corrected for the fiducial acceptance of

the muons from the J/v decay, but maintaining the pp range:

pind _ BRU/Y = pru”) do(pp = W+ J/¢)
I oga(pp — W) dy
Nec+ac<Wj: + J/l/}) 1
- N(W:I:) A_y - Rpileupa

where NeTaC(IWE 4 J/4)) is the yield of W™ + prompt .J/4 events after both .J/1) muon
efficiency corrections and J/1) acceptance corrections, Rpjjeyp is the expected pileup contri-
bution in the full J/t¢ decay phase space, and other variables are as for Rfid T The J/v
spin-alignment, which determines the angular distribution of the muons from the J/1 decay
and thus modifies the acceptance for the J/1 to be detected within the fiducial volume, is
not known and is dependent on the underlying production mechanism. Five extreme sce-
narios that bound the possible variation are considered for the acceptance and assigned as a
systematic uncertainty.

The isotropic spin-alignment scenario is assumed for the central result, and the varia-
tions of the result with the different spin-alignment scenarios are also reported in HEPDATA.
The DPS contribution to Rgﬁ) is estimated to be (48 & 19) x 1078, Subtracting the DPS
contribution from Rf}lﬁ) gives an estimate R?/Pf sub of the single parton scattering rate,
which can be directly compared with leading-order (LO) color singlet pQCD predictions and
next-to-leading-order (NLO) color octet predictions [44].
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Inclusive Differential cross-section ratio RJ/w

Spin-alignment scenario Bin |y| X pp (GeV) Ratio (1076)
(0,1) x (8.5,10) 0.45 % 0.23(stat) & 0.035(syst) 52, (spin)
(1,2.1) x (8.5, 10) 0.63 % 0.23(stat) + 0.055(syst) T 2! (spin)
Isotropic (0,1) x (10, 14) 0.075 % 0.064(stat) + 0.0062(syst) T3 922 (spin)
(1,2.1) x (10,14)  0.06 % 0.044(stat) % 0.0057(syst) T9 512 (spin)
(0,1) x (14,18) 0.012 + 0.028(stat) £ 0.001(syst) 70953 (spin)

(1,2.1) x (14,18) 0.0095 %+ 0.019(stat) + 0.00092(syst) 759922 (spin)
(0,1) x (18,30) 0.0045 % 0.009(stat) + 0.00033(syst) 7999665 (spin)
(1,2.1) x (18,30)  0.014 = 0.01(stat) & 0.0011(syst)T2-0917 (spin)

—0.0019

(0,1) x (8.5, 10) 0.5

(1,2.1) x (8.5, 10) 0.53

Longitudinal (0,1) x (10,14) 0.094
(1,2.1) x (10, 14) 0.054
(0,1) x (14,18) 0.0097
(1,2.1) x (14,18) 0.0091
(0,1) x (18, 30) 0.0042

(1,2.1) x (18,30) 0.012

(0,1) x (8.5, 10) 0.44

(1,2.1) x (8.5, 10) 0.7

Teansverse 0 (0,1) x (10, 14) 0.067
(1,2.1) x (10,14) 0.065

(0,1) x (14, 18) 0.013

(1,2.1) x (14,18) 0.01
(0,1) x (18, 30) 0.0045

(1,2.1) x (18, 30) 0.015

(0,1) x (8.5, 10) 0.65

(1,2.1) x (8.5, 10) 0.84

Trancvorse P (0,1) x (10, 14) 0.098
(1,2.1) x (10, 14) 0.073

(0,1) x (14,18) 0.015

(1,2.1) x (14, 18) 0.012
(0,1) x (18, 30) 0.0051

(1,2.1) x (18, 30) 0.015

(0,1) x (8.5, 10) 0.33

(1,2.1) x (8.5, 10) 0.6

Teansverse M (0,1) x (10,14) 0.049
(1,2.1) x (10, 14) 0.058

(0,1) x (14,18) 0.011

(1,2.1) x (14,18) 0.009

(0,1) x (18, 30) 0.004

(1,2.1) x (18,30) 0.014

Table 8.2: Inclusive differential cross-section ratio R J /b for five spin-alignment scenarios

per J/i transverse momentum and rapidity bin. Both single parton scattering and double
parton scattering contributions are included. The statistical and systematic errors are the
same between the different spin-alignment scenarios.
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DPS—subtracted (SPS) Differential cross-section ratio R/,

Spin-alignment scenario Bin |y| X pp (GeV)

Ratio (10~9)

(0,1) x (8.5, 10)
(1,2.1) x (8.5,10)
(0,1) x (10, 14)

0.31 + 0.23(stat) + 0.035(syst) 79 2, (spin) + 0.075(DPS)
0.51 %+ 0.23(stat) + 0.055(syst) T92! (spin) £ 0.06(DPS)
0.034 =+ 0.064(stat) + 0.0062(syst) 75923 (spin) + 0.019(DPS)

Isotropic
(1,2.1) x (10, 14) 0.026 £ 0.044(stat) £ 0.0057(syst) "5 008 (spin) + 0.016(DPS)
(0,1) x (14, 18) 0.0042 £ 0.028(stat) £ 0.001(syst) 7050 (spin) £ 0.0035(DPS)
(1,2.1) x (14,18) 0.0033 % 0.019(stat) = 0.00092(syst) T 00922  (spin) + 0.0027(DPS)
(0,1) x (18,30) 0.0034 £ 0.009(stat) £ 0.00033(syst) 500065 (spin) + 0.00047(DPS)
(1,2.1) x (18,30)  0.013 % 0.01(stat) = 0.0011(syst) T 0-0017 (spin) + 0.00033(DPS)
(0,1) x (8.5, 10) 0.36
(1,2.1) x (8.5,10) 0.41
Longitudinal (0,1) x (10, 14) 0.054
(1,2.1) x (10, 14) 0.02
(0,1) x (14, 18) 0.0019
(1,2.1) x (14,18) 0.0029
(0,1) x (18, 30) 0.0031
(1,2.1) x (18, 30) 0.011
(0,1) x (8.5, 10) 0.3
(1,2.1) x (8.5,10) 0.57
Transverse 0 (0,1) x (10, 14) 0.027
(1,2.1) x (10,14) 0.03
(0,1) x (14,18) 0.0051
(1,2.1) x (14,18) 0.0041
(0,1) x (18, 30) 0.0034
(1,2.1) x (18, 30) 0.014
(0,1) x (8.5,10) 0.51
(1,2.1) x (8.5, 10) 0.72
Teansverse P (0,1) x (10, 14) 0.058
(1,2.1) x (10,14) 0.039
(0,1) x (14, 18) 0.0072
(1,2.1) x (14,18) 0.0056
(0,1) x (18, 30) 0.004
(1,2.1) x (18, 30) 0.014
(0,1) x (8.5, 10) 0.19
(1,2.1) x (8.5,10) 0.47
Teansverse M (0,1) x (10, 14) 0.0091
(1,2.1) x (10,14) 0.023
(0,1) x (14, 18) 0.0034
(1,2.1) x (14,18) 0.0028
(0,1) x (18, 30) 0.0029
(1,2.1) x (18, 30) 0.013

Table 8.3: DPS-subtracted (SPS) differential cross-section ratio R ; /4 for five spin-alignment
scenarios per J/1 transverse momentum and rapidity bin. The double parton scattering
contribution is subtracted from the inclusive ratio, and an additional systematic uncertainty
is included to reflect this. The statistical and systematic errors are the same between the
different spin-alignment scenarios.
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The values of the three measured ratios are shown in Fig. .3] and are:

Ri, = (G1£13+4)x107°

RYf, = (126+32+9%50) x 107
RYIDS™ = (784324 22%50) x 1075,

where the first uncertainty is statistical, the second is systematic and the third (where
applicable) is the uncertainty due to spin-alignment. The systematic uncertainty on the
DPS-subtracted ratio includes the uncertainty on the estimated DPS contribution, which

itself includes a separate spin-alignment uncertainty.

w
X
—
o

&

pp— prompt J/y + W : pp—> W
ATLAS Internal, Vs = 7 TeV, [L dt = 4.5 fo"
O<|yJ/w|<2'1’ 8.5< pT wy < 30 GeV

do(W+J/y)
d
N
Ol

(&)
\\\‘\\\\‘\\\\‘\\\\‘\\\\

== Data
Spin-alignment uncertainty
LO CSM including y feeddown
Il NLO COM prediction

AR R R AN
ANNNNNNANN NG,

1
W
N

7
7,
7,
7
7,
7
7,
7,
/.
7
7
7,
7
7,
7

272 2220
VISP Is VPP IP
Vg iy 129997
VIIIIs VPP

N
N
N
QAMANN AN NN
s\\\\\ ARARARMARARG ARG
N

7,
7
7
7
/,
7
////////?/
/7
7,
7,
7
\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\

77077,

OO
AN
NS
SN
S ONNNNNNNN

SN

ANy
AN
AN

\\\\\\\\\\\\\\\\\\\\

VIIPID, PIPIIID
I PD I IIIID
SRS

R RRRRRRLLRS

|

Fiducial Inclusive DPS-subtracted

Figure 8.3: The W* + prompt J /. W production differential cross section ratio in the
J/¢ fiducial region (Fiducial), after correction for J/i¢ acceptance (Inclusive), and after
subtraction of the double-parton scattering component (DPS-subtracted). The shaded band
represents the envelope of variation due to different possible spin-alignment configurations.
Inner error bars represent statistical uncertainties, outer error bars represent statistical and
systematic uncertainties added in quadrature. The LO color singlet (CSM) and NLO color
octet (COM) predictions for SPS production are shown in comparison.
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8.1 Comparison with theoretical expectations

The DPS-subtracted cross section ratio can be compared with theoretical expectations for
the W= + prompt J /1 production from the Color Singlet Model and Color Octet Model, as
described in Chapter 2]

For comparison of the DPS-subtracted ratio to theory, we normalize the leading-order
color singlet (CSM) and next-to-leading-order color octet (COM) predictions for W=+ +
prompt J/1 [44] to next-to-next-to-leading-order predictions for the W+ production cross
section derived from FEWZ 3.1.B2 [76, [77]. The expected SPS cross section ratio R]}/P(/}S sub
from normalized next-to-leading-order color octet calculations is (4.6 — 6.2) x 1078, The
COM predictions do not include any color singlet diagrams. The renormalization (ug) and
factorization (pp) scales are set to the W= boson mass up = up = My, and the NRQCD
scale pp is taken to be pp = Meparm = 1.5 GeV. Two sets of color octet long-distance matrix
elements are used as input parameters to the theory, obtained from two different parameter
fits to experimental data |78, [79], and the variation in the results obtained is assigned as a
systematic uncertainty. The normalized leading-order color singlet model predicts the SPS
ratio to be (10 — 32) x 1078 for the phase space region considered in this analysis [45]. The
CSM predictions include contributions from sg — J/v + ¢+ W and qf’ — v*W — J/yYW,
and account for indirect production to the W=+ + prompt J /1 rate through decays of excited
charmonium states of both W* + direct ¥(25) and W* + direct x.; production. The
uncertainties on the color singlet prediction arise from the combined variations of the charm
quark mass in the range mgyapm = 1.5 £ 0.1 and independent variation of the factorization
and renormalization scales between 0.75 X up p and 2 X pp g of their central value up =
pr = My

The leading-order CSM contributions are nearly an order of magnitude larger than the
next-to-leading-order COM contributions, with the CSM prediction being consistent with
the measured DPS-subtracted rate within the current experimental and theoretical uncer-
tainties, emphasising that far from being a distinctive signature of COM production, CSM
contributions appear to dominate this process. This shortfall in the COM production pre-
diction might be explained by the presence of large higher-order contributions |78, [79] or
a possible breakdown of NRQCD universality [33]. Figure supports the hypothesis of

DPS factorization (within current experimental uncertainties), but possible modifications to
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this formalism may also modify the DPS-subtracted rate. Nonetheless, large uncertainties
on our result imply that current predictions for SPS production are compatible with the

measurement at the 2 sigma level.

8.2 Sources of uncertainty

There are various sources of uncertainty associated with the search for the associated pro-
duction of W* 4 J/¢ and the measurement of the cross section ratio R I The main
uncertainties are statistical, due to the low number of events. In particular, for the observa-
tion of the process, uncertainties due to the fit procedure have to be taken into account. On
the other hand, for the measurement of the ratio R ; i additional systematic uncertainties
manifest themselves because of certain analysis assumptions or choices, such as the kine-
matics of the W boson, the J/¢ muon efficiencies and momentum scale, as well as the J/¢
spin-alignment. Some possible sources of systematic uncertainties cancel out in the ratio,

and are not considered, such as uncertainties related to the W boson.

8.2.1 W boson kinematics

The W boson can exhibit different kinematic properties in inclusive W and W= +prompt .J /U
events depending on its production mechanism. For example, the process q¢ — W g would
contribute differently to W and W= + prompt J /¢ production. Since we are calculating
the cross section ratio R Jyp BS defined in Eq. in Section , we assume the detector
can reconstruct the W boson in inclusive W events with the same efficiency as in W=+ +
prompt J/1 events. This helps simplify the ratio, as these efficiencies cancel out:

N(WE+ J/9) e(W in inclusive) A(W in inclusive)

N(W) e(W in W + J/) AW in WT + J/w)e(J/dJ)A(J/(@é))l)

Ry =BR(J/Y — ptpu”)

This cancellation is not guaranteed. The efficiency of finding the W boson in different
physics processes depends strongly on the kinematics of the W boson. To estimate the sys-
tematic uncertainty associated with this effect, we investigate the variation of W reconstruc-
tion efficiency as a function of W pp in Monte Carlo (MC) simulated W boson events, using
different MC generators. The different MC generators make different assumptions about the

production mechanism behind the W boson, and may include higher order calculations as
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well. In particular, we use ALPGEN [63] and PYTHIA [67] as leading-order simulations, and
POWHEG [80]+JIMMY [81], POWHEG+PYTHIA and MCONLO [64] as next-to-leading-order simula-
tions.

The efficiency of reconstructing the W boson is defined as the number of events with a
reconstructed W boson with muon pt greater than 25 GeV, absolute muon pseudorapidity
less than 2.4, missing transverse momentum greater than 20 GeV, and W transverse mass
greater than 40 GeV, over the number of events with generator level, or “true”, muon, neutrino
and W boson properties with the same requirements. The efficiency is calculated per W p
bin of size 5 GeV, and is shown in Fig. [8.4]

Using the sPlot technique [65], we plot the W transverse mass and momentum distribu-
tions for the W + prompt .J /1 case, in Fig. Using the efficiencies obtained from the
inclusive W boson MC in Fig. 8.5 we obtain the weighted average efficiency for the W boson
in W+ + prompt J /1 events, as shown in Table . We compare the average efficiency for
W reconstruction in inclusive W events in PYTHIA and ALPGEN MC with the average effi-
ciency for W reconstruction in W* + prompt .J /1 events using the same MC generators.
We take the maximum variation in efficiency of reconstructing the W boson in inclusive W
events (between ALPGEN and PYTHIA) compared to the efficiency of reconstructing the W
boson in W= + prompt J /1 events as the systematic uncertainty due to the assumption that
the efficiency of finding the W boson in inclusive W and W= + prompt .J /1 events is the
same. This effect is found to be 2.2% in the barrel and 4.8% in the endcap for the maximum

variation from the MC simulation, which we use for the results in Chapter [§|

Efficiency to reconstruct W boson in inclusive W and W= + prompt J/v events

MC simulation ALPGEN PYTHIA Maximum variation from inclusive
W in inclusive W events 62.0+0.04% 64.2+0.05%

W in W* 4 prompt J/+ events with J/4) in barrel 63.4 + 0.8% 65.0 = 0.7% 2.2%

W in W* 4 prompt J/+ events with J/¢ in endcap  62.9 + 1.9% 61.1+1.9% 4.8%

Table 8.4: The average efficiency to reconstruct the W boson in inclusive W and W= +
prompt J/1 events, using ALPGEN and PYTHIA simulation for the W boson kinematics.
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8.2.2  J/v muon efficiencies

The efficiency of the J/¢ muons is calculated using the tag-and-probe method, as described
in Section [5.4] The efficiency is calculated for various bins in muon pseudorapidity, charge
and transverse momentum. The uncertainty is estimated to take into account the differences
in the central value of the efficiency that come from different functional forms from the fit
model in the tag-and-probe method. This effect is typically small, but can change the muon
efficiencies by up to 5% for some bins, usually bins with low statistics, such as those at
low pp. As a result, the cross section ratio R Jy can change, depending on the uncertainty
on the efficiency of the two J/1¢ muons. In addition to the tag-and-probe method in data,
we performed the same procedure using Monte Carlo simulated samples of J/1 production.
The difference in the results between using the data-driven efficiencies and the simulated
efficiencies, amounts to 3-5%, and is taken as the systematic uncertainty due to the J/1

muon efficiencies.

8.2.8 J/v muon momentum scale

The momentum scale of the J/i¢ muons is not known with complete precision. Often, the
J /1 muons have very low pp, at the limit of the allowed p range of our requirements, as
shown in Section Small shifts in the muon momentum scale, could shift the number
of reconstructed J/1. To find the extent of this effect, we shift the muon momentum scale
by the uncertainty on the muon pp and measure the number of .J/¢ candidates in the two
regions, barrel and endcap, before and after the shifting. The difference in the raw number
of reconstructed J/1) is taken as the systematic uncertainty due to the muon momentum
scale.

The results of this procedure show a very small effect on the number of muons, as shown
in Table[8.5] This is due to the fact that by allowing one muon to have transverse momentum
above 2.5 GeV or to be segment-tagged muon, and considering the J/1) transverse momentum
lower bound of 8.5 GeV, the J/1) muon momentum scale uncertainty does not have a sizeable

effect on the number of candidates we detect.
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Raw number of reconstructed J/1 with transverse momentum 8.5 — 10 GeV

Detector Region Nominal Momentum Scale  Shifted Momentum Scale
Barrel (Jy| < 1) 1808772 1808775
Endcap (1 < |y| < 2.1) 1337563 1337602

Table 8.5: The raw number of reconstructed J/¢) with momentum 8.5 —10 GeV, with muons
with nominal and shifted momentum scale. The difference is 2 x 1076 in the barrel and
3 x 1079 in the endcap.

8.2.4  Summary of systematic uncertainties

To summarize the systematic uncertainties associated with the ratio measurement, Table
shows the main sources and their effects, excluding the yield extraction uncertainties. The
systematic due to the spin-alignment assumption is quoted separately; the quadratic sum
of the other systematics is J_Fg:é% in the barrel and J_r;:%% in the endcap. This analysis is
dominated by the statistical uncertainties of fgg%% in the barrel and +§(6):%% in the endcap.

Summary of uncertainties

Source Barrel Endcap
W boson kinematics 2.2% 4.8%
J/1 daughter muon efficiency  3-5% 3-5%

muon momentum scale 0.0002%  0.003%
fit procedure J_r%g% J_r%:i%
fit nuisance parameters choice 1% 1%
fit functional forms choice 4% 4%
statistical fig% J_rgg%

Table 8.6: Summary of the main sources of systematic uncertainties for the ratio measure-
ment. The systematic uncertainty is found to be f;% in the barrel and fg% in the endcap.

The analysis is dominated by the statistical uncertainties of 1_3(7)% in the barrel and fgg%
in the endcap.
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CHAPTER 9

CONCLUSIONS
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The first observation of associated production of W and J/v was presented in this thesis,
along with a measurement of its production cross section. The analysis was performed on
proton—proton collisions from the Large Hadron Collider at a center of mass energy of 7 TeV,
using 4.5 b1 of data collected by the ATLAS detector during 2011. The decay channels
W — pv and J/v — pp were utilized to search for the W and J/v. Prompt J/¢ were
separated using a fit on the J/1¢ pseudo-proper time. There was no discrimination between
directly produced J/1 and y feeddown resulting into J/1.

A total of 27.4:3:2 W+ + prompt J /1 events were observed, with a statistical signifi-
cance of 5.10. The observed production rate was measured as a ratio to the inclusive W+
boson production rate. Multiple parton interactions in the colliding protons are expected to
contribute significantly to the observed rate, and the double parton scattering contribution
to the total cross-section was estimated.

The results were compared with predictions from two of the leading theoretical models
that aim to explain the mechanism for J/1) production the Color Singlet Model and the Color
Octet Model. The measurement yields results that are slightly over the model predictions,
albeit with a large statistical error. Hence, we do not have a definitive answer for the ques-
tions behind the mechanism for .J/¢ production. However, as this is the first measurement
of the W+ + prompt J /1 cross section, it paves the way towards better understanding the
J /v production mechanism, and answering this long-standing question.

Additionally, this benchmark analysis opens the way for future searches for even rarer pro-
cesses, such as the associated production of Z boson and .J/1 and the associated production
of T and vector boson. Measuring all these processes will allow for a more precise charac-
terization of the charmonium and bottomonium production, and will provide much needed
feedback to phenomenologists to refine their theoretical models. More data, as is expected

from the next LHC Run, will enable a more precise measurement of the W+ prompt J /1)
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process and the probing of the aforementioned processes. Furthermore, since this measure-
ment occurred at a center of mass energy of 7 TeV and ATLAS has data for 8 TeV, and will
operate at 14 TeV in the future, there is potential for a differential cross section measurement
of the W+ + .J /4 process.

Importantly, observing and measuring the W= + prompt J /1 process demonstrates the
strength and versatility of the ATLAS detector physics program, as well as the LHC. Using
all parts of the detector, we were able to look for a rare process, discover it, and measure its
properties. Being the first observation of associated production of charmonium with a vector
boson, the analysis described in this thesis breaks new ground in the pursuit for knowledge

that we strive for in science.
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