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Abstract

The associated production of a Z boson and a J/i) meson provides information about the
production mechanisms of quarkonium. A measurement of the associated production of
a Z boson, which decays to leptons, and a J/i) meson, which decays to muons, relative
to the inclusive production of a Z boson, which decays to leptons, is presented. The
measurement was made using the full 19.7 fb~! of proton-proton collision data collected
at a center-of-mass energy of /s = 8 TeV by the Compact Muon Solenoid detector at
the Large Hadron Collider. The associated production is presented for both prompt and
nonprompt J/ip, as a function of the pr of the J/) meson. The associated production
cross sections of a Z (in uTu~ or ete™ decay modes) and a prompt or nonprompt J/p
—ptp~ relative to the inclusive production cross section of a Z (in u™u~ or ete™ decay
modes) in the same fiducial volume is measured to be (41.5 + 12.0 (stat) £+ 1.8 (syst) +
10.5 (pol) ) x1077 and (93.0 + 14.5 (stat) £ 2.5 (syst) £ 2.0 (pol) ) x107 respectively.
The significance of observing associated production Z and prompt and nonprompt J /i)

meson was determined to be 3.80 and 8.7¢ respectively.
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Chapter 1

Introduction

High energy particle physics offers a window into the smallest and most fundamental
components of matter. The Large Hadron Collider (LHC) allows us to study high energy
interactions at a higher rate than ever before. The huge amount of data produced
provides a number of different channels from which we can attempt to search for new
physics and precisely test the existing models.

This thesis probes the production mechanisms of quarkonium and heavy-flavor par-
ticles in association with a Z boson. The leptonic decays of the Z and the decay of the
J/ip to muons provide a clear signal which is relatively easy to distinguish from back-
grounds. The clarity of the signal is important because the expected rate of production
of this process is very low, even with the tremendous amount of interactions created by
the LHC. The measurement is made for both prompt and nonprompt (from a b decay)
J/p. This process also allows the study of multi-parton interactions.

The data used in this thesis were collected with the Compact Muon Solenoid (CMS)
detector at a center-of-mass energy of 8 TeV. In total 19.7 fb~! of integrated luminosity
was recorded for proton-proton collisions.

The primary measurement made in this thesis is the probability of producing a
prompt or nonprompt JAi) —spTu” in association with a Z —¢ £. This measurement
is presented differentially in J/i) transverse momentum. An additional overall ratio of
associated production is also presented. The ratio is compared to theoretical predictions
from different models of quarkonia production.

This thesis is organized as follows:



2
Chapter 2 presents the physics of the standard model and the motivation for the

measurement.
Chapter 3 gives an overview of the LHC and CMS detector.

Chapter 4 explains the methods for selecting events and determining the efficiency of

the selection criteria.

Chapter 5 presents the statistical techniques used to analyze events and determine

the event yields from prompt and nonprompt J/i.
Chapter 6 presents how the backgrounds are determined for this measurement.
Chapter 7 discusses how systematic uncertainties are determined.
Chapter 8 presents the results for associated production of a Z and a J/i.

Chapter 9 presents conclusions and discusses interpretations of the results.



Chapter 2

Physics of Associated Production
of the 7Z and the J/i)

2.1 The Standard Model

The standard model (SM) of particle physics [25], describes our best current theoretical
understanding of fundamental particles and their interactions, successfully predicting
and explaining the results from experiments with diverse interactions at energies cover-
ing many orders of magnitude. For example, the SM successfully predicted the recent
discovery of the Higgs Boson [26]. Furthermore, the SM correctly predicted the exis-
tence of the top quark [27], as well as the mass of the W and Z bosons [28]. In contrast,
many theories that attempt to extend the SM make predictions that experimental re-
sults do not support [29]. However, the SM does not explain all observed experimental
results. For example the SM assumes neutrinos to have zero mass, which is inconsistent
with observed measurements of neutrino oscillations [30].

The SM classifies the fundamental particles by their spin and quantum numbers, as
shown in Figure 2.1. Fermions, such as muons and electrons, obey the Pauli exclusion
principle, while bosons can exist in the same state. In general, bosons mediate the
interactions between fermions. At a low energy scale, there are four fundamental forces
governing how particles interact: the strong force, the electromagnetic force, the weak
force and gravity. The strong force is mediated by gluons, the weak force by the Z

and W bosons, the electromagnetic force by photons and gravity is mediated by a
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hypothetical particle known as the graviton. The relative strengths of these forces
depend on the distance scale at which the interaction occurs and the energy-dependent
coupling constants of the forces. Many theorists have posited that there exists a certain
energy scale for which the four fundamental forces can be unified and described by one
single force. However, SM predictions do not fully unify all of the forces. Theories that
go beyond the standard model, such as Supersymmetry (SUSY), may be able to unify
the fundamental forces, which is one of the reasons SUSY is a popular theory to explain

physics that the SM does not. There are many detailed descriptions of the SM, for

example: [31], [26], [32] and [33].

mass - =2.3 MeV/c? =1.275 GeV/c? =173.07 GeV/c? 0 =126 GeV/c?
charge > 2/3 u 2/3 C 2/3 t 0 0 H
spin > 1/2 12 12 1 9 0
Higgs
up charm top gluon boson
=4.8 MeV/c? =95 MeV/c? =4.18 GeV/c? 0
-1/3 d -1/3 S -1/3 b 0
12 12 12 1 y
down strange bottom photon
0.511 MeV/c? 105.7 MeV/c? 1.777 GeV/c? 91.2 GeV/c?

e

12

-1
12 I

-1 T
12

0

¢

1

electron muon tau Z boson
<2.2 eV/c? <0.17 MeV/c? <15.5 MeV/c? 80.4 GeV/c?
0 0 0 +1
1/2 ])e 1/2 .I)u 112 .I)T 1 W
electron muon tau
neutrino neutrino neutrino W boson

Figure 2.1: The fundamental particles of the SM.



2.2 Quantum Chromodynamics

Quantum chromodynamics (QCD) is the theory of strong interactions. QCD is a very
complicated theory, and has been described in detail, for instance: [34], [35] and [36].
Following [36]: QCD is based on the gauge group SU(3). One possible representation
of the 8 independent generating matrices is the Gell-Mann matrices, shown in Fig. 2.2.
The gauge transformation carried out by the gluons can be represented by the generat-
ing matrices. Analogous to electric charge, quarks and gluons have a property known as
color charge. By convention these three options are named for the classic additive pri-
mary colors: red, blue, and green. Gluons are in color-octet states, e.g. % (‘r5> + |b77)),
while quarks are in color-triplet states, e.g. |r), and hadrons are in color-singlet states,
e.g. % (|7’f) +|99) + ‘bl;>). Neither quarks or gluons have been observed as free par-
ticles, but rather have always been observed confined in hadronic bound states. There
is no analytical proof as to why QCD must have confinement, but current theories hy-
pothesize confinement is due to the color charge of the gluon. The Lagrangian of QCD
is:

o , . 1

L =g (iv")(Dp)ijby — maq¥gtei — ZF;LIVFGW (2.1)

where wé is a quark field with color index 7, y* is a Dirac matrix, m, is the quark mass,

Fy, is the gluon field strength tensor for a gluon with color index a, and D), is the
covariant derivative in QCD:

(Du)ij = 6ij0u — igsti; A, (2.2)
where g5 is the strong coupling, defined by g2 = 4ra, where ay is the strong coupling
constant, Aj, the gluon field with color index a and i = %/\fj where \? is the Gell-Mann
matrices.

To first approximation, the coupling constant «; does not depend strongly on energy,
for many energy scales. At the energy scale Q2 = M% where My is the mass of the Z

boson, the coupling constant is given by:

1

1+ boars(M2) In % +0(a?)’

as(Q%) = as(M3) (2.3)
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Figure 2.2: The Gell-Mann matrices. There are 8 independent gluon colors, described

by gi=(r b g)\

Q o 3

where O(a?) terms are available at [37], and by is the first coefficient of the beta function:

_ Oay
- 0lnQ?

Blas) = —a2(bp + b + b +...) (2.4)

where ((as) is the function driving the energy dependence or running of the coupling
constant. As the energy increases, s decreases, known as asymptotic freedom. This
implies that at higher energy scales perturbation theory is better behaved. Additionally,
it suggests that at some energy scale a; will become comparable to the coupling con-
stants of the weak and electromagnetic force, which increase with energy. In contrast

as energy decreases oy increases:

1
as(Q?) = : 2.5
(Q%) o & (2.5)
where
A ~ 200 MeV (2.6)

specifies the energy scale at which the perturbative coupling would become infinite. The
distribution of o with energy scale is shown in Fig. 2.3. This implies that perturba-
tive techniques are not applicable at low energy scales, and nonperturbative methods
such as lattice QCD are needed [38]. To model nonperturbative processes we factorize

these processes into process-independent nonperturbative factors and into perturbative



7
process-dependent factors. The nonperturbative factors must be determined experimen-
tally, while the perturbative processes can be calculated theoretically [39]. In essence,
the predictions of QCD are tested by utilizing global experimental results for low energy
nonperturbative processes, and combining this with perturbative calculations done at
high energy, for which «; is small so the perturbative expansion is valid [40]. Predic-

tions are then made through o1 = anonpert * blpert and g2 = anonpert * b2pert, such that

o1 __ blpert
g2 b2pe'rt :

S ' —@— CMSAprao  —>— HERA
St —#— CMS tt prod. —{+— LEP
0.20 —&— CMS incl. jet —/— PETRA ]
[ —— CMS 3-jetmass —Y— SPS _
- —O— Tevatron |

0.15}

0.10

I as(Mz) = 0.1171+5:332 (3-jet mass) ]
0.05 | B as(Mz) =0.1185 £+ 0.0006 (World average) ]

10 | 100 | III”1I(I)OO
Q [GeV]

Figure 2.3: The running of s with energy scale @) as determined by [41]. The strength
of the coupling constant decreases as the energy scale increases.

2.2.1 Ji

The discovery of the J/i sparked a revolution in particle physics. The November Rev-

olution, named because the discovery of the J/) was announced on 11 November 1974,
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showed a new method to understand the structure of matter, that all hadrons were com-
posite particles made of quarks. The J/i, which has a particle content of c¢, has mass of
3.1 GeV, width of 92.9 keV, and decays to two muons 5.93% of the time [42]. The nar-
row width indicated the J/i) contained a new flavor of quark which is conserved by the
strong interaction. The charm quark was predicted to exist by Glashow, Iliopoulos and
Maiani in order to explain the experimentally observed small decay rate of K° — putpu~
via the Glashow-Ilopoulos-Maiani (GIM) mechanism. The GIM mechanism requires
that there is a weak-isospin doublet partner to the strange quark, the charm quark.
The discovery of the J/i) helped confirm the existence of the charm quark.

The JA) is an important particle for exploring new physics, as it is experimen-
tally easy to distinguish muons from other particles because muons have the distinctive
property of being minimum ionizing particles (MIPs). Due to its low mass and narrow
resonance, it is extensively studied with leptonic colliders. Measurements of J/i) pro-
duced in association with other particles are not always well explained theoretically [8].
The high luminosity and energy of the LHC enables us to probe a hadronic channel of

J/ production from leptonic colliders.

2.2.2 Color Models

The production of J/i) was originally thought to be governed by the color-singlet model
(CSM). The CSM describes the production and decay of quarkonium (a meson made up
of a ¢q pair) with the correct spin, angular-momentum, color, and charge-conjugation
quantum numbers. This production was factorized into a short distance part calculated
in a perturbative series based on the strong coupling constant, and a long distance
part which relied on the nonperturbative dynamics of the bound state [4]. The CSM
describes perturbative creation of quarkonium that is on-shell, in a color-singlet state,
and has a vanishing relative momentum. The J/p, is in color-singlet 3S; state. The
nonperturbative binding of quarks is described by the Schrédinger wave function. In the
CSM, the production rate is related to the magnitude of the color-singlet wave function
and its derivatives evaluated at zero gq separation. Once these quantities are determined
with measured quarkonium decay rates there are no free parameters in the CSM [8].
Recent studies have found that at high energies large corrections to the CSM appear at

NLO and NNLO in a4, suggesting, with a large theoretical uncertainty, that the CSM
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could describe experimental data at these energies. Prior to these recent studies LO
CSM underestimated cross sections at high energies. But there are some theoretical
problems with the CSM: the magnitude of these corrections calls into question whether
the series converges. Another theoretical challenge with the CSM is the presence of
uncancelled infrared divergences in the production and decay of P-wave and higher
orbital angular momentum quarkonium states [43].

When the cross section of J/i) production was originally measured with a pp collider
by the CDF collaboration, the cross section was much higher than originally predicted
by the CSM at LO, especially at high pp. The 1(2S) cross section was about a factor of
50 higher than predicted by LO CSM [8]. Additionally, do/dpt was not described well
by the CSM at LO, as shown by Fig. 2.4 and Fig. 2.5. Recently there has been discussion
that the CSM predictions at NLO may describe the experimental results better [44].

Another theory of quarkonia production is the color-evaporation model (CEM). In
the CEM, the appearance of color-singlet states depends only on the outcome of large-
distance fluctuations of quarks and gluons [9]. The color-singlet state of the quarkonia
is initially ignored in the CEM; in other words, the state can be produced by LO ¢g-
annihilation into c¢, equivalent to the Drell-Yan process. In the CEM, pr distributions
for all charmonium family members are identical, which implies that the production
ratios should be independent of energy and pr (up to a scale factor). The CEM claims
that the ratios of quarkonium cross sections remain constant as a function of kinematics.

The production cross section for quarkonia, with the process shown in Fig. 2.6, in the

CEM is given by:
1 [?mD docz
Oonium — § /ch dm dT;,c s (27)

where the cross-section for producing quarkonia, oz is calculated perturbatively [8]. The
factor of é arises due to the statistical probability that the charm pair is in a singlet
state, with % in an octet state [9]. In the CEM these states are treated equivalently; in
the CSM only the color singlet state is relevant while in the color octet model discussed
subsequently the color octet states and color singlet states contribute to the cross section
at different rates. The CEM fit to experimental results from CDF for the cross section
of Jip and ¥(28) has a X? per degree of freedom between 2 and 4.5, which is not in
good agreement with the data [8]. Another example of a prediction of CEM that is
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not consistent with experimental results is the prediction that the inclusive production
rates for quarkonium states should be process independent. This is inconsistent with
experimental data that suggests the fraction of J/i) indirectly produced from decays of
Xc1 and xo differs significantly between B decays and prompt production [45]. However,
the CEM may not be applicable when the total hadronic energy is not sufficiently large
[45].

While recently there has been discussion that higher order CSM could explain these
discrepancies, many theorists advocate for a more nuanced theory of non-relativistic
QCD (NRQCD) known as the color-octet model (COM). In the COM the quarkonia
state can evolve into a J/i) through emission of soft particles at later time scales. This
evolution is shown in Fig. 2.7. Similar to the CSM, the COM relies on non-relativistic
QCD (NRQCD) factorization into perturbative and nonperturbative regimes. Unlike in
the CSM, the quarkonia state produced can have quantum numbers different from those
of the physical quantum state. Feynman diagrams for the CSM and COM are shown
in Fig. 2.8. The quarkonia would later radiate soft gluons to evolve into the quarkonia
state with the correct quantum numbers. This means that a single gluon could form a
quarkonia state. This process of radiation is governed by long distance matrix elements
(LDME), which are process independent and are measured empirically. However, the
LDME arise from nonperturbative QCD, and thus cannot be calculated theoretically.
The COM can only increase the cross sections as predicted by the CSM, and at low
orders in the velocity of the quarkonia, the COM reduces to the CSM. The cross section
in the COM to produce a quarkonium state H is given by:

o(H) = oa(A)(O} (N)) . (2.8)

where A is the ultraviolet cutoff of the effective theory, the o, are expansions in powers of
velocity v of the cross section to produce a quarkonia with the proper quantum numbers.
The matrix elements (OX (A)) are vacuum-expectation values of operators in NRQCD.
Because Eq. 2.8 can be ordered as an expansion in v, the NRQCD factorization is an
expansion in powers of v and a. If the sum is truncated at LO in v for each quarkonium
state, then the NRQCD reduces to the CSM. The Feynman diagrams with associated

orders are shown in Fig. 2.9 [8].
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Figure 2.4: CSM LO prediction does not describe well do(pp — JAp + X)/dpr, the
differential cross-section of the J/i) as a function of pp produced at the Tevatron when
compared to the COM [7].
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Figure 2.6: CEM Feynman diagram, calculated perturbatively with its dynamics deter-
mined by short-distance interactions of range Az = m_ . The color singlet property of
the cc state is not enforced at short distances in the CEM because there is an infinite
time for soft gluons to readjust the color of the c¢¢ pair before it forms into a quarkonium
state [9].
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Figure 2.7: Schematic picture to show the evolution of a bound color-octet [QQ]s evolves
into a color-singlet state. The emission of a soft gluon converts the color-octet state
into a color-singlet state [10].
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Figure 2.8: Feynman diagrams for production of a quarkonium state through a collision
of two gluons. The diagrams a-f represent the leading order CSM, while g-h represent
the COM [8].
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The COM is able to explain the unexpectedly large cross-section for J/) production
at CDF. However, the COM has had difficulties explaining some experimental results.
The polarization predicted by the COM is not in agreement with experimental measure-
ments made by the CDF collaboration, as shown in Fig. 2.10. When the momentum of
the gluon producing the quarkonia is large, the gluon is nearly on-shell and should have
transverse polarization. Then, because of NRQCD spin symmetry, the quarkonia state
would have the same polarization as the gluon. However, experimental observations of
produced quarkonia have unpolarized quarkonia. This puzzle is known as the quarkonia
polarization puzzle [8].

Studying the associated production cross section for a Z boson and a J/ip could
shed light on the COM and NRQCD factorization. The COM is expected to contribute
significantly to this process, as shown by Fig. 2.11 and Fig. 2.12. This process could also
provide additional information about the true universality of LDME; in other words, it
could demonstrate whether or not the non-perturbative calculations apply similarly to
disparate processes. The measurement of this process could illuminate how important
higher order corrections are. Also, an anomalously large cross section could be seen as
a potential sign of new physics, like a fermiophobic Higgs decaying to a J/i) [13].

Associated production of a Z and a J/i) can provide an experimentally unambiguous
signal for high energy QCD because of the leptonic decays of the Z and J/i) and the high
mass of the Z [4, 46]. The interaction scale for this process is near to the mass of the
7 boson. High pr physics is important to study because the predicted pr distribution
differs based on the CSM or the COM approach. The theoretical calculations needed to
predict this process are quite complicated, and there are different theoretical predictions
about the cross section of this process [4, 13, 46]. While NRQCD is generally considered
more accurate than CSM, these models rely on assumptions about the universality of
LDME to estimate nonperturbative contributions to this process. For example, the
ATLAS collaboration measured a similar process of associated production of a W boson
and a J/i [47] and found a cross section that was in disagreement with the predictions
of the theory, although revisions of the theories may explain this discrepancy [44].

This process is important because it can provide information about QCD for a high
energy process. Many processes need to be measured in order to verify the factoriza-

tion approach to QCD. There is not a clear theoretical consensus on the importance
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Figure 2.11: Prediction of Z + J/i at the LHC as a function of center-of-mass energy,
V/s. The cross-section is roughly proportional to the center-of-mass energy. The COM
is expected to contribute significantly to this process at leading-order [13].
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of color-octet and of higher order corrections for this process. Additionally, an excep-
tionally large or small cross section could be a sign of new physics. A measurement in
good agreement with theory could provide information about how well this process is
understood, giving a glimpse into the complicated world of NRQCD. There is a long

history of the J/) particle resulting in revised notions of physics.



Chapter 3

The CMS Experiment

3.1 The Large Hadron Collider

The LHC is a proton-proton collider that encircles the border between France and
Switzerland. It is the highest energy particle collider ever constructed, with a center-of-
mass energy of 8 TeV in 2012 and of 13 TeV in 2015. It is located in a tunnel between
100 and 150 meters underground. The tunnel has a circumference of 27 km and a cross-
sectional diameter of 4 meters. The circumference of the tunnel is important because
it allows a greater beam energy for a given magnet strength as the radius of curvature
is larger. The LHC collides protons at four interaction points, with a detector built to
study the results of the collisions at each of these points. There are two general purpose
detectors; CMS and ATLAS, designed to explore and study a wide range of high energy
physics. There are two more specialized detectors: LHCD is designed primarily to study
b quark physics, and ALICE is designed to study heavy-ion collisions which occur for a
short period each year instead of pp collisions.

There are many technical challenges that complicate the task of accelerating protons
to such a high energy. For example, more powerful magnets are needed to keep the
beams circulating as the energy of the protons increases. Additionally, charged particles
continually radiate energy as they are accelerated, so this energy must continually be
returned to the protons. Furthermore, powerful magnets are needed to keep the protons
circulating in the beam path. The LHC is designed to overcome these complications by

accelerating the protons through a series of steps, as shown in Fig. 3.1. The protons

22
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originate in a container of hydrogen gas; an electric field strips the electrons from the
hydrogen. Then Linac 2 is used to accelerate the protons to an energy of 50 MeV. This
beam is then injected into the Proton Synchrotron Booster (PSB) which accelerates the
protons to 1.4 GeV. Next is the Proton Synchrotron (PS), which accelerates the beam to
25 GeV. Protons are then sent to the Super Proton Synchrotron (SPS) which accelerates
the protons to 450 GeV. Only then are the protons brought into the beam pipes of the
LHC, circulating in opposite directions around the tunnel. The protons then reached
an energy of 4 TeV in 2012 and 6.5 TeV in 2015 while circulating in the LHC tunnel
[48]. Because the LHC is a circular collider where both protons are accelerated to equal
energies, in opposite directions, the center-of-mass energy of the collision is the sum of

the energy of the protons.

(NS

LHC

ALl LHCb

sps |

ATLAS

Figure 3.1: A schematic showing the facilities used to accelerate protons at the LHC.
Also shown are the locations of the detectors at the four interaction points at which the
protons collide. Adapted from [14].

The LHC uses almost 1232 dipole magnets to keep the protons circulating at a
high energy in the beam pipes. The magnetic field of these magnets peaks at 8.3T at

nominal energy, which requires superconducting magnets. Additionally, there are 392
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quadrupole magnets which focus the beams at the 4 interaction points, and ensure the
protons do not leave the beam pipes around the circumference. There are 8 RF cavities
per beam to accelerate the protons to 4 TeV and to counter-balance energy losses due
to radiation. Finally, any collisions with dust or other objects in the beam pipe must
be avoided. To minimize these collisions the LHC beam pipes maintain a vacuum more

pure than the atmosphere on the moon.

3.2 The CMS Detector

The CMS detector is one of the two general-purpose detectors at the LHC; for an in-
depth reference check [49]. The CMS detector was designed to find and measure the
properties of the Higgs boson, search for particles predicted by theories beyond the
SM, and to expand and refine the SM. A global collaboration of approximately 4300
active physicists and engineers collects and analyzes data with the CMS detector. The
CMS detector is composed of a number of subdetectors as shown in Fig. 3.2. These
subdetectors will be described in detail in the following sections.

The CMS detector distinguishes between different particles primarily by determining
the particle’s charge, momentum, energy and rate of energy lost as the particle passes
through matter. The charge and momentum of the particle are determined by measuring
its trajectory through a strong magnetic field of 3.8 T. For uncharged particles, the
track is determined by where in the detector the energy is deposited. The energy of the
particle is determined by measuring the amount of energy it deposits as it transverses
through matter in the calorimeters. Muons are the only type of charged particle that
is likely to reach the muon chambers. Muons are distinguished by their property of
minimizing ionizing particles (MIPs), which means the amount of energy they deposit
is almost independent of the muon’s energy, for muons with sufficient energy. Fig. 3.3
shows typical trajectories of different types of particles through a transverse slice of the
CMS detector. It is important to have wide coverage in order to measure if an event has
missing transverse energy (MET) carried out by particles which have a small probability

of interacting with matter, such as neutrinos or dark matter candidates.
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Figure 3.2: A cut-out view of the CMS detector showing the subdetector components.

Each subdetector provides information about the momentum and energy of the particles
produced in the LHC collision.
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Figure 3.3: A transverse slice of the CMS detector. This diagram shows different possible
trajectories common SM particles take as they pass through the CMS detector.

3.2.1 The Tracker

The tracker is the subdetector closest to the Interaction Point (IP), the point at which
the protons collide. The tracker measures the trajectory of charged particles as they
pass through a magnetic field, allowing us to determine the particle’s momentum. The
tracker is made up of silicon, a semiconductor which is dense enough to provide good
resolution, while also being resistant to radiation damage. The tracker is divided into an
inner tracker which is composed of about 66 million pixels and an outer tracker which is
composed of about 10 million strips. The pixels have a better resolution than the strips
because the strips are 100 pm by 150 pm while the strips are either 10 cm by 180 pum
or 25 cm x 180 pum. Both the inner and the outer tracker are made entirely of silicon.
The vertex position resolution is 10 (30) wm in the transverse (longitudinal) impact
parameters [50]. The Tracker is particularly important for the analysis of associated
production of Z bosons and J/i) because of its ability to distinguish between different
vertices in the same event. This is useful both in distinguishing prompt from nonprompt
J/p and also in determining if the Z and J/) come from the same vertex. In addition,

the tracker is instrumental in reconstructing the JA) — u™u~ [49].
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Figure 3.4: The CMS tracker is made of silicon as the active material. The innermost
layer consists of 66 million 100 gm x 150 um pixels. The next four layers are made of
10 cm x 180 pm silicon strips, followed by six layers of 25 cm x 180 pym strips. In total
there are 9.6 million strip channels. Charge sharing calculations allow the resolution
of the tracker to be better than the size of the individual components, as additional
information is gained from the ratio of the charge deposited in adjacent channels.
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3.2.2 The Electromagnetic Calorimeter

The electromagnetic calorimeter (ECAL), shown in Fig. 3.5 is the second inner-most
subdetector [51]. The ECAL is designed to measure the energy and position of elec-
tromagnetic particles, specifically photons and electrons. ECAL is made up of almost
76,000 lead tungstate crystals, in order to be radiation hard and to have good energy
resolution. Electrons and photons will deposit the majority of their energy into the
ECAL. The ECAL barrel (EB) uses avalanche photo-diodes (APDs) to detect the scin-
tillation light of the crystals. Scintillation light is emitted as the transparent crystals are
exposed to radiation. The ECAL Endcap (EE) electronics use vacuum photo-triodes
(VPTs). The ECAL is particularly useful for the Z + J/) analysis for detecting the
Z — eTe” decay. The di-electron mass spectrum is shown in Fig. 3.6. The energy
resolution of ECAL for electrons from decays of the Z is better than 2% in the central
region of EB and varies between 2% and 5% elsewhere [15]. Because the ECAL needs
to convert an electronic response to an energy measurement, calibration is essential
for the ECAL. The absolute calibration was determined by exposure to high-energy
electron beams prior to installation in CMS. After installation, the Z — eTe™ decay is
used to validate the energy correction for electrons by using the Z mass constraint [51].
Additionally, the response changes as a function of radiation damage to the crystals,
so changes in the response need to be continuously monitored. The ECAL monitoring
and calibration are accomplished primarily with a 440 nm blue laser which emits light
near the peak of the scintillation light wavelength; and, a red laser at 800 nm provides
information about the stability of the system and is useful for systematic cross-checks.
This response is continually monitored because it changes over time due to radiation
exposure and recovery as shown in Fig. 3.7.

While the primary purpose of the ECAL is to measure the energy and position of
electromagnetic showers, it also measures the time it takes the particle to reach ECAL
after the proton-proton collision. The timing information is important in some searches
for new physics and also to distinguish anomalous energy deposits, known as spikes
[52], from interesting physics events. Spikes arise when neutrons or other slow moving
hadrons directly impact the EB APDs, creating signals similar to those created by very
high energy particles. These spikes are caused by direct ionization of the silicon. These

particles have a different pulse shape than scintillation light produced in the crystals, so
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Figure 3.5: Schematic showing a quarter slice of the ECAL [15]. The ECAL measures
the energy of electromagnetic particles such as electrons and photons, which deposit the
majority if not all of their energy in the ECAL.
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Figure 3.6: The di-electron mass spectrum with all di-electron triggers [16].

timing is helpful in discriminating against them, as shown in Fig. 3.8 and Fig. 3.9. The
Minnesota group is responsible for monitoring and recalibrating the time calibration of
each ECAL crystal to ensure that all crystals would read out the same value if the time
the particle took to reach the crystal was the same. The process to do this involved
determining the average time for each of the 75848 crystals and adding a constant to
center the average at zero. This means that even if hardware changes affect the time
of the crystals relative to the reference time, the timing measurement is such that a
time reading of zero corresponds to the arrival of the proton beam collisions. 1 was
responsible for this process during the 2011 and 2012 runs.

The timing of the ECAL is determined by the shape of its pulse, shown in Fig. 3.10.
The time of the hit is determined by the shape of this pulse; however, due to radiation
effects this shape can change. Because the ECAL is continuously being exposed to
radiation, this means that it is necessary to continually monitor the timing, as shown
in Fig. 3.11. Additionally, hardware changes could cause the ECAL timing to become
unaligned. Calibrating the ECAL timing can adjust for these problems, such that there

is a common reference point to compare different events equivalently.
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Figure 3.7: Exposure to radiation causes a change in relative response to laser light. The
different colors represent different n rings. The bottom plot shows the instantaneous
luminosity as a function of time. As crystals are exposed to radiation the crystals lose
transparency and less scintillation light or in this plot laser light reaches the photo-
detector. Crystals slowly recover transparency in the absence of exposure to radiation

[51].
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Figure 3.9: The average timing of spikes is more negative than the average timing of

normal events.

Spikes deposit most of their energy in a single crystal while normal

events spread the energy into surrounding crystals, so we can use this property to select
a subset of events which is predominantly spikes, as shown by the left subplot. After
performing this selection criteria, events with negative timing below 3 ns are much more

likely to be from spikes than events with timing around 0 ns [53].
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Figure 3.11: The change in timing is proportional to the transparency loss. This is
shown by the difference in average timing before and after a technical stop, during
which the beam is off and the crystals have time to recover from radiation damage.
Crystals in higher 1 regions are exposed to more radiation, so the rate of transparency
loss is expected to be higher.
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3.2.3 The Hadronic Calorimeter

The CMS hadronic calorimeter (HCAL) is sandwiched between the ECAL and the
magnet (described in Section 3.2.4). The HCAL is designed to measure the energy
of hadrons. The HCAL also provides an indirect measurement of the energy of unde-
tectable particles such as neutrinos by providing comprehensive coverage of transverse
energy over an 7 range of || < 5 when including the forward HCAL (HF). The HCAL
is a sampling calorimeter made up of alternating layers of active material and passive
absorber. The active material is scintillator, while the absorber is brass. HCAL is much
larger in size than ECAL because hadrons deposit a lower percentage of their energy as
they pass through matter than electromagnetic particles do. HCAL is organized into
barrel (HB and HO), endcap (HE) and forward (HF) sections. The HF is exposed to the
most radiation, so it is made up of radiation hard elements of embedded quartz fibers.
For the analysis of associated production of the Z and the J/ip, the HCAL is used to

help distinguish between hadrons, electrons and muons.

3.2.4 The Magnet

The CMS magnet is located between the HCAL and the muon detector. While the
magnet does not directly provide any information, a strong magnetic field enables the
subdetectors which measure the trajectory of charged particles (the tracker, and the
muon detector described in Section 3.2.5), to also measure the charge and momentum
of these charged particles. The magnetic field strength is 3.8T. The magnet is 13 m
long and 6 m wide, the largest such magnet of its type. It is a solenoidal magnet made
of niobium-titanium and is superconducting. The muon detectors are interspersed with
an iron structure that surrounds the magnet coils. This ”"return yoke” has a 14 meter
diameter and acts to prevent strongly interacting particles from reaching the muon

detector. The magnet also provides structural support to hold CMS together [48].

3.2.5 The Muon Detector

The muon system is designed to measure the trajectory of muons as they are bent by the
magnetic field in the return yoke, a 12-sided iron structure that surrounds the magnet

and guides the field. It also measures muons’ charge and momentum [54]. As noted
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Figure 3.12: Schematic of CMS HCAL. The HCAL measures the energy of hadronic
particles such as pions.
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above, muons are MIPs, which deposit only a small fraction of energy per unit length
traversed through matter. Most SM particles lose all or almost all of their energy before
passing through the muon system. The muon system uses different electronics based
on the amount of radiation that will impact the detector. The muon system uses drift
tubes (DT), resistive plate chambers (RPCs), and cathode strip chambers (CSC). The
CMS detector can reliably detect muons with momentum above around 3 GeV. The
resolution of the CMS detector in determining muon momentum is better than 10% of
the muon’s momentum up to about muon momentum of 1,000 GeV /c, and about 1% up
to muon momentum of 100 GeV /c. The muon system is vital to this analysis because
it allows for the reconstruction of the decays of the Z and the J/) to muons, as seen by

the sharp peaks in Fig. 3.13.
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Figure 3.13: Dimuon mass spectrum seen with the CMS detector. This analysis uses
muons to reconstruct the Z boson and the J/i).

The central region of the muon detector, |n| < 1.2 is covered with DT, the traditional
low occupancy technology that allows for precise trajectory reconstruction. The drift
tubes are each 4-cm wide and contain a stretched wire within a gas volume. When a

charged particle passes through the gas it knocks out electrons which follow the electric
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field to the positively charged wire.

Muons are very important to CMS precisely because the misidentification rate of
muons is so low. Especially when considering a massive particle like the Z boson, which
decays to 2 oppositely charged muons, the misidentification rate of a muon will be very
small. For the case of the J/) the misidentification rate is somewhat higher, simply
because at low momentum the muon traverses less of the muon detectors so there is
less information to distinguish it from for instance a pion. There are also many more
low momentum muon candidates which could potentially form into a J/) and the cross
section to produce lower momentum muons from Drell-Yan production or B decays is
higher than for higher momentum muons. However, the misidentification rate for muons
is well below 1%. It is measured using hadrons such as the Kaon, which decay into two
pions, and then measuring the rate at which one of the two pions with a common decay
vertex, and which reconstruct to the resonant mass, is misidentified as a muon [54]. The

process is similar to the tag-and-probe technique described in Section 4.4.

3.2.6 The Trigger

The LHC collides protons at a very high rate, of 40 MHz, and at a bunch spacing of 50
ns. Most collisions produce events that do not contain interesting physics, and there is
too much data produced to store information about every collision. The rate at which
interesting events are produced is orders of magnitude smaller than these uninteresting
collisions. This necessitates using triggers to reduce the rate of incoming information or
the amount of data the computers must process. The CMS trigger relies on a two stage
process, with each filter needing to be passed in steps. The Level-1, or L1, trigger is
the initial trigger, which reduces the rate to 100 kHz [55]. The L1 trigger is composed
of custom electronics that process data from ECAL, HCAL and the muon detectors.
Finally the high level trigger (HLT) reduces the rate to around 300 Hz. The HLT
is a multi-processor farm composed of more than 10,000 cores. The HLT criteria are
implemented by software running on a processor farm, as opposed to the L1 trigger
criteria, which is implemented by custom hardware. A small portion of all events are
retained to monitor the performance of HLT, but the bulk of the events which do not
pass HLT are not written to tape [56].

The analysis of associated production of Z and J/i) uses triggers based on the leptonic
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decays of the Z. The leptonic decay of the Z boson provides a clean signal that does

not need to be reduced due to computing resource constraints and is highly efficient.



Chapter 4

Event Selection

This chapter describes the criteria used to select the events used in this analysis. Events
were selected which had a Z — ptpu™ or a Z — ete™ and in addition a J4) — ptp~ that
passed all of our selection criteria, which will be described in Section 4.2. These events
must have at least four leptons in the final state, with at least one pair of oppositely
charged muons which reconstruct to have a mass near that of the J/i) and a pair of
oppositely charged muons or electrons which reconstruct to have a mass near that of
the Z boson. Events were collected with the full 19.7fb~! at a center-of-mass energy of 8

TeV recorded with the CMS detector over the year of 2012, as described in Section 4.1.

4.1 The Data

The dataset is collected through the 4 running periods of 2012. The datasets used were
DoubleMuParked2012(ABCD) and DoubleElectron2012(ABCD), where the (ABCD)
represents the time of year at which the run was taken, while the DoubleMuParked2012
represents that the dataset contains two muons; likewise DoubleElectron2012 represents
the dataset contains two electrons. This dataset was determined to have 19.7 fb~! with
an uncertainty of 2.5% by two methods, one using signals from the Forward HCAL
Calorimeter (HF) and the other using the Pixel detector [57]. Both methods rely on
counting the amount of radiation passing through the detector relative to a known
amount of radiation used for calibration. The HF method relies on specialised electron-

ics that can read out signals at a very high rate; it is used to monitor the luminosity
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even for unstable beams, but has a larger uncertainty than the Pixel detector for stable
beam conditions. The Pixel detector has a low occupancy of less than 0.1% on average,
so it has a linear detector response with increasing luminosity. Luminosity is deter-
mined from the number of pixel clusters in a zero-bias event. The absolute calibration
is determined with Van der Meer scans [57]. The beam intensity is determined from the
beam current, measured with Fast Beam Current Transformers (FBCT). The Van der
Meer scan then determines the size and shape of the interaction region by displacing
the beams in steps in the x and y directions. The peak instantaneous luminosity over
time is shown in Fig. 4.1.
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Figure 4.1: The peak luminosity as a function of time for different run conditions of the
LHC. The data used in this thesis was collected at a center-of-mass energy of 8 TeV
during 2012. Each point represents a single beam fill.

The triggers used in this analysis for the associated production of a Z boson and a
J/ relied on triggering on the leptons from the Z. The triggers used were the double
electron and the double muon triggers, requiring one electron (muon) with pr greater
than 17 GeV/c and one with pp greater than 8 GeV /c. Additionally, an inclusive J/p
trigger requiring a J/) with pp greater than 8 GeV/c in a mass range between 2.85
and 3.35 GeV was used to determine the fit template for the shape of the JA). The
inclusive J/i) sample contains over 150,000 events selected from a subset of Run2012B.
This dataset is collected with a dimuon trigger that requires an object with a pt above

8 GeV and a reconstructed invariant mass of between 2.85 and 3.35 GeV.
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4.2 Selection Criteria

I use the selection criteria which match the official CMS guidelines whenever possible. 1
use the Golden JSON file for 22Jan2013 to determine which lumi sections to use. A lumi
section is a subset of a run during which the instantaneous luminosity is unchanging,
while a run is a subset of a fill during which the CMS detector is unchanging. Each fill is
a new injection of protons in the beam. This file is produced by the CMS collaboration
and indicates that all sub-detectors were working well during the luminosity section
of the run. The leptons (muons or electrons) from the Z boson are required to have
pT > 20 GeV and to have opposite charges. Only the two highest pt oppositely charged
leptons in the event are considered. The probability that the two leptons come from the
same vertex, vertex compatibility, must be > 0.5%. Vertex compatibility is determined
by a least squares fit using the Kalman vertex fitting algorithm. The leptons from the Z
must match with the leptons that triggered the event, the difference between the 1 and
¢ positions of the lepton has to be less than 0.3. Additionally, muons from the 7 are
required to pass the Tight Id selection criteria which include a requirement relative to
the primary (highest pr) vertex, as defined in Ref. [54]. The Tight Id requirements
are summarized in Table 4.1.

Electrons from the Z are required to pass the Medium Id requirement, which has
various quality cuts as defined in Ref. [2] and shown in Table 4.2. The |An| = |nsc —

extrap extrap

Ny |, With ngc the super cluster (SC) energy-weighted position in 1, and 7;,
the track 7 extrapolated from the innermost track position to the position of closest
approach to the SC ensures compatibility between the track of the electron as determined
with the tracker and the ECAL position, to reduce the misidentification probability. The
|A¢| requirement follows the same principles as the |An|. The H/Eg¢ selection, where
H is the sum of the HCAL tower energies within a cone of AR = \/(An)2 + (A¢)? =
0.15 around the electron direction, and Eg¢ is the energy of the SC. This requirement
distinguishes between electrons and hadrons, as electrons deposit a higher fraction of
their energy in ECAL. The lateral extension of the shower along the 7 direction is given
by:

oy = D = )wil/ Y wi (4.1)
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where the sum runs over the 5 x 5 matrix of crystals surrounding the highest trans-
verse energy crystal of the SC, and w; is a weight that depends logarithmically on the
contained energy; the 7; are expressed in units of crystals. The impact parameters,
the distance to the vertex at the point of closest approach in the transverse plane, in
the transverse and longitudinal directions, dy and d, respectively, are used to reject
secondary electrons. A missing hit occurs when the detector predicts a hit based on
the trajectory determined with the tracker hits but there is no hit measured. This is
known as a ghost hit, with the additional requirement that the ghost hit is not due
to known conditions such as if a detector module is turned off. The requirement that
|1/Esc — 1/p|, where p is the track momentum at the point of closest approach to the
vertex, is small, which further limits the misidentification rate of electrons. The particle

flow (PF) isolation is defined as:
ISOPF _ p(r:[}‘iarged + maX[O Zp%eutralhadron + Zp% o prp}ileup] (4'2)

where the sums range over the charged PF candidates, neutral hadrons and photons,
within a chosen AR cone around the electron direction. The charged candidates are
required to come from the vertex of interest, and p?}ﬂeup is a correction related to pileup.
As photons pass through detector material there is a chance that the photon converts
into an electron and positron pair; this degrades the resolution of the photon because
the magnetic field affects the charged particles. About 27% of photons convert in the
center of EB, and 62% convert at the edge of EE [58]. If the probability of the electron
from a fit to the track reconstruction is too high the electron is rejected as coming
from a photon conversion. Electrons are subject to energy regression corrections. These
regression corrections have a negligible impact on this measurement, and are described
in [59]. The reconstructed Z mass must be between 80 and 100 GeV.

All muon candidates are paired together to form J/) candidates with the exception
of events which contain a Z — u™p~, in which case the muons from the Z are not
considered in reconstructing candidate J/ip. There are only 3 events which contain both
a Z and two possible JA) candidates passing all selection criteria; in these rare cases
we keep the J/i) candidate with the most compatible vertex as determined by a least

squares Kalman fit. The J/i) is required to have mass between 2.85 and 3.35 GeV, and



Table 4.1: Tight ID requirements for muon from 7 [1].

Requirement

Reconstructed as a global muon

Track transverse impact parameter d,, < 0.2 cm from the primary vertex

The longitudinal distance of the track from the primary vertex d, < 0.5 cm

The x?/ndof of the global muon track fit is < 10

At least one muon chamber hit included in the global-muon track fit

Muon segments in at least two muon stations

At least one pixel hit

At least 6 tracker layers with hits

Table 4.2: Electron from ZMedium ID requirements [2].

Variable Upper value, Barrel | Upper value, Endcaps
|An| 0.004 0.007

|Ad| 0.06 0.03

T 0.01 0.03

H/E 0.12 0.10

|do] 0.02 cm 0.02 cm
|d| 0.1 cm 0.1 cm
|1/Esc — 1/p| 0.05 GeV 1 0.05 GeV~!
ISOPF(AR = 0.3)/pT 0.15 0.15
Conversion-fit probability | 107° 107°
Missing hits 1 1
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also to have J/i rapidity |y| < 2.1. The muons from a J/i) are required to pass the
Soft Id relative to the primary vertex, as defined in Ref. [54]. The Soft Id requires
loose transverse and longitudinal impact parameter cuts, d;y < 0.3cm and d, < 20cm
with respect to the primary vertex, and various quality cuts: track matched with at
least one muon segment, at least 6 tracker layers hits, at least one pixel layer, and the
track is high-purity (has a high probability of being an interesting track, which passes
the criteria defined in [60]). The muon pr of the leading pp muon is required to be
> 3.5 GeV. When the muon has |n| < 1.2 the sub-leading muon also has to have pr
> 3.5GeV. When the sub-leading muon has |n| > 1.2 the sub-leading muon pr has to
be > 2.5GeV. Both muons are required to have || < 2.1. The tracks of the muons
are paired together and traced back to create a common vertex. This vertex must have
a vertex compatibility > 0.5%. In addition, the J/) is required to be within 0.5 cm
in the z-direction (along the beam-line) of the Z boson’s reconstructed vertex. This
selection criteria reduces the amount of pile-up, or events which contain a Z and a J/ip
from two separate pp collisions in the same bunch crossing. The lifetime of the J/) in
the transverse plane must be between -1 and 5 ps. The lifetime in the transverse plane
is given by:

tay = (m™ /pi?) - LYY (4.3)

where Lg/f = (rp - ]5}],/1[)) / \]7;/1”, and 7 is the transverse distance between the recon-

structed Z boson position and J/i) vertex position. Because mW / p%/w is an approxima-
tion of m?/ pﬁ?, this transverse lifetime distribution will not necessarily agree perfectly
with the expected lifetime of the b-hadron of about 1.3 ps even when the J/ is from
the decay of a b-hadron (nonprompt).

4.3 Monte Carlo

This analysis uses MC to determine the efficiency times acceptance (henceforth referred
to as efficiency) of the JAb. Over a million inclusive J/i) MC events were generated
with Pythia6. The presence of a Z boson will not change the efficiency of a J/) of a
given pr and rapidity and polarization, but the distribution of J/i) pt can change, so
the efficiency determined with this MC is applied on a per event basis. Although the

analysis measures the rate of associated production given the inclusive production of a
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Z, there could be a difference in efficiency between inclusive Z and associated Z due to

the higher average pr of the Z for associated production. This efficiency difference is
determined with Drell-Yan plus Jets to ¢7¢~ Madgraph MC [61].

4.4 Efficiency

The J/i efficiency is determined in 20 bins of pp and 7 bins of rapidity, by measuring
the fraction of generated events which pass all selection criteria. The efficiency map for
unpolarized J/i is shown in Fig. 4.2. Efficiencies are corrected by scale factors. Scale
factors are used to ensure that the muon efficiency in MC matches that in data. These
scale factors are determined using the tag-and-probe method in [62]. The tag-and-probe
method determines the efficiency by utilizing resonances such as the J/i or the Z. One
of the muons from the J/ is required to pass a tight identification (the tag), and the
other muon is probed based on the cuts for the identification we want to measure the
efficiency of. We next fit the mass distribution of the tag and passing probe, and of the
tag and failing probe, with a signal and background model. The efficiency is determined
by the ratio of the signal yields from tag and passing probe as compared to all probes, or
€ = Ppyss/Pai where Py, is the number of passing probes and Py is the total number
of probes counted using the resonance [63]. The scale factor is determined as the ratio
of efficiency in data and MC.

The spin polarization could be different between inclusive J/i» production and asso-
ciated production. This difference could lead to large changes in efficiency, because of
the requirement that both muons from the J/i) are above a pr threshold and in a central
n region. The more balanced in pr and 7 the muons are from the J/p, the higher the
efficiency. The effect of polarization is determined by weighting the events by:

dN
m ox 1+ )\9 COS2 6* (44)

where \g varies from -1 (longitudinal) to 0 (unpolarized) to 1 (transverse) and 6* is the
angle between the direction of the positive muon’s momentum in the J/i) decay frame
and the direction of the J/i trajectory, shown in Fig. 4.3. The efficiency is highest when
g is -1, because the efficiency is highest when cos #* is near 0 as shown in Fig. 4.4.

The efficiency for the three polarization scenarios considered for the 20 pt used in
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Figure 4.2: The efficiency of the J/i) assuming unpolarized production.
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Figure 4.3: The angle 6* between the positive muon in the J/A) decay frame and the J/ip
path in the lab frame [18].
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Figure 4.4: Reconstructed MC J/i cos 6*. While the MC is generated with the assump-
tion of unpolarized J /i, which implies a flat distribution in cos 6* the efficiency is highest
for muons with a value of cos#* near zero which causes the reco distribution to peak
near zero.
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Table 4.3: Polarization effect on efficiency

pi}w GeV | Unpolarized (A = 0) | Longitudinal (A = —1) | Transverse (A = 1)
8.5-8.6 0.162427 0.231529 0.127861
8.6-8.7 0.218914 0.311432 0.172679
8.7-8.8 0.233989 0.33266 0.184707
8.8-8.9 0.247642 0.349704 0.196332
8.9-9.0 0.25075 0.356668 0.197946
9.0-9.2 0.261912 0.370641 0.207586
9.2-94 0.269966 0.381604 0.214203
9.4-9.6 0.292085 0.410632 0.232548
9.6-9.8 0.298457 0.420339 0.237629
9.8-10.0 0.308939 0.433265 0.246828
10.0-10.5 | 0.329096 0.459421 0.263843
10.5-11.0 | 0.348838 0.48574 0.280775
11.0-11.5 | 0.374853 0.517461 0.303593
11.5-12.0 | 0.399478 0.548396 0.325273
12.0-13.0 | 0.427339 0.580044 0.350886
13.0-14.0 | 0.468212 0.626419 0.388681
14.0-18.0 | 0.519382 0.681003 0.438396
18.0-24.0 | 0.609773 0.766497 0.53117
24.0-30.0 | 0.671175 0.813408 0.60019
30.0-100.0 | 0.739417 0.84838 0.684296
8.5-100 0.342249 0.469344 0.278689

this analysis is shown in Table 4.3. Figures 4.5, 4.6, 4.7 show the efficiency maps for
the different polarization scenarios.

The efficiency of the pile-up cut which requires the J/i) vertex to be within 0.5 cm
of the Z vertex is not estimated with inclusive J/) MC because inclusive J/i) does not
include a Z vertex. However, this cut is found to expected to kepp virtually all of the
prompt signal as shown in Figure 4.8. I verify that this cut is 100% efficient for prompt
signal and measure its efficiency for nonpropmt signal with a data-driven approach. For
prompt signal I create a sample of inclusive J/) data which has a transverse lifetime
of less than 0.3 ps (which contains over 99% of prompt J/i), and examine the vertex
displacement in the z-direction relative to the primary vertex, as shown in Figure 4.9.

A similar procedure is done for nonprompt, except creating a sample with transverse
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Figure 4.5: The efficiency map for unpolarized J/i.
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Figure 4.6: The efficiency map for longitudinally polarized J/i.
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lifetime above 0.3 ps, as shown in Figure 4.10.
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Figure 4.8: Difference in vertex position between truth MC J/) and reconstructed MC
J/p. Note that a negligible number of events have a reconstructed vertex more than 0.5
cm from the position of the truth vertex.

In order to evaluate the efficiency of this cut, I interpolate the number of events
expected due to pileup between 0.5 and 3.0 cm. This interpolation is then compared
to the actual number of events in this range, and the efficiency is taken as the ratio of
remaining events after pileup subtraction relative to the number of events in the signal

region of -0.5 to 0.5 cm. This process is described as:
GIN()/(N0+(N1—N2*SF)) (45)

where € is the efficiency, N; is the number of events with 0.5 < |z] < 3, N3 is the number
of events with 3 < |z| <= 20 and Ny is the number of events with |z| < 0.5, and SF is

a scale factor determined by a Gaussian fit to the pileup region and used to interpolate
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Figure 4.9: Difference in vertex position between reconstructed J/) and primary vertex,
for events with a transverse lifetime less than 0.3 ps. The sharp peak is due to prompt
J/p, while the wider Gaussian is due to pileup.
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Figure 4.10: Difference in vertex position between reconstructed J/i» and primary vertex,
for events with a transverse lifetime greater than 0.3 ps. The sharp peak is due to prompt
J/p, while the wider Gaussian is due to pileup.
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Table 4.4: Efficiency of the nonprompt pileup cut as a function of J/) pr.

pgfw GeV | Nonprompt Efficiency
8.5-10 0.94
10-14 0.93
14-18 0.91
18-30 0.86
30-100 0.77
8.5-100 0.91

the amount of pileup between 0.5 < |z| <= 3. This efficiency is found to be consistent
with 1 for prompt J/p. For nonprompt J/) a similar procedure is followed, with the
addition of dividing Ny by the fraction of nonprompt events with |z| < 0.5 and lifetime
less than 0.3 ps (about 70% depending on the J/ib pr). The resulting efficiency is shown
in Table 4.4.



Chapter 5
Analysis

The main focus of this analysis is determining the cross section for associated production
of a Jip and a Z in a pp collision. In order to control for systematic uncertainties such
as luminosity uncertainty or the uncertainty on the efficiency to reconstruct a 7, 1
measure the ratio of associated production to inclusive Z production. I express this as
P(Z — 00+ Jhp — utu~|Z — 00), or Ry This was expected to be a rare process,
and the total rate of backgrounds was expected to approximately equal the rate of
signal. I use a two-dimensional fit in J/i) transverse pseudo-lifetime and mass in order
to distinguish the signal from Drell-Yan production and J/A) from the decay of a b
hadron (nonprompt). I use a subset of inclusive J/i) data in order to determine the
template shape of JA) prompt and nonprompt signal with high precision. This chapter
will describe how the signal yield of P(Z + J/) — ptpu~|Z) for prompt and nonprompt
J/p is determined.

5.1 Analysis Procedure

There are four main components which I distinguish from each other by utilizing a
fitting procedure which will be described in Sec. 5.2. These components are: prompt
J/b, nonprompt J/), prompt dimuon continuum and nonprompt dimuon continuum.
Prompt J/i) is the primary signal we are interested about in this analysis; it is a J/)
produced in association with a Z boson or from feed-down from an excited charmonium

state. The J/i) decay to hadronic particles is suppressed by the OZI rule, so it decays
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to two muons 5.93% of the time. The hadronic decay suppression also causes the J/ip
to have a relatively long lifetime (though still small at 7.2 x 102! seconds) and narrow
mass width of 92.9 keV. The J/i) mass is 3.097 GeV [42]. The J/) mass distribution is
modeled by the sum of two Gaussians with a common mean but different resolutions.
The J/i prompt lifetime is similarly the sum of two Gaussians with a common mean.
The nonprompt J/p is a JAp which results from a b hadron. The probability of a
b hadron decay containing a J/ is 1.09% [42]. A b hadron decay contains at least
one muon 10.74% of the time. The lifetime of a b hadron is about 1.3 ps, which is
substantially higher than a J/) and is long enough that I can use it to distinguish
prompt and nonprompt J/). The nonprompt J/ip has the same template shape as the
prompt J/i in the mass distribution, and in the lifetime distribution it is modeled by
an exponential decay with a double Gaussian smear function. The prompt dimuon
continuum is modeled by an exponentially falling function in the mass distribution and
by the same shape as the prompt J/A) in the lifetime distribution. The nonprompt
continuum background is modeled by an exponentially falling function in the mass
region and an exponential decay convoluted with a double Gaussian smear function in

the lifetime distribution.

5.2 Fitting function

The fit technique used is a two-dimensional unbinned extended maximum likelihood fit,
in lifetime and mass. An extended maximum likelihood fit is similar to a maximum
likelihood fit, except the normalization is free to float [64], which will allow me to

determine the yield of the fit. Following [64], the likelihood is defined as:

N
L= ]._[f(:nZ S P1---Pm) (5.1)
i=1
where L is the likelihood, pj...p,, are parameters which are free to float in order to
maximize the likelihood, and f(z; : p1...pm, is the probability density for the event x. In
a likelihood fit:

/f(xz- L p1Pm)dr =1 (5.2)
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but this constraint is changed in an extended likelihood fit such that:

/feact(wi :pln-pm)dx = Nexp (53)

where fe,r describes both the shape and size of the distribution, and Nz, is the total
number of expected events [64]. In contrast to f, the normalization of fe,; is not con-
strained. The extended likelihood incorporates information not only from each event,
but also from the total number of events. The extended likelihood incorporates infor-
mation about the total number of events N, such as places where the events were not
observed. We can divide the range of x into narrow bins of width Az small enough that
the probability of a bin containing more than a single event is negligible. The probabil-
ities are given by Poisson statistics, Py(z) = e~ 2%/e=t(*) where Py(z) is the probability
to observe 0 events in range Az and Py () = Az fop(z)e 2%/ext(®)  where Py(x) is the
probability to observe 1 event in range Az. Thus the extended likelihood function is
given by:

Lewt = | [ Avfeat(zi) [ [ e e (5.4)

i=1 j=1

where the first product is over all bins containing an event, and the second product is
over all bins. In the limit where the size of the bins goes to 0, the unbinned extended

likelihood function is given by:

N
Lozt = [H fewt(x; :pl...pm)]e_N”” (5.5)
i=1

where L., is the extended likelihood function. We maximize the natural log of this
function because the calculations are easier and the result is the same. The fitting errors
are computed by the second derivatives of the likelihood function (from the inverse of
the Hessian matrix).

The distributions being fit are shown in Fig. 5.1 for inclusive J/) and Fig. 5.2 for
associated J/ip. The lifetime and mass are determined as described in Sec. 4.2. Each
event is weighted according to its efficiency as determined by Sec. 4.4. The extracted
yield of the fit gives the amount for each of the four components of the fit, with the

most important components being the prompt and nonprompt J/i yields. The overall
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fit is:

Foat(mu£) = Nos - My(m) # Ty() + Ny - My(m) 5 T (1)
+ pr . Mpb(m) * Tp(t) + Npp - Mnb(m) * Tnb(t) (56)

where N, is the number of prompt J/i) signal events, N, is the number of nonprompt
J/p signal events, Ny, is the number of prompt dimuon continuum background events,
and Npp is the number of nonprompt dimuon continuum background events, Mg(m)
is the J/i signal template, Mp,(m) and Mpy,(m) are the mass continuum templates
for prompt and non-prompt backgrounds, T,(t) is the prompt lifetime template and
T,s(t) and T,p(t) are the lifetime nonprompt signal and background templates. The
templates (Mg(m), Ts(t) and T,(t)) are fixed from the fit to the inclusive J/i) sample
with 150,000 events, (which is a sufficient number of events such that the statistical error
on the inclusive shape parameters is negligible), while (Nps, Ny, Npp and Nyp) are free
to float when fitting the Z + J/i associated production. Whenever the statistics of the
associated production data allows—there are three or more events with mass outside of
3.0 to 3.2 GeV—the slope of the continuum exponential background is allowed to float
differently from the slope as determined by the inclusive J/i) template. The fit templates
are determined and applied in 5 bins of JA) pp: 8.5-10, 10-14, 14-18. 18-30 and 30-100
GeV/c. The shape parameters do depend on J/) pr, as shown in Figures 5.3, 5.4, 5.5,
5.6, and 5.7. The higher J/) pr events have sharper time resolutions. It is important to
bin the templates in J/) pp because the distribution of pr in inclusive and associated
J/) can be different. Table 5.1 shows the shape parameters obtained from the fit to the
inclusive J/i sample.

The numbers of events corrected for efficiency (weights) from the prompt J/i) pro-
duction are computed from the fit fractions and the total weights of overall candidate
events. The yield for prompt J/), accounting for statistical uncertainty and summing
over the 5 pr bins, for (Z —u*p~) + (JAp —puTp~) is 44.2 £+ 15.1, and the nonprompt
yield is 68.4 + 14.5. For (Z —ete™) + (J/p —pu™) the total weights of prompt events
is 11.1 + 7.3 and it is 45.3 + 12.9 for nonprompt events.

The results of signal for each pt bin are shown in Table 5.3.

Once the fit shape parameters are determined with an inclusive J/i) sample, these
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parameters and fit template are fixed in the fit of associated J/) data, with the yields
of the signal and background free to float. The fit results for associated production

(integrated over the entire pr range) are shown in Table 5.2 and in Figures 5.8 and 5.9.
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Figure 5.1: The dimuon lifetime vs mass for inclusive J/i).
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Figure 5.2: The dimuon lifetime vs mass for associated J/i).
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Table 5.1: Fit shape parameters integrated over all pp for inclusive J/p.

Floating Parameter Value

J/b mass 3.0919 £ 0.0001
Omass—1 0.0226 £ 0.0003
Omass—2 0.0488 4+ 0.0005
fraction in narrower mass Gaussian 0.54 £ 0.02
Continuum prompt bg slope -2.9825 £+ 0.152
Continuum nonprompt bg slope -2.493 + 0.082
Prompt mean time 0.0027 £ 0.0004
Otime—1 0.066 + 0.001
Otime—2 0.129 4+ 0.004
fraction in narrower timing Gaussian 0.607 = 0.03
Nonprompt J/i) effective decay lifetime | 0.844 + 0.006
Continuum bg decay lifetime 0.73 + 0.01

t bg smear gauss o,gss—1 0.394 £+ 0.02

t bg smear gauss g,,4s5—2 0.122 £+ 0.004
fraction in narrower smear Gaussian 0.6954 + 0.04
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Table 5.2: Number of signal and background events of the fit for Z + J/) and for the fit
to the inclusive J/ip sample.

Efficiency Corrected Events (other than pileup cut)

Z— utu~ | Z—ete” | Inclusive Sample
prompt J/i 45.3 +£12.9 | 11.1 £ 7.3 | 260710 £ 1100
nonprompt J /i 68.4 + 14.5 | 45.3 + 12.9 | 114316 + 859
prompt continuum 341 £11.1 | 123 £ 7.8 | 12747 4+ 418
nonprompt continuum | 9.6 £ 6.3 21.1 £ 12.3 | 29974 £ 470

Table 5.3: Signal events of Z + J/i). Uncertainty is statistical uncertainty on the overall
number of events in each pr bin combined with the error on the fraction of signal events

from the fit.
Prompt Yield Non prompt Yield

Pl GeV | Z— ptu +Ip | Z—ete + I | Z— ptp+I/0 | Z— etem + I
8.5-10 20.55 +10.2 04 3.99 14.92 £+ 8.83 11.53 £8.59
10-14 19.62 £ 8.2 5.56 +4.21 22.04 + 8.19 10.67 £+ 6.39
14-18 0.38 £6.67 0.88 £2.05 15.26 £6.07 6.95 £4.41
18-30 0+1.14 4.68 £+ 3.89 14.71 £5.07 15.154+5.4
30-100 3.65 £ 3.31 04 0.68 1.46 £ 1.9 1.05+1.43




Chapter 6
Backgrounds

The primary backgrounds to this analysis are: dimuon continuum backgrounds, pileup,
Z backgrounds, and DPS. I will discuss these backgrounds other than dimuon continuum
backgrounds which were described in chapter 5, along with the negligible background
of Z — ¢J/p. 1 use data-driven techniques to determine the pileup and Z background
rate, while the estimation of DPS is based on experimental measurements from other
analyses. The Z background effect is only relevant insofar as it differs from inclusive Z

and associated Z production.

6.1 Pileup

There were on average 1.6 x 10 protons per bunch in the machine. Increasing the
number of protons per bunch increases the probability of interesting physics but at the
cost of the chance that multiple proton collisions occur in the same bunch crossing.
The number of pileup interactions per bunch crossing is shown in Fig. 6.1. Vertices
are reconstructed by extrapolating the trajectories of particles based on information
primarily from the tracker.

The pileup background for associated production is when a J/i) and a Z boson come
from different vertices in the same event. This background is reduced by the requirement
that the Z vertex and J/i) vertex must be within 0.5 cm in the z-direction, because unlike
in associated production there is no correlation between the vertex positions of a pileup

J/p. T determine the efficiency of this cut at rejecting pileup by examining the z-vertex
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Figure 6.1: The average number of vertices in an event. There were on average 21
interactions per bunch crossing.
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Table 6.1: Events with both a candidate Z and a candidate J/) from a region where
the pileup cut was inverted such that the distance in the z-direction between the Z and
J/p is greater than 3cm. Uncertainty is statistical uncertainty on the overall number
of events in each pr bin combined with the error on the fraction of signal events from
the fit. To determine the number of pileup events in the signal region we multiply these
events by the scale factor of 8.77x1072.

Prompt Yield Nonprompt Yield

p%d) GeV | Z = ptp~ +|Z — ete +|Z = putpu~ +|Z — ete” +
I I I I

8.5-10 19.49 4+ 8.89 2.94 4+ 4.67 0+24.3 13.79 + 8.85
10-14 13.49+7.74 1.48 +4.29 19.11 £ 8.36 6.72+5.24
14-18 1.88+£1.94 1.26 4+ 2.09 0+3.38 2.64 + 2.65
18-30 0+0.82 1.63 + 1.64 1.64 +1.64 0+ 1.06
30-100 0+0 0+0 0+0 0+0

distribution of inclusive J/) data relative to the primary vertex. The z-vertex position
follows a Gaussian distribution with a standard deviation of 4.99 cm. To determine
the probability that two vertices randomly sampled from a Gaussian with a standard
deviation of o; are within 0.5 cm of each other we could calculate the probability that
the probability that a randomly chosen point is within 0.5 cm of the mean of a Gaussian
with standard deviation oy = o7 * /2. This procedure is applied to determine that only
5.78% of pileup J/i) is kept after requiring the vertex position of the primary vertex (or
equivalently the Z vertex) and J/i vertex to be within 0.5 cm, as shown in Fig. 6.2.

I determine the pileup background by requiring the J/A) and the Z to be more than
3.0 cm away from each other in the z-direction to select a sample dominated by pileup.
From this sample I estimate the number of pileup events in the signal region by scaling
from the background region. The fraction of pileup events that are still included by the
vertex position in the z-direction of less than 0.5cm is 5.78% while the fraction with
more than 3 cm is 66.0%, as shown in Fig. 6.2. The resulting scaling factor is 8.77x1072.
The yield of associated production in the region where the z-position of the Z and J/i)
vertex is greater than 3 cm apart is determined by a 2D fit as described in Section 5.2,
and is shown in Table 6.1, and in Fig. 6.3.

It is also possible to determine the expected pileup contribution theoretically [47].
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Figure 6.2: Difference between J/i) vertex position in the z-direction and the z position
of the primary vertex. The sharp peak at zero arises when a prompt J/i) is from the
primary vertex of the event. A Gaussian fit is performed in the region excluding £+3 cm
from the primary vertex to fit the distribution in Az for pileup J/ip. The Gaussian fit
is centered at zero and has a standard deviation of 6.87 cm. This standard deviation is
consistent with v/2¢, where o, is the standard deviation of the distribution of primary
vertex z-position which is about 5cm. By extrapolating this fit into the signal region
of £0.5 cm we find that only 5.78% of J/i) from pileup are within 0.5 cm of the primary

vertex.
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Figure 6.3: The 2D fit to the sample created by requiring the Z and J/i) vertex positions
to be greater than 3 cm apart. This fit is shown integrated over pr and for Z — ete™
and Z — ptu~ combined.

The probability that a J/) is produced in a given pp interaction is defined by:

Py, = (6.1)

where Py, is the probability of a J /i being produced in an interaction, oy is the J S
cross section and oy, is the inelastic cross section for pp interactions, determined to be

(74.7 £ 1.7) mb by [65]. To find the probability of a pileup J/i) given a Z I then use:

Prob(J/ibpiteup) = Py (W) SF (6.2)

where (u) is the average number of pileup vertices per bunch crossing, which was 21 for 8
TeV data, and SF is the scale factor for a vertex to survive the pileup cut, determined
to be 5.78%. A comparison between the theoretical calculation and the data driven

method is shown in Table 6.2.
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Table 6.2: A comparison between two methods of determining the amount of pileup
associated production in our data per Z. I use the data-driven method to determine
the pileup contribution but present the theoretical calculation as a cross-check. This
background is small compared to the signal in either case.

Prompt Ry, X 107 Nonprompt Ry, x 107
pi}w GeV | Data-driven Calculation Data-driven Calculation
8.5-10 1.7+ 0.8 1.934+0.19 1.04 +£2.0 0.83 £ 0.08
10-14 1.1+0.7 1.44 4+ 0.12 1.96 £0.75 0.80 £ 0.07
14-18 0.24+£0.2 0.28 + 0.02 0.20 + 0.33 0.34 £ 0.02
18-30 0.12+0.14 0.12 £ 0.0087 0.12+0.14 0.14 £ 0.01
30-100 0+0 0.012 +0.001 0+0 0.02 £ 0.002

6.2 Double Parton Scattering

Double parton scattering (DPS) describes the process in which multiple distinct partons
interact in the same pp collision. This process depends on the size of the proton and
transverse parton correlations, but it is assumed to be independent of the scattering
process [47, 66].

The Prob(Z + J/)|Z) due to DPS is calculated by:

Prob(Z + JJ|Z) = m 22 (6.3)
Oeff

where o, is the inclusive J/ib cross section and oeyp = 20.7 £ 0.8 (stat.) +6.6 (syst.)
mb is the effective cross section for DPS, determined by [3], and m is the symmetry
factor, equal to 1 if the processes are distinct and % if the processes are identical. The
effective cross section was determined by analyzing p p =W +42-jet events where the
vector sum of the pt of the 2 jets for events arising from DPS is zero, while this is
not true for the Single Parton Scattering (SPS) events. Note that a similar analysis by
ATLAS yields a smaller value of o.s; = 15+ 3 (stat.) *3 (syst.) mb [19]. While using
double J/ip or J/ip +7Y final states, much lower values of o,y = 2 — 5mb have been
obtained, for pp collisions at lower energies [67, 68]. Figure 6.4 shows the dependence
of o.ry on energy and its values determined using many different final states.

We determine the prompt o, for our selection criteria to be 23 nb [69] and 12 nb for
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Figure 6.4: A comparison of o,y at different center-of-mass energies using different
methods to extract the effective cross section [3]. Data are taken from Refs. [19-24].
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Table 6.3: The DPS contribution to the Prob(Z + Ji) — utp~|Z) for each pr bin.
Uncertainty is from the uncertainty in o.¢pr = 20.7 & 0.8 (stat.) +6.6 (syst.) mb
Ref. [3].

p%w GeV | Prompt DPS Ratio | Nonprompt DPS Ratio
8.5-10 5.7+ 1.9 2.5+0.8

10-14 4.3+1.4 24+0.8

14-18 0.8+0.3 1.0+0.3

18-30 04+0.1 0.4+0.1

30-100 0.04 +0.01 0.07 £0.02

nonprompt J/i). Since the 8 TeV results in Ref. [69] exclude a part of the rapidity range
our measurements require, we complement them with the 7TeV results which cover
the entire rapidity range we need. We apply a small correction to the 7TeV results
using the prescription in Ref. [70], where f(y/s) = A - (/s/s0)? where A = 12449 nb,
b = 0.60 £0.06 and /sp = 1TeV. Resulting background due to DPS in the prompt
Prob(Z + Jfp — putp~|Z) is (11.2 £ 3.6) x 1077 and for nonprompt, (6.0 + 1.9) x 107.
The DPS background in bins of pt is shown in Table 6.3.

6.3 Z Background

The Z is a high mass object, and our selection requirements reconstruct it from the
clean decays of Z — putpu~ and Z — ete”. The background under the Z mass peak
due primarily to Drell-Yan processes (which we do not consider part of our signal) is
small. Additionally, unless the background rate differs between associated and inclusive
production we expect this background rate to cancel in the ratio.

The dilepton mass distributions shown in Figure 6.5 indicate that the background
under the Z peak is about 1% of the signal. I estimate its effect on our measurements
using a data-driven technique that measures the background in the Z sideband regions
and interpolates into the Z mass signal region. The high sideband is when the dilepton
mass of a Z candidate is greater than 150 GeV and less than 300 GeV. The low
sideband is when the mass is between 40 and 50 GeV (40 and 45 GeV) for a di-electron

(di-muon) pair. The difference in the low sideband is chosen because the efficiency of
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low pr muons and electrons differs. The signal region is defined to be between 80 and
100 GeV. Assuming that the J/i production rate by these background events stays the
same for different background Z candidate masses, we can calculate the scale factors
between the numbers of J/)’s due to the background in the signal and sideband regions
from the inclusive Z yields in the same Z candidate mass ranges. In order to find the
scale factors, we fit the inclusive di-electron and di-muon Z candidate mass distributions

with an analytical function of the form,

a — Myy

F(mgg) = exf (

5 > exp(—ymyy), (6.4)

where my, is the mass of the Z candidates, o represents the 50% point in the turn-on
curve, ¢ determines how quickly the turn on happens, and ~ is the exponential slope of
the fall of the background.

Figure 6.5 shows these distributions and the fitting functions. The fits match the
numbers of events within 10% for various mass intervals, which is sufficiently accurate
for calculating the scaling factors, even though they don’t match the data points within
the statistical precision of the inclusive Z data we use. The scale factors are the ratios of
the integrals of the fitted functions in the appropriate mass regions, and are 1.38 (1.45)
for the low (high) electron pairs and 2.43 (1.66) for the low (high) muon pairs.

Figure 6.6 shows the J/) candidate mass and their lifetime distributions for the
7 sideband events. Using the same 2D fit that we use for the Z signal samples, we
obtain the J/) yield in the Z sideband. The figure also shows the projection of the
fitted yields of the prompt and nonprompt J/i) as well as the continuum backgrounds.
The resulting numbers of J/)’s in the signal and sideband regions, estimates of the
background contributions in the signal region, and the fraction of the background in

the signal region, are presented in Table 6.4.

6.4 Four Lepton Mass Background

Another potential source of background comes from Z — 4¢ decays, whose branching
ratio has been measured to be (3.304:0.31) x 107 [42]. Since the two results on which this
PDG listing is based exclude the phase space of this decay where the lighter dilepton
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Figure 6.5: Inclusive Z candidate mass distribution when (a) Z — ete™ and (b) Z —

puwT ™. The curves in the plots are the results of the fit described in the text.
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Figure 6.6: The distributions of the J/i) candidate mass (left) and their lifetime (right)

for both low and high mass Z sideband events.

Table 6.4: J/ yields from Z sidebands.

Low Side- | High Side- | Signal Re- | Background Background
band band gion Estimate fraction
(%)

7 —ete™

Inclusive 4.065%x10% | 3.526x10% | 4.637x10°% | 5.366x10* | 1.16

+ Prompt J/i) 1.554+1.55 | 0.0£1.83 | 11.12+7.31| 1.074+2.40 | 9.64

+ Nonprompt J/) | 0.0£0.96 | 6.2943.78 | 45.344+12.86¢ 4.56+3.41 | 10.1

Z—pp

Inclusive 3.934x10% | 4.845x10%* | 6.935x10° | 8.81 x 10* | 1.27

+ Prompt J/i) 0.0£0.69 | 0+1.15 44.20+15.12 0£1.79 0.0

+ Nonprompt J/p | 0.0£0.74 | 1.55+1.93 | 68.40+14.52 1.29+2.5 | 1.89

pairs have masses less than 4 or 5 GeV, this ratio does not have a direct implication on

the background in our sample.

The Z — ¢¢J /i) reconstructed mass is expected to peak at the Z mass peak of 91.2

GeV [42]. T determine if this occurs for our selection criteria, except with the requirement
that the Z mass is between 40 and 300 GeV as opposed to 80 and 100 GeV. There is no

evidence of a Z mass peak in the 4 lepton mass distribution with our selection criteria,

as shown in Figures 6.7 and 6.8.

Figure 6.9 shows the mass and lifetime distributions of the J/i) candidate when the
mass of the Z decay candidate falls between 80 and 100 GeV and the mass of all 4
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leptons also falls in this interval. This sample contains all the events in our signal
sample which are consistent with the Z — ¢¢J/) decay. The result of the 2D fit is
consistent with no prompt J/) with an error of 5.8 efficiency corrected events for the
Z — ptp~ case and 1.1 events for the Z —eTe™ case. It is important to note that
this fit is an overestimate of the potential 4 lepton background because it assumes that
all events which pass the selection criteria are from Z — ¢¢J/i) but this assumption is

inconsistent with Figures 6.7 and 6.8. Consequently, I consider this background to be

negligible.
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Figure 6.7: The four-lepton mass for Z — eTe™ with our selection criteria except a Z
mass requirement of 40 to 300 GeV. Only 0.57 events are consistent with a My, from
the Z. This is determined from fitting the distribution with two Gaussians, with the
mean and width of one Gaussian constrained to be near the inclusive Z mass and width.
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Chapter 7
Systematic Uncertainties

The three dominant sources of systematic uncertainty for this measurement are: the un-
known polarization of the J/i in associated production; the potential differences between
inclusive and associated J/) shapes; the uncertainty in determining the differences in
efficiency between associated and inclusive Z production. The polarization uncertainty
is the largest uncertainty, as differences in J/) polarization can have a large effect on
the efficiency in the reconstruction of the J/p. Overall this measurement is dominated

by statistical uncertainty.

7.1 Polarization Uncertainty

The differences in efficiency between the different polarization scenarios is discussed
in Section 4.4. 1 evaluate this uncertainty by repeating the analysis procedure but
assuming the different efficiencies found with the differing polarization extremes. For
nonprompt J/i, the b hadron is a spin 0 particle, so its polarization will have a diluted
effect on the J/i) polarization in the lab frame. Since the polarization measurement of
nonprompt inclusive J/) is consistent with zero [71], we constrain the polarization of
the nonprompt J/i) to be within 10% of the unpolarized value, following the procedure
used in Ref. [6]. The resulting differences in yields for associated production are shown
in Tables 7.1 and 7.2.

82



83

Table 7.1: Signal events of associated prompt J/) under different polarization extremes.

Prompt Yield Uncertainty (%)
pJT¢ GeV | Unpolarized | Longitudinal| Transverse | Polarized / Unpolarized
A=0 A=—1 A=1
8.5-10 20.6 14.5 26.0 4252
10-14 25.2 18.7 30.6 212
14-18 1.26 1.05 1.40 +13d
18-30 4.70 3.9 5.22 +117
30-100 3.65 3.2 3.96 +5:5.
8.5-100 55.3 41.3 67.1 1313

Table 7.2: Signal events of associated nonprompt J/A) under different polarization ex-

tremes.
Nonprompt Yield Uncertainty (%)
pJT/w GeV | Unpolarized | Longitudinal| Transverse | Polarized / Unpolarized
A=0 A=-0.1 A=0.1
8.5-10 26.5 25.7 27.1 e
10-14 32.7 31.9 33.5 23
14-18 22.2 21.7 22.6 35
18-30 29.9 29.3 30.3 2
30-100 | 2.5 2.5 2.5 3
8.5-100 | 113.7 113.1 116.1 i
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7.2 Fit Uncertainty

I rely on the inclusive J/i) sample in order to determine the shape of the signal for associ-
ated J/ip. This assumes that the shape does not change between associated or inclusive
production for a given bin of Ji) pp. However, because the J/A) polarization could
be different between associated and inclusive production, the shapes could be slightly
different. We evaluate the difference by determining the shape parameters assuming dif-
ferent extreme polarization scenarios. This study indicated that the maximum change
in resolution parameters due to differing polarizations was about 10%. I repeated the
analysis with the resolution parameters for associated production increased by 10%,
which led to a change of 4% for prompt production and 2% for nonprompt production
yield. The difference in resolution for the primary vertex between associated produc-
tion and inclusive J/i) production has a negligible impact on this measurement, in part
because for inclusive J/) production the resolution on the primary vertex is better than
the resolution for the dimuon vertex for nonprompt J/i», and also because the resolution
on the primary vertex for inclusive Z production and for associated Z production is

negligibly different for our measurement.

7.3 Z Efficiency Uncertainty

The efficiency could be different between inclusive Z production and associated Z pro-
duction because the pt spectrum of the Z is harder for associated production. I deter-
mine the efficiency as a function of Z pr with Drell-Yan plus Jets to £t¢~ Madgraph
MC [61]. Figure 7.1 shows the dependence of the Z detection efficiency on the pr of the
7 candidate. The efficiency is the smallest at zero Z pr. When this is convolved with
the pt dependence of the Z production in the associated production of Z and J/ip and
inclusive Z production, I find that the efficiency is higher for the associated production
for the Z —ete™ and Z — ptp~ channels where the uncertainty is due to the statistical
uncertainties in the associated production data. This is due to the higher pt of the Z

in associated production.



85

o
3

|19J fr“ [t] Tew

I
3

19.7 fb” (8 TeV)
ML SRS RARE RARS LM AR BRI

cMs CMS
E Preliminary —_ Madgraph MC F Preliminary — Madgraph MC

o
o
I

I
~
L

I
o
T

=}

w

1

o ¢

w [}

T

=

P P Wi | R R Y

Efficiency / 5 GeV
o
(%))
Efficiency / 5 GeV
o
o
T
1

0.2 3 0.2 b
0.1 3 0.1 B
GH.I“‘Iu.In.l.ulu.l.uIu.ln.J.|: 0.nln.lu.lu.In.l.ul...ln.lu.ln:
0 20 40 60 80 100120140160 180 0 20 40 60 80 100 120140160 180

L P (GeV) oo P (GeV)

Figure 7.1: Dependence of the Z —¢ ¢ detection efficiency on pr.

The average efficiency of the Z summed over pr is given by:
Nbins
e=N Y /N (7.1)

1=0

where € is the overall efficiency of the Z weighted by its pt distribution, ¢; is the efficiency

as determined from MC (]]\\[;gc;‘f), N; is the number of data events in the given pr bin,
and N is the total number of events. I then calculate the ratio of €,4s0ciated a4 €Enclusive-

By propagating the uncertainty, we find that:

N ins

2 _ % Yy Nassociated | Ti 2

a?=> —f)ﬁ] (7.2)
i=0 ¢

where o2 is the squared uncertainty on €,ssociated, Nassociated 1 the number of associated
events, o; is the statistical uncertainty for a given pr bin, and Y is the yield of the
data, > N;/e;. 1 correct our measurements for this effect and assign the uncertainties
as the systematic uncertainties from this source. The ratios of the efficiencies and their

uncertainties are shown in Table 7.3.

7.4 Ji Efficiency Uncertainty

I generated about a million inclusive Ji) MC events, so the uncertainty due to MC
statistics is negligible. Because the fit is to an unbinned dataset whereby the efficiency

is applied to each associated J/i) event, there is no systematic uncertainty associated
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Table 7.3: The ratio of efficiency for Z in associated production with a J/i) as opposed
to inclusive Z. Uncertainties are determined by propagating the statistical uncertainty
in each bin of Z pt for associated production.

pJTw GeV | Z = utp~ | Z —ete”
8.5-10 1.055+0.019 | 1.06610.043

10-14 1.039£0.013 | 1.07940.037
14-18 1.100£0.016 | 1.05740.035
18-30 1.103+0.019 | 1.13840.044

30-100 1.188+0.089 | 1.208+0.083

with the harder pp spectrum for associated J/i) as opposed to inclusive JAp. There is
a 1.5% uncertainty associated with measuring the scale factor with the tag-and-probe

method described in Section 4.4, as recommended by the CMS Muon group [72].



Chapter 8

Results

In this chapter I present the results of our measurement of associated production of Z and
J/p with 19.7 fb~1 of 8 TeV data collected with the CMS detector at the LHC. I compare
our measurement to the similar measurement made by the ATLAS collaboration and

the theoretical predictions. I also present the statistical significance of our observation.

8.1 Results

There were 6.94 million inclusive Z —u*p~ and 4.64 million inclusive Z —ete™ events
that passed our selection criteria. If we subtract the backgrounds from the pileup and
Z background, and correct for the differences in efficiency between the associated and
inclusive Z, the measured Prob(Z —u*pu~ + Prompt JAp — ptpu~|Z —ptp™) is (56.8
+ 20.9) x107, and for nonprompt J/p, it is (97.9 4 22.3) x1077. The Prob(Z —ete™
+ Prompt JAp — ptu~|Z —ete) is (19.2 £ 15.3) x1077, and for nonprompt J/) is
(85.8 & 29.3) x1077. The difference between Z —ete™ and Z —putp~ is about 1.50.
Although this difference is not all that unlikely, we examined potential explanations
for it. The resolution and average position of the Z vertex for the electron and muon
decays is negligibly different, and there are not significantly more associated Z —ete™
events which fail the z-direction pileup selection criteria, so this does not explain the
discrepancy. The only difference in analysis procedure in terms of the J/) between Z
—eTe™ and Z —uTu~ events is the exclusion of the muons which form the Z —utu~

candidate from potential J/i) candidate muons. However, this is a negligible effect and
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Table 8.1: Rates for associated production of a Z and J/) relative to a Z (x1077) for
both prompt and nonprompt J/ip. Uncertainties are statistical.

Prompt Nonprompt

pJTw GeV | Z —wpuTp~ | Z —ete” | Z —uTu~ | Z —eTe”
8.5-10 26.14+14.2 | 048.2 22.0+13.4 | 22.54+18.9
10-14 25.9+11.6 | 11.04£8.7 30.7+12.4 | 18.3+14.4
14-18 0.3£8.9 1.6+4.5 22.448.9 12.0+10.6
18-30 0.0+1.8 6.6+8.1 20.548.1 31.44+12.8
30-100 4.5+4.4 0+1.5 2.3+4.1 1.5+4.2

total 56.8420.9 | 19.2415.3 | 97.9+22.2 | 85.8429.3

Table 8.2: Differential rates (x1077/ GeV) for pp — Z — €€ + Jip — ptp~ relative to
pp — Z — #¢ both prompt and nonprompt. Uncertainties are statistical, systematic
and due to the unknown polarization of the J/i.

P’ GeV | Prompt Prob(Z + J/|Z) | NP Prob(Z + J/|Z)

8.5-10 1044+6.1+0572% 148+ 7440675

10-14 49+ 1.9+02777 6.44+2.4+02707

14-18 0.2+ 1.4 +£0.01700 4.6+ 1.7+0.170]

18-30 0.2+ 0.3 +£0.0170 3 2.140.59 + 0.0770 53
30-100 | 0.038 + 0.039 & 0.00470-002 | 0.029 + 0.043 + 0.003 39003

There is

also no compelling physics theory to explain the difference, so it is most likely due

would anyway drive the associated Z —pu*p~ down relative to Z —eTe™.

to a statistical fluctuation. Taking the average of the muon and electron channels by
summing the associate productions of the two channels, the Prob(Z —¢ ¢ + Prompt
Jhp — wtp~|Z =€ £) is (41.5 4 12.0 (stat) + 1.8 (syst) £ 10.5 (pol) ) x107, and for
nonprompt J/ is (93.0 £ 14.5 (stat) £ 2.5 (syst) & 2.0 (pol) ) x107". The uncertainties
come from statistics, systematics and the unknown polarization of the J/.

The Rj;, after subtracting the backgrounds and adjusting for the efficiency are
shown in Table 8.1 for both Z — ete™ and for Z — p*u~. The differential rates
combining Z — putp~ and Z — eTe™ are shown in Table 8.2. The results are also shown

in Figure 8.1.
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Figure 8.1: Differential rates for Prob(Z —¢ ¢ + Jib — utp~|Z —¢ ¢) as a function
of pr. The nonprompt MC was determined by running the analysis procedure on the
DYJetsToLL M-50 TuneZ2Star Madgraph MC (the prompt J/) associated production
of this MC is consistent with 0).

8.2 Theoretical Comparison

Table 8.3 lists the theoretical predictions made by the authors of Ref. [4, 5] on the
product of the cross section for p p — J/i) +Z process and the decay branching fractions,
Br(Jip — ptp~) as well as Br(Z — ¢7¢7) in bins of Ji) pr [73] at LHC with /s = 8
TeV. They assumed that Br(JA) — ptp~) =5.93% and Br(Z — ¢7¢7) =6.729%. They
used the experimental selection criteria shown in Table 8.4 on the final state particles
which are the same as used in Ref. [4, 5]. The sum of columns 1 and 3 gives LO cross
sections, while the sum of columns 2 and 4 gives the NLO cross section results (including
the LO). Columns 1 and 2 represent the color-octet contribution, while columns 3 and 4
represent the color-singlet contribution. NLO results are larger than LO. The theoretical
expectation for the Prob(Z+ J/|Z) of 6.06 x 10”7 is obtained by dividing the NLO cross
section by the fiducial cross section of the Z — ¢¢, measured to be 0.41 nb by [74]. The
theoretical expectation is about a factor of 5 lower than our experimental measurement
if we assume a DPS o,y of 20.7 mb, but the statistical and polarization uncertainties

of our measurement are too large to justify quantitative conclusions. Our results are in
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better agreement with the COM than the CSM in the sense that our results are higher
than both the COM and the CSM, and predictions from the COM are much higher
than for the CSM only.

Table 8.3: Cross sections Ref. [4, 5].

SS§8) 35£8) 3S§1) 3s§1)

pl¥ (GeV) LO(fb) NLO(fb) LO(fb) NLO(fb)
8.5~ 10 0.0230 0.0857 0.01065  0.00923
10 ~ 14 0.0403 0.1419 0.01567  0.01493
14~18  0.0231  0.0783  0.00702 0.005783
18 ~ 30 0.0297 0.0964 0.00627  0.00755
30~100  0.0178  0.0543  0.00145 0.00308

Table 8.4: Requirements used in Ref. [4, 5]

Jhp: pr > 8.5GeV

J/ rapidity: |y| < 2.1

Muon from J/Ap: |n| < 2.5

Higher pr lepton from Z: pr > 25 GeV
Lower pr lepton from Z: pt > 15 GeV
Leptons from Z: |n| < 2.5

Mass of Z: |myg, — 90.2| < 10 GeV

In response to the disagreement between the measurement made by ATLAS and
theoretical predictions [6], theorists have proposed that o, s used to determine the DPS
contribution should be different. Perhaps because it is process dependent we cannot use
the value extracted from processes which are dominated by gluons for processes which
are dominated by quarks [75]. Events from DPS, or pileup, are expected to be uniform in
A¢ between the Z and the J/ib, while SPS events are expected to be predominantly back-
to-back. Table 8.6 shows the Ry, with the additional selection criteria that [A¢| < /3,
a selection which eliminates most of the SPS signal. The distribution of A¢ between
the Z and J/i, shown in Figure 8.2, is expected to peak at 7 for SPS because SPS is
expected to be back-to-back, while for DPS it is expected to be uniform.

For SPS, we expect the pr of the Z and the J/i to be balanced, although this balance
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Table 8.5: Comparison of signal between CMS and theoretical predictions from Ref. [4].
In the 5 pr regions, the results are differential rate, dR/dpt in x1077/ GeV while the
last line is the integral, R(8.5GeV < pr < 100GeV) in x1077. The first uncertainty
is the statistical, the 2nd, combined systematic and the last, systematic uncertainty
due to the unknown polarization of the J/). DPS is calculated under the assumptions
described in Section 6.2.

Prompt Prob(Z + Jip — ptu~|Z)

pr range (GeV) | CMS (SPS + DPS) DPS (oeff = 20.7mb) | Theory

85 <pr<10 [104£61+05+3.1 38+13 0.77 £ 0.08
10<pr<14 [49+19402+£13 11404 0.48 £ 0.05
14 <pr<18 [02%+14£0.01£0.03 0.2 +0.07 0.26 £ 0.03
18 <pr <30 [0.2%0.3£0.01£0.04 0.03 +0.01 0.11+0.01
30 < pr < 100 | 0.04 £0.04 £ 0.004 + 0.01 | 0.0005 = 0.0002 0.01 £ 0.001
Integrated 41.5+120+184+105 [11.243.7 [ 6.1£0.6

will be smeared somewhat in the case of nonprompt J/i, as the J/i) does not have the
same pT as the b hadron from whence it came. This balance is not expected in the case
of DPS or pileup. The scalar difference in pp between the Z and the J/i) is shown in
Figure 8.3. Additionally, the Z in associated production is expected to be harder than
the Z in inclusive or DPS production. The Z pr distributions for associated production
and inclusive production are shown in Figure 8.4. Although the statistical uncertainty

is large, there is probably both SPS and DPS in our measurement.

8.3 Comparison with ATLAS

ATLAS [6] recently published the result of an analysis similar to the measurement
we make. Their results are shown in Table 3 of Ref. [6], and their selection criteria
are in Table 1, Namely, ATLAS observed 16.15 million Z — #¢ events, of which 8.20
million were Z — p*p~ and 7.95 million were Z — ete™. ATLAS selected in total 290
candidate signal events, of which 139 are observed with Z — u* ™~ decays and 151 with
Z — eTe” decays. ATLAS presents their results with the Z — putu~ and Z — ete”
channels combined. In comparison, with our selection we select a total of 11.6 million
7 — 0 events, of which 6.9 million were Z — u™pu~ and 4.6 million were Z — ete™.

We select 109 candidate signal events, of which 70 are observed with Z — p*u~ and 39
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Table 8.6: Rates (x1077) for p p —Z —£ £ + Jjip — ptu~ relative to p p —Z —£ £ both
prompt and nonprompt for events with |A¢| < w/3. The amount of expected pileup is
subtracted from the event yield when determining the rate, so the measured rate can
be negative. The rate of DPS is determined with 0.y = 20.7 mb.

Prompt Ry, X 107 Nonprompt Ry, x 107
Pl Gev | CMS DPS CMS DPS
8.5-10 4.245.8 1.9+0.6 5.5+ 6.0 0.8+0.3
10-14 3.2+3.1 1.4+0.5 6.7+44 0.8+0.3
14-18 0.54+2.4 0.3£0.1 7.8 £3.7 0.3+0.1
18-30 -0.04+0.05 | 0.1£0.04 —0.054+0.06 | 0.1 £0.05
30-100 0+0 0.01240.004 | 0£0 0.02 +£0.01
total 7.947.0 3.7+1.2 20.0 £ 8.3 2.14+0.5

were observed with Z — ete™.
A comparison between CMS results and ATLAS results is shown in Table 8.7. AT-
LAS results were obtained from Table 5 of Ref. [6]. When integrated over J/A) pr, our

results are in agreement within uncertainty of ATLAS’s results.

8.4 Statistical Significance

I determine the statistical significance of our measurement by comparing the likelihood
of the results I measured under the hypothesis of signal and background to the likelihood
of the results under the background only hypothesis. Wilks’ theorem provides a simple
way to determine the significance from the difference in likelihood between the signal
and background hypothesis and the signal only hypothesis [76]. From Wilks’ theorem
the distribution of the likelihood ratio test statistic follows the x? distribution:

x? =2[InL(S + B) — In L(B)] (8.1)

where In £(S+ B) is the likelihood of the signal plus background hypothesis and In £(B)
is the likelihood of the background only hypothesis

I determine the likelihood of the data when fixing the amount of prompt (or non-
prompt) signal to the amount expected from pileup and then repeating the fit procedure.

The statistical significance of the observed data does not depend on the efficiency of the
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Table 8.7: Comparison of signal between CMS and ATLAS [6]. In the 5 pr regions, the
results are differential rate, dR/dpr in x107/GeV while the last line is the integral,
R(8.5GeV < pr < 100GeV) in x107". The first uncertainty is the statistical, the 2nd,
combined systematic and the last, systematic uncertainty due to the unknown polariza-
tion of the J/ip. The polarization uncertainty is common between the two experiments
and can be ignored in the comparison.

Prompt Prob(Z + J/ip — ptu~|Z)

pr range (GeV) | CMS ATLAS

85 <pr<10 |104+6.1+05+3.1 10.8+56+1.9+3.1

10 <pr< 14 494+1.9+02+1.3 56+1.9+0.8+1.2

14 < pr < 18 0.2+ 1.4+0.01+0.03 1.9+1.1+0.1+0.3

18 < pr < 30 0.22 +£0.3 £0.011 + 0.04 0.9+0.4+0.12+0.09

30 < pr < 100 | 0.038 £ 0.039 & 0.004 + 0.005 | 0.09 = 0.04 + 0.012 + 0.006

Integrated | 41.54+120+18+105 | 63+13+5+10
Nonprompt Prob(Z + Jib — utu~|Z)

pr range (GeV) | CMS ATLAS

85 <pr<10 [ 148+74+06+0.4 51+42+09+0.3

10 < pr < 14 6.4+24+0.2+0.16 92+25+1.2+0.3

14 < pr < 18 46+1.7+0.1+0.1 33+£1.2+04+0.1

18 < pr < 30 2.1+0.6+0.1+0.04 3.0+ 0.6 £0.04 +0.04

30 < pr < 100 | 0.029 + 0.043 & 0.003 + 0.0004 | 0.12 + 0.04 & 0.002 + 0.001

Integrated 93.0+£14.5£25+20 102+ 15+£5+3
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J/ (or the efficiency of the Z), so the fit is not weighted by the efficiency. In the signal
and background scenario, there are 21.6 + 6.6 prompt events and 52.7 + 8.6 nonprompt
events. Of these events, 1.1 prompt events are expected to come from pileup, and
1.7 nonprompt events are expected to come from pileup, as determined in Section 6.1.
Figure 8.6 and Figure 8.7 show the results of the fit performed with the alternative hy-
pothesis of background and prompt (nonprompt) signal fixed to the amount of expected
pileup. Using the likelihood ratio test statistic I find that the statistical significance of
observing the combination of SPS and DPS prompt J/i) is 3.80 and of nonprompt J/) is
8.7c. This is similar to the significance claimed in [6], although ATLAS observed enough
prompt signal to claim 5o significance for prompt and 9o significance for nonprompt

associated production.

19.7 fb™ (8 TeV) 19.7 b (8 TeV)
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Figure 8.5: Associated production of a Z and a J/, for Z — 4.

I evaluate the significance of SPS events under different assumptions about the DPS
cross section, as shown in Table 8.8. The rate of DPS has a large impact on the statistical

significance of our results, and on the rate of SPS associated production.
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Figure 8.6: Associated production of a Z and a J/i, for Z — ¢¢. The prompt J/) signal

is fixed to the expectation from pileup.
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Table 8.8: The SPS significance for associated prompt J/i under different assumptions

about DPS.

DPS o.¢y mb | SPS Significance
20.7 2.9
15 2.6
10 2.1
5 0.6




Chapter 9

Conclusions

I measured the rate of associated production of a Z —¢ ¢ and a JA) —utu~ relative
to the rate of inclusive production of a Z —¢ ¢ using the full 19.7 fb~! of proton-
proton collisions recorded with the CMS detector at a center-of-mass energy of 8 TeV.
This rate was measured both for prompt and nonprompt J/ip, and presented in 5 bins
of Jib pr, as well as integrated over a J/i) pp between 8.5 GeV and 100 GeV. 1
observed the production of associated prompt J/i), including both SPS and DPS, with
a statistical significance of 3.80 and nonprompt J/) with a statistical significance of
8.70. The measured rate of associated nonprompt J/i) was statistically compatible with
the measurement made by the ATLAS experiment. Although there is currently no
quantitative theoretical prediction for this process, theorists are currently attempting
to make these predictions. The measured rate of nonprompt associated production was
in reasonable agreement with the rate predicted from MC.

The measured rate of prompt J/i) production was higher than the theoretical expec-
tation by a factor of about 3. The ATLAS experiment measured a rate of associated
prompt J/i about a factor of 5 higher than theoretically expected, and statistically
compatible with our measurement. These results suggest that certain theoretical as-
sumptions may not be justified, for example the assumption that the rate of DPS is
process independent, or the assumption that higher-order terms are not important in
the NRQCD calculation. However, the statistical uncertainties and the polarization
uncertainty are large, so more data is needed to conclusively understand this process.

The LHC is currently collecting a large amount of data at 13 TeV, so this process can

100
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be studied with higher statistics in the near future.
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