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Abstract

This PhD dissertation presents the measurement of the cross section of jet production in association
with a Z boson in proton-proton collisions at the Large Hadron Collider in CERN, with a center-of-
mass energy of 8 TeV in 2012 and of 13 TeV in 2015. The data used for this analysis were collected
by the Compact Muon Solenoid (CMS) detector, with an integrated luminosity of 19.6 fb=! in 2012
and of 2.25 fb=! in 2015. The differential cross section is measured as a function of jet multiplicity,
jet transverse momentum and rapidity, and the scalar sum of jet transverse momenta. The rapidity
correlations between the Z boson and jets are also measured benefiting from the large statistics of data
taken in 2012. All distributions of measured observables are obtained after correcting detector effects
using unfolding approach, and the results of two leptonic decaying channels of Z boson are combined.
Coming along with the systematic and statistical uncertainties, the measurement is compared to
different theoretical predictions at different accuracy levels. The predictions are from MADGRAPH 5,
SHERPA 2 (for 8 TeV analysis only), MADGRAPH AMCQ@NLO, and fixed next-to-next-to-leading
order (for 13 TeV analysis only). Thanks to the unprecedented high energy and the large statistics
of data, precision measurement is accomplished in a physical phase space never reached before. This
measurement, provides precise systematics for different theoretical models. It also quantifies the
improvement with higher order of perturbative quantum chromodynamics calculations on matrix
elements relative to the leading order multi-leg approach. In particular to the rapidity correlation
study, new matching schemes (FxFx and MEPS@QNLO) for next-to-leading order matrix elements
and parton shower show significant improvements with respect to the MLM matching scheme for
leading order multi-leg matrix elements and parton shower. This measurement also gives precise
background estimation for the measurements of many other processes in Standard Model like top
quark production and gauge boson couplings, and for new physics searches such as Supersymmetry.

In this thesis, the jet energy correction and calibration for the high level trigger system of CMS
are also depicted. From 2012 to 2015, the Large Hadron Collider was upgraded, not only with the
center-of-mass energy of the beams enlarged, but also with the instantaneous luminosity increased.
The time distance between two particle bunches in a beam is reduced. As a result, the reconstructed
momenta of the jets produced in each bunch crossing are significantly contaminated by multiple
interactions. A dedicated technical approach has been developed for correcting the reconstructed jet
momenta. The corrections have been calibrated and configured for the data taking in 2015 and 2016.

Key words: Quantum Chromodynamics, Standard Model Measurement, Z Boson, Jet, Large
Hadron Collider, Compact Muon Solenoid, High Level Trigger
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Chapter 1
Introduction

From ancient time to the current period, human beings have been keeping researches for our nature.
The vast universe has supplied an infinite space for our investigation. Through the development of
physical science, we have explored and discovered more and more about the nature. Now we know
that the universe contains innumerable matters and energy. Only a small fraction of them is visible to
us, which are made of elementary particles that we have discovered so far. The rest part includes dark
matter and dark energy that dominate the ingredients of the universe, but we are not able to observe
them directly. Even for the particles that we know, many aspects of their interaction mechanism
are still unclear to us. For instance, among the four fundamental interactions known in the nature,
the strong, electromagnetic, weak, and gravital forces, only the three first can be described in terms
of elementary particles exchanges. It is still a question whether any new coupling mechanism along
them exists. Therefore, we probably still know very little about the universe.

Our research approaches are mainly divided in three branches, including theoretical hypotheses,
derived predictions based on the former, and experimental observations. These three elements are
always accompanying each other to get themselves further developed. To be specific, the theoretical
assumptions should be validated by experimental observations, which requires appropriate compu-
tations in consequence to provide predictions on the observables that can be probed or measured
by experiments. At this point, technical equipments have to be built to realize the experimental
measurement or search. The accuracy of theoretical predictions is also crucial for experimentalists to
gain an intuitive view of the natural processes happening inside the experimental apparatus, and to
understand better the fundamental mechanism. Moreover, if there is any new phenomenon happening

in experiments, it gives an inspiration of new hypotheses and theoretical interpretations.

Since the second part of last century, the particle physics has been established and developed
for many decades. It relies on a comprehensive theory called Standard Model (SM), an elaboration
of the elementary particles (quarks, leptons, bosons) that have been discovered together with their
fundamental interactions. This model has encoded results of particle physics experiments over seven
decades and is still supported by substantial modern high energy experiments. Among them, thanks

to the endeavor of many physicists and engineers, a major particle accelerator called Large Hadron



Collider (LHC) has been built at CERN with the unprecedented high energy that human beings
have made. This machine accelerates protons or heavy ions to extremely high energy and makes
them collide, which creates huge amount of particles for particle physics researches. There are two
major experiments at the LHC, which are A Toroidal LHC Apparatus (ATLAS) and Compact Muon
Solenoid (CMS). They discovered the existence of Higgs boson in 2012. Then LHC has reached one

of its main goals.

Quantum Chromodynamics (QCD) is an important part of SM, providing a detailed explanation
about strong interaction mechanism. Accurate theoretical computations and precise measurements
for it are crucial for further development of particle physics. The LHC being a hadron collider,
strong interactions take place in almost all processes studied in ATLAS and CMS. In particular the
production of jets is abundant and would be a very limitative effect on the LHC discovery potential
without a precise knowledge of jet production mechanism. In this dissertation, a precise measurement
of jet production in association with a Z boson in proton-proton collisions at the LHC is performed
and therefore provides stringent tests on QCD calculations. The process is detected by the CMS
detector. Because the characteristics of Z bosons are well known, and Z bosons are easily detected,
this process has a clean signature among many other processes. Thanks to the high energy of beams at
the LHC and the substantial statistics of recorded data, this process leads to a large amount of data,
which makes possible to reach extended phase spaces for precision measurements. For theoretical
predictions, a higher precision means more complicated calculations. Based on the calculation, the

predictions are achieved through Monte Carlo programs.

Furthermore, at the LHC, experimentalists wish to measure many other SM process precisely,
such as top quark production and Higgs boson production. Meanwhile, physicists are also aimed
to search for new physics beyond SM, dark matter for instance. Many of these measurements or
searches suffer from a significant background of Z + jets process, which has to be distinguished and
estimated accurately. As a result, the precise measurement of Z + jets process is also very important

for the accuracy of their background subtraction from the data.

Although the existence of Higgs boson has been confirmed by the LHC, this major accelerator
still has its unfinished tasks, including Higgs boson precision measurement, new physics searches,
and more precision measurements of other elementary particles. Thus its maximal reached energy
and the data statistics are still needed to be increased. In order to handle such huge amount of data,
trigger system is mandatory for the detector, because the components of the detector are not able to
record and process the produced data from the collisions in such a high frequency (about 40 MHz).
Trigger system filters the data and selects the data at a proper frequency, so they must be working
efficiently. In the trigger system, jets are reconstructed from the data. Due to the high frequency
of beam collisions, there are substantial energy from extra interactions mixed with the energy of the
jets produced in a specific physical process of interests. Moreover, the limited energy resolution of
the detector gives rise to a smearing on the measured jet energy spectrum, which directly influences

the efficiency of jet trigger system. At this point, the second topic of this thesis presents an approach
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for correcting the jet energy at trigger level.

This dissertation is divided into six chapters in total. The first chapter is the present introduc-
tion. The second chapter provides a brief interpretation about the relevant theory elements and
implementation of the Monte Carlo programs, in particular to their applications to the jet produc-
tion in association with a Z boson process in proton-proton collisions. The third chapter gives a
review of the LHC and the CMS experiment. The forth chapter explains the measurement of the
jet production in association with a Z boson in proton-proton collisions with a center-of-mass energy
of 8/13 TeV in detail. The fifth chapter presents the jet energy correction and calibration approach
at high level trigger in the CMS detector. The last chapter summarizes and concludes. A list of
references is attached to the main body of this thesis. Finally, an appendix lists the measured dif-
ferential cross sections versus different observables of Z + jets process at 8 TeV with the systematic
and statistical uncertainties in tables, and the next one provides the preliminary results of Z -+ jets

process measurement in Z — ete™ channel at 13 TeV compared to different theoretical predictions.
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Chapter 2
Theoretical Introduction

Particle physics has been developed for searching the fundamental constituents which constructed
nature. These constituents are called elementary particles, and they are substantial in the universe.
As known in common, everything in the world is made of atoms. They interact with each other and
are bundled to form matters. An atom consists of a nucleus with one or several electrons moving
fast around it. A nucleus is composed of protons and neutrons, except for a hydrogen nucleus made
of only one proton. If one wonders about the substructure of a proton or a neutron, according to
Heisenberg Uncertainty principle, one has to use much higher energy to probe inside it. So far,
we know that these substructures are quarks, which are elementary particles. Since an electron
does not have substructure that is proved by experiments, it is also an elementary particle. The
comprehensive theory called Standard Model (SM) explains these concepts and reproduces many
experimental observations with high accuracy. This chapter is inspired generally by [1, 2, 3|, which

provides a general introduction about this knowledge.

2.1 Standard Model

The Standard Model is a comprehensive theory of particle physics, describing all of the elementary
particles known so far in our universe, and also explaining three basic types of interactions (strong,
electromagnetic, and weak). It was developed since the latter part of the 20th century. After
the indirect observation of quarks in the middle of 1970s, the SM formulation was close to being
steady. Later, the top quark, the tau neutrino, as well as the Higgs boson were discovered, which
consolidated the further confidence of the SM. However, it does not cover the forth fundamental
interaction - gravity, which is interpreted by the general relativity.

The elementary particles are classified as fermions and bosons. The formers include six quarks
and six leptons (together with their corresponding antiparticles), which have half-integer spin and
therefore obey the Pauli exclusion principle. Quarks are grouped in three generations, carrying color
charge such that they interact through strong force, and are always bounded to one another (color

confinement) to form hadrons. Leptons have three generations as well. Among them, electrons,
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muons, and taus carry electric charge, which make them interact through electromagnetic and weak
forces. Neutrinos are electrically neutral in three flavors, interacting through only weak force. Quarks
also have electric charge, and they participate in electromagnetic and weak interactions as well.
Bosons have integer spin and yield the Bose-Einstein statistics, including gauge bosons (spin 1)
and scalar boson (spin 0). Gauge bosons perform as the force carriers between the fermions. To be
specific, gluons are exchanged between quarks carrying color charge, mediating the strong interaction.
Photons are the electromagnetic force carrier, and W= /Z bosons are for the weak interactions. Scalar
boson (Higgs boson) is the quantum of Higgs field that couples with massive fundamental particles,
leading them obtaining their masses. It also interacts with itself making it massive. It has zero
spin, no charge, and is unstable. Thanks to the large hadron collider at CERN, it was discovered

experimentally in 2012, half a century after being predicted.

mass - =2.3 MeV/c? =1.275 GeV/c? =173.07 GeV/c? 0 =126 GeV/c?
charge » 2/3 u 213 C 213 t 0 0
spin = 1/2 12 12 1 g 0
up charm top gluon Higgs

=4.8 MeV/c* =95 MeV/c? =4.18 GeV/c? 0

173 d -1/3 S 13 b 0

12 12 12 1 y

down strange bottom photon

0.511 MeV/c? 105.7 MeV/c? 1.777 GeVic? 91.2 GeV/c?

=l El -1 0

1/2 e 12 u 1/2 T 1 ;

electron muon tau Z boson

<2.2eVic? <0.17 MeV/c? <15.5 MeV/c? 80.4 GeV/c?

0 0 0 +1
12 -I)e 12 .I)ll 12 -I)T 1 W

electron muon

tau
neutrino neutrino neutrino W boson

Figure 2.1: The schematic view of the elementary particles of the SM, including three generations of
quarks and leptons, together with four gauge bosons as their force carriers, and the Higgs boson.

2.2 The formulation of SM

The SM is based on the quantum field theory, where particles are described as dynamical field
in spacetime. The dynamics and kinematics of a field system are controlled by a gauge invariant
Lagrangian, which is determined according to the particle content in this system and observes the
potential symmetries. The SM follows a SU(3) ® SU(2) ® U(1) gauge symmetry, where SU(3)
corresponds to the group of colour transformations for the interactions between gluons and quarks,
which is interpreted by quantum chromodynamics (QCD) theory. The SU(2) ® U(1) stands for
the group of transformations for electromagnetic and weak (electroweak/EWK) interactions, and

the electromagnetic force is described by quantum electrodynamics (QED) theory. Moreover, the
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SU(2) ® U(1) also reflects the symmetric characters of Brout-Englert-Higgs mechanism developed
for the Higgs boson field.
In summary, all the fundamental particles of the SM are understood as quantum fields in space-

time, which is called Lorentz space. They are labeled mathematically as:

e Fermi fields (matter particles):
e Electroweak boson fields: Wy, Wy, W3, B
e Gluon fields: G,

e Higgs field: ¢

These fields yield specific transformation regularity in the Lorentz space. The Fermi field behaves
as a spinor under transformations, while the electroweak and gluon fields transform as a four-vector.
The Higgs field behaves as a scalar.

2.2.1 The Electroweak Interaction

The electroweak theory is a unification of electromagnetism and weak mechanism, following the
SU(2)r, @ U(1)y gauge group. The subscript L means EWK coupling only to the fermions in left-
handed state, and the subscript Y stands for the hypercharge of weak coupling. From SU(2).,
there are three massless gauge boson states with three different weak isospin, corresponding to three
components of SU(2) gauge field, respectively, labeled as Wy, Wy, W3. From U(1)y, there is a single
gauge boson state with weak hypercharge, represented by B. In order to unify the electromagnetic
and weak interactions, the generator of U(1) in QED is given by:
1

Q= §Y + T3 (2.1)
where the @) stands for the electric charge, related to the T3 that is the third component of weak
isospin, and the weak hypercharge Y. Due to the spontaneous symmetry breaking of the electroweak

transformation group, the W*, Z bosons and photons are produced. They are connected by weak

7\ cqs O ‘ sin Oy B (2.2)
A — sin Oy ‘ cos Oy, W3

W = %(vvl i) (2.3)

The masses of W* and Z bosons are induced by the spontaneous symmetry breaking according to

mixing angle Oy :

The W is given by:

the Brout-Englert-Higgs Mechanism, and they are related at tree level by the mixing angle:
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MW = MZ X COs QW (24)

The Lagrangian of the electroweak interaction is gauge invariant, which is written as:

1

- 1 ) oz v
Lpwg = Wy" Dy — ZW‘“’W i 4BWB” (2.5)
for i« = 1, 2, 3. The fermion field 9 is transformed as:
/ i kAE i /
Y =y = exp(ogwT"A%) Y exp(5 9w Y a) (2.6)

where the gy stands for the SU(2), gauge coupling and gy, represents the U(1)y gauge coupling.
The T* is a tensor forming a representation of the SU(2); weak isospin algebra and Y is a scalar
holding a representation of the U(1)y weak hypercharge algebra. The first exponential term means
an SU(2), rotation around the axis A* in the space of weak isospin, while the second item gives
rise to a phase transformation « in the space of weak hypercharge. The weak coupling constants are

related to weak mixing angles and electric charge as well:

2 9{/%/
sin® Oy = ———— 2.7
R 29)
€ = gw sin QW (28)

The D, in the Lagrangian 2.5 represents a series of covariant derivatives, which make the Lagrangian

gauge invariant:

These derivatives together with v matrices in the first item of Lagrangian introduce the interaction
between fermion field and gauge field. The WZV and B, in the Lagrangian stand for the field strength
tensors of SU(2);, gauge field W and U(1)y gauge field B, respectively. They are expressed as:

W, = 0,W, = 0,W,, — gwe/*WiW} (2.10)
B, = 0,B, — 0,B, (2.11)

The €% is an antisymmetric tensor with its components given by the structure constants of SU(2),

which satisfy the commutative rule as:

[T",T9] = ie*T*; 2 = 1 (2.12)

According to the definition of W

%

the non-Abelian character of SU(2).

the WW* gauge boson can have self interaction, which illustrates
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2.2.2 The Quantum Chromodynamics

This theory provides a comprehensive description of the interactions between quarks and gluons,
which composes hadrons. Similar to the electric charge in QED, the colour is the charge responsible
in QCD. There are three different types of colours, red, blue, and green. A quark can carry any
colour, while an antiquark takes along anticolour (antired, antiblue, and antigreen). As the strong
force carrier, a gluon typically carries combined colours to be exchanged between different quarks
(antiquarks). Although the quarks and gluons have such colour creation and annihilation frequently
in hadrons, the whole hadrons are colourless. A quark is not able to stand alone (free), but it is
always bounded with another quarks or antiquarks to form hadrons, through forming gluon field.
When a quark is going to be separated from other quarks, the energy in the gluon field is enough to
create another quark pair. Then one of the quark pair will be combined with this quark to form a new
bound state, and the other one will be bounded with the other quarks. This is called confinement
that is one of the typical characters of QCD. The other feature is the asymptotic freedom, which

indicates that quarks and gluons are seen as free particles when the reaction energy is very high.

QCD is also based on quantum field theory while coming with a gauge transformation yielding
symmetry group SU(3). The colour charge is taken to define a local symmetry. Because the strong
interaction does not discriminate different flavors of quarks, there is an approximate flavor symmetry

in QCD, which is broken by the differences of quark masses. The QCD Lagrangian is given by:

1
~Ge G (2.13)

Locp = Z QZq’ (iv" Dy — mbgqr )by — 4

flavors
where 9, stands for the quark field with a specific flavor (¢), and the Lagrangian sums on all of the
quark flavors. Because QCD yields an SU(3) gauge group, the transformations of quark field are
given by:

by = Yy = eXp(%gsT“Aa)wq (2.14)

The g5 is the SU(3) gauge coupling strength, and T corresponds to a series of tensors forming the
representation of the SU(3) colour algebra (following the equation 2.12), with the index @ summing
over the eight colour degrees of freedom of gluon field. The A stands for the gluon field in the colour

space.

The covariant derivatives D, are provided by:

(D,u)ij = 8,/517 + igs(TaAZ)ij (215)

where the indices ¢ and j run over the triplet representation of the colour group. The last item of
the Lagrangian represents the gluon field dynamics. The G7,, is a tensor from gluon field strength,

which is gauge invariant:
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Gy, = AL — O A5 — g™ AL A (2.16)

where the € are the structure constants of the SU(3) colour group, which introduces the gluon self

interaction showing the non-Abelian feature, contrasting to the electromagnetic interaction.

2.2.3 The Running of Coupling Constants
According to QED theory, the effective coupling constant of electromagnetic interaction is:
e? 1

T 4r 137
This value was obtained from experiments. According to the QED theory, there are always sponta-

Oem (2.17)

neous electric pair creation and annihilation happening in a vacuum system, which are called quantum
fluctuation. If a free electron is inside such a local system, it induces those pairs to form electric
dipoles surrounding itself, like producing a shielding cloud, and then the whole electromagnetic field
pervades in the whole system. This effect is called vacuum polarization. Far away from the electron,
one can observe the effective coupling constant as the value mentioned above. If getting closer to
the electron through traversing the shielding cloud, one shows more and more sensitive to the bare
electron charge. During this approaching process, the effective coupling constant becomes larger and

larger, depending on the distance between the observer (photon) and the bare electron.

In terms of QCD, the coupling constant is defined by analogy with the fine structure constant of
QED as:

2

gs
L= 2.18
s =7 (2.18)

Considering the non-Abelian character of the QQCD interaction, there are not only pairs of quark
and antiquark creation and annihilation, but also loops of gluons connected with the neighbour
quarks/antiquarks in the vacuum. During the vacuum polarization, the former leads to colour charge
dipoles to screen the colour field, while the latter strengthens the colour field. This two effects are in
mixture and competition, but the latter dominates. The effective coupling strength increases when
the distance is enlarged, which leads to quark confinement in hadrons. On the contrary, the quarks
are approaching to liberty if the energy scale rises significantly, which is known as asymptotic freedom.
At some point, the strong coupling constant is equal to unity, when the energy scale is defined as
Agcep, which is found to be about 200 MeV. If energy scale of an observer is beyond this value,
the strong interactions can be computed using a perturbative QCD approach (see section 2.2.4),

otherwise the non-perturbative effects dominate.

In general, the running of the coupling constant « is determined by the renormalization group

equation:
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@555 = B(@) (219)
This § function encodes the dependence of the coupling constant on the energy scale, and its coef-
ficients are extracted from the higher order (loop) corrections to the bare vertices of the theory. In
QED, it is written as:
Ly

Borp(Qem) = o0 + .. (2.20)
The higher order terms dominate this function, which is related to the fact that the coupling param-
eter ap,, increases when the energy scale becomes higher. According to the calculation in the first

order, the coupling constant dependence is given by:

2
Qe (Q?) = Oen/'p) (2.21)
1— ae’” “R 1og

where the p% stands for an arbitrary energy scale chosen for QED renormalization. This formula de-
scribes the coupling constant evolution (running) between the renormalization scale and the physical

energy scale.

In the case of QCD, the § function can be expanded in a perturbative way as:

BQC’D(O[s) = —bozg(l + b/Oés —+ O(Ozi)) (222)
where 33 — 9 153 — 19
o N Vs L (2.23)
127 2m(33 — 2ny)

The ny is the number of active flavors. As a matter of fact, the coupling constant of QCD can be
dealt with perturbative expansion if the energy scale is beyond Agcp. As the lower order terms

dominate the expansion, concerning the first term, the coupling constant of QCD is written as:

as(pip)
s (Q*) = G - (2.24)
1+ —L o (u3) log %

The dependence of strong coupling constant on the energy scale is shown in figure 2.2, from which

one can see the experimental validation for the running coupling constant of QCD.

2.2.4 Perturbative QCD

When the energy scale is beyond Agep, besides the strong coupling constant o, some observables can
be treated in a perturbative way. The expression of an observable X is extended through perturbative

series in powers of as:

N
X = Z anQ = ag + ajo, + aza’ + ... (2.25)

n=0
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Figure 2.2: The running of o, as a function of the scale ) is shown. The solid line and the uncertainty
band are obtained by evolving the extracted a; (from Z boson mass) values by using the 2-loop 5-
flavour renormalization group equations. The dashed line represents the evolution of the world
average value. Several experiments providing the measurements are presented, including CMS, DO,
H1, ZEUS. The plot is taken from [4].

where a,, are the series of perturbative coefficients. If a, << 1, this expansion seems to converge
quickly, so that the lower order terms already describe the accurate value of the observable sufficiently.
On the other hand, there are still some divergences during the calculations, including ultraviolet or
infrared divergences. The former enters the computation beyond leading order (LO) due to loop
(virtual gluon) integral corrections (integration to infinite energy scale), which can be cancelled by
either renormalization approach (see section 2.2.3) or regularization scenario. These two method-
ologies are independent from each other. The regularization is to redefine the quark charge, quark
field, and gluon field in the Lagrangian to absorb the singularities. The latter results from the soft
and collinear emissions of gluons, or from virtual gluon loops (integration from zero energy scale),
which give rise to singularities at the boundaries of phase space. Since physical observables are al-
ways with finite values, they should be defined in an infrared safe way, and the short-distance effects
should be separated from the divergent long-distance part, which could be absorbed into e.g. parton

distribution functions (see section 2.2.5). Such a pattern is called collinear factorization.

2.2.5 Parton Distribution Functions

As explained in the last section, within the theoretical frame of collinear factorization, the parton
distribution function (PDF) of e.g. a proton in QCD is defined as the probability density for finding
a parton (quark or gluon) in the proton with a certain longitudinal momentum fraction x (Bjorken
variable) at an energy scale Q2. Due to the inherent non-perturbative nature of partons that cannot

be observed as free particles, parton distributions cannot be computed fully in perturbative QCD
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(pQCD) approach. They have to be extracted from experimental measurements at specific energy
scales %, and then evolved to another energy scales Q*. The extraction is typically realized by deep
inelastic scattering measurements at the lepton-hadron collider (HERA) [5, 6] in DESY, and also
by fixed target scattering experiments. The PDF of a hadron depends on the energy scale that an
observer probes with, leading to various visible gluons and quarks inside the hadron. If the Q? is
large, the fine structure inside the hadron is seen as substantial gluons and quarks carrying small
fractions of the hadron momentum. On the other hand, a low Q? leads to a coarse resolution inside
the hadron, and a few visible partons with large longitudinal momentum fractions of the hadron.
The PDF evolution is generally described by Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP)

matrix equation |7, 8, 9]

2i qi(z, Q) _ as(Q%) ' % % Pqiqj<%7a8<Q2)) Pqig(?as(@?)) (€, Q%)
< 0Q? ( 9($7Q2) > 2 Z/ﬂc § ( qu;(%=QS(Q2)) ng(%aas(QQ)) ) ( g(éaQQ) )
(2.26)

where the ¢;(x, Q%) and g(x,Q?) stand for the PDF corresponding to the quark or antiquark with

q5,9;

flavor ¢ and to the gluon, respectively. The Pab(%, a) are series of splitting functions (forming the

evolution kernel) that can be perturbatively expanded as a power series in «y:

g
Py, (2, 05) = 6P (2) + =PY (2) + ...

O
P (z, a5) = Pq(g)(z) + %Pq(gl)(z) + ...
as
Pz, as) = Pg(g)(z) + %Pg(gl)(z) + ... (2.27)

The leading order splitting functions Pa(g)(z) indicates the probabilities of finding a parton of type
a in a parton of type b with a fraction z of the longitudinal momentum of the parent parton and a
transverse momentum squared much less than Q? [10]. This Q? is an arbitrary value called factor-
ization scale providing the maximal radiation virtuality for PDF evolution, which corresponds to the
boundary between the perturbative and non-perturbative regions. Figure 2.3 shows an example of

PDF with different factorization scales.

2.3 Application to Z + jets in proton-proton collision

As the main data analysis of this dissertation, the jet production in association with a Z boson process
at the LHC invokes QCD factorization theorem into the Drell-Yan process [12]. Measurements can
access the cross section of this process at particle (hadrons, leptons) level, while not able to directly

probe the interactions among partons. This is due to the quark confinement effect. According to
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Figure 2.3: The PDF of gluon, up quark, and down quark at a scale of Q% = 100 GeV? (left) and Q?
= 10000 GeV? (right). They are computed by C'T'10 [11] PDF with the nominal ay = 0.118.

the QCD factorization theorem, it is feasible to depict the process at parton level, which means
computation of the cross section for parton-parton interactions. The relation between the cross
section at particle level and the one at parton level is illustrated in figure 2.4. The two incident
hadrons carry four-momenta of P; and P, respectively. One parton in each of them participates in
the interaction with a fraction of the hadron four-momentum as p; = x1 P, and p, = x4 P, respectively,
where z1 and z5 are known as Bjorken variable (see section 2.2.5). The probability of a specific parton
taking part in the interaction is interpreted by PDF at a designed factorization scale p2. Then one
can calculate the partonic cross section weighted by the PDF to obtain the cross section at particle

(hadronic) level:

KR

o(B P =Y [ drnde, {fxxl,pb%)fj(m,u%) < 03 (pl,pz,asmé), %)] (2.28)

where ¢ and j stands for each parton in the hadron. The partonic cross section depends on the renor-

malization scale p% for the running coupling constant and the actual energy scale of the interaction.

The Drell-Yan process in proton-proton collisions can therefore be interpreted as lepton-antilepton
pair production due to the annihilation of a quark from one proton and the corresponding antiquark
from the other proton, by coupling to an intermediate Z boson or virtual photon. The center-of-mass
energy of the annihilated quark-antiquark pair peaks around the Z boson mass of about 91.2 GeV.
According to equation 2.28, the cross section of Drell-Yan process in proton-proton collisions is given
by:

olpp = 1117) = Z/d$1d132 [faw(@1, 165) far(@2, 1) X 0(qq — 1F17) + c.c] (2.29)
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Figure 2.4: According to the QCD factorization theorem, the interaction between two hadrons is
computed using parton model.

where the f,/, is the quark distribution function in a proton, similar for fz/,. o(qq — [T17) gives the
cross section of the lepton-antilepton pair production by a quark-antiquark pair. The c.c stands for
the charge conjugation term. Due to the asymptotic freedom, the partonic cross section can be given

by a perturbative expansion:

o(qq — 1*17) = 0o + au(pg)or + ... (2.30)

Note that % and p2 dependence of the terms compensate each other for the integration if considering
all the orders, which makes the total cross section invariant regardless of different choices of these
factors. In practical way, the computation of infinite terms is not feasible, and special phase space
selections are made for the specific physical study. The choice of % and p% may not be fixed, which
gives rise to different cross sections in theoretical calculation. As a result, there is also uncertainties
introduced corresponding to the varied parameters. In terms of the Drell-Yan process, the typical
choice of the factors is p3 = p3 = M2, which is the square of the invariant mass of the produced

lepton pair.

Figure 2.5 shows some representative diagrams of the Drell-Yan process at leading order and

higher order in aj.

Based on the matrix element of Feynman diagram, one can compute both differential and inte-
grated cross sections in a specific order. The details of calculation for the cross section of Drell-Yan

process can be found for example in [13|. The total cross section at leading order is found to be:
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Figure 2.5: Feynman diagrams for the Drell-Yan process at different orders. The top diagram is
the leading order matrix element of Drell-Yan process without strong coupling that has no parton
production in the final state. The second row of diagrams shows the next-to-leading order of Drell-
Yan process (first order in strong coupling) resulting in one parton produced in the final state. The
third row represents the third order of Drell-Yan process (second order in strong coupling) leading to
two partons in the final state. The last row provides the next-to-leading order of Drell-Yan process
with virtual gluon loops in the initial state that will interfere with first order leading to o, corrections.
Figure is taken from [13].

00(qq = 1T17) = 0 + Tinterference + 02
5(5 — M)
Sin® 20y (3 — M2)2 + M2T%
1 52
sin® 20y, (8 — M2)%2 + M2T%

Ao

= 35 | @@l +2Q,QVV, X

+(A} + V) (AZ+ V2 x

(2.31)

where V = T% — 2Qsin? 0y, A = T° corresponds to the weak mechanism for the quark and lepton,
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and n. is the number of quark colours. It takes into account the matrix element with exchanging
virtual photon and Z boson, as well as the interference term. The § = xj2x9s represents the center-
of-mass energy of the two interacted partons coming from two incident hadrons with center-of-mass
energy as s. The (), and @); are the electric charges of the quark and lepton, respectively. The I'z is
the total decay width of Z boson.

The matrix elements at next-to-leading order (NLO) start to involve strong coupling vertices.
Gluons can appear in the initial state resulting in gluon-quark (gluon-antiquark) scattering to produce
an additional parton in the final state in association with a Z boson. For even higher order cases
like next-to-next-to-leading order (NNLO), gluon-gluon scattering can occur in the initial state to
produce two partons in the final state with a Z boson. Moreover, virtual gluon loops also involve in
the initial state. These higher order matrix elements in principle can be calculated in perturbative
approach, which are considered as the pQCD corrections for the Drell-Yan process in leading order.
Note that there are also interferences between each two diagrams with the same initial and final
states.

It is certain that more higher order terms are taken into account, more accurate cross section of
the process is obtained. For the higher order correction, gluon density increase significantly, which
could dominate the contributions to the cross section compared with the densities of quark and an-
tiquarks in the hadrons. A K-factor is introduced as the ratio of cross section with additional higher
order terms to the cross sections with only lower order terms computed, such as (NLO+LO)/LO or
(NNLO+NLO+LO)/(NLO+LO). Figure 2.6 shows the comparison of LO, NLO, and NNLO predic-
tions on the differential cross section of inclusive Drell-Yan process (Z/7*+X) production in proton-

proton collisions at center-of-mass energy of 14 TeV.

2.3.1 Parton Shower and Hadronization

Each parton presented in the hard interaction which is depicted by matrix elements, gives rise to suc-
cessive gluon emissions. Quarks or antiquarks undergo gluon radiations. Unlike the QED radiation !,
gluons have self interaction feature, so they can couple to more additional gluons or quark-antiquark
pairs, which leads to a shower effects of partons. This is called parton shower. It is dominated by
collinear parton splitting and soft gluon emissions. The former can be similarly interpreted by the
splitting function introduced by DGLAP parton evolution equation. After consecutive procedures of
splitting and soft emissions, the parton shower stopped at the hadronization scale, which is in the
magnitude order of 1 GeV. In order to determine the parton evolution, one could choose a kinematic
variable to specify its value. The typical variables are transverse momenta or rapidities of partons,
and the mass square of virtual partons. There are mainly two different parton shower approaches

implemented in theoretical models, which are presented in section 2.4.1 and 2.4.4.

IThe leptons produced from the Z/v* radiate photons in the electromagnetic field. Muons have negligible QED ra-
diations, while electrons suffer from significant radiations (bremsstrahlung effect). But this effect is marginal compared
with QCD radiation in the final state.
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Figure 2.6: The rapidity distribution of an on-shell Z boson at the LHC. The LO, NLO, and NNLO
results are included. The bands indicate the variation of the renormalization and factorization scales
in the range of 22 < yp(ur) < 2Mjy. Figure is fetched from [14].

Since it is impossible to calculate infinite terms of higher order corrections with matrix elements,
parton shower supplies more partons to mimic the effects of the corrections. As the parton shower
needs to be matched with matrix element computation, one needs to avoid double counting effects.
The details of the matching approaches are presented in section 2.4.5.

When the energy scale decreases to the order of Agep (1 GeV), the partons formed during hard
interaction and parton shower start to combine to form colorless hadrons. At this moment, the strong
coupling strength becomes large enough that pQCD approach is not effective any more. One has
to adopt phenomenological models (more details in section 2.4) to describe the subsequent process,
which is called hadronization. In general, the gluons can split into quark-antiquark pairs that can
be bounded with neighbouring pairs into different baryons or mesons, and can also become strings
in the same hadrons. This is called string fragmentation model |15, 16|, which is explained further
in section 2.4.1.

There is a second scenario that is called cluster fragmentation model [17]. Partons close to
each other enough are gathered into series of clusters, which form stable hadrons or heavy hadrons
subsequently decaying into stable hadrons. The details of this model are interpreted in section 2.4.4.

Figure 2.7 shows a schematic comparison of the two models.

2.3.2 Multiple Parton Interaction

At high energy of proton-proton collisions, there may be also additional parton-parton scattering

effect in the same collision as the Drell-Yan process taking place. This kind of processes is called
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Figure 2.7: A schematic view of string fragmentation model (left) and cluster fragmentation model
(right) for hadronization simulation. Figure is fetched from [17].

multiple parton interaction (MPI), resulting in the same final state as the Drell-Yan process with QCD
interaction that have been mentioned before. Figure 2.8 shows an example of this kind of processes,
with two additional gluons respectively from the two incident protons interacting to produce partons
forming jets subsequently, which is called double parton scattering, compared with the Drell-Yan

process with two partons produced in the hard interaction.

5606 Jet
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Jet u
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o

Figure 2.8: Comparison between Drell-Yan process with two partons produced (left) and double
parton scattering process (right). Figure is fetched from [13].

2.3.3 Jet Definition

After the hadronization process, hadrons are formed and decay to more stable particles. They are
mixed as particle streams. At this point, jets are defined as clusters of these particle streams, which
connect the parton level interactions and the observed final states. Hence, an observed jet should be

a signature of an explicit hadron cluster, leading to a question to the observer about the delineation
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of jet clusters among plenty of particle streams. It is important to make the jet clusters from the
hard interactions not influenced by soft emissions and collinear splittings, which means to be infrared

and collinear safe.

There are several different algorithms developed for the jet cluster partition. The one for the
analysis in this dissertation is called anti-k7 clustering algorithm [18, 19]. This algorithm involves
the distance between each two objects (d;;) in Lorentz invariant space, and the distance between each
object and the beam (d;p):

(i — y;)° + (s — ¢5)?

dij = mm(k;f, k?;f) X R2 s

(2.32)

dip = k; 2 (2.33)

where k;;, y;, and ¢; are the transverse momentum, rapidity, and azimuthal angle of particle ¢,
respectively. R is the algorithm parameter for users’ choices. In the analysis of this thesis, we choose

R = 0.5 at center-of-mass energy of 8 TeV and R = 0.4 at 13 TeV in proton-proton collisions.

After listing all the particles in the final state, this algorithm applies a sequential clustering,
searching for the minimum of the distances. If ¢ and j particles give the minimum d;;, the particle
i and j are combined into one particle ij, by summing their four-momenta [20], and then particle
1 and j are removed from the list of particles, while the new particle 75 is added into the list. If
d;p is the minimum, the particle ¢ is marked as a jet and subtracted from the particle list. The
above implementation is repeated until each particle is subsumed into a jet. Note that the particles
can be merged into a jet only when their distances are not larger than the parameter 2R. This
approach is specially suitable to account for soft or collinear radiated particles close to the hard
particle (within 2R), so they are clustered with the hard particle long before they are clustered along
themselves. In this case, the jet is typically a conical one. However, if two hard particles have a
distance R < d;; < 2R, they will be distributed in two different jets, with the boundary clipped.
Hence in this manner, the shape of jet is determined by the hard particles while being resilient for
the soft particles. Figure 2.9 shows the jet cluster profiles with the anti-k; algorithm. One can see

that the regular cluster shape in this event sample.

In a more general content, the jet algorithm can be applied at three different levels: parton
level, particle (hadron) level, and detector reconstruction level. In the first case, all the partons
generated from matrix element and parton shower are considered into jet collections. The second
case is stable particle level, which takes place after the hadronization and multiple partons scattering
for all the produced partons. The last category is reconstruction level, in which case all the particles
are proceeded with detector reconstruction, and then the jet algorithm is applied. In a word, the jets

coming from these three cases are different but highly correlated.
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Figure 2.9: A sample event at parton level, including soft particles for anti-kr jet algorithm, reflecting
the shape of jets on the surface. This figure is fetched from [18§].

2.4 Monte Carlo Simulations

In order to correct collected data for detector effects, one has to generate pseudo data based on Monte
Carlo methodology (MC) in the frame of theoretical predictions. Namely, analytic and numerical
computations are implemented to simulate realistic events by MC programs (generators). There are
many MC generators developed and performed with different scenarios to simulate events. Such MCs
also allow to compare the theoretical calculations with measurements. A general picture of an event
during single proton-proton collision is shown in figure 2.10.

The common procedures of event generation for Z + jets process in proton-proton collisions by

MC generators are listed below:

e Computation for the differential cross section with two incident partons coming out of the

collided protons in all the possible cases, i.e. o(qq — [T]7) in equation 2.29;

e The partonic cross sections are convoluted with suitable PDFs to get the hadronic colliding

cross sections (see equation 2.29);

e With the calculated hadronic cross sections, the involved particles (including partons) are

generated for each event within specific phase space;

e Modelling the initial state radiation (ISR) for the initial partons that may lead to complemen-

tary particles;
e Performing the decays of the particles with short lifetime (Z boson) to more stable particles;

e Modelling the final state radiation (FSR) for the particles (including parton shower) produced

from the hard interaction;
e Simulating the multiple parton interaction effect in parallel with the hard parton interaction;
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Figure 2.10: Sketch of a proton-proton collision as simulated by a complete Monte Carlo event gen-
erator. The red blob in the center represents the hard collision between two gluons respectively from
two incident protons, producing quarks or antiquarks, gluons, and a boson. They are surrounded by
a tree-like structure representing bremsstrahlung as simulated by parton showers. The boson subse-
quently decays to a pair of quark-antiquark. The purple blob indicates a secondary hard scattering
event. Parton-to-hadron transitions are represented by light green blobs, dark green blobs indicate
hadron decays, while yellow lines signal soft photon radiation. Figure is taken from [21].

e Concerning remnant collisions of partons for momentum balance and some physical quantity

conservations;

e Simulating the hadronization for all the partons produced in the final state;

e Performing the unstable hadrons and leptons decaying before reaching the detector.

As mentioned before, there are several MC generators with different configurations. Some MC
generators are only able to compute LO diagrams, and some of them cannot perform parton shower.
The higher order with loop corrections are usually difficult to compute, and some generators can
compute a limited number of processes with these loop corrections.
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2.4.1 PYTHIA

The PYTHIA generator is a standard tool to generate high energy collision processes based on
theoretical computations and phenomenological models. There are two main versions of programs,
which are PYTHIAG6 [22] and PYTHIAS [23]. The former was constructed using Fortran language
while the latter was rewritten in C++ code as a new release. The physical features of the two versions
are the same. They implement matrix elements (ME) calculations at LO (no loop correction), initial
state radiation (ISR), final state radiation (FSR), multiple parton interactions (MPI), and string

fragmentation. They are interfaced with PDF libraries.

PYTHIA can generate hard QCD processes including 2 — 1 processes (¢¢ — Z/~v*) and 2 — 2
(q§ — Z/v*g and qg — Z/~*q) ones. The latest version of PYTHIAS8 can even produce events of
some 2 — 3 processes. Due to lack of loop corrections, there are infrared divergences happening in
the low transverse momentum (pr) regions of the emitted partons. Because of the increased difficulty
in higher order calculations, in order to take into account the significant multiple gluon emissions,
one needs to implement a parton shower on top of the lower order of matrix elements to compensate
for the gluon emission effects. The idea is to implement the parton evolution through computing the
splitting functions of partons with varied virtuality energy scales. The evolution starts from the scale

associated to the parton subject to parton shower down to the lower values until reaching a designed
threshold.

In the case of FSR, the evolution forwards in physical time, with a single mother parton replaced by
two daughter partons at each branching. Each daughter parton carries a fraction of the mother parton
momentum, yielding the momentum conservation principle. The virtuality energy scale decreases
through sequential gluons radiations or quark-antiquark pair productions, resulting in softer and
softer radiations in the cascade. The virtuality scale can be also replaced by the transverse momentum

of the splitted parton as the evolution variable.

In contrast to FSR, ISR is implemented through backwards in physical time, which means that
the parton evolution begins from the hard interaction to the radiation position happening far before
it. As a consequence, the emitted gluons becomes harder and harder when approaching to the hard
scattering center. The virtuality energy scale decreases when complementing an additional sister
parton to the parton in each branching to form the original mother parton. While, the Bjorken
variable x increases through the backward evolution. The last scale of the ISR parton evolution is

the factorization scale.

By use of the parton splitting functions, a differential branching probability per unit of evolution

time for FSR and ISR is respectively given by:

d’PFSR 1 Qg
=— | =P(2)d
dp? p2/27r (2)dz
dPISR 1 / Qg f(ZL‘/Z,pZ)
= — | =ZP(z)———2d 2.34
dp*  p* ) 2« (= 2 p?) (2:34)
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where z stands for the momentum fraction of a daughter parton radiated from a mother parton. The

evolution variable p is given by:

pP=(1- Z)erSR
P’ =2(1 - 2)QFsr (2.35)

where Q? represents the virtuality energy scale corresponding to each branching. After integration in
a specific evolution time range [to, 1], the probability must be weighted by another factor to conserve
the total branching probability. This factor is called Sudakov form factor, standing for the probability
that no emission happens during this evolution time range.

When the virtuality energy scale is close to Agep, the outcoming partons from parton shower start
to be bounded to form particles, which is the hadronization mechanism. In PYTHIA, Lund string
fragmentation framework [15, 16| is applied, which is depicted in figure 2.7. The model postulates
that partons within 1 fm are connected by gluon strings, the energies of which are proportional to
their lengths. When the length between two partons gets larger, the energy of their connected string
is high enough to create a new pair of partons, each of which is bounded with one of the original
partons respectively to form a new string system. A series of strings keep breaking up until the
created coloured quarks in their ends can form on-mass-shell hadrons, which can remain stably or
decay to more stable particles. This phenomenological depiction is modelled according to observed

hadronic spectroscopy and lattice QCD studies.

2.4.2 MADGRAPH 5

MADGRAPH 5 [24] is a MC tool that automatically generates matrix elements, such as decays
and 2 — n scattering processes. It can be interfaced with a second MC program like PYTHIA to
implement parton shower and hadronization effects. This generator used to generate events at tree
level only (without any loop correction) 2. At tree level, this generator can compute the matrix ele-
ments for any Lagrangian based model (renormalizable or effective). The matrix element evaluation
is treated using helicity wavefunctions and amplitudes [25]. Without loop corrections, the matrix
element calculation at tree level suffers from the soft and collinear divergences. In order to get rid of
these singularities, one needs to specify the phase space to perform matrix elements away from the
soft and collinear divergence regions. The missing phase space will be taken into account by parton
shower.

Before generating the matrix elements, users need to specify a process with the initial and final

state particles, then the program is executed based on the following iterative algorithm:

e Generate all of the probable interaction vertices and the intermediate particle currents according

to the specific model (Lagrangian).

2The new version of MADGRAPH 5 has been incorporated with another generator AMC@NLO (see next section)
which is available to provide NLO loop corrections for many processes.
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e Take into account all the external legs (particles) including the particle and antiparticle ex-
change for the incident particles. A boolean variable called “from group” flag, which is used
to indicate whether a given particle results from a combination of particles in the previous step
(true), or just copied from the previous step (false). For the moment, this flag is initialized to

“true” for all the external particles.

e If there is one vertex combining N external particles, create the combination [(1,2,3, ..., N)]

for them if at least two particles have the “from group” equal to true.

e Create all appropriate mergings of particles (resulting from interactions) with at least one

intermediate particle current with “from group” equal to true.

e Set the “from_group” to true for those newly combined particles, and to false for the particles

that are not merged in this iteration.

e Repeat the procedure from the third step for the reduced set of external particles if there are

at least three external particles remained.
e Stop the algorithm when at most two external particles left.

Based on such a recursive approach, the program create subdiagrams from the diagrams through
merging legs, with the flag avoiding double counting effect.

For the produced Feynman diagrams, the code for matrix element evaluation is implemented
in terms of successive calls to a helicity amplitude function library, which is either HELAS [25] or
ALOHA [26]. This library is able to compute the amplitudes of arbitrary diagrams at tree level.
Then the generator can obtain the differential cross sections which are proportional to the amplitude

squares.

2.4.3 MADGRAPH AMCQ@NLO
The MADGRAPH AMC@NLO program [27] is a further development on the top of MADGRAPH 5.

It provides the computations of the matrix elements in both LO and NLO for an arbitrary process,
and their matching to parton shower. The methodology of LO matrix elements is adopted from
MADGRAPH 5 generator, and the NLO computation is done by AMC@QNLO framework [28|. It also
includes some additional capabilities such as the merging of event samples with different light parton
multiplicities. At the LO, the theoretical model is constructed based on a given Lagrangian with its
Feynman rules. However, in order to compute NLO corrections, additional specific terms are needed
for the reduction of loop amplitudes such as Ultraviolet counterterms, which cannot be held by the
automatic FEYNRULES program [29] for the moment. Fortunately, these terms are finite and small
number of quantities such that they can be given by hand.

In the case of LO computation, one can always obtain a set of physical unweighted events from the

short-distance cross sections, using the Les Houches event files [30]. While, the NLO cross sections
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cannot be unweighted. The NLO computations suffer from soft and collinear divergences. In order to
solve this issue, AMC@QNLO has been implemented with special configurations, which is called FKS
subtraction [31, 32, 33]. The weighted events contain the normal events that are within infrared safe

region, and the counterevents corresponding to soft and collinear singularities.

2.4.4 SHERPA

SHERPA (34, 35] is also a MC event generator that provides complete hadronic final states in sim-
ulations of high energy particles collisions. It has two main sets of versions that are SHERPA 1
and SHERPA 2, the former dealing with LO matrix element computations (up to 8 partons in Born
level diagrams), while the latter able to integrate NLO amplitudes for the implemented models.
Moreover, SHERPA also implements parton shower simulation and the matching with its calculated
matrix elements.

The implementation of parton shower is called dipole showering, which takes into account soft
gluon coherence. In this approach, each quark or antiquark is combined with a colour partner (parton)
to form a colour charge dipole, and each gluon is connected with two colour partners to form two
colour charge dipoles respectively. Each dipole splits into two dipoles when radiating a gluon, which
should be within the two cones of a designed opening angle around the directions of the two colour
charges. The four-momenta of the produced dipoles are dependent on the gluon emission kinematics.
Such kind of dipole splitting processes occur in sequential way until close to a minimum scale of dipole
momentum. Therefore in this manner, the gluon emission is generated from the dipole radiation,
instead of parton splitting (in the case of PYTHIA). This pattern adopted by SHERPA has been
found to successfully reproduce the leading logarithmic terms of parton shower [17].

The hadronization simulation in SHERPA is the cluster fragmentation model as introduced before,
which is different from the configuration in PYTHIA generator. The emitted gluons are forced to
split into quark-antiquark pairs, and they are combined with their colour partners to form dipoles,

which are merged into clusters that form hadrons (see figure 2.7).

2.4.5 Matching between matrix elements and parton shower

As mentioned before, the MC generators like PYTHIA, MADGRAPH 5 relying on matrix elements
at tree level only suffer from soft and collinear divergences, which are not appropriate for describing
the substructure of a jet. At this point, parton shower is needed for overcoming these divergences
and mimicking higher order corrections. Moreover, the hadronization effects are also necessary to
apply to partonic final state, with aim to compare with the observation. In a practical way, some MC
generators have to be interfaced with another generator properly, such that their calculated matrix
elements are matched with parton shower to depict a realistic physical process. For instance, the
production of n partons in a matrix element computation could be replaced by an n — 1 partons

production in a matrix element with complementary one parton from parton shower.
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In the case of jet production with Drell-Yan process, there could be multiple partons produced
in the final state, which leads to a large jet multiplicity production. Due to the limited order
computation in MC generators, parton shower are implemented for each external leg starting from
the virtuality scale of the parent partons. As shower programs only give a leading logarithmic (LL)
approximation, to partly supplement the lack of hard emissions, the shower scale has to be increased
to a large value. Furthermore, if the matrix element calculations are beyond leading order, their
matching with parton shower becomes more complicated due to the subtraction of double counting
effect.

For the interests of this thesis, we briefly introduce two matching schemes at tree level, CKKW
and MLM matching schemes. In general, they define a jet measured in the final state and take into
account the relevant cross sections for different numbers of jets within the maximal capability of jet
multiplicity consideration. The parton shower evolution is constrained by the required jet multiplicity
in the configurations, which means that it could not produce any extra jet if a higher jet multiplicity

would be reached.

The CKKW (Catani-Krauss-Kuhn-Webber) matching prescription [36] was proposed in the e~e™
annihilations into hadronic final states [37]. In this scheme, it defines a jet through a kr algorithm [38].
In the case of proton-proton collisions, two partons in the final state give their relative transverse

momentum squared as:

(yi = y;)° + (¢ — ¢5)°

= (2.36)

k:Zrij = m’m(pTi,ij)Q X

where pr;, y;, and ¢; represent the transverse momentum, rapidity, and azimuthal direction of parton
1, respectively. R is a designed parameter of the jet algorithm, which is the chosen cone size of a jet
opening angle. If kp;; is larger than a designed value k7, the two partons belong to two different jets,
otherwise they are incorporated into the same jet. This kpq is called merging scale, which separate
the matrix elements (ME) and parton shower (PS) in two regions, with ME contributing to the
space above the merging scale while PS domains below the scale. The generated matrix elements
and parton shower come along with reweighting factors related to different scales in running a and
Sudakov form factors. Note that the starting scale for parton shower evolution is determined from
the mother parton mass in ME, and the Sudakov weight of parton shower is attached to the one of
ME. As a result, there is no hard jet produced during the jet evolution. This scheme is adopted by
SHERPA generator.

The MLM (Michelangelo Mangano) matching scheme [39] begins with the event generation of

parton-level configurations for all parton multiplicities up to an allowed number in the final state.

Their transverse momenta ph'"**" and the angular distance in (1,¢) plane between each two partons

min

AR;; have minimal thresholds pJ"*" and R,,;,, while their absolute rapidities |Ypqrton| should be below

a threshold ¥,,q.:
pg‘arton > P?m’ |yparton’ < Ymaz ARU > Rmm (237)
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Those thresholds are called generation parameters that are initialized as the same values for all the
parton multiplicities generated. After the matrix element generation, the parton shower is imple-
mented using PYTHIA for instance. The parton evolution begins at the scale that is determined
by default PYTHIA configurations according to the kinematics and colour connections of the event,
constrained by the hard interaction (matrix element) scale. After the evolution, a jet cone algorithm
is applied to the partons produced in the perturbative phase of the shower. Similar to the event
generation settings (expression 2.37), a set of matching parameters, including minimal transverse
momentum, maximal rapidity, and a constraint on the cone size of jet opening angle, are required
for the jets defined from those partons. The matching procedure starts from the hardest parton and
searches for the closest jet in (1,¢) plane. If the angular distance between the parton and the jet
center is smaller than 1.5 times of the jet cone size, they are matched. Then the program moves to
next partons and looks for another adjacent jets to perform the subsequent matchings. If a matching
fails, which means a parton cannot be matched with any jet, the event is rejected. As in CKKW
method, each event comes with a Sudakov reweighting to prevent double counting. For the parton
samples with jet multiplicity larger than parton multiplicity generated by matrix elements, the extra
jets are originated from parton shower and are required to have lower transverse momenta than the
matched jets.

In the case of NLO matrix elements, generated events are classified into two groups, which are
called S events and H events respectively. The formers are produced with NLO matrix elements
implemented with truncated parton shower, which is NLO-vetoed to avoid double counting. The
latter are generated through LO matrix elements attached with parton shower similar to the way
of MLM. If one wants a parton sample with parton multiplicity of n, the S events with n partons
and the H events with n — 1 partons in the matrix elements are needed to be merged. Each H
event provides an additional parton from shower. The merging scheme that adopts this approach in
MADGRAPH _AMCQ@NLO is called FxFx [40], and MEPS@QNLO [41] in SHERPA generator.

In summary, by comparing the predictions of different MC generators that adopt different ap-
proaches, one could figure out the potential problems or success of them. The prediction accuracy is
influenced by the ME calculation, and the matched parton showering model as well. One could also
perform a MC generator with different PDF sets that give rise to different cross sections. This can

help physicists to understand the fundamental particle interactions more accurately.
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Chapter 3

The Experimental Setup

This chapter provides a general introduction about the experimental facilities that are supporting
the present physical analysis work. The Large Hadron Collider (LHC) is described firstly, includ-
ing its geometric structure and several crucial physical characteristics. Then it explains the beam
conditions and implementations in the unprecedented accelerator. The second part of this chapter
presents the Compact Muon Solenoid (CMS) detector in details, which is complied to detect the par-
ticles produced in proton-proton beam collisions at LHC. Furthermore, the acquisition and operation
methodology with respect to the data collected by the detector for physical analyses is introduced.
The comprehensive explanations about LHC and CMS can be found in [42] and [43], respectively.

3.1 The Large Hadron Collider

3.1.1 Introduction

The LHC was built by the European Organization for Nuclear Research (CERN) between 1998 and
2008, which is the largest particle accelerator all over the world. It is located inside a circular tunnel
with 27 km length and 3.8 m width, which was dug underground as deep as about 100 m penetrating
the France-Swiss border between Jura mountains and Geneva lake. It was constructed for the large
electron-positron collider (LEP), which was replaced by LHC in 2000. The purpose was to establish
it as a proton-proton collider with the central-of-mass energy as 14 TeV, each proton beam with
nominal energy of 7 TeV. It was also designed to accelerate heavy ions up to an energy of 5.02 TeV
per nucleon pair.

The first physical run of LHC started in spring of 2010 and finished at the end of 2013 (Runl).
Each proton beam carried the energy as 3.5 TeV at the beginning, and increased to 4 TeV in 2012.
After a shut down for two years, the LHC Runll has been launched in 2015, each beam with a
nominal energy of 6.5 TeV.

The main motivations of designing the LHC include precise measurements of the processes pre-

dicted by Standard Model Theory (SM) of particle physics, and searches for new physics. The
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discovery of Higgs boson at LHC in 2012 was one of the main objectives of the LHC. Then the
subsequent measurements of Higgs boson properties started to be conducted. Benefiting from the
large statistics of the data, we can perform precision measurements in a physical phase space which
was never reached before. Due to the unprecedented energy, we can search for the large family of
particles predicted by Supersymmetric theory beyond SM, as well as dark matter. By use of the
heavy ion (lead) collisions, one can study the quark-gluon plasma which is a state before hadrons are
formed, which is expected to have existed in the early universe.

The LHC tunnel is made of two adjacent parallel beamlines which intersect at four points, where
the two beams collide from opposite directions. The four points correspond to four detector experi-
ments, including ATLAS, CMS, LHCb, and ALICE, as shown in figure 3.1.

Length of LHC tunnel: 20 miles!
1/3 of the distance from Oxford to London

e

ALICE
g Point 2

Experiments are hosted in underground tunnel
to avoid noise and contamination

Figure 3.1: The locations of the main experiments of the LHC. The SPS is a pre-accelerator for the
injected proton bunches into the LHC.

The whole collider ring consists of eight arcs and eight linear sections. The formers contain in total
1232 dipole magnets to realize the circular trajectories of the beams, and latters hold 392 quadrupole
magnets and several accelerating cavities to collimate the beams and to accelerate each beam from
450 GeV to 6500 GeV. Especially, the quadrupole magnets become much stronger at the locations
close to the four crossing points, which is aimed to maximize the probability of bunch interaction.
There are also additional magnets of higher multipole orders to make up with small imperfections
in the field geometry. The superconducting magnets are composed of copper-clad niobium-titanium.
The peak magnetic field that they form can be above 8 Tesla, benefiting from the cryogenic system
containing about 96 tonnes of superfluid helium 4, which keeps the operational temperature of 1.9 K
(—271.3°C). Figure 3.2 and 3.3 show the dipole magnets of the LHC and the magnetic field profile
of the dipole magnets, respectively.

The two beam pipes are maintained at ultrahigh vacuum, which is to reduce collisions between

the protons and the gas molecules. Each proton beam consists of up to 2808 bunches at full intensity,
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Figure 3.3: The magnetic field profile along the transverse cross section of the dipole magnets (left)
and in three dimensional view (right).

and each bunch contains 115 billion protons. The bunch is typically with transverse dimensions of
the order a mm, and it is squeezed to approximate 16 microns before a collision. The protons inside
each bunch are ultra-relativistic with 0.999999991 times of the speed of light, therefore they spend
less than 90 microseconds to travel along once the ring. In general, the distance between two bunches
is 7.5 m, corresponding to 25 ns. If the nominal energy of each proton of the beam is 7 TeV, the

total beam energy is approximately 362 MJ, which is equal to the energy of 77.4 kg TNT.

3.1.2 Beam luminosity

The rate of events of a given process is proportional to the cross section of this process. The luminosity
is defined as the number of produced events (Neyens) per cross section (Oepent). In general, it is written

as:
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O event
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(3.1)

More precisely, it can be evaluated as instantaneous or integrated luminosities. The former is
given by the number of events (dN) generated at a definite time (¢) within a infinitesimal time

interval (dt) with respect to the effective interaction cross section (o):
_1dN
o dt

The latter is the integral of the former during a certain time window:

t1

to
The luminosity relies on the particle beam characteristics. For two beams with number of bunches
as N; and Nj, respectively, each bunch containing n, protons, a beam crossing frequency is f, and
transverse sizes of effective interaction of two beams o,0,, the instantaneous luminosity is expressed

as:

NlNQTlpf

dro,oy

Linst — (34)

The 0,0, is equivalent to the combination of relativistic Lorentz boost factor «, the normalized
transverse beam emittance e (a property for the average spread of particle coordinates in position-
momentum phase space), and the beta function at the collision point f* (the distance from the focus
point at which the beam width is twice as wide as the focus point). Due to same numbers of bunches
in the two beams (/Ny), equation 3.4 can be rewritten as:

I NEn, fvy
mst —
4dme3*

The luminosity of the beam varies during each physical run at LHC, which decreases along with

(3.5)

the degradation of the intensity and emittance of the beam. This phenomenon mainly results from
the interactions between the two circulating beams. In addition, the intra scattering of each beam
and the extra collisions with residual gas in the ring also consume the beams. The evolution of the

instantaneous beam luminosity with respect to time can be approximated as:

Linst(o)
(14t/7)?

where L;,(0) corresponds to the initial instantaneous luminosity, and 7 stands for the time when

Linst(t) = (3.6)

the luminosity approaches the 1/e of the initial value, and it is measured to be 14.9 hours as the
average luminosity lifetime.
Figure 3.4 and 3.5 show the evolution of the maximal instantaneous luminosity and the integrated

luminosity recorded with the four detector experiments for proton-proton collisions at LHC in 2012
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and 2015, respectively.
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Figure 3.4: The maximal instantaneous (left) and integrated (right) luminosities recorded by LHC
for proton-proton collisions at 8 TeV. The plots are taken from [44].
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Figure 3.5: The maximal instantaneous (left) and integrated (right) luminosities recorded by LHC
for proton-proton collisions at 13 TeV. The plots are taken from [44].

Figure 3.6 provides an schematic view of the LHC schedule. The collision energy is expected to
reach 14 TeV with an integrated luminosity of 3000 fb~! for HL-LHC.
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Figure 3.6: The global timeline view of LHC.

3.1.3 Injection chain

The LHC is a successful machine to accelerate the protons to super high energy. It needs the supports
from the injection system, which is responsible to originate protons and to accelerate them to the given
energy for LHC beam supply. The pre-accelerating system is composed of a succession of machines,
each of which boosts the protons to higher energy and deliver them to the subsequent device. The
graphic view of the system is shown in figure 3.7. We can see the sequential implementations. The

injectors also provide beams to several other experiments.
e Proton source

The protons traveling and colliding in the LHC with unprecedented energy are obtained from a
bottle of hydrogen, as shown in figure 3.8. The bottle is connected with a cylindrical device which
is called duoplasmatron [45]. After some hydrogen gas is imported into this machine, there is an
electric field used to strip the electrons from the hydrogen atoms to extract the protons. The average

energy of these protons is about 100 KeV, and they are pulsed at each 100 us.
e Linear accelerator

The protons obtained from hydrogen gas are delivered to a linear accelerator of LINAC 2, which
has length of 30 m. As shown in figure 3.8, it complies with multiple radiofrequency cavities to charge
cylindrical conductors. When the protons pass through, the cylindrical conductors are alternately
charged positive or negative, so that the protons are always accelerated between two adjacent con-
ductors. There are also small quadrupole magnets to collimate the proton beams in time. After this

step, the protons have a nominal energy of about 50 MeV.

e Proton Synchrotron Booster
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Figure 3.7: The accelerator complex of CERN. The injection system includes the LINAC 2 for
originating proton beams and the LINAC 3 for producing ion beams, the BOOSTER and PS for
primarily accelerating protons, and the SPS for furtherly increasing the beam energy to feed the
LHC.

A PROTON SOURCE

Figure 3.8: The bottle of hydrogen gas for manufacturing protons, connected with a duoplasmatron
device [45] (left), the linear accelerator of LINAC 2 (right).

Being a synchrotron, it is the first and smallest circular proton accelerator of the beam injection
system. There are four superimposed rings with a radius of 25 m, which receive the protons from
LINAC 2 to accelerate them up to 1.4 GeV. Figure 3.9 presents a photograph of the booster system.
It uses an electric field to accelerate the protons in straight paths and a magnetic field in curved

regions to bend the proton trajectory as well as focusing the beams.
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e Proton Synchrotron

As shown in figure 3.9, the Proton Synchrotron has 277 conventional electromagnets, which include
100 dipoles to bend the beam trajectory along the storage ring. The total circumference is 628.3 m.
After the protons come out of the Booster, they are sent to this synchrotron and accelerated up to 25
GeV. In addition to protons, the synchrotron can accelerate heavy ions as well. The photon bunches
are splitted in the PS into smaller bunch distance of 25 ns.

e Super Proton Synchrotron

As the second largest machine in CERN accelerator complex, the Super Proton Synchrotron has
1317 conventional electromagnets with 744 dipoles for bending the beam trajectory. It acquires the
protons from the Proton Synchrotron, and continuously accelerate them up to 450 GeV using its 7-km
circumference. Similar to the Proton Synchrotron, it can also handle many different kinds of particles
such as heavy nuclei, electrons, positrons, and antiprotons. Benefiting from this enormous machine,
the W and Z bosons were discovered in last century. Figure 3.9 also shows the photograph of the
Super Proton Synchrotron. After the proton beams are operated by it, they are directly transferred
to the outmost LHC storage ring.

Figure 3.9: The Proton Synchrotron Booster (left), the Proton Synchrotron (middle), and the Super
Proton Synchrotron (right).

3.2 The CMS experiment

3.2.1 Introduction

The Compact Muon Solenoid is a major detector for general purpose particle physics, which is built
on the LHC. The goal of this experiment is to explore a wide scope of physics, including the search
for Higgs boson, supersymmetry, extra dimensions, dark matter and so on. In 2012, the Higgs boson
was discovered successfully in this experiment. This detector is one of the points where the proton-

proton, proton-ion, and ion-ion beam collisions happen during the LHC run periods. It detects many
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outcoming particles such as charged leptons, hadrons, and photons from the collision center and
records the data for subsequent analyses.

The detector has a length of 28.7 m, and 15 m in diameter. Its total weight is 14000 tonnes,
built in and around a huge solenoid magnet, made of a cylindrical coil of superconducting cable. The
generated field is up to 3.8 Tesla, which is about 100000 times the magnetic field of earth. This field
is confined by a steel yoke that composes the bulk of detector, resulting in the compact solenoid.
Figure 3.10 shows the sectional view of the CMS detector.

CMS DETECTOR STEEL RETURN YOKE
Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS
Overall diameter : 15.0m Pixel (100x150 ym) ~16m* ~66M channels
Overall length :28.7m Microstrips (80x180 ym) ~200m? ~9.6M channels
Magnetic field :3.8T
SUPERCONDUCTING SOLENOID
— i Niobium titanium coil carrying ~18,000A
4 / MUON CHAMBERS
P 7/ /// i, ¢ Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
4 / / o : - Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

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

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

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

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

Figure 3.10: Sectional view of the CMS detector. The LHC beams travel in opposite directions along
the central axis of the CMS cylinder colliding in the middle of the detector.

The requirements of the CMS detector design include:

a high performance system to detect and measure muons;

an excellent resolution calorimeter to detect and measure electrons and photons;

a good quality central tracking system to provide accurate momentum measurements;

a hermetic calorimeter to prevent hadrons from escaping.
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Therefore, the huge magnet is an essential condition, which allows to precisely measure the mo-
menta of charged particles such as muons. The higher momentum a charged particle carries, the less
curvature of its bent trajectory in the magnetic field. Moreover, the large magnet also allows for
a number of layers of muon detectors within the magnetic field, thus momentum can be measured
inside and outside the coil. Figure 3.11 illustrates the schematic view of a slice of the CMS detector
with different particles passing through the sub-detectors. The electrons are deflected by the mag-
netic field in the tracker, and deposits their energies in the electromagnetic calorimeter. The photons
are not influenced by the magnetic field and are fully absorbed by the electromagnetic calorimeter.
The trajectories of charged hadrons are bent in the tracker, and they deposit their energies through
hadronic showers partially in the electromagnetic calorimeter and mainly in hadronic calorimeter.
Neutral hadrons also cause hadronic showers to deposit their energies in the calorimeters, while their
trajectories in the tracker are straight. The muons have quite few interactions and traverse the

detector losing small fraction of energy, deflected by the strong magnetic field.
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Figure 3.11: One transverse slice of the CMS detector with the particles passing through. The
fragments from the left (inside) outward to right are interaction point, the silicon tracker, the elec-
tromagnetic calorimeter, the hadronic calorimeter, the superconducting solenoid magnet and the
muon detectors.

At opposite ends of the detector, powerful magnets focus the two beams down to an extremely
small diameter of about 16 microns at the collision point, which is aimed to increase the luminosity.
The diameter of a proton is only about 2 fm, which means that the collision area is almost empty
space. Therefore, the possibility of an effective collision is still small even with 115 billion protons
from one beam crossing another one.
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3.2.2 The Superconducting solenoid magnet

The superconducting magnet has a total length of 12.5 m, a diameter of 6 m, with a mass of 220
tonnes. It can provide a uniform magnetic field of 3.8 Tesla inside the coil, using a nominal electric
current of 18500 amps with the stored energy of 2.6 GJ. The superconductivity is realized through
chilling the coils, which are made of NbTi, to almost 0 K in temperature. Figure 3.12 provides an
artistic view of the superconducting solenoid. It is called cryostat system. The yoke with a weight

of 10000 tonnes supports the electric flux. It is composed of five wheels and two endcaps with three
disks.

Figure 3.12: General artistic view of the superconducting magnet.

The strong magnetic field can bend the paths of charged particles emitted from the collisions.

Their curved trajectories also depend on their charges and momenta.

3.2.3 The Tracker

The CMS tracking system has been designed to provide a precise measurement of the trajectories of
charged particles emerging from the collisions, as well as the reconstruction of vertices. The CMS
tracker occupies a cylindrical volume 5.8 m of length and 2.5 m of diameter, with its axis closely
aligned to the LHC beam line, and it is immersed in the co-axial magnetic field of 3.8 Tesla. The
schematic image of the CMS tracker is shown in figure 3.13. It comprises a large silicon strip tracker
with a small silicon pixel tracker in it. In the barrel region, the pixel tracker comprises three co-
axial layers of radii between 4.4 cm and 10.2 cm, and the strip tracker consists of ten co-axial layers
extending outwards to a radius of 110 cm. The endcap regions (two sides of the barrel region) are
also equipped of the subdetectors, including two disks of the pixel tracker, and three small plus nine

large disks of the strip tracker. They extend the acceptance of the tracker up to a pseudorapidity
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In| < 2.5.

The pixel detector provides three dimensional position measurements of the hits from the inter-
action of charged particles with its sensors. The resolution of hit position is about 10 pym in the
transverse coordinate and 20 - 40 um in the longitudinal direction, and for the endcap wheels, the
azimuthal plane is supplied by the position of sensor panels. There are in total 1440 modules con-
taining 66 million pixels, and the covered area is 1 m2. Figure 3.14 shows the sketch of the pixel

detector with its components.

The strip tracker contains four subsystems, including the tracker inner barrel (TIB) with disks
(TID), tracker outer barrel (TOB), and tracker endcaps (TEC). The TIB and TID cover the transverse
radius < 55 cm, and |z| < 118 c¢m, with four layers and supplemented by three disks at each end.
The resolution is 13 - 38 ym. The TOB occupies 7 > 55 cm, and |z| < 118 cm. It is composed of six
layers for the position measurements with a resolution about 18 - 47 ym. The TEC lies on the region
of 124 < |z| < 282 cm, each of which consists of nine disks. Each disk includes up to seven concentric
rings of silicon strip modules, and the resolution is similar to that of TOB. In total, there are 15148

2

silicon modules in the strip tracker, which covers 198 m* area with 9.3 million strips. Figure 3.15

presents photographs of the silicon strip tracker and the TEC. More details can be found in [46].
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Figure 3.13: Schematic cross section through the CMS tracker in the r-z plane. The tracker is
symmetric around the horizontal line z = 0. The star is the proton-proton collision center. The thin
black lines show the two sensitive areas provided by strip tracker modules, while the thick blue lines
stand for double modules permitting reconstruction of hit positions in three dimension. The red
lines present the pixel modules that provide three dimensional hits. Within each layer, each modules
are shifted slightly towards its neighbouring modules to have overlaps, in order to avoid gaps in the
acceptance. The figure is taken from [46].
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Figure 3.14: The schematic
(right).

Figure 3.15: Photographs of silicon strip of tracker (left) and the TEC disk (right) [48].

3.2.4 The Calorimeters

The calorimeters are used to measure the energies of the particles, including the electrons, photons,
and hadrons. Unlike the tracker system, the calorimeters can deal with both charged and neutral
particles. They induce the particle showers inside the calorimeters. The total energy of the showers
corresponds to the energy of the incoming particle. Muons lose only small fraction energy through
ionization process when they traverse the calorimeters, while neutrinos penetrate the whole detector
typically without interactions.

The calorimetry system is composed of electromagnetic calorimeter (ECAL) and hadronic calorime-
ter (HCAL). The former is designed to measure the energies of the particles participating in elec-
tromagnetic interactions (electrons, positrons and photons), and the latter is developed to collect
the energies of the hadrons which are subject to strong interactions. Because the radiation lengths
related to the electromagnetic interactions are much shorter (X, = 0.89 cm in ECAL crystals, with
a total thickness of about 25X,) than the interaction lengths of hadrons (A\; = 16.2 cm in HCAL
components, with a total thickness of about 7-15\;), placing the ECAL in front of the HCAL allows

to obtain a good separation of electromagnetic showers from hadronic shower and optimized energy
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resolutions.
e The electromagnetic calorimeter

The ECAL is made of 61200 lead tungstate (PbWOy) crystals in the barrel region and 7324 crystals in
the two endcaps. There is a preshower detector located in the front of each endcap. If one excludes the
beam pipe, the ECAL is hermetic. Figure 3.16 shows the layout of CMS electromagnetic calorimeter.
The barrel region of ECAL (EB) stands for the pseudorapidity range |n| < 1.479, and covers the
whole azimuthal (¢) directions. The total crystal volume in the barrel region is 8.14 m? with a weight
of 67.4 tonnes, and a front radius of 129 cm. The cross section of each crystal is about 0.0174 x 0.0174
in n — ¢ plane corresponding to 22 x 22 mm? at the front panel and 26 x 26 mm? at the rear area.
Each crystal has a length of 230 mm. They are placed with their axes forming a tiny angle (3°)
related to the vector from the nominal interaction vertex in both 7 and ¢ directions, in order to avoid
particles traveling along the gap between two crystals.

The endcaps (EE) of ECAL ranges in the pseudorapidity as 1.479 < |n| < 3.0. Their envelope
are at a longitudinal distance of 315.4 cm from the collision point. Once the magnetic field is fully
switched on, the endcap is expected to move towards to the nominal interaction position by 1.6 cm.
Each endcap contains 7324 crystals that occupy totally 2.9 m?® with a weight of 2.4 tonnes. There are
two halves (dees), each of which holds 3662 crystals. They are arranged in 5 X 5 matrix units to form
many supercrystals, and are directed to a position that is 130 cm beyond the nominal interaction
point, rotated with small angles (about 2 — 8°) to prevent the emitted particles from passing along
any crack between two crystals. Each crystal has a front cross section of 28.62 x 28.62 mm?, and a

rear cross section of 30 x 30 mm?, and a length of 22 cm.

Crystals in a Preshower
supermodule

e \ Supercrystals

Modules

End-cap crystals

Figure 3.16: Layout of the CMS electromagnetic calorimeter showing the arrangement of crystal
modules, supermodules and endcaps, with the preshower in front.

The compact calorimeter benefits from its fine granularity, which results from the PbWOQO, crystals
with high density (8.28 g/cm?), short radiation length (0.89 ¢cm), and small Moliére radius (2.2 cm).
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The scintillation decay time of the crystals are very close to the bunch spacing at LHC, emitting
80% of light in 25 ns. In order to avoid cracks between each two crystals, the lead tungstate crystals
are polished like a truncated pyramid, which are connected with photodetectors. These detectors
have fast response and radiation tolerance in the strong magnetic field. They are made of avalanche
photodiodes (APD) in the barrel and vacuum phototriodes (VPT) in the endcaps. Each APD has
an active face of 5 x 5 mm?, with a signal amplification of 50 times at room temperature. The
responsible area of a VPT is 280 mm?, with a nominal gain of 10.2 times and an efficiency of 90%

under zero magnetic field. Figure 3.17 shows photographs of an APD and VPT.

Figure 3.17: PbWOy, crystals with photodetectors. Left: A barrel crystal with the upper area
depolished and the APD capsule. In the insert, a capsule with the two APDs. Right: An endcap
crystal and VPT. The figures are taken from [43].

The preshower is designed to provide the separation of photon and 7% hadron. in the endcaps
(1.653 < |n| < 2.6), and also to improve the spatial resolution for electrons and photons. It is a
sampling calorimeter with two layers yielding a thickness of 20 cm in total. The incoming electrons
or photons induce the consequent electromagnetic showers through the lead radiators, and then
deposit their energies in the subsequent silicon strip sensors. The lead panels of the preshower is
divided into two dees which are respectively placed in each side of beam pipes. Each silicon sensor
has an active plane of 61 x 61 mm? with 32 strips, and having a nominal thickness of 320 microns.

The energy resolution of ECAL is parametrized by quadratic sum of three terms:

)2+ ()2 + C? (3.7)

In this formula, A stands for the stochastic term, which corresponds to fluctuations in the lateral
shower constraint, photostatistics, and the energy deposition fluctuations in the preshower absorber
in the silicon detector. The second term B is the noise term that is dominated by the noises from
electronic, digitization, and pileup. The last term C' is a constant term, taking into account several
miscellaneous effects such as non-uniformity of the longitudinal light collection, intercalibration errors,

and the leakage of the energy from the rear face of the crystal. According to the results from beam
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tests [43], the resolution was measured to be:

12%

7 28%12 4 ( )2+ (0:30%)" (3.8)

(=

where E is the incoming particle energy in GeV.

e The hadronic calorimeter

The hadronic calorimeter has been developed to measure the energies of hadronic jets, and indirectly
to neutrinos and exotic particles that lead to large missing transverse energy. It is located outward
from ECAL, covering the spatial region of |n| < 5.2. As is illustrated in figure 3.18, it consists of four
fragments including hadronic barrel (HB), endcap (HE), outer (HO) and forward (HF) calorimeters.
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Figure 3.18: Longitudinal view of the CMS detector showing the locations of the hadron barrel (HB),
endcap (EE), outer (HO) and forward (HF) calorimeters. The figure is taken from [43].

The HB is a sampling calorimeter within the pseudorapidity of |n| < 1.3, placed between the
outer edge of the ECAL (1.77 m from collision center) and the inner frame of the magnet coil (2.95 m
from interaction point), with a length of 9 m and radius of 178 < r < 288 cm. It contains two half-
cylinders, one inserted behind the barrel cryostat of the superconducting solenoid, while the other
one with segments subsequently installed from the rails in the middle panel. These two sections are
composed of 36 azimuthal wedges that are at the end of the flat absorber planes. The planes are
aligned to be parallel with respect to the beam direction, and they are arranged in a crossed way
to reduce effects of cracks in geometry. There are 14 brass plates and 2 stainless steel in different n
directions to form the absorber, leading to a granularity of An x A¢ = 0.087 x 0.087. Among them,
the two steels are used to guarantee the frame solidity. Supported by the metal absorber, 16 sectors

of 3.7-mm-thick plastic scintillators are inserted together with wavelength shifting fibres (WLS).
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The HE spreads along the pseudorapidity range of 1.3 < |n| < 3 with a fraction of 13.2% of the
solid angle. It has the similar geometric manufacture. The absorber consists of 18 layers including 16
brass towers (79 mm thickness) and 2 stainless steels (10 cm thickness). The scintillators are planted
into the gaps (9 mm) of the towers, and the light from them is collected by the WLS fibres. There are
totally 36 sectors (wedges), each of which occupies an azimuthal angle of A¢ = 20°. In this partial
calorimeter, the granularity is An x A¢ = 0.087 x 0.087 for |n| < 1.6, and An x A¢ = 0.17 x 0.17
for |n| > 1.6.

The HO is extended in the pseudorapidity range of || < 1.3, which complements the coverage
of HB and HE for the hadronic showers. It contains five rings with a width of 2.54 m. Each ring is
divided into 12 sectors in the azimuthal directions, and they are separated by stainless steels with 75
mm thickness holding the layers of scintillators. Each layer is placed at the radial distance of 4.07
m with a thickness of 40 mm, and the central ring has an additional layer at the radial point of 3.82
m. These layers are supported by aluminium honeycomb for the solidity. The granularity of HO is
as the same as that of HB. Each sector is composed of six identical slices with plastic covers and
scintillator tiles.

The HF is deployed in the spatial ranges of 3 < |n| < 5, which was designed to detect the particle
fluxes emitted to the forward directions. It is installed at 11.2 m away from the nominal collision
point, and the radius of its cylindrical steel is 1.3 m. There are totally 18 wedges, each covers
the azimuthal angle of 20°, composing the machinery in each side of the beam interaction position.
The granularity is formed as An x A¢ = 0.175 x 0.175 towers. Because the radiation dose is very
high at this place, the detector body is encased by a hermetic shielding, which is made of steel (40
cm thickness), concrete (40 cm thickness) and polyethylene (5 cm). Instead of scintillators which
are easily damaged by the high radiation, quartz fibres are used for the signal response. They are
inserted in grooved plates of steel absorber, and emit Cherenkov photons when charged particles
traverse them. Then the generated light is conveyed to photomultipliers.

Based on the compact machinery, the energy resolutions of the sub-detectors of HCAL were

parametrized and measured to be [49, 50]:

HB+ HE + HO : (%)2 = (%)2 +(0.095)2 (3.9)
09 2.8 9
HE () = (S=F +(01) (3.10)

where the F stands for the incoming particle energy of beams in GeV.

3.2.5 The Muon Detector

Muons have a mass 200 times heavier than electrons, and they are charged leptons. They can easily
penetrate the iron calorimeters without interaction. Hence, dedicated sub-detector is developed and

installed at the outmost space of the CMS detector, in order to fetch the signal when muons pass
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through. This is the muon detector system, which contains totally 1400 muon chambers. These
chambers are classified according to the different gaseous detection technologies, including 250 drift
tubes (DT), 540 cathode strip chambers (CSC), and 610 resistive plate chambers. These three
categories of components are arranged in large quantities, and they have different specialities, which
make the whole muon detector robust and subject to low background level.

The detection system can measure the momenta of muons, and provide triggers. It also takes
advantages of the high magnetic field provided by the solenoid with it flux-return yoke to realize
an excellent muon momentum resolution and trigger capability. Figure 3.19 shows the positions of

different components of muon detector around the tracker and calorimeters.
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Figure 3.19: Layout of one quadrant of CMS with different sub-detectors highlighted, including the
tracker, ECAL, HCAL, DTs, CSCs, and RPCs. This plot is taken from [51].

e Drift Tubes

The drift chambers are installed in the pseudorapidity range of || < 1.2 which is the barrel region of
CMS detector. The background induced by neutron and the muon rate are low in this region. The
magnetic field is uniform here and almost constrained in the iron yoke. The chambers are equipped
with standard rectangular drift units, and they make up four concentric cylindrical stations around
the beam line. Three of the stations with 180 drift chambers are used to measure the muon coordinate
in the r — ¢ curved plane, and the last one with 70 drift chambers is dedicated to measure the z
coordinate (beam line direction). Figure 3.20 shows the transverse cross section of the drift tubes
structure.

Each drift tube unit, represented in figure 3.21, is filled with a gas mixture of 85% argon and

15% carbon dioxide. There is an anode wire and five electrode strips in the middle of the cell, which
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forms a dense electric field. When a muon pass through the gas, it will release electrons from some
gaseous atoms through ionization. Then these electrons are attracted and accelerated towards to the
anode, and they induce more ionization processes in the gas. This results in an avalanche electric
current in the wires. Benefiting from such many cells, the drift chamber gains an average resolution

of 100 pum in r — ¢ plane.
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Figure 3.20: Layout of the CMS barrel muon drift tube chambers in one of the 5 wheels. In sectors
4 (top) and 10 (bottom) the MB4 chambers are cut in half to simplify the mechanical assembly and
the global chamber layout. The figure is taken from [43].

e Cathode strip chamber

In the endcap region of CMS detector, the muon rates and neutron-induced background levels are
high, and the magnetic field is uneven and strong. The cathode strip chambers are used in the disks

here, which cover the pseudorapidity range of 0.9 < |n| < 2.4. In each side of endcaps, there are
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Figure 3.21: A unit of DT together with drift lines and isochrones when a muon pass through. The
plates at the top and bottom of the segment are at ground potential. The voltages applied to the
electrodes are +3600V for wires, +1800V for strips, and -1200V for cathodes. The figure is taken
from [43].
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Figure 3.22: Partial view of the CMS detector. Cathode strip chambers of the Endcap Muon system
are highlighted (MEX/Y). The figure is taken from [43].

four sectors of CSCs, which are placed inside the flux planes perpendicular to the beam directions
(as shown in figure 3.22). The largest chambers have a length of 3.4 m and a width of 1.5 m.

Each chamber contains 7 trapezoidal cathode plates intersected with 6 anode panels, forming
6 gaps filled with gas mixture of 40%Ar + 50%CO, + 10%CF,. There are dense arrays of wires
arranged on the anode panels, which are supplied with positive high voltage. The cathode plates are
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made of copper strips, which are connected to the negative charged source. The anode wires and
cathode strips are crossed, so that they can measure two coordinates for muons. Ionized electrons
are accelerated in the electric field to the anode wires, resulting in avalanche currents. While the
positive ions move away from the anode towards the cathode strips, and induce electric pulses there
at right angles to the wire directions. Figure 3.23 shows a schematic view of the partial layout of the
CSC and the principle of the CSC operation.
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wire plane (a few wires shown) \ muon

induced charge
cathode with strips
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cathode

7 trapezoidal panels forming 6 gas gaps

Figure 3.23: Layout of a CSC with 7 cathode strip plates and 6 anode panels forming gas volumes
between them (left); An avalanche happens in a single chamber gap when a muon passes through
(right). The figures are taken from [43].

Benefiting from this special structure, the CSCs have short response time, fine segmentation, and
radiation resistance. They can implement a precise measurement in the r — ¢ curved plane and fast
triggers, including robust identification for muons and efficient matching of their hits in the tracker
system. Together with DTS, they can reach a momentum of resolution as 15% in barrel and 25% in

endcaps.
e Resistive plate chamber

Although the DTs and CSCs have fast response time and fine position resolution, there are still
large uncertainties in the background rates and the time of bunch crossings. Namely, the time
resolution is comparable with the bunch spacing. In order to improve the time resolution for accurate
measurements, which means to associate unambiguously the hits with the bunch crossing, the resistive
plate chamber is used as complementary machinery. There are 6 layers of RPCs in the barrel region,
planted parallel with the DT sectors. In the endcap region, three plates of RPCs are placed together
with the CSC stations, perpendicular to the beam line. Figure 3.24 shows the structure of resistive

plate chamber layers, and figure 3.25 provides a photograph of RPC plates in endcap region.
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Figure 3.25: RPC station RE2 on the back side of the YE-1 yoke.

A chamber is composed of two parallel planes with a positive charged anode and a negative
charged cathode, respectively. They are made of plastic materials and separated by two gaseous
gaps. Similar to the principle of CSCs, the chambers also work in avalanche mode when muons come
through them. The emitted electrons from ionizations are collected by external metallic strips after
a certain time delay (one nanosecond), which is much shorter than the beam bunch spacing. This
achieves a prompt measurement of the muon momentum. Compared with DTs and CSCs, RPCs
have better time resolution while coarser spatial resolution. Thanks to these three components, it is

feasible to have muon triggers at high frequency.

3.2.6 The Trigger system

During the Runl period, the instantaneous luminosity at LHC reached 7.7 x 10*3cm™2s7!, and the

proton-proton bunch crossing frequency was 20 MHz, corresponding to 50 ns between individual

57



bunch collisions. While it comes to RunlI time, the luminosity has been raised to 1.4 x 103*cm 2571,

and the nominal bunch cross frequency is 40 MHz (25 ns bunch spacing). The total collision rate
is high, with in average 25 collisions (8 TeV) and 40 collisions (expected value at 13 TeV if with
the same integrated luminosity as 8 TeV) with activity in the detector per bunch crossing. Among
them, only a small fraction of collisions contains physical events of interests for the LHC priority
program. In technical aspect, the detector storage could not handle the full massive data with such
a high frequency. The offline reconstruction for physical analysis is available for the data frequency
of several hundreds Hz. Therefore, a trigger system is necessary for filtering the event according to
the physical programs and technical requirements.

The CMS detector utilizes two trigger levels. The first level is called L1 trigger, which is im-
plemented in the hardware system. It gives a primary selection of events through the information
from calorimeters and muon spectrometers, and complies with a global decision. At this step, the
event frequency decreases to 100 kHz. The second level is High Level Trigger (HLT), which is based
on streamlined software with computer clusters containing 16000 processors. It reduces the event
output rate to 1 KHz by means of its programmable menus. With the aim to satisfy the requirement
of offline data storage, the HLT can implement a further refining for the event purity, which results

in an average rate of 400 Hz. Figure 3.26 shows the architecture of CMS trigger system.
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Figure 3.26: The simplified structure of CMS trigger system.

e CMS L1 trigger

The L1 trigger procedure consists of three trigger primitives, including the filtering decisions from

calorimeters (both ECAL and HCAL), muon detectors, and the combinatorial information from the
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previous two instruments. The data acquisition system is based on electronics that deliver the data
(passed trigger filter) to subsequent trigger system. The schematic of L1 trigger is displayed in
figure 3.27.
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Figure 3.27: The architecture of CMS L1 trigger system.

The calorimeter trigger comprises a regional trigger and a global trigger. The former is respon-
sible to collect the transverse momenta and processing quality flags from ECAL, HCAL and HF
towers, and to provide a trigger in parallel, sending electron/photon candidates together with re-
gional transverse energy sums measured in the crystals. The energy clusters are reconstructed using
high level readout circuits called trigger primitive generators [52], which are transmitted to the re-
gional calorimeter trigger. The global calorimeter trigger subsequently deals with the further sort
of these candidates according to their transverse energy and forwards the leading four objects to
the L1 global trigger. These triggers are based on dedicated electronics that uses programmable
chips, so-called field programmable gate arrays (FPGA). The trigger objects supplied by the regional

calorimeter trigger and computed by the global calorimeter trigger are [53|:
e 4 isolated and 4 non-isolated electrons/photons of highest energy
e 4 central, 4 forward jets, and 4 tau jets of highest energy
e scalar sums of transverse energy of all the calorimeter deposits

e missing jet transverse energy

total missing transverse energy

The muon trigger benefits from the compact muon detector, which identifies the muon candidates

using the regional track finders, and measures their momenta according to their trajectory curvatures
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impacted by the magnetic field. The trigger performs a quality assignment for all the muon candidates
to discard the ones that are poorly reconstructed by the muon track finders. Prior to the track finders,
the local trigger track segments are formed in drift tubes and cathode strip chambers, through
calculating the spatial coordinates and transverse momenta of muon candidates. The local trigger
supplied by resistive plate chamber is complementary with its excellent time resolution, and it is
based on the spatial and temporal coincidence of hits in different layers. The quality values of muon
candidates, such as transverse momenta and angular coordinates, are assigned for their recognition. In
order to synchronize and match those regional trigger information, a global muon trigger is complied
for further assignment and combination for the regional muon candidates. It picks all the muon
candidates according to their reconstruction quality and sorts them by their transverse momenta,
and sends the first four candidates to the global L1 trigger.

The global L1 trigger implements a trigger menu containing a maximum of 128 separated selections
that are applied to the list of objects. Those selections specify different physical thresholds for special
objects like muons, electrons/photons, jets, missing transverse energy and so on. Depending on the
actual output rate, those selections may be prescaled for specific time tolerance [53]. In a word, this
trigger is designed for the subsequent high level trigger (see next section) algorithms to process in a

good condition.
e The High Level Trigger

The HLT handles data using HLT paths, which are sets of algorithmic processing procedures in
specific orders. They are executed to reconstruct the objects and make selections on these objects.
Each path performs as a sequence of filtering steps of increasing complexity, reconstruction refinement,
and physics sophistication. Multiple HLT paths are typically configured as modular HLT menus,
which executes the HLT paths in sequential way, as exemplified in figure 3.28. For each path, if
an event fails to pass a filter, the rest of the path for this event will be skipped, and this path will
not accept this event. As long as the event passes at least one single trigger path, the final trigger
decision for this event will be positive.

However, in some cases, the input event rate is too high for some HLT paths to process efficiently.
For instance, for a jet trigger path that requires low threshold of jet transverse momentum, more
events will satisfy its criteria than for the path with higher threshold. In order to overcome this
issue, these HLT paths are configured with “prescale”, which selects only a fraction of input events
in real time. These approaches explained above accomplishes to lower the event rate from L1 trigger
output. In 2012, the reconstruction and filtering for each event consumed up to 175 ms. More details
on event reconstruction at HLT are introduced in 5.2.

Once event reconstruction and selection are completed at HLT, the accepted events are transferred
to storage manager, which is based on software program as well. These event data are temporarily
stored in the local disks, and are then delivered to CMS computing center for offline processing and
permanent storage. In addition, some output events are also used for online data monitoring and

calibration.
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Figure 3.28: Schematic representation of a HLT menu with the HLT paths inside. The final trigger
decision is the logical OR of the decisions of the single paths. The figure is taken from [54].

3.2.7 Data handling application

In order to perform the HLT and physical analysis on the recorded data in the storage, the CMS
collaboration has developed a common software framework called CMSSW. It is modular using C++
as core language, and configures the plugged C+-+ modules using Python language. The data in
the storage are configured into Event Data Model (EDM) format [55], which holds the information
event by event. Each event is a C++ class container, preserving all the raw and reconstructed data
corresponding to a particular collision, such as the specific information of trigger paths and event
filtering, tracks, reconstructed objects, identified objects and so on. They are stored based on ROOT
framework [56] for data analysis.

Besides the real data collected by the detector, we can also use Monte Carlo methodology to
generate pseudo data, which are used for data calibration and comparison. In order to simulate
the detector performances, we usually use the GEANT4 software [57], which is a common toolkit to
simulate particles passing through matters. By taking into account the detector conditions including
geometrical coverage, electromagnetic field distributions, and effective components, we can recon-
struct the processes of the generated particles from the expected beam collision point encountering
the detector system, and implement the detector effects such as energy shifts, energy smearing, effi-
ciency loss and so on. All the pseudo events are simulated and then processed in the similar way as
the real data. They are also stored in the ROOT files, containing the additional information of MC

generated particle level, which is not in real data files.
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Chapter 4
Jet production in association with Z boson

This chapter presents the measurement of the differential cross section of Z boson production associ-
ated with jets, in which case Z boson decays into muon or electron pairs, in proton-proton collisions
at the LHC, respectively at a central energy of 8 TeV and 13 TeV. It includes analysis introduction,
data and simulation samples, event selection, results at reconstructed level, corrections for detector
effect, uncertainties, and results.

Regarding the case of 8 TeV, both Z — putu~ and Z — ete™ decay channels are measured and
their cross sections are combined. The details of this analysis are introduced in [58] that has been
published. The differential cross section is expressed as a function of jet multiplicity, the transverse
momenta (pr) of the Z boson and jets, the absolute rapidity (y) of the Z boson and jets, and the
scalar sum (Hr) of jets transverse momenta. Moreover, the longitudinal angular correlation between
Z boson and jets are also measured. The measured cross section is compared with three theoretical
predictions, based on MADGRAPH, SHERPA 2, and MADGRAPH AMCQ@NLO.

In the case of 13 TeV, only Z — putpu~ decay channel is presented in details !, and is combined with
the Z — eTe™ decay channel at the cross section level. The details of whole analysis are interpreted
in [59, 60]. The differential cross section is presented as a function of jet multiplicity, the transverse
momenta of the Z boson and jets, the absolute rapidity of the Z boson and jets, and the scalar sum of
jets transverse momenta. The observed results are compared with the theoretical predictions based
on MADGRAPH AMC@NLO, MADGRAPH, and fixed next-to-next-leading order computation.

4.1 Motivation

The hadronic jet production in Drell-Yan process has played a significant role in the fundamental
understanding of Quantum Chromodynamics (QCD) since the 1980s. Due to its sizable cross section
and subject to sizable QCD radiative corrections, the Z boson production in association with jets

becomes a standard candle to provide stringent tests of perturbative QCD, and allow us to validate

!The preliminary results of Z — eTe™ at 13 TeV are shown in the appendix B. The details are not presented in
this thesis, but will be included into Sandeep Kaur’s PhD thesis (in preparation). They can be also found in [59].
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and improve our understanding and prediction of jet productions. The Z boson, which can decay
to two oppositely charged leptons (like utu~ or ete™) has a high reconstruction efficiency, and
the background contamination in the peak region of Z boson mass is largely suppressed, resulting
in a clean signature and almost background free samples. In addition, this process constitutes a
significant background to several standard model processes, such as single top, tt, vector boson fusion
and scattering, scalar boson production and so on. The precision measurement of Z + jets process
provides a better control of background rejection for those measurements, and reduces the related
systematics. Furthermore, an improved understanding of jet production dynamics also influences the
precision that can be reached for Higgs boson measurement, and limits on many searches beyond
standard model like supersymmetry and exotic particle searches. Hence, the precision measurement

of this process is central at the LHC.

In practice, we measure the differential cross section of this process as a function of several
observables. The jet multiplicity observable is an important test on perturbative QCD. At high
energy, many processes of interests contain high jet multiplicity that has to be predicted accurately,
because high jet multiplicity is related to either higher order of radiation correction or parton shower.
In order to perform that, several recent MCs combine ME calculation for many partons in the final
state (multi-leg) matched with PS. The jet multiplicity measurement gives a fine overall control of this
approach and limits of its validity. The modelling of the transverse momenta pz of jets are influenced
by the merging scheme between matrix element and parton shower. Moreover, the measurements of
hard jet pr are also sensitive to the parton distribution function (PDF) in a region where they are not
very well known (large z). The Hr of jets is a suitable observable for supersymmetry (SUSY) searches
with multiple jets production and missing energy, which may come from supersymmetric particles.
The dominant background is Z + jets process in some cases, where the Z boson decays in neutrinos
(vv), resulting in the same final state as these searches. The neutrino pairs cannot be directly
reconstructed by the detector, and they cause significant missing transverse energy. Therefore, the
measured Hyp (scalar sum of all the reconstructed jet pr) together with the pr of each jet are needed

for estimating the energy and angle of the neutrinos.

The multi-leg approach, with ME computed at LO has been very successful to describe multi-jet
events but has also its limitations. The lack of higher order ME could be visible (e.g. for angular
correlations). This has stimulated our present analysis of the longitudinal angular correlation between
Z boson and jets, namely, to measure the rapidity correlation. The rapidity of a particle is defined as
y = (1/2)In[(E+pz)/(E —pz)|, where E represents the energy and py is the momentum component
along the direction of the counterclockwise circulating proton beam on the LHC. In particular, the
rapidity sum and rapidity difference between the Z boson and the leading jet, which has the largest
transverse momentum among all the jets, reflect the longitudinal correlation between Z boson and

jets. Based on the Z boson rapidity y, and leading jet rapidity y;i, they are defined as:

1 1
Ysum(Z,51) = 5 |yZ + yj1| ) Ydiff(z,41) = 5 |?/Z - ?/j1| ) (4'1)
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The quantity ysum(z,j,) is related to the boost from the laboratory frame to the central mass frame of
the Z boson and leading jet, and it mainly depends on the parton distribution functions. The yg;f7(z ;)
is the relative rapidity between Z boson and leading jet, which reflects the partonic differential cross
section. These two variables are approximately uncorrelated, and correspond to a rotation in the
phase space of yz and y;,. On the other hand, the y; and y;, are highly correlated in the laboratory
frame, for a fixed invariant mass of the lepton pair from Z boson decay. The reason is that Z +
jets production in most of the cases involves a valence quark carrying relatively high momentum
interacting with a gluon or anti-quark which has a low momentum [61]. At leading order level, in
order to reach the energy scale of Z boson mass, the initial quark comes from valence quarks (z ~0.15)
in a proton, while the initial antiquark is from sea quarks (small x). In the case of next-to-leading
order, the initial quark could come from valence quarks or splitted gluons. The antiquark could be
from sea quarks or splitted gluons. Among all the contributions, the quark-gluon and antiquark-gluon
scattering processes are dominant compared to the quark-antiquark interaction with gluon radiations,
because of high gluon density in the incident protons (small z). The relative contributions depend

on the center-of-mass energy of the colliding protons.

4.2 Data and Simulation samples

The data used in the present analysis were collected by the CMS collaboration at CERN in 2012
and in 2015, with the recorded integrated luminosity of 19.6fb~! for 8 TeV and 2.5fb~! for 13
TeV. The corresponding data samples are listed in tables 4.1 and 4.2. They are restricted to the
luminosity sections that are in the following JSON files. The analyses of 8 TeV and 13 TeV have been
implemented by use of the CMSSW 5 3 X and CMSSW _7 6 X software releases respectively.

Besides the data sample, two lists of Monte Carlo samples have been used in these two analyses
respectively, for subtracting background contamination, and detector level correction. The lists of
those samples are in tables 4.3 and 4.4 for 8 TeV and 13 TeV, respectively. For the comparison to
data, each Monte Carlo sample is normalized to the integrated luminosity of data samples.

For 8 TeV, the signal is modelled with five samples of Drell-Yan events, restricted to oppositely
charged leptonic Z boson decay with an invariant mass above 50 GeV. The first simulated signal
sample in table 4.3 contains the events with two charged leptons (utp~, ete™, 7777) and with
between zero and four partons in the final state, therefore it is named as inclusive signal sample. Due
to the statistical limit of this sample, four additional exclusive samples which have been generated
with Z + n partons, where n = 1, 2, 3, 4 respectively, are merged to the first one. Each of the
four samples has been normalized to the predictions of the inclusive sample. The Z boson and
partons are produced with the LO matrix element generator MADGRAPH [24] using the parton
distribution function CTEQ6L1 [62]. The parton shower and hadronization effects are simulated by
PYTHIA [22] with the Z2 tune [63]. The integrated cross section of the signal process is normalized to

match the next-to-next-leading order (NNLO) prediction for inclusive Z boson production obtained
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Sample Name Events  Luminosity(fb™!)
/DoubleMu/Run2012A-22Jan2013-v1 5636274 0.88
/DoubleMuParked /Run2012B-22Jan2013-v1 29308627 4.40
/DoubleMuParked /Run2012C-22Jan2013-v1 36820243 6.95
/DoubleMuParked /Run2012D-22Jan2013-v1 38006513 7.35
/DoubleElectron/Run2012A-22Jan2013-v1 12964286 0.88
/DoubleElectron/Run2012B-22Jan2013-v1 23571931 4.40
/DoubleElectron/Run2012C-22Jan2013-v1 33843769 6.99
/DoubleElectron/Run2012D-22Jan2013-v1 34526899 7.34
/MuEG/Run2012A-22Jan2013-v1 1939498 0.88
/MuEG/Run2012B-22Jan2013-v1 13502523 4.41
/MuEG/Run2012C-22Jan2013-v1 20027780 7.03
/MuEG/Run2012D-22Jan2013-v1 20830686 7.34
JSON

Cert  190456-208686 8TeV 22Jan2013ReReco  Collisions12  JSON.txt

Table 4.1: Datasets and the corresponding number of recorded events with the integrated luminosity;,
and JSON file used for 8 TeV. The bunch spacing is 50 ns.

Sample Name Events  Luminosity(pb—!)
/DoubleMuon/Run2015D-16Dec2015-v1 39702224 2250.29
JSON

Cert_ 246908-260627 13TeV PromptReco Collisions15 25ns JSON.txt

Table 4.2: Datasets and the corresponding number of recorded events with the integrated luminosity,
and JSON file used for 13 TeV. The bunch spacing is 25 ns.

with FEWZ [64], which is 3531.8 pb with NLO electroweak corrections for Z — 7]~ summed on the

three flavors and with the invariant mass of lepton pair larger than 50 GeV.

Background contamination is dominated by tt production with a decay chain ending in at least
two oppositely charged leptons and jets (TTJets), as well as double electroweak boson production
(WW, ZZ, WZ). They are modelled with MADGRAPH for matrix element and PYTHIA for parton
shower. The cross section of tt is normalized to the next-to-next-to-leading order and logarithmic
accuracy (NNLO + NNLL) computation from [65]. The double boson background samples are
normalized to the next-to-next-leading order (NNLO) accuracy predicted by MCFM [66] generator
using the CTEQ PDF set. Since the background coming from the Drell-Yan process with Z boson
decaying into 77 has been included in the signal sample, it needs to be taken into account in this
analysis. Except the sample of W+jets (WJets), all the background samples are implemented with
tau lepton production and decay using TAUOLA library [67], including single top productions (T _s,
T t, T tW, Thar_s, Thar t, Thar tW).

Regarding 13 TeV, the sample is generated by MADGRAPH AMC@NLO using the FxFx merg-
ing scheme [40, 27|, which is an inclusive Drell-Yan Z + n partons (n = 0,1,2,3) sample. The
NNPDF3.0 [68] is employed. The matrix element (ME) is computed with Z + 0,1,2 partons at next-

65



leading order (NLO) level, i.e. with leading order (LO) accuracy for Z + 3 partons. The parton
shower and hadronization effects are performed with PYTHIAS [23] using the CUETP8M1 tune [69].

Background Monte Carlo samples of tt and single top processes are produced using POWHEG [70,
71, 72] or MADGRAPH AMC@NLO interfaced with PYTHIAS8. The MC samples containing dou-
ble vector boson electroweak production are generated either with MADGRAPH AMC@NLO (for
WZ production) or POWHEG (for WW production), both interfaced with PYTHIAS, or generated
with PYTHIA 8 alone (for ZZ production). The sample corresponding to W boson production in
association with jets is simulated using the same generator and merging scheme with the same parton

multiplicity and accuracy in ME as the signal sample.

Sample Name Events  o(pb)xBR
Signal

/DY JetsToLL._M-50 T7Z2Star 8TeV-mad-tarball 30459503 3531.8
/DY1JetsToLL M-50 TZ2Star 8TeV-mad-tarball 24045248 666.30
/DY2JetsToLL M-50 T7Z2Star 8TeV-mad-tarball 21852156 214.97
/DY3JetsToLL M-50 TZ2Star 8TeV-mad-tarball 11015445 60.69
/DY4JetsToLL.  M-50 TZ2Star 8TeV-mad-tarball 6402827 27.36
Background

/WletsToLNu TZ2Star 8TeV-mad-tarball 76102995 36864
/TTJets MassiveBinDECAY _TZ2star 8TeV-mad-tauola 6923652 245

/T s-channel TZ2star 8TeV-powheg-tauola 259961 3.79

/T _t-channel TZ2star 8TeV-powheg-tauola 3758227 56.4

/T tW-channel TZ2star 8TeV-powheg-tauola 497658 11.1
/Thar_s-channel TZ2star 8TeV-powheg-tauola 139974 1.76
/Thar_t-channel TZ2star 8TeV-powheg-tauola 1903681 30.7

/Thbar tW-channel TZ2star 8TeV-powheg-tauola 493460 11.1
/77JetsTo21.2Q) TZ2star 8TeV-mad-tauola 1936727 17.654x0.14
/Z7JetsTo2L2Nu TZ2star 8TeV-mad-tauola 944911  17.654x0.04
/Z7JetsTodl, TZ2star 8TeV-mad-tauola 4807893  17.654x0.01
/WZJetsTo2l.2Q TZ2star 8TeV-mad-tauola 3215990  33.21x0.07
/WZJetsTo3LNu T7Z2 8TeV-mad-tauola 1995334  33.21x0.03
/WW JetsTo2L.2Nu TZ2star 8TeV-mad-tauola 1933235  54.838x0.11

Table 4.3: Monte Carlo samples employed in the analysis for 8 TeV, followed by their number of
events and cross section with branching ratios. In terms of the names, mad stands for madgraph,
and TZ2 is for TuneZ2.

4.3 Event reconstruction and selection

This section explains how events are reconstructed and selected in this analysis. It will firstly list
the trigger filter used to save the data. Secondly, one will explain the reconstruction approach

and requirement on lepton candidates, including the constraint of Z boson reconstruction. Thirdly,
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Sample Name Events  o(pb)
Signal

/DYJetsToLL_M-50 _TuneCUETP8M1_13TeV-amcatnloF XFX-pythia8 28500769 6025.2
Background

/TT_TuneCUETP8M1 13TeV-powheg-pythia8 87995547 &831.76
/ST tW _top_5f inclusiveDecays 13TeV-powheg-pythia8 TuneCUETP8M1 le+06 35.6
/ST tW_antitop 5f inclusiveDecays 13TeV-powheg-pythia8 TuneCUETPSMI 749400 35.6
/ST _s-channel 4f leptonDecays_13TeV-amcatnlo-pythia8 TuneCUETP8M1 998400 10.32
/ST _t-channel 5f leptonDecays 13TeV-amcatnlo-pythia8 TuneCUETP8M1 2995200 216.99
/WlJetsToLNu_TuneCUETP8M1 _13TeV-amcatnloFXFX-pythia8 24156124 60290
/WWTo2L2Nu_ 13TeV-powheg 1979988 12.21
/WZJets TuneCUETP8M1 _13TeV-amcatnloF XFX-pythia8 1937499 4.4
/ZZ TuneCUETP8MI1 _13TeV-pythia8 985600 15.4

Table 4.4: Monte Carlo samples employed in the analysis for 13 TeV, followed by their number of
event and cross section. For the name, 4f stands for 4 flavor quarks in the initial partons which
does not include heavy flavor quarks (bottom/top), and 5f represents the similar scenario taking into
account bottom quarks.

the reconstruction methodology and selection of reconstructed jets will be introduced. Finally, the

treatment on pileup contamination will be discussed.

4.3.1 Trigger

The data samples in these analyses were collected with specific triggers, which are called Double
Muon and Double Electron. These triggers are unprescaled?.

The reconstructions of muon and electron candidates at trigger level are similar to the offline
reconstructions, which are introduced in section 4.3.4 and section 4.3.5. For 8 TeV analysis, the

following trigger is used to select the events that contain at least two muons:

HLT Mul7 Mu8 v*
L1 trigger seed: L1 DoubleMu 11 4 or L1 DoubleMu 12 5

which requires the first muon candidate carrying a pr larger than 17 GeV while a second one with a
pr larger than 8 GeV at high level trigger (HLT) level. The following trigger is applied for extracting

the events including at least two electrons:

HLT Elel7 CaloldT CalolsoVL TrkIdVL TrkIsoVL Ele8 CaloldT CalolsoVL TrkIdVL TrkIsoVL v*
L1 trigger seed: L1 _DoubleEG 15 10

?During a single run of LHC, the instantaneous luminosity may be quite high. Some triggers can be fired at too
high frequency to process the sequence of incoming events in time. Therefore, according to the timing feature, prescale
could need to be applied to these triggers to decrease the rate. For instance, if the prescale value is 100, the trigger
will be kept randomly by only one out of one hundred incoming triggers.
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which requires the first electron candidate with a pr higher than 17 GeV together with a calorimeter
identification (CaloldT), a very loose calorimeter isolation (CalolsoVL), a very loose tracker identifi-
cation and isolation (TrkIdVL). Meanwhile, it picks the second electron passing the same sequences
except for the lower pr threshold of 8 GeV.

In 13 TeV analysis, the instantaneous luminosity being higher, the triggers had to be more re-
strictive to keep a reasonable trigger rate. This document only presents the Z— ™~ channel. The

unprescaled triggers used for selecting two muons are:

HLT Mul7 TrkIsoVVL Mu8 TrklsoVVL DZ
HLT Mul7 TrkIsoVVL TkMu8 TrklsoVVL DZ
L1 trigger seed: L1 DoubleMu 11 4 or L1 DoubleMu 12 5

As similar as the triggers used in 8 TeV, this two triggers implement the requirements including
the pr thresholds (17 GeV and 8 GeV) of two muon candidates respectively and the tracker isolations
(very very loose). Moreover, DZ stands for the distance along the beam axis between the extrapo-
lation of the two muons’ tracks. The trigger paths implement an upper threshold of 0.2 ¢cm on DZ
for background rejection. The events that pass at least one of this two trigger paths will be selected.
Note that the only difference between the two trigger paths is the selection method for the second
muon candidate, i.e. “Mu8” and “TkMu8”. The former starts the probe in the muon detector. Once
a muon candidate in the muon detector is found, the trigger system extrapolates the trajectory from
muon detector to the tracker system to search for a matched track. While, the latter begins in the
tracker by reconstructing a track, and extrapolates it to the muon detector to see if there is any
matched track. If found, this muon candidate is selected and the search is stopped. Otherwise, it
repeats the same procedures for next reconstructed track in the tracker system. In comparison, the

former takes much less time than the latter.

Regarding the trigger selection and also other steps of selection for leptons, there is non-zero
probability to miss a lepton which would have been poorly reconstructed or would have ended up
into some dead part of the detector. In order to correct for such effects, the different efficiencies must
be computed and implemented in the simulation. For measuring the efficiency of these double muon
triggers, CMS collaboration deployed tag and probe method [73]. One firstly computes the efficiency
of a single muon trigger (reference trigger) using the tag and probe method, and then evaluates the
efficiency of the double muon trigger on di-muon events triggered by the reference trigger, which is
done by fitting the invariant mass of the two muons around Z boson mass peak region. The final

efficiency is the multiplication of both. The technical procedure for electron triggers is similar.

Figure 4.1 and 4.2 show the efficiencies of the muon trigger paths at 8 TeV and 13 TeV, respectively,
by use of tag and probe approach. The efficiencies are measured for both data and MC and the

ratios of data to MC. According to the results, one can see that the trigger efficiency on data and
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MC samples are different. This is due to the variation of detector experimental condition. The
MC always overestimates the efficiency. Hence, an additional correction factor, which is the ratio of
trigger efficiencies of data and MC, needs to be applied to MC yields for the consistence. Typically,
this factor varies as a function of 1, and is close to 1. On the other hand, for double electron triggers,

data and simulation are compatible.
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Figure 4.1: The double muon trigger efficiencies measured with tag and probe approach for the data
collected in 2012 (top left), and simulated DY + jets sample (top right), and the ratio of data to MC
(bottom), as a function of the pseudorapidities of the leading and subleading muon candidates, with
pr > 20 GeV. Note that the efficiency distributions are assumed to be symmetric. The results are
taken from |[74].
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Figure 4.2: The double muon trigger efficiencies measured with tag and probe approach for the data
collected in 2015 (top left), and simulated DY + jets sample (top right), and the ratio of data to MC
(bottom), as a function of the pseudorapidities of the leading and subleading muon candidates, with
pr > 20 GeV. The results are taken from |[74].

4.3.2 Track and vertex reconstruction

Before selecting the particle candidates such as muons, electrons, or jets, one needs to obtain the
reconstructed objects using the detector response. First, track and vertex reconstruction is performed
for the signal information.

The proton-proton collisions happen in the center of the detector, and the emitted charged par-
ticles can traverse the tracker system (section 3.2.3). These particles can directly hit the pixel and
strip modules through their propagations and the hits are formed into clusters, whose positions are

measured with uncertainties in the local coordinate system of each sensor. Since the tracker system
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is in the quasi-uniform magnetic field, the charged particles pass helical paths due to the Lorentz
force. In order to formulate a charged particle trajectory accurately, five parameters are used for
the definition. The reconstruction system implements a seed generation, which provides the initial
estimate of the trajectory parameters and their uncertainties for the initial track candidates using a
few (2-3) hits. This initialization is based on the assumption that the particle is produced close to

the beam spot.

Beginning with the trajectory seed generation, the track modules implement a Kalman filter ap-
proach [75] to find the accurate tracks. They rebuild the track candidates through taking into account
the additional hits due to multiple scattering from successive detector layers, with the parameters
of tracks updated. The order is from innermost hits outwards. For each adding step, a x? test is
executed to check the compatibility between the hits and the extrapolated trajectory. It is used to
reject outliers during the track fitting. For instance, if one or more pixel hits are inconsistent with
the trend expected for the reconstructed track angle, they are classified as invalid hits and excluded.
Concerning the silicon modules in the layers, if trajectory intercepts the module surface more than
three Gaussian standard deviations (convention) outside the module boundary, the module hits are
ignored. On the other hand, the valid hits from each of the modules groups are collected to form a
cluster respectively. At the same time, the uncertainties of the trajectory parameters are also prop-
agated. The clusters will be associated to a track. This approach above is proceeded in an iterative

pattern.

Considering the time consuming and the quality of the track reconstruction, there are some
constraints on the fitted trajectory candidates, such as minimum number of hits, maximum number

of lost hits, minimum track py. Meanwhile, if a track fitting fails, the track will be discarded.

However, this standard Kalman filter is not appropriate for electrons, which lose energy prelim-
inarily through bremsstrahlung in top of ionization, and the distribution of the large energy loss is
non-Gaussian. For instance, approximately one third of electrons radiate more than 70% of their ini-
tial energy before depositing on the electromagnetic calorimeter surrounding the tracker. In order to

overcome this drawback, a different technique is designed for electron candidates (see section 4.3.5).

When a set of tracks are reconstructed and selected, they are grouped if several tracks appear
to originate from the same primary interaction position. At this point, the primary vertices can be
inferred preliminarily. By use of all the associated tracks together with the corresponding pixel hits,
the track system implements fitting for the position of each vertex accurately. Once all the vertices
are found, they are sorted according to the sum of the squared tracks transverse momenta. Among

them, the vertex with the maximum summed value is treated as the hardest collision.

Figure 4.3 shows an event with 50 reconstructed vertices inside the CMS tracker system in 2012.
According to this example, we can have an intuitive idea of the challenges that come with increasing

the luminosity.
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Figure 4.3: A side view of the center of CMS detector immediately after two beams pass through
each other. One estimates that 50 independent collisions happen almost simultaneously.

4.3.3 Particle flow reconstruction

After the tracks and interaction vertices are reconstructed, one needs to combine them with calorime-
ter and muon detector signals to distinguish and classify the particles corresponding to them. At
this point, the particle flow reconstruction scenario is designed by the CMS collaboration. It is used
to reconstruct and identify all the stable particles from the proton-proton collision events, including
muons, electrons, photons, charged hadrons, and neutral hadrons. Their directions, types, energies
are determined optimally through a thorough combination of all CMS sub-detectors. The particle
flow event reconstruction should have a high efficiency, while the misreconstruction rate should be
low, even in the environment of high density. Hence, the advanced track and cluster algorithm is

developed for that.

As introduced in section 4.3.2, the tracker is a cornerstone of event reconstruction process. The
tracker should have high efficiency close to 100%. Moreover, it must be able to suppress misrecon-
struction rate of tracking, which has a randomly distributed momentum, and it may lead to large
energy excesses. In order to achieve this aim, the iterative pattern is implemented. It has been found
that the track originated close to the beam axis has an efficiency of about 99.5% for muons and
more than 90% for charged hadrons [76]. All in all, the charged particles have a few percent of fake

tracking rate.

In general, the track works efficiently for the charged particles, but it cannot identify the stable
neutral particles including photons and neutral hadrons. Therefore, additional technique is needed to
measure the position and energy of these particles, and separate them from the charged particles. It
can happen that the track parameters of charged particles are not measured accurately at even high
pr tracks. Furthermore, the photons emitted by the electrons due to bremsstrahlung process are also

missed by tracking procedure. Hence, another procedure is invoked, called calorimeter clustering.

The developed algorithm is composed of three steps. The first one is to identify the "cluster seeds"
as local calorimeter cell energy maximum above a provided threshold. The second step, one grows

the "topological clusters" from the seeds by aggregating the cells with at least one side together with
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a cell already in the cluster, if the detected energy is beyond a given value. These threshold values
stand for the two standard deviations above the electronic noise in the ECAL (80 MeV in the barrel
and up to 300 MeV in the endcaps), and up to 800 MeV in the HCAL. Then during the last step, the
"particle flow clusters" are supplied as seeds by the topological clusters. Since the calorimeter has
high granularity, the energy of each cell among the particle flow clusters are shared. According to the

cell-cluster distance, an iterative determination of the cluster energy and position is implemented.

Since some single particle can give rise to several particle flow elements (clusters) in different sub-
detectors, these elements need to be connected with each other for the full reconstruction. Thus, a link
algorithm is dedicated to this requirement. Benefiting from the high granularity of the detectors, the
algorithm can aggregate the elements through quantifying each distance in the (7, ¢) plane between
the extrapolated track position and the cluster position. The specific procedures are divided by three
parts. First, the track is extrapolated from the last detected hit in the tracker to the two layers of
pre-shower system. Second, the extrapolation will be proceeded to the ECAL at the depth of typical
electron shower profile. The last step is extending the track to the HCAL according to the expected
hadron interaction length. The track can be linked to any cluster, as long as the extrapolation
position in the corresponding calorimeter is within the edge of the cluster. Since there are gaps
between the electronic cells in the calorimeter and cracks between each calorimeter modules, the
envelope of each cluster can be extended to the size of a cell in each direction. This is also aimed to
take into account the uncertainty of the shower maximum position and multiple scattering effect of

the charged particles with low energy.

This algorithm can deal with the energy collection for the photons from bremsstrahlung effect of
electrons, according to the tangents to the tracks from the intersection locations between the track
and each layer, until reaching the ECAL. If the tangent points are within the boundaries of a cluster,

this cluster will become a link to the track as a bremsstrahlung photon candidate.

It is also similar for a link between two calorimeter clusters. The link is constructed if the
cluster position in the more granular calorimeter is within the cluster envelope in the less granular
calorimeter. Furthermore, a link between the track of a charged particle in the tracker system and a
muon track in the muon system can be established, via a global fit between the two tracks, once a

suitable 2 is returned.

After the links are implemented, the blocks of clusters are formed. Then the particle flow algorithm
will proceed with the identification and reconstruction of sets of particles. The “particle flow muon” is
the first to be identified if the combined momentum is compatible with the value determined from the
tracker. The next one is electron reconstruction and identification. By taking into account the short
tracks and bremsstrahlung effect of electrons, the identified electron tracks are fitted with a Gaussian
Sum Filter [77] (see section 4.3.5) to trace their trajectories. During each step, the corresponding

track and cluster information is removed from the block once the particle flow candidate is identified.

Afterwards, one needs to apply special criteria for the remained tracks, and also calibrate the

calorimeteric clusters left |76]. If the tracks are compatible with the calorimeteric energy, the momenta
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of charged hadrons are extracted from the clusters by use of the combinatorial information from the
tracker and deposited calorimeters. Finally, the rest clusters give rise to particle flow photons and

neutral hadrons, according to the calorimeteric cluster calibration.

4.3.4 Muons

The proton-proton collisions produce a lot of muons which can typically traverse the whole CMS
detector. The muons have long mean lifetime of 2.2 us, and they lose small energy when traveling
through the matters in the detector with the energy in the magnitude of GeV. The mass of a muon
is 105 MeV, which is 200 times larger than the mass of an electron. This feature makes the muons
have low radiation loss in the detector. During the period of passing through the detector, muons
only leave few energy for the ionization effect around their trajectories.

Muons are reconstructed and identified using the combinatorial information from the tracker and
muon chamber system. There are two methods for the reconstruction. The first one is implementing
a matching on the tracks from the tracker and muon chamber respectively, by comparing the track
parameters and combining the hits in the two systems. The global track is actually fitted using
Kalman Filter approach. The other pattern is searching a match between any muon segment in
the muon chamber and the tracks extrapolated from the tracker. The latter takes into account the
elements including magnetic field, average expected energy loss, and multiple Coulomb scattering
in the detector. Benefiting from the high efficiencies of the reconstruction in the tracker and muon
system, approximate 99% of muons generated in the proton-proton collisions within the geometrical
acceptance of the muon detector are reconstructed with the two approaches. More details can be
found in [78]. As mentioned in section 4.3.1, the second method costs much more time than the
first approach. It has to be noted that in high level trigger, the reconstruction stops once a muon
candidate is reconstructed successfully.

After the trigger filters, the muon candidates are selected from the particle flow (PF) collec-
tion [76]. There is requirement about the matching between trigger objects and PF objects, which
is made in AR = /(An)?+ (A¢)? with AR < 0.3, where An is the pseudorapidity difference be-

tween the muon candidates in trigger and PF levels respectively, and A¢ stands for the difference

in azimuthal angle of the two particle candidates. This is aimed for applying trigger scale factors
on simulation correctly due to the difference between data and simulation on trigger level, and also
for correcting the trigger efficiency. Furthermore, the muon candidates must pass the identification
criteria in table 4.5.

In order to suppress the muons not originating from Z boson decay, an isolation variable is defined:

charged neutral EM

Riw=1Y pr+maz(0, Y pr+> pr—05> pr)l/vh (4.2)

where the sums run over the PF candidates in a cone of radius AR = 0.4 around the direction of

the muon candidate track, divided by muon pr (p%). The PF candidates include: charged hadrons
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Variable condition
isGlobal =1
isPFMuon =1
global track y? < 10
muon hits >0
matched stations > 1
pixel hits >0
tracker layers with hits > 5
|dzy| (cm) < 0.2
dz (cm) < 0.5

Table 4.5: The list of criteria applied for the tight identification of muons, the definition of each
parameter is explained in [79] for 8 TeV and [80] for 13 TeV.

produced from the primary vertex of the event, neutral hadrons, photons (EM), and charged hadrons
not originating from the primary vertex due to pileup events (PU, see section 4.3.8). Since neutral
pileup particles deposit collectively on average half as much energy as charged pileup particles, the
contamination in the isolation cone from neutral coming from pileup interactions is estimated as
0.55°"Y pr, which is subtracted in Rj,,. More details are described in [81]. The required cut is
Riso < 0.2 for 8 TeV and R;,, < 0.25 for 13 TeV. Furthermore, the analyses have kinematically
constrained on muons with criteria 4.3. Note that the pr cut is higher than the one of trigger path
(17 GeV). This is to select the muon candidates that pass the trigger when the trigger efficiency is
very high (nearly 100%).

P > 20GeV, |n,| < 2.4 (4.3)

In a word, these selection criteria are aimed to extract the muons with high purity, quality
and efficiency. However, the efficiencies of the selections between data taken by detector and MC
simulation are different. Hence, additional corrections are implemented, which are muon py and n
dependent factors. They will be deployed to the simulated events to take into account the residual
disagreement between data and MC. These correction factors are close to unity [74|. Figure 4.4 and
figure 4.5 show the measured efficiencies of muon identification, reconstruction, and isolation, which
compares the different performances between data and simulation at 8 TeV and 13 TeV respectively.
Besides those, the misalignment of the tracker of detector can also result in the difference between

data and MC in reconstructed muon momentum 3.

There is a global efficiency loss after the kinematic selections, because of the finite resolution and
non-linear response of the detector. This effect can be corrected using unfolding methodology, which
will be introduced later.

3The dedicated correction is called rochester momentum correction [82]. It is derived as a function of muon charge
and angular observables, by means of Z boson peak which has been already well understood. Regarding this analysis,
this effect has influenced the statistics by within 1%.
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Figure 4.4: The measured tight muon identification and reconstruction efficiency (left) and the
isolation efficiency (right), as a function of the pseudorapidities of the leading muon candidate, with
pr > 20 GeV. The data were collected in 2012, compared with simulation. The results are taken
from [74].
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Figure 4.5: The measured tight muon identification efficiency (left) and the isolation efficiency (right),
as a function of the pseudorapidities of the leading muon candidate, with py > 20 GeV. The data
were collected in 2015, compared with simulation. The results are fetched from [83].
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4.3.5 Electrons

Electrons are identified and reconstructed from the track they leave in the tracker matching with an
electromagnetic clusters in the ECAL.

As was mentioned in section 4.3.2, electrons lose energy through bremsstrahlung effect in top of
ionization, so they suffer from larger energy loss than other charged particles. Approximate 35% of
electrons from the interaction center radiate more than 70% of their initial energy before arriving at
ECAL. The profile of such a kind of energy loss is not a Gaussian distribution. As a consequence, the
standard Kalman Filter approach is not suitable for the electron track reconstruction. Therefore, a
dedicated method is developed for solving this issue. This method is to reconstruct electrons through
associating tracks in the silicon detector with the clusters of energy deposited in ECAL from the
radiated photons which spread along the electrons trajectory. Due to the strong CMS magnetic field,
the electron trajectories are bent along the azimuthal (¢) coordinate, while not in longitudinal (1)
coordinate. At this point, the photons from bremsstrahlung, which have the similar n value and
within some ranges of ¢, are merged into the electron candidate clusters.

In order to measure the initial energy of the electron accurately, two clustering algorithms are
developed to take into account the spread energy of electrons over the multiple crystals of the ECAL.
One is called “hybrid algorithm” that is applied in the barrel region. It starts at a seed crystal that
contains most of the energy deposited in the whole barrel, and the transverse energy should be above
a specific threshold (1 GeV). Then arrays of 5 x 1 crystals in the (7,¢) plane are considered around
the seed crystal, in a range of 17 crystals along the azimuthal directions if their energy are beyond a
minimal threshold (0.1 GeV). Then the contiguous arrays are collected into clusters. If each cluster
has an energy exceeding a threshold (0.35 GeV), it is grouped into a final global cluster, which is
called supercluster (SC). The other algorithm is called “multi-5 x 5”7 method that is used in endcap
region of ECALL. Similar to the first algorithm, it looks for the seed crystals which receive the maximal
energy locally above a threshold (0.18 GeV), and then collects the energy in clusters of 5 x 5 crystals
around these seeds starting from the one with largest transverse energy. If the total transverse energy
of these clusters is larger than a threshold (1 GeV), they are incorporated into a supercluster, which
is within the range of (0.07, 0.3 rad) in the (7, ¢) direction around each seed crystal. Note that the
contribution of each cluster inside the supercluster is weighted by its energy. The positions of these
clusters are then extrapolated to the plane of preshower. At this point, the preshower energy, within
the range of extra (0.15 rad) with respect to the spread range of these clusters along the ¢ direction,
is merged into the supercluster energy.

Electron track reconstruction starts from seeding, which is to find and select the two or three hits
in the tracker for track initialization. The procedure is similar to the standard track reconstruction
(see section 4.3.2). Because of the bremsstrahlung process, electrons’ tracks usually cannot be fitted
smoothly or with few associated hits. A Gaussian Sum Filter (GSF) approach [77] is implemented
after the track seeding procedure. The GSF methodology treats the fractional energy loss distribution

as the superposition of different Gaussian functions, each of which comes with a weight value that
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stands for its associated probability. That means a reconstructed track is a mixture of several
trajectory components, and the parameters of each component are with Gaussian uncertainties.
During the processing time, the less probable components are thrown away or merged with the similar
components, and the weight of each component is updated according to the compatibility with the
hits. It has been calibrated such that this approach improves the resolution of reconstructed electrons
significantly compared to the traditional Kalman Filter method [84].

By associating reconstructed tracks and the superclusters energies, one can obtain the recon-
structed electron candidates (“gsfElectron”). Actually, most of the bremsstrahlung photons are re-
covered by means of GSF scenario. However, there are still some converted photons missed, for
which a dedicated MVA algorithm [85] is deployed. It usually happens to the supercluster with en-
ergy leakage or loss, and additional energy from pileup (see section 4.3.8), there is an MVA regression
technique [86] used for the energy correction. At trigger level, the electron reconstruction is stopped
once an electron candidate is reconstructed successfully, which is aimed to reduce time consume.

Figure 4.6 shows electron reconstruction efficiency as a function of the clustering energy deposited
in ECAL, comparing data and simulation with the GSF approach. We can see the high reconstruction

efficiency and excellent agreement between data and simulation.
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Figure 4.6: Electron reconstruction efficiency measured in dielectron events, as a function of super-
cluster transverse energy in ECAL, by comparing data and simulation. The uncertainties shown in
the plots correspond to the quadratic sum of the statistical and systematic contributions. The results
are taken from [87].

After the electron candidates are selected from the “gsfElectron” collection [88], they are required
to fulfill a set of medium identification criteria in table 4.6. Note that the electrons coming from
converted photons are also removed through track fitting together with missing hits requirement.

We apply also an isolation requirement for all the electron candidates in the medium identification

conditions, based on the PF algorithm:
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Variable Barrel condition Endcap condition
Anip, < 0.004 < 0.007
Adin < 0.060 < 0.030
Tinin < 0.010 < 0.030
H/E < 0.120 < 0.100

1/E —1/p(GeV~1) < 0.050 < 0.050

dxy (cm) < 0.020 < 0.020

dz (cm) < 0.100 < 0.100
vtxFit true true
mHits <1 <1

Table 4.6: The list of criteria applied for the medium identification of electrons. The definition of
each variable is explained detailedly in [88].

charged neutral EM

PFIsoRhoCorr = | Z pr + maz(0, Z pr + ZpT — pEA)]/p7 <0.15 (4.4)

where the sums run over all the PF candidates within a cone size that is chosen as AR < 0.3. The
item pE A stands for pileup effect correction, where the p represents the level of diffuse noise related
to the number of additional transverse momentum per unit area, and the E'A is the effective areas
of jets. In this way, a possible double counting of energy assigned to particle candidates is avoided.
Therefore, other objects that can be misidentified as electrons are rejected efficiently, as well as pileup
subtraction from reconstructed electron candidates.

Based on the constraints above, additional kinematic restriction is implemented to improve the
signal purity using the detector region, where the reconstruction quality is high. They are listed
in expression 4.5. Note that the n is the pseudorapidity of the supercluster associated to electron
candidates. In general, these selections lead to increase of efficiency on both data and simulation. As
similar to the case of muons, the efficiencies between data and MC using the above selection criteria
are different. Therefore, correction factors for compensating this difference are estimated by means
of tag and probe method.

ps > 20GeV, |n.| < 2.4 (4.5)

Figure 4.7 shows the efficiency as a function of electron pr, based on the medium identification
criteria. The efficiency is lower than the one for muon identification. By comparing the performances

of data and simulation, we see good agreement between them *.

4.3.6 7Z Bosons

Based on the selected charged lepton pair with the highest transverse momenta, the Z boson can-

didates can be reconstructed. By summing over the four-momenta of both leptons, one can obtain

4We remind that the electron pair channel is not detailed in the present document for the 13 TeV case, which is
referred to [59].
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Figure 4.7: Electron identification efficiency measured in dielectron events, as a function of electron
pr, by comparing data and simulation, for the medium selection criteria. The uncertainties shown
in the plots correspond to the quadratic sum of the statistical and systematic contributions. The
results are taken from [87].

the four-momentum of the Z boson. The two leptons must have opposite charges, and the Z boson
invariant mass should be within the window from 71 GeV to 111 GeV.

4.3.7 Jets

Jets are defined as collimated streams made of stable particles, including hadrons (mainly) and
photons, produced from fragmentation and hadronization of partons (quarks and gluons) from proton-
proton collisions. The characteristics of a jet is given by the constituted hadrons inside it. The
hadrons contains not only charged particles but also neutral ones. The jet energy fractions typically
carried by charged particles, neutral hadrons, and photons are 65%, 10%, and 25%, respectively.
Most of the particles in jets penetrate ECAL with small energy loss, and deposit their energy in
HCAL. In addition, the charged hadrons generate tracks in the CMS tracker system. Therefore, jets
are reconstructed using the energy deposition in both ECAL and HCAL, and the associated tracks
(see section 4.3.2). Figure 4.8 shows a simulated jet profile in the CMS detector.

e Jet reconstruction

The jets are defined using an anti-kr clustering algorithm (see section 2.3.3). By use of the hit
HCAL cells and the geometrically corresponding ECAL crystals, calorimeter towers are formed re-
flecting the energy deposition of particles (like hadrons, photons). A four-momentum is associated
with each tower deposit above a designed threshold. Moreover, the tracker provides the tracks of

charged particles. Through the combinatorial information of tracks and calorimeter towers, the par-
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Figure 4.8: Left: A produced jet in the CMS detector. Right: A completed jet from a primary vertex,
recorded by CMS detector, with its tracks (the green lines), energy deposit in ECAL (yellowish
squares), photons (dotted purplish lines), neutral hadrons (dotted blue lines), energy deposit in
HCAL (teal rectangles), charged hadrons (bright blue lines).

ticle flow candidates are reconstructed. The jets are reconstructed by clustering the four-momentum

vectors of the particle flow candidates.
e Jet energy calibration

After jets are reconstructed using the one algorithm, we need to calibrate their energy scale before
selecting them for offline analyses [89]. The jet energy correction is parametrized with sequential
levels, which correspond to the scaling of the four-momentum of the jet as a function of different
observables, such as number of pileup, jet pr, n, flavour. The jet energy resolution is generally worse
than the resolutions of muons, electrons, and photons reconstructed by the CMS detector. The jet
energy resolution can smear the spectra measurement precision or resonance decay searches. It is also
influenced by the jet energy scale. Hence, it is important to calibrate the jet energy after applying
jet energy correction.

The first correction step (L1) is to subtract the energy that are not associated with the hard inter-
action. The contributions to this kind of energy are from electronic noise, and multiple proton-proton
collisions in the same or adjacent bunch crossings (pileup, see section 4.3.8). Both of the sources lead
to increasing the jet energy. In addition, the pileup energy varies in different instantaneous luminos-
ity delivered by CMS detector, which is also taken into account in this correction procedure. This is
called offset energy correction. It is parametrized as a function of jet energy density, area, number
of pileup, jet pr and 7, which is determined from simulation. It can happen that data differ from
simulation with respect to the offset energy due to dead materials not well considered in simulation.
These differences also depend on the varying pileup amount. Then additional offset scale factor for
data/simulation is determined from zero-bias data and neutrino gun simulation (+ noise and pileup

simulation), with the random cone method (see section 5.5.1). The zero-bias data sample is collected
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using a random trigger during a beam crossing. Because these events are not triggered by any specific
energy deposit, the main sources of the energy deposits in these events are detector noise and pileup.
Figure 4.9 shows the pileup offset correction factor with respect to jet pr and 7.
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Figure 4.9: Pileup offset correction including data/MC scale factors, as a function of corrected jet
pr (left) and absolute n (right), with systematic uncertainty band, for the average conditions of 20
pileup (< g >). The results are compared between 7 TeV and 8 TeV, with respect to the particle
flow jet cluster using the anti-k7 (R = 0.5) algorithm. This figure is fetched from [90].

The second level (L2 /relative) is to correct the non-uniform response of the jets in the 7 direction of
the CMS detector, so that the response distribution becomes flat in the whole 1 scope. This correction
parametrization can be determined using MC truth, through matching each generated jet with the
closest reconstructed (RAW) jet, according to their angular distance (AR), and then calculating the
ratio of their pr as the correction factor for both data and simulation. Figure 4.10 shows the L2
correction factor and the response after correction as a function of jet ||, using simulations.

The third step is called absolute correction (L3), which is dedicated to deal with the jet pr
variations due to the non-linear response effect of the calorimeter. The scaling factors are dependent
on the reconstructed jet pr. At an average level, we retrieve the true jet momenta through applying
the factors to the reconstructed jet momenta. On purpose, the average response is set to unity in the
whole pr region. Similar to the L2 correction, the L3 correction can be determined using MC truth.
Figure 4.11 shows the L3 correction factor profiles and the response after the correction applied,
using QCD enriched sample for simulations.

These three levels of corrections are applied to both data and simulation. After that, the jet
response performance of simulation has excellent results. However, the results of data are still with
a few discrepancies. In order to solve this issue, an additional correction is implemented for data.
It is named as L2L3 residual correction, which is composed of scaling factors dependent on jet 7
and pr. For data, there are only reconstructed jets. One can deal with the events with two body
processes, where the two objects can have good pr balance. We select a tag object, which can be a

jet in the central region (|n| < 1.3), or an efficiently reconstructed object like a Z boson or a photon,
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(right), as a function of jet pr, with systematic uncertainty band. This figure is fetched from [90].

and then search for a probe jet in the unrestricted 7 regions for the response (RAW pr divided by
tag pr) estimation. This method is called py balance approach. After this calibration, the data and
simulation have compatible performances. Figure 4.12 shows the residual correction distributions
with respect to jet |n| and pr.

After the full jet energy corrections are applied [91], the resolution can be obtained from the
width of the response (p4®/p7") distributions using fit methodology. The profiles of responses are
not strictly symmetric, due to inactive ECAL areas, high pr particles not leaving their full energy
in HCAL, or particle level imbalance with neutrinos produced. These effects give rise to longer tail
at low response scope compared to the other side. In approximate ways, jet energy responses are
usually modeled using Gaussian functions or Crystal Ball functions, for instance. The full tables for

the jet energy calibration are listed in [92].
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Jet momentum resolution as a function of jet pr (left) and |n| (right), comparing data

and simulation. The left plot contains the distribution with particle level imbalance (PLI) effect
corrected. This figure is fetched from [90].

Figure 4.13 illustrates the jet transverse momentum resolution as a function of jet pr and |n|,

comparing data and MC. The calibration is performed using events with two jets in the final state.

One can notice that simulations give rise to better resolution than measurements in general, which

1S a common

In order t
to adjust the

phenomenon for the jet momentum resolution calibration.

o improve the agreement, one needs to smear the simulation with the following formula

jet momenta:

smear

pT — max(ojp%en + C(,’,I) X (prTeco _ p%en)) 7E.S’I’I”LC(J/I” — E?"eCO X (p%mear p;eco) (46)
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where pif°(E"°) and p¥." (E*™**") are the reconstructed and generated transverse momentum (energy)
of ajet. The C'(n) is a factor that takes into account the smearing extent, and it comes with systematic
uncertainties. They are shown in table 4.7 for 8 TeV and in table 4.8 for 13 TeV.

7] C(n) | C*(n) | CP"(n)
0-05 | 1.079| 1.105 | 1.053

0.5-1.111.099 | 1.127 1.071
1.1-1.7]1.121 | 1.150 1.092
1.7-2.3 ] 1.208 | 1.254 1.162
23-28]1.254| 1316 1.192
2.8-3.2 1395 | 1.458 1.332
3.2-5.0 | 1.056 | 1.247 0.865

Table 4.7: Smearing factors for jet energy resolution correction at 8 TeV. This table is taken from
[93].

Il Cn) | o™
0-08 |1.061 |0.023
0.8-1.3 | 1.088 | 0.029
1.3- 1.9 | 1.106 | 0.030
1.9-25 | 1.126 | 0.094
2.5-3.0 | 1.343 | 0.123
3.0-3.2 | 1.303 | 0.111
3.2-5.0 | 1.320 | 0.286

Table 4.8: Smearing factors for jet energy resolution correction at 13 TeV. This table is taken from
[93].

e Jet selection

Since we need the jets production in association with a Z boson, the jets coming from the same
primary vertices as Z bosons are selected. Because particle flow particles are parts of jets, they can
come from the hard interaction or from the pileup (see section 4.3.8). In order to subtract the pileup
contamination, an approach called Charged Hadron Subtraction (CHS) is applied, which retains all

the charged particles using the reconstructed primary vertices that fulfill the selection criteria below:

e The z component of primary vertex: z < 24 cm
e The radius of x-y plane of primary vertex: p < 2 cm

e The number of degrees of freedom for the vertex fit (number of hits used to reconstruct the

tracks belonging to the vertex): ndof > 4

85



The charged particle tracks associated to pileup vertices are removed in this procedure. This ap-
proach accounts for about half of the offset energy from pileup in the region that the tracker covers,
and the rest offset energy is subtracted by use of jet area method. After the jets are reconstructed,
they are required to have a distance (AR > 0.5 for 8 TeV and AR > 0.4 for 13 TeV) with each of
the two leptons from Z boson decay, otherwise are removed from jet collection. This is to avoid well
reconstructed muons passing the jet selection criteria. Moreover, in order to reject misidentification
and noise contamination, more criteria on the reconstructed jets are implemented as shown in ta-
ble 4.9. In parallel, there is an unique variable that represents jet identification based on both vertex
and jet shape information used, and a loose cut is applied on it for further pileup suppression [94].

The details are interpreted in section 4.3.8.

Variable criterion
Neutral Hadron Fraction < 0.99
Neutral EM Fraction < 0.99
Number of Constituents > 1
Charged Hadron Fraction > 0
Charged Multiplicity > 0
Charged EM Fraction < 0.99

Table 4.9: List of criteria on jets for good identification. The “EM” represents the electromagnetic
energy deposit in ECAL.

Moreover, additional criteria 4.7° are required for jets for reducing pileup contamination and
large uncertainty on the energies of jets. With the aim to guarantee a good quality of the tracking

information, forward jets are removed.

> 30GeV, [yju] < 2.4 (4.7)

4.3.8 Pileup

Because the running of LHC has high intensities, multiple proton-proton collisions happen with large
probability per bunch interaction. As a consequence, we need to separate the different interactions
and to identify and reconstruct the event of interest, among the substantial background with these
extra collisions. Such additional interactions are called pileup (or in-time pileup), and their rates is
defined as the number of additional interactions per bunch crossing. The pileup interactions often
produce jets with low pr and induce additional tracks in the tracker system and energy deposition
in the calorimeters. Since the signal development in the detector is longer than 25 ns, the pileup
produced in one collision is possible to be recorded in the previous or following reconstructed event.
This kind of pileup is named as out-of-time (OOT) pileup. The bunch spacing at 8 TeV is 50 ns,
the OOT pileup has much smaller effect than the in-time pileup (IT pileup). On the other hand,

5The mass of a jet is assumed to be zero, which leads the jet 1 to be almost equal to the value of jet rapidity.
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the bunch spacing at 13 TeV decreases to 25 ns, which together with the increased instantaneous
luminosity result in the significant OOT pileup.

The amount of pileup is estimated according to the number of reconstructed primary vertices (see
section 4.3.2) or the offset energy density [20]|. Figure 4.14 shows the relations between them, using
the data and simulations at 8 TeV. One can see that the amount of pileup depends almost linearly
in the number of primary vertices or the offset energy density. Furthermore, in order to model the
correlation between I'T pileup and OOT pileup, we can generate the number of interactions for each

bunch crossing using a Poisson distribution with the same mean value of pileup [95].
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Figure 4.14: Mean number of primary vertices per event (Npy left), mean offset energy density
(p right), versus the average number of pileup per bunch crossing. The data are compared to the
simulation using PYTHIAG6. This figure is fetched from [90].

During the jet reconstruction, some jets originate from pileup collisions, so they are called pileup
jets. The shape distributions of pileup jets and jets in association with Z boson from hard interactions
are very different. Figure 4.15 illustrates the rate distributions of jets in association with Z boson
(real jets) and pileup jet (PU jets) versus the number of primary vertices. Although the data and MC
are not in good agreement, we can see the shape difference between real jet and pileup jet profiles.

According to the relevant analysis [94], charged particle flow objects contribute approximately
half of pileup, and the other half contains neutral particles. Due to the coverage of the tracker
volume (|n| < 2.5), the charged particles (mainly hadrons) contained in pileup jets can be efficiently
distinguished and removed according to the reconstructed vertices. This is to reduce half of the pileup
contamination in particle flow jets. Figure 4.16 shows the pileup offset energy per pileup interaction
versus the jet 1, comparing data and MC at 8 TeV. We can see good agreement between them in the
central region, where the charged hadrons dominate the pileup energy.

Pileup jets are identified using the "Pileup Jet Id Algorithm" [94], which distinguishes pileup jets
using vertex observables or shape related variables. The former has much higher efficiency than the

latter, since it relies on the tracker system, which results in the efficiency of vertex reconstruction
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fetched from [94].
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Figure 4.16: Offset energy normalized by the average number of pileup interactions (< p >), com-
paring data and simulations. Different types of particle flow objects are overlapped. The fraction
labeled "charged hadrons" is removed by CHS. This figure is fetched from [90].

close to 70%. While, it is only available within the region |n| < 2.5, and the latter has to be used
in the scope without tracker volume, by handling the diffuseness of jet showers. Since we select the
jets with |n| < 2.4, we always have the pileup jets well subtracted using the reconstructed primary

vertices. With the aim to optimize the jet identification, more complicated approach is developed
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based on MVA technique [94]. Figure 4.17 shows the pileup jet identification efficiency using the
advanced MVA approach, with respect to jet n, pr, and number of reconstructed vertices. Concerning

the jet selection criteria in this analysis, we actually have the efficiency close to unity.
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Figure 4.17: Pileup jet identification efficiency using Z — u™u~ + jets events, as a function of jet n
(left), pr (middle), and number of vertices (right). This figure is fetched from [94].

The pileup conditions depends on proton-proton inelastic cross section and on the actual run
conditions of data taking, which include the instantaneous luminosity. In order to roughly cover
the pileup conditions expected for each data-taking period, many MC productions are implemented
including the number of pileup interactions. Due to the unpredicted run conditions and different
analysis scenarios, data and MC in the pileup distributions do not match a priori. Although the
deterministic primary vertex reconstruction is shown to be efficient and behaves well up to high
levels of pileup, there is a non-linear correlation between amount of pileup and number of primary
vertices. Actually, the final number of reconstructed primary vertices is still sensitive to the details
of the reconstruction, and gives rise to a difference in the underlying event between data and MC. In
addition, the number of reconstructed vertices can be potentially influenced by the offline selection
criteria and even by the trigger.

In order to improve the agreement between data and simulation, there are two alternative ap-
proaches that reweigh the MC to data. One is to simply count the number of reconstructed primary
vertices, and make correspond the average number of additional vertices approximately linearly to
the number of pileup interactions which concerns the total number of events. The other method is to
use the measured instantaneous luminosity for a single proton-proton collision for each bunch pair,
and multiply by the total inelastic cross section (69.4 mb for 8 TeV) using emulation, and then obtain
the average number of interaction for this bunch crossing. The second method is called minimum
bias cross section method [90].

In this Z+jets at 8/13 TeV analysis, we adopt the second method and implement double check
with the first approach. The results are shown in figure 4.18. The performance at 13 TeV has
fluctuations, which is related to technical issues on vertex reconstruction inefficiency in some periods.

This discrepancy is covered by the corresponding systematic uncertainty.
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Figure 4.18: The data and simulation comparison at reconstruction level as a function of number of
primary vertices after pileup re-weighting using minimum bias cross section method, at 8 TeV (left)
and 13 TeV (right).

Figure 4.19 provides an event display of Z + jet process in the CMS detector during a data taking
period.

.| CMS Experiment at LHC, CERN
C || Data recorded: Thu Sep 17 04:58:22 2015 CEST
:| Run/Event: 256676 / 9042405

% Lumi section: 7

CMS Experiment at LHC, CERN

Data recorded: Sun Oct 4 06:07:22 2015 CEST
Run/Event: 258177 / 1704078042

Lumi section: 1200

Electron 0,
pt=47.35
Jet, eta = 0.809
et=49.10 phi=0.138
eta =0.234
phi=2.294
w -~
¥ 2 3
- / f
.
Electron 1,
pt=5253
eta=0.132
phi =-1.821

Figure 4.19: A reconstructed event in CMS with a jet associated with a pair of muons (left) / electrons
(right). The number of primary vertices are seven (left) and four (right).
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4.4 Results at detector reconstructed level

Based on the event selection, it is interesting to see the remained events of both data and simulation
at the detector level. From that, one can have a preliminary impression about the statistics of
data and the relative background contaminations, and know about the fraction of signal process in
data, but also approximately judge whether the simulations are estimated precisely within statistical
fluctuation.

For the comparison, the simulations include the signal process and all the significant background
processes, each of which needs to be normalized to the integrated luminosity of data. Then they
are superimposed to a histogram distribution and overlapped with the histogram from data. The
histograms show the number of events as a function of an observable. The error bars in the comparison
histogram represent only statistical uncertainties. Regarding the ratio of MC to data, the error bars
are the propagation of statistical uncertainties of both of them. The comparison including systematic
uncertainties will be presented for the measurements of cross sections later.

In this section, the results at 8 TeV and 13 TeV respectively will be shown. The former contains
both putu~ and ete™ channels, while the latter only involves p*p~ channel. Note that they are
implemented up to different jet multiplicities due to the difference in statistics.

The presented profiles include all the distributions that will lead to differential cross sections, and
give the cross check for the data quality. Note that only statistical uncertainty involves, so there is

no firm conclusion about the agreement level.

4.4.1 Kinematic variable distributions at 8 TeV

Figure 4.20 and 4.21 are showing the lepton transverse momentum and pseudorapidity respectively.
One can see generally good agreement between data and overlapped simulations. The peak at 45
GeV is due to the peak of Z boson mass. There is a drop around |n| = 1.5 region in e*e™ channel
that is because of the transition area between barrel and endcap parts of ECAL. Hence it is removed
by our selection.

The invariant mass of lepton pair is shown in figure 4.22, with the constraint from 71 GeV to
111 GeV. There is a shape discrepancy not covered by the statistical uncertainty in both channels,
which may be due to the tracker misalignment and residual magnetic field mismodelling on muons,
and energy smearing effect on electrons. The approach to this issue is to apply energy correction
and smear to the simulated DY Jets sample to compensate such an effect. It has been checked that
for Z — ptp~ channel this issue affects the other distributions by less than 1% 6. Figures 4.23
and 4.24 show the azimuthal distance and the separation, respectively, of the two leptons. Good
agreements are seen in most of the ranges. Figures 4.25 and 4.26 present the Z boson pr and rapidity
respectively, without requirement on the jet multiplicity. From the former, one can see a small pp

dependent discrepancy between data and simulation. The jumps of the spectrum at 210 GeV and 320

6Such a correction is not applied in the present analysis.
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GeV are due to the changed binning. The latter has a discrepancy in the endcap region, especially for
the eTe~ decay channel, which may result from that energy smearing for leptons are not implemented
for simulations. Additionally, there is a requirement of lepton |n| < 2.4, and there is a small difference
between rapidity and pseudorapidity due to the mass of Z bosons, which results in the rise towards
ly| = 2.4. Figure 4.27 and 4.28 show the Z boson py and rapidity respectively by requiring the jet
multiplicity at least to be one. One can see the shift of the peak of Z boson pr due to the balance
with the jet which is applied with py cut. Good agreements between data and simulation have been
seen.

In order to see the precise statistics that the data can reach, it is instructive to see the jet
multiplicity distributions. Figure 4.29 and 4.30 show the exclusive jet multiplicity up to seven jets,
and inclusive jet multiplicity respectively. The latter can gain a bit more statistics than the former
in each bin. Certainly, the events with lower jet multiplicity are with higher cross section than
those with larger jet multiplicity. One can see excellent agreement in detector level up to four jets,
which are generated with matrix element using MADGRAPH and matched with parton shower. The
discrepancy starting from the five jets case can not only result from the missing tree level computation
while only relying on parton shower, but also the mismodelling of tt process, which contributes
significantly in large jet multiplicity region. The number of events as a function of exclusive jet
multiplicity in g™y~ and ete™ channels are summarized in table 4.10 and 4.11 respectively.

From figure 4.31 to figure 4.35, the distributions of transverse momentum of each jet with different
requirements of jet multiplicity have been shown. Note that the starting point of py distribution is
20 GeV, which is below the pr cut of jet i.e. 30 GeV as for the distributions of other observables.
This is because one needs to take into account the event migration effect from the underflow bins
to the region of pr above 30 GeV, when implementing the detector effect correction for jet pr later.
Namely, this "buffer" region (20-30 GeV) holds the events that probably migrate to the region above
threshold of 30 GeV. According to the control plots, the MC yields have underestimated the events
by 10-20%" generally in this region. There is a rising slope at high p; region of the first jet, and the
fluctuations can been seen in the same regions of other jets.

The distributions of absolute rapidity of each jet with different options of jet multiplicity are
presented from figure 4.36 to figure 4.40. In general, good agreement has been seen except for the
undershooting of MC with 10-20% at the endcap region. There is also apparent fluctuation with
higher jet multiplicity.

Shifted peak can be observed in scalar sum of jets transverse momenta. From figure 4.41 to
figure 4.45, note that the lowest Hp values are changing with respect to different jet multiplicity
requirements. Similarly, the MC yields underestimate the data at low Hp region, where one will see
later the systematic uncertainty is large.

In contrast to the overall agreement between data and MC in the reconstruction level, large dis-

crepancy has been seen in figure 4.46 to figure 4.53, which are the event yields as functions of rapidity

It has been inspected that this issue is not originated from a potential pileup misestimation by checking the yields
of reconstructed vertices.

92



correlation observables. All of them have significant discrepancy between data and simulation. Re-
garding the average sum in rapidity, there is about 25% disagreement for Z boson and the first jet,
while about 15% for Z boson and the second jet. The discrepancy of rapidity sum rises to about 30%
for Z boson and the di-jets. The rapidity sum has about 20% for the two leading jets.

With respect to the average difference in rapidity, the shape change between data and simulation
is approximately 50% for Z boson and the first jet, compared to 40% for Z boson and the second jet.
Both of them contribute to the discrepancy for Z boson and di-jets. In parallel, the shape difference
is about 30% for the two leading jets. These obvious discrepancies seen in the detector level will
propagate to the comparison between measurement and prediction on the differential cross section

as a function of rapidity correlation observables. The relevant results will be shown later.
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Figure 4.20: The data and simulation comparison of lepton pr with Njes > 0 for ptu~ (left) and
ete” (right) channels at reconstruction level.
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Figure 4.21: The data and simulation comparison of lepton 1 with Nje,s > 0 for ptpu~ (left) and

ete™ (right) channels at reconstruction level.
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Njets > 0 for ptp~ (left) and ete™ (right) channels at reconstruction level.
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pwrp~ (left) and ete™ (right) channels at reconstruction level.
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Figure 4.27: The data and simulation comparison of Z boson py with Njes > 1 for pp~ (left) and
ete™ (right) channels at reconstruction level.
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Figure 4.28: The data and simulation comparison of Z boson rapidity with Njes > 1 for ptp~ (left)
and ete” (right) channels at reconstruction level.
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Figure 4.29: The data and simulation comparison of exclusive jet multiplicity for pu*p~ (left) and
(right) channels at reconstruction level.
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ete™ (right) channels at reconstruction level.
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Njets =0 Njets =1 Njets =2 Njets =3 Njets =4 Njets =5 Njets =6 Njets =7
Wlets 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
DYTauTau 2075.6 300.8 77.0 14.6 0.0 0.0 0.0 0.0
ZZJets4L 130.7 150.4 107.6 29.4 7.0 1.5 0.3 0.0
Single Top 127.2 410.4 196.8 60.1 9.7 0.9 1.3 0.0
ZZJets2L2Nu 1185.5 332.1 89.7 19.9 3.8 0.6 0.2 0.0
ZZJets2L.2Q 719.6 2088.2 1803.9 511.2 130.7 26.4 5.7 0.7
WWJets2L2Nu 1112.0 362.0 107.3 22.6 4.5 0.4 0.0 0.0
WZJets2L.2Q 712.2 1387.1 1193.0 522.8 167.4 39.2 8.2 1.3
WZJets3LNu 727.2 774.1 315.8 81.8 18.9 3.2 0.8 0.1
TTJets 312.8 2071.4 3933.1 1840.2 570.9 142.7 35.0 9.2
DY Jets 5903239.3 908971.9 178530.9 32043.0 5727.1 908.3 146.5 19.8
TOTAL(MC) 5910342.1 916848.4 186354.9 35145.6 6640.0 1123.1 198.0 31.0
Data 5902750 913503 186087 35718 6751 1301 224 33
Ratio 1.0013 1.0037 1.0014 0.9840 0.9836 0.8633 0.8838 0.9409

Table 4.10: Number of events in data and MC samples for exclusive jet multiplicity in muon channel
after full selection.

Njets =0 Njets =1 Njets =2 Njets =3 Njets =4 Njets =5 Njets =6 Njets =7
Wlets 1016.5 801.9 222.7 38.4 0.0 0.0 0.0 0.0
DYTauTau 1392.2 247.9 49.6 13.8 0.0 0.0 0.0 0.0
ZZJets4L 86.4 110.1 81.2 22.5 5.5 1.1 0.2 0.0
Single Top 67.7 301.3 131.0 38.0 9.5 3.2 0.0 0.0
Z7Jets2L2Nu 810.3 239.0 65.0 13.8 2.9 0.5 0.0 0.0
Z7Jets2L.2Q) 486.0 1488.7 1284.8 371.9 93.1 19.9 3.9 0.7
WW Jets2L2Nu 745.8 246.5 77.0 16.5 3.2 0.9 0.3 0.1
WZJets2L.2Q 480.4 977.0 854.2 381.1 123.3 30.0 6.5 1.2
WZJets3LNu 490.6 567.6 237.5 62.3 13.7 2.9 0.4 0.1
TTJets 222.7 1531.3 2772.8 1286.7 447.0 122.2 34.3 2.2
DY Jets 3843135.3 619067.1 124236.0 22649.6 4106.4 675.3 101.8 13.0
TOTAL(MC) 3848934.0 625578.3 130011.9 24894.4 4804.8 856.1 147.3 17.3
Data 3882357 635598 132659 25704 4936 929 154 24
Ratio 0.9914 0.9842 0.9800 0.9685 0.9734 0.9215 0.9565 0.7202

Table 4.11: Number of events in data and MC samples for exclusive jet multiplicity in electron
channel after full selection.
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Figure 4.31: The data and simulation comparison of first jet py with Njes > 1 for ptp~ (left) and
ete™ (right) channels at reconstruction level.
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Figure 4.32: The data and simulation comparison of second jet pr with Njes > 2 for pp~ (left) and
ete™ (right) channels at reconstruction level.

100



19.6 fb™ (8 TeV)
——

19.6 fb™ (8 TeV)
T T

p,(i,) [GeVI]

1%} LB L O L I B B B B N 3 1%} LN L O L I B B B B B
< ¢y Data 3 € ¢ ee Data 3
g CMS 1 DYtautau 1 ¢ CMS 1 DYtautau B
o Preliminary 1 Wlets m 408 Preliminary 1 Wlets |
# 10°E anti-k, jets, R=0.5 :Qndgﬁtesmp = #* anti-k, jets, R=0.5 :;L;?ésTop 3
jet et — jet et |
py'>20GeV, <24 12ZJets2L2Nu pl' > 20GeV, ™| <2.4 1ZZJets2L2Nu ]
§ ZZJets4L - § ZZJets4L
1 Z2ZJets2L2Q ] 1 ZZJets2L2Q —
1 WZJets3LNu E 1 WZJets3LNu E
1 WZJets2L2Q 3 1 WZJets2L2Q 3
™ §WWJets2L2Nu i, § WWJets2L2Nu
Zly — pp Zly — ee |
Lo = Lo E|
— 3 o 3
—— B —— ]
—— T
7 |, -
I — ]
< £ 1 o] £ 1
g 1R ]
Q 12F | 1 9 12f 3
c E 3 o £ |
S e . + | 1 8 i . .
- e - - - -o—e— e b hd —
© e —H J @ [ H— ]
S o8P 4 S 08P =
£ = 1 E F + E
‘-’) 06’ 1 L L L L - U) 06’ 1 L L L : L
50 100 150 200 250 300 50 100 150 200 250 300

p.(i,) [GeV]
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Figure 4.34: The data and simulation comparison of forth jet pr with Njes > 4 for ptu~ (left) and
ete™ (right) channels at reconstruction level.
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Figure 4.35: The data and simulation comparison of fifth jet pr with Nje,s > 5 for ptp~ (left) and
ete™ (right) channels at reconstruction level.
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Figure 4.37: The data and simulation comparison of second jet absolute rapidity with Njes > 2 for
ptrp~ (left) and ete™ (right) channels at reconstruction level.
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~ (right) channels at reconstruction level.
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Figure 4.45: The data and simulation comparison of scalar sum of jets pr with Nje,s > 5 for ptp~
(left) and eTe™ (right) channels at reconstruction level.
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Figure 4.46: The data and simulation comparison in rapidity sum of Z boson and the first jet with

N

J

Figure 4.47: The data and simulation comparison in rapidity sum of Z boson and the second jet with

N

J
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Figure 4.48: The data and simulation comparison in rapidity sum of Z boson and the first two jets
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Figure 4.49:

sum(jetl,jet2)

The data and simulation comparison in rapidity sum of the first jet and the second jet

sum(jetl, jet2)

with Njes > 2 for ptp~ (left) and ete™ (right) channels at reconstruction level.
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Figure 4.50: The data and simulation comparison in rapidity difference of Z boson and the first jet
with Njes > 1 for ptp~ (left) and ete™ (right) channels at reconstruction level.
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Figure 4.51: The data and simulation comparison in rapidity difference of Z boson and the second
jet with Njers > 2 for ptp~ (left) and eTe™ (right) channels at reconstruction level.
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4.4.2 Kinematic variable distributions at 13 TeV

The data at 13 TeV analyzed here are the first data even collected at such a high energy. In this
section we compare the data and the superposition of MC yields in reconstruction level.

Figure 4.54 shows the muon py and 7 distributions at detector level, from which one can see a
good agreement between data and MC yields. The simulation at large muon pr region has large
statistical fluctuation. Note that some of the backgrounds from simulation are summed up. To be
specific, the "VV" is di-boson process where the "V" can be a W boson or Z boson. The "single top"
includes top (anti-top) quark production in association with a W boson, and also the production in
both t-channel and s-channel. The "W" means a W boson with a possible production of associated
jets. These symbols are employed in all the following control plots.

Figure 4.55 shows the azimuthal distance and separation between two muons, and figure 4.56
presents the invariant mass of di-muon and rapidity of Z boson, without a requirement of jet multi-
plicity. Since the rochester correction (see section 4.3.4) has been applied to the reconstructed muons
before kinematic selection, one can see good agreement between data and simulation at the whole
selected region of Z mass window. The distribution of rapidity of Z boson is symmetric in general,
and it is interrupted at |y,,| = 2.4 due to the kinematic cut.

The event yields of exclusive jet multiplicity and inclusive jet multiplicity are shown in figure 4.57.
As mentioned for 8 TeV analysis before, it is interesting to see how much precision the data can reach
in detector level with the current statistics. The MC signal sample is generated using higher order
calculation for low jet multiplicity production, which is expected to perform better than the sample
with leading order computation. This two plots provide a primary view of the comparison between
data and simulation with different production condition of jets. We can see an up shift about 10%
with the requirement of Nj.s > 1, 2, and 3. On the other hand, the ratio drops by 20-25% at high jet
multiplicity region. The statistical uncertainty becomes large as well. The statistics corresponding
to exclusive jet multiplicity in all the samples are summarized in table 4.12.

From figure 4.58 to figure 4.60, the plots reveal the p; and absolute rapidity distributions of the
first jet, the second jet, and the third jet respectively. One can see a global overshooting of 10% with
simulation for all these variables within the statistical uncertainty. The fluctuation becomes more
apparent for the variables of third jet.

The scalar sums of jets pr, with the requirements of jet multiplicity as 1, 2, and 3 respectively,
are shown in figure 4.61. Note that the low Hp limits of the three cases are different. One can see
also a overall discrepancy of 10% within statistical uncertainty between data and simulation. There

is a drop in the low Hy region for the case of Nj.s > 3, which has also been seen at 8 TeV.
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Njets =0 Njets =1 Njets =2 Njets =3 Njets:4 Njets =5 Njets =6
TTbar 228 865 1109 532 171 40 13
Single top 71 143 66 19 7 2 0
77 293 293 174 46 11 2 0
WW 248 82 21 5 1 0 0
Wijets 32 8 0 0 0 0 0
W7z 253 228 127 35 9 2 0
DYJets 1144940 187790 40411 8546 1652 344 64
TOTAL(MC) 1146065 189409 41908 9183 1851 390 77
Data 1137820 177590 38634 8247 1816 438 94
Ratio 1.01 1.07 1.08 1.11 1.02 0.89 0.82

Table 4.12: Number of events in data and MC samples for exclusive jet multiplicity in muon channel
after full selection at 13 TeV.
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Figure 4.60: The data and simulation comparison of the third jet pr (left) and absolute rapidity
(right) with Njes > 3 for gt~ channel at reconstruction level.
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4.4.3 Background subtraction

In order to measure the cross section of the signal process with data, we first need to subtract the
background contamination from data at reconstruction level. Hence, the comparison between data
and MC yields is important, and it provides with the fraction of background with the same final state
signature as the signal process in the data, bin by bin. The subtraction of background in this level
relies on the cross section computation of all the background processes and the quality of simulation.
Therefore, the extracted signal element from data suffers from the theoretical uncertainties and
systematic uncertainties of all the backgrounds. Certainly, if a background contamination is tiny,
then the uncertainties originated from this background will be negligible for signal extraction.

It has to be noted that the taus, which are the third type of charged leptons, can also come
from Z boson decay. They are unstable particles with a lifetime of approximate 2.9 x 107 s and
a mass of 1776.82 MeV. They can hardly arrive at any fragment of the CMS detector since they
decay immediately after producing in the collision center, so they are reconstructed using their decay
products. A tau lepton decay involves a virtual W boson and a tau neutrino. The W boson decays
subsequently to lighter flavor leptons (muons or electrons) together with neutrinos, or to hadrons.
Among them, the neutrinos are typically recognized as significant missing energy, which cannot be
reconstructed directly with the detector system. Anyway, the contribution of 77~ leptonic decay
channel is classified as a part of backgrounds in this analysis. By use of the lepton identification in
the Drell-Yan MC sample, this contribution is subtracted.

For 13 TeV analysis, we extract a control sample dominated by tt process using, instead of double
electrons or double muons, an electron-muon sample in data and simulation, and rescale the simulated
jet multiplicity distribution according to data distribution. The scaling factor becomes significant for

four jets and more. This reweighted distribution of tt background is subtracted from data.

4.5 Measured observables

The differential cross section is measured as a function of the kinematic observables as below for &

TeV or 13 TeV:
e exclusive and inclusive jet multiplicities (Nes);
e transverse momentum of Z boson for Nj.s > 1 (only for 8 TeV);
e absolute rapidity of Z boson for N > 1 (only for 8 TeV);
e transverse momentum of the nt" jet for Njets > 1, where n = 1-5 for 8 TeV and 1-3 for 13 TeV;
e absolute rapidity of the n'" jet for Nj.s > n, where n = 1-5 for 8 TeV and 1-3 for 13 TeV;

e scalar sum of jet transverse momenta for Njes > n, where n = 1-5 for 8 TeV and 1-3 for 13

TeV;
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Based on section 4.1, it has to be noted that the rapidity distributions depend on how many jet
multiplicities are taken into account. If one requires at least two jets, then the second leading jet,
which has second largest momentum among all the jets, may compensate the unbalance between Z
boson and the leading jet. At 8 TeV, we have also measured the differential cross section as a function

of the following correlation variables:

® Ysum(Z,jn)» Wheren = 1, 2;

® Ysum(zdijet), Where dijet is the vector sum of the two leading jets;

Ysum(j1,52)>
® Ydiff(Zjn), Wheren = 1, 2;

® Yiiff(zdijet), Where dijet is the vector sum of the two leading jets;

® Ydiff(j1,52)"

4.6 Data corrections for detector effects

The measurement relies on the particle reconstruction techniques, while the detector has a limited
precision. For instance, the reconstructed transverse momentum of a charged lepton or a jet usually
is not equal to the true transverse momentum, which is due to the finite resolution of the recon-
struction system. Additionally, the angular values of a particle, such as rapidity and azimuth, can
also be biased. As a result, the global observable spectrum at produced level is seen as smeared
at reconstruction level. Although one may apply the energy correction for the data and smear the
energy for simulation for the reconstructed objects, there is still a global efficiency loss.

In order to correct this, an unfolding method is applied. This solution is based on MC technique,
and needs the information of both generated values from the MC generator and reconstructed values
after the detector simulation. The reconstructed events by definition have passed the kinematic
selection. Generated events are selected in a specific phase space. To limit uncertainties due to
detector effects, the cross sections are measured in a phase space limited by experimental cuts, like

the minimal jet transverse momenta.

4.6.1 Phase space selection

Among the generated events, first we need to pick up all the muons and electrons. Note that taus
and neutrinos are excluded from our analysis. They can be produced with two categories, which are
leptons before (status 3) and after (status 1) quantum electrodynamics (QED) FSR. In this analysis,
the MADGRAPH generator generates both types of leptons as it is interfaced to PYTHIA, while
the SHERPA generator only has the leptons after QED FSR. To compare the theoretical predictions

120



using different generators, the leptons with status 1 are selected into the phase space. On the other
hand, the leptons before QED FSR are needed to reconstruct accurately the generated Z bosons.
In order to do that, we implement an approximated approach, through scanning the photons in a

cone around the leptons after FSR. We compensate the four-momentum of each lepton with the

four-momentum of photons that are close to the lepton. The formula is: pf*" = p; + Zv p~, Where

cor

b or p,

the four-momentum of a photon that has to be within the range of AR = 0.1 around the lepton.
8

is the four-momentum of a lepton before or after this correction, respectively, and p, is
After that, we say that the leptons are dressed with hard photon radiation °. From these dressed
leptons, we select the two hardest ones with opposite charges, and require the same pr and 7n cuts
as for selecting the reconstructed leptons. Furthermore, their invariant mass must lie in a Z boson
mass window as mentioned before.

With respect to the jet selection in phase space, each generated jet must have an isolation of
at least AR = 0.5 with respect to the selected generated leptons, and satisfy the same pr and 7

requirements as reconstructed jets. Table 4.13 summarizes the phase space that we select.

Variable criterion
pr(l) > 20 GeV
In(0)] <24
M*l) (71-111) GeV
pT(j) > 30 GeV
1yl <24
AR(j,1) > 0.5

Table 4.13: List of criteria on the phase space selection. The "1" and "j" stand for a lepton (electron
or muon) and a jet, respectively.

4.6.2 Introduction to Unfolding approach

The unfolding procedure is MC dependent, because it needs the values of an observable in both
reconstructed level and generated level, and implements a matching between the values. Generated
(true) distributions of an observable are predicted by a specific MC generator, which computes the
matrix element and QCD/QED radiative corrections. Afterwards, the reconstructed value will be
dealt with a MC simulation, which takes into account the detector material geometry and response.
Therefore it allows for estimating the finite acceptance and resolutions. To be specific, MC tools can
generate plenty of events and proceed with simulations. After the event selection, one can obtain

two histograms at reconstructed level and true level respectively for an observable. The matching

81t has been checked that these dressed leptons are not fully equivalent to the real generated leptons before FSR.
For example, a hard photon not from FSR is possibly overlapping a lepton, and then it will be taken into account the
correction. On the other hand, a photon from FSR can also have large isolation with the mother lepton, while it is
ignored. Moreover, this residual effect also depends on the cone size (AR) that one chooses. It has been checked the
this effect affects the jet related observables with 2% in p*p~ channel and 2% - 4% in e*e™ channel [13].
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approach is to make a two-dimensional matrix, which is called response matrix, where the element

" row and j* column corresponds to the probability of the observable in the i** bin of the

in ¢
true level histogram while in the j** bin of the reconstructed level histogram. Certainly, there is
also an possibility that the observable in the " of true level cannot match with that in any bin of
reconstructed level, which is defined as missing events. On the contrary, i.e. the observable in the j
of reconstructed level does not match with that in any bin of true level, it is named as fake events.
Then one can correct the observable distribution in data using the inverted response matrix, after the
subtraction of fake events and before adding the missing events. This leads to the data distribution
at particle level.

According to the above principle, the most difficult operation will be the inversion of the response
matrix. There is a RooUnfold package [96] supplying a common framework to calculate and deploy
different unfolding methods. A direct method is named bin-by-bin correction, which simply computes
the inefficiency factor from true level to reconstructed level in each bin, and then corrects the data
by multiplying these factors bin by bin. The correlations between different bins are ignored in this
method. Hence, the result is influenced by the migrations between contiguous bins only. Since
the correlation between different bins indeed are not negligible in this analysis, in particular for jet
variables, this method is not precise enough and largely model dependent.

The second method is the singular value decomposition (SVD), which has been introduced in [97].
It implements a decomposition procedure for inverting the response matrix. In the least square senses,
one needs to optimize the regularization parameters to make smooth unfolded distributions satisfying
the initial linear algorithm. The regularization solution has suppressed the spurious and quickly
oscillating components, remaining statistically significant elements. However, as will be mentioned
later, we will use the number of events in the response matrix, and the SVD requires the initial
MC statistics are at least one or two orders of magnitude higher than the statistics of the measured
data, which is not the case in this analysis. Hence, although the SVD method can solve the issue
of bin migrations for bin-by-bin scenario and consider the instability corresponding to the inversion
of response matrix, it is still not the best choice. Furthermore, there is no reason why the inverse
matrix should exist.

The third method, which is applied in this analysis, is called the Bayes approach [98]. It does not
require the inversion of response matrix, and it takes into account the correlations and migrations

between adjacent bins. Based on Bayes theorem, the unfolding formula can be written as:

n(T) == 3 n(R)P(TIR) (45)

where n(T;) is the number of events in the i** bin of true distribution; ¢; is the inefficiency factor?
for this bin; n(R;) is the number of events in the j” bin of the reconstructed distribution; Np is

the number of bins of the reconstructed distribution. The P(7;|R;) is called unfolding matrix, which

9The n(T;) will be set to zero if ¢; is zero, because the experiment is not sensitive to this case of Tj.
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describes cell-to-cell migration of the distributions. It is defined as:

P(R;|T) P (T)

P(T|R;) =
’ Nt P(R;|Ty) Po(Th)

(4.9)

where P(R;|T;) stands for the conditional probability that a event seen in the 5™ bin of reconstructed
distribution was generated in the i** bin of true distribution; Py(7;) represents the initial probability
of the causes of true distribution. It is noted that 3.4 Py(T;) = 1 for the normalization require-
ment. As mentioned before, the backgrounds estimated with simulations have been subtracted from
data distribution before unfolding. Moreover, by use of MC signal sample, we have estimated the
events passing kinematic selection in reconstructed level, while failing the phase space requirement
in generated level. These events are named as fake events, which are re-scaled bin-by-bin according
to the event difference between MC signal and data minus backgrounds, and these events are also
removed from data bin-by-bin for each observable.

In equation 4.8, the unfolding matrix P(7;|R;) can be computed using the MC signal sample,
since it contains both n(7;) and n(R;). After initializing the Py, the unfolding program implements an
iterative procedure to compute the optimal values in the unfolding matrix. The initialization starts
from the true MC distribution. In principle, the number of iterations should be enough once the
program reaches a convergence, and the result will not be changed with more additional iterations.
However, it has to be noticed that too many iterations can lead to large discrepancies. Hence, it is
necessary to have a maximum number of iterations. In this analysis, during each time of iteration,
we apply the raw response matrix to the unfolded distribution, which is called folding pattern, and
we compare the folded distribution with the initial data distribution using x? approach. If the y?
divided by number of freedom is less than 1/4/2, the two distributions are compatible within their
statistical uncertainties. By use of this kind of monitor, we use 4 iterations for all of the observables
at 8 TeV and for most of the ones at 13 TeV, except 1 iteration for absolute jet rapidity at 13 TeV
due to the large statistical fluctuations of Drell-Yan MC sample.

4.6.3 Response matrix

In order to prepare the unfolding response matrix, one needs to use a suitable MC sample which
contains both generated events and reconstructed events. We use the MC signal sample produced
by MADGRAPH (LO) at 8 TeV, while using the sample generated by MADGRAPH AMC@NLO
at 13 TeV. The first question is how to match each reconstructed object spectrum with the related
generated object spectrum, such as the pp profiles of a Z boson or jets. At reconstructed level,
we select two leptons which are sorted by decreasing pr, and associated jets which are ordered by
decreasing pr as well. Meanwhile, we use the generated objects in the similar way. We match the
leading reconstructed jet with the leading generated jet event by event, and the same story happens
in the following jets. This pattern is realized according to the pr order of objects, but it can happen

with the angular correlation between the reconstructed object and the generated one. For instance,
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the second generated jet is reconstructed as the leading jet due to the finite momentum resolution
of the detector. Although this reconstructed jet is closer (in angle) to the first generated jet than
to the second generated jet. Therefore it would be matched with the wrong generated jet in the pp

ordering scenario. This issue affects the response matrices of jet observables for unfolding.

Besides the py order matching for the object distributions, we study a second choice called angular
matching approach, which can compensate the drawback above. Within the phase space constraint
and kinematic selection, if there is a generated jet, the program will seek for a jet at reconstruction
level that has the smallest angular distance with this generated jet, by looping among all of the
reconstructed jets. There is an upper threshold of the isolation cone, which is chosen to be AR =
0.25. A generated jet which cannot be matched with any reconstructed jet inside the cone will be
treated as a missed jet. On the other hand, if a reconstructed jet has no matched jet "partner" in
generator level, it is classified as a fake jet. This two cases are induced by the detector effect as
explained before. Through implementing the angular match procedure, we obtain a new response
matrix. On the other hand, this approach also has disadvantages, such that one may have to resort
either the generated jets or the reconstructed jets in py. For example, both the reconstructed jets
and generated jets were ordered by their py. If the leading generated jet is matched with the second
leading reconstructed jet, this reconstructed jet will be re-recorded as the leading reconstructed jet,
and vice versa. However, there are only reconstructed jets recorded in the data, and they are sorted
by their pr. For this reason, before MC model computation of unfolding procedure, one has to
reorder the generated jets for the input response matrices. After unfolding data, the leading jet at
reconstruction level may not be the leading jet at produced level any more, and the same for other
jets. It causes the difficulty to make one to one correspondance between leading jet prediction and
leading jet for unfolding. In other word, leading jet prediction becomes dependent on the unfolding

procedure.

Therefore, it is worth to compare the results with these two patterns. First, the comparisons of
response matrices corresponding to several kinematic observables of jets are shown from figure 4.62
to figure 4.69, by presenting the performances of 8 TeV in Z — p*p~ decay channel. They are built
using MADGRAPH (LO) sample.

The number in each matrix element is the probability (in percentage) of an event located in the
region after phase space requirement in generator level and kinematic selection in reconstruction
level, normalized on the sum of events for a given bin of generated level. In general, one can see
that the diagonal elements are dominant in both sides, which means that most of the generated
events within the phase space are well reconstructed. To be specific, the kinematic distributions with
angular matching method have the events more concentrated around diagonal line for the rapidity
distributions of jets, which means the reconstructed observable corresponds to the generated one
much better, compared to the distributions with pr order matching. It results in exactly the same
response matrix in jet multiplicity with the two patterns. For the distributions of jet pr and Hrp, the

angular matching scheme does not have apparent improvement in the response matrices, relative to
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the pr ordering matching scheme. These response matrices are filled with the weighted events in the
analysis chain. The binning choice affects the response matrix values due to the bin migration effect.
In order to allow a proper unfolding, we choose an optimal bin width with each diagonal bin purity
of above 60%.

Regarding the variables like pr and Hp of jets, the filled histograms including the response
matrices have overflow bins, if the histograms do not cover the full ranges of the observable spectra'®.
The unfolding method takes into account the migration effect between the normal bins and those
overflow bins. It has to be noted that the lower threshold of jets pr has been adjusted to 20 GeV
when we fill the histograms of jets pr, while we keep them as 30 GeV as the condition for all the
other observable histograms. The reason is that we treat the region between 20 GeV and 30 GeV as

“underflow” region, where the possible migration effect can be corrected by the unfolding procedure.

MadGraph Resp. Matrix for Jet Multiplicity (excl.)

jets

gen N

Figure 4.62: The response matrix of exclusive jet multiplicity, constructed from MADGRAPH (LO)
at 8 TeV, with pr order matching or angular matching (same).

Regarding 13 TeV analysis, the same response matrices with pr ordering matching and angular
matching are compared too. These response matrices are built with the reconstructed and generated
distributions using MADGRAPH AMCQNLO generator. Note that the bin width at 13 TeV is
larger than that at 8 TeV for the kinematic observables and with less jet multiplicity at 13 TeV. This
is because of less statistics at 13 TeV analysis. Figure 4.70 to 4.77 show the comparisons, from which

we can also see the angular matching makes the response matrices of jet rapidity more diagonal.

10Gince there are pr lower cut and absolute rapidity upper threshold for jets, there is no underflow bin or overflow
bin for jet absolute rapidity distribution, and no underflow bin for jet pr and Hp distributions. There is an overflow
bin for the distribution of jet multiplicity, but it is limited by statistics.
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MadGraph Resp. Matrix for 1st jet P, (Nje‘S >1) MadGraph Resp. Matrix for 1st jet P, (Nie‘ >1)

=
(=]
W

gen p (i) [GeV]

0 L -
10? 10°

10? 10°
p.() [GeV] p.() [GeV]

Figure 4.63: The response matrix of the first jet py for Njes > 1, constructed from MADGRAPH

(LO) at 8 TeV, with pr order matching (left) and angular matching (right).

MadGraph Resp. Matrix for 2nd jet P, (Njet 22) MadGraph Resp. Matrix for 2nd jet P, (Njet 22)
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Figure 4.64: The response matrix of the second jet py for Nj.s > 2, constructed from MADGRAPH
(LO) at 8 TeV, with pr order matching (left) and angular matching (right).
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MadGraph Resp. Matrix for 3rd jet P, (Nie‘S =>3) MadGraph Resp. Matrix for 3rd jet P, (Njels >3)

genp, () [GeV]

10?

10?
p.(,) [GeV] p.(,) [GeV]

Figure 4.65: The response matrix of the third jet py for Njes > 3, constructed from MADGRAPH

(LO) at 8 TeV, with pr order matching (left) and angular matching (right).

MadGraph Resp. Matrix for 1st jet |y| (Nie's >1) MadGraph Resp. Matrix for 1st jet |y| (Nlels >1)
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Figure 4.66: The response matrix of the first jet rapidity for Nj..s > 1, constructed from MADGRAPH
(LO) at 8 TeV, with pr order matching (left) and angular matching (right).

127



MadGraph Resp. Matrix for 2nd jet |y| (Nj_e‘S >2) MadGraph Resp. Matrix for 2nd jet |y| (Nj_e‘S >2)
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Figure 4.67: The response matrix of the second jet rapidity for Njes > 2, constructed from MAD-
GRAPH (LO) at 8 TeV, with pr order matching (left) and angular matching (right).

MadGraph Resp. Matrix for 3rd jet |y| (Nlels >3) MadGraph Resp. Matrix for 3rd jet |y| (Nje(s >3)
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Figure 4.68: The response matrix of the third jet rapidity for N > 3, constructed from MAD-

GRAPH (LO) at 8 TeV, with py order matching (left) and angular matching (right).
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MadGraph Resp. Matrix for Scalar sum jets P, (N =1) MadGraph Resp. Matrix for Scalar sum jets o (Njets >1)
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Figure 4.69: The response matrix of the scalar sum of jets py for N, > 1, constructed from
MADGRAPH (LO) at 8 TeV, with pr order matching (left) and angular matching (right).

aMC@NLO+Pythia8 Resp. Matrix for Jet Multiplicity (excl.)

NJels

Figure 4.70: The response matrix of exclusive jet multiplicity, constructed from MAD-
GRAPH AMCQNLO at 13 TeV, with pr order matching or angular matching (same).
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aMC@NLO+Pythia8 Resp. Matrix for 1st jet P (N =1)
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Figure 4.71: The response matrix of the first jet pr for Nj,s > 1, constructed from MAD-

GRAPH AMCQNLO at 13 TeV, with pr order matching (left) and angular matching (right).
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Figure 4.72: The response matrix of the second jet pr for Nj,s > 2, constructed from MAD-
GRAPH AMCQNLO at 13 TeV, with pr order matching (left) and angular matching (right).
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aMC@NLO+Pythia8 Resp. Matrix for 3rd jet o (N =3) aMC@NLO+Pythia8 Resp. Matrix for 3rd jet P, (N =3)
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Figure 4.73: The response matrix of the third jet pr for Njus > 3, constructed from MAD-
GRAPH AMCQNLO at 13 TeV, with pr order matching (left) and angular matching (right).

aMC@NLO+Pythia8 Resp. Matrix for 1st jet |y| (NJE,S =1) aMC@NLO+Pythia8 Resp. Matrix for 1st jet |y| (NJE,S >1)
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Figure 4.74: The response matrix of the first jet rapidity for Nj,s > 1, constructed from MAD-
GRAPH AMCQNLO at 13 TeV, with pr order matching (left) and angular matching (right).
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aMC@NLO+Pythia8 Resp. Matrix for 2nd jet |y| (N. = 2) aMC@NLO+Pythia8 Resp. Matrix for 2nd jet |y| (N. = 2)
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Figure 4.75: The response matrix of the second jet rapidity for Njes > 2, constructed from MAD-
GRAPH AMCQNLO at 13 TeV, with pr order matching (left) and angular matching (right).
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Figure 4.76: The response matrix of the third jet rapidity for Njes > 3, constructed from MAD-

GRAPH AMCQNLO at 13 TeV, with pr order matching (left) and angular matching (right).
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aMC@NLO+Pythia8 Resp. Matrix for Scalar sum jetsp_ (N >1) aMC@NLO+Pythia8 Resp. Matrix for Scalar sum jets P, (NJE‘S 21)
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Figure 4.77: The response matrix of the scalar sum of jets pr for Nj.s > 1, constructed from
MADGRAPH AMCG@NLO at 13 TeV, with py order matching (left) and angular matching (right).
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4.6.4 Comparison between pr order matching and angular matching

Since we have seen the response matrices of jet rapidity are improved by the angular matching
approach, it is interesting to quantify how much the two matching scenarios affect the measured
differential cross sections after unfolding data due to the difference in the response matrices. The
comparisons are illustrated from figure 4.78 to figure 4.81 at 8 TeV. By definition there is no difference
in the jet multiplicity distribution. The difference between the two matching schemes is seen in the
absolute rapidity distributions of the second, third, forth, and fifth jet. There is also a bit difference
at low pr region for those jets. In general, the difference is a few percent. As mentioned before, the
angular matching scheme leads to the confusion for corresponding jets between unfolded data and

theoretical predictions. Hence, we choose the py order matching scheme in this analysis.
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Figure 4.78: The measured differential cross section as a function of the leading jet (left), the second
jet (middle), and the third jet (right) pr in pu"p~ decay channel at 8 TeV, comparing pr order
matching and angular matching scenarios. The error bars stand for statistical uncertainties.

The comparisons at 13 TeV are illustrated from figure 4.82 to 4.84. The response matrices are
constructed by means of the events generated using MADGRAPH AMCQ@NLO. There is no apparent
discrepancy in all the distributions using the two matching approaches. Therefore we also choose the

pr ordering matching scheme for this analysis.
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Figure 4.79: The measured differential cross section as a function of the forth jet pr (left), the fifth
jet pr (middle), and the scalar sum of jets py with Njes > 1 (right) in p g~ decay channel at 8 TeV,
comparing pr order matching and angular matching scenarios. The error bars stand for statistical
uncertainties.
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Figure 4.80: The measured differential cross section as a function of the leading jet (left), the second

jet (middle), and the third jet (right) absolute rapidity in u*u~ decay channel at 8 TeV, comparing
pr order matching and angular matching scenarios. The error bars stand for statistical uncertainties.
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4.7 Uncertainties

The uncertainties in this analysis are induced by the systematic errors on measurement, the finite
statistics of the data and MC samples, and the uncertainty in the estimation of theoretical models.
The first two sources lead to the systematic uncertainty and statistical uncertainty respectively, and
they will be propagated analytically to the measured differential cross sections through the covariance
matrices computation using the unfolding approach. Meanwhile, the statistical uncertainty of signal
MC samples and the theoretical uncertainty will be also propagated to the predicted differential cross
sections. It needs to be noted that the theoretical uncertainty computation is not available for every
theoretical prediction in this analysis, due to some technical constraints of MC productions.

Considered systematic uncertainties sources and propagations are:

e Jet energy scale (JES)
By rescaling the reconstructed jet py distribution up and down in data, one can compute the
difference between each of them and the nominal spectrum as the uncertainty. The rescaling
factors (computed by CMS collaboration) for up and down variations are assigned as jet pr
and 7 dependent numbers, and they vary from 1% up to 5% within the kinematic selection
constraint. The difference is propagated into the differential cross section computation. More
details can be found in [91] and [99].

e Jet energy resolution (JER)
As mentioned before, the jet resolution estimated using MC simulation is a bit higher than the
one for data, so the correction has to be taken into account for the MC case. The solution is to
smear the jet momentum, which has been introduced in equation 4.6. This effect is propagated
by smearing the response matrix of the signal MC sample. Actually, the uncertainty is small
(within 1%). More details about this correction have been interpreted in [89] and [90].

e Pileup (PU)
The pileup modelling uncertainty is estimated through varying the minimum bias cross section

by £5%. The effect is within 1% except for the large jet multiplicity region.

e Luminosity (Lumi)
The integrated luminosities are measured at 8 TeV [100] and at 13 TeV [101] respectively. For
each center-of-mass energy, since all the MC distributions are normalized to the integrated
luminosity, the uncertainty from the luminosity should be propagated to all of them. In this
analysis, the distributions of all the simulated processes are varied up and down by 2.6% at
8 TeV or by 2.7% at 13 TeV, which will be propagated to the uncertainties of the measured
differential cross sections. It has to be noted that the propagated luminosity uncertainty is

dependent on the cross sections of simulated background processes.
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e Background cross section (Bgnd)
According to the control plots which are shown before, the tt and diboson processes dominate
the background contributions. Since they are produced by simulation and normalized to the
luminosity of data, the subtraction procedure for data can involve in the uncertainties, one
of which results from the cross section predicted by theoretical modelling, while the other
from the integrated luminosity. The uncertainty resulting from luminosity has been taken into
account before. For the uncertainty of theoretical modelling, we implement a variation on
the distribution of tt by 10% [102] (at 8 TeV analysis) and independent variations on diboson
processes (WW /WZ/Z7Z) respectively by 3%. For 13 TeV analysis, through selecting a ;1 and an
electron for data and simulation samples, we obtain the distribution of tt process, and reweigh
the simulated distribution according to the data. The uncertainty on the reweighting factor is

treated as the systematic uncertainty coming from tt modelling.

e Lepton efficiency correction (Eff)
Considering the corrections applied for lepton trigger, reconstruction, identification, and isola-
tion, we conservatively implement a global variation for each nominal distribution of the signal
process that is predicted by MC. The variation factor is +2.5% for u*p~ channel and 42.6%
for eTe™ channel. The propagated uncertainty is smaller than 5%. More explanations can be

found in [78] and [87].

e Lepton energy scale (LES)
Similar to the method for estimating JES uncertainty, we rescale the simulated signal distribu-
tion up and down by 0.2% [78] for u*u~ channel and 0.6% (EB) / 1.5% (EE) ' [87] for ete™
channel. After propagation, this uncertainty becomes quite negligible (< 0.5%).

e Lepton energy resolution (LER)
This uncertainty is assessed by smearing the momenta of leptons in emulated signal sample, by
means of the equation similar to 4.6, where all the variables correspond to the leptons. Note
that the smearing factor C' now is a random Gaussian distributed value, of which the nominal
value is 1 with a width of 0.6% for u™p~ channel and 6% for e*e~ channel. This uncertainty

is very small (< 0.5%) after propagation to the differential cross sections.

e Unfolding (Unf)
In the analysis at 8 TeV, we use the sample produced by MADGRAPH (LO) to estimate the
unfolding matrices. Since the unfolding matrices are dependent on the chosen MC sample, dif-
ferent choices of MC models may lead to different results. Alternatively, we use another sample
produced by SHERPA 1.4, which is also a MC generator in LO accuracy while with a different
model of parton shower and hadronization. Through comparing the unfolding matrices between

the two samples, we treat the difference between them as the systematic uncertainty related to

UEB is for barrel region while EE is for endcap region.
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unfolding (Unf sys). Regarding 13 TeV, the sample simulated by MADGRAPH AMCQ@QNLO
is used for unfolding procedure, and there is no another suitable sample for unfolding matrices
comparison. Hence we use another method to estimate it, through weighting the simulation
to be consistent with data in each distribution and constructing a re-weighted response matrix
to unfold the data distribution. The reweighting is done using a fine binning allowing to be
sensitive to different shapes within bins. The difference between the unfolded results obtained
using the weighted response matrix and the nominal results is taken as the systematic uncer-
tainty associated with the unfolding response matrix. Moreover, the statistical uncertainties of
MADGRAPH at 8 TeV and of MADGRAPH AMCQ@NLO at 13 TeV are respectively treated

as the unfolding statistical uncertainties (Unf stat).

These systematic uncertainties above are summed in quadrature through the assumption that
each uncertainty source is independent from others, yielding to the total systematic uncertainty. The
covariance matrices associated to each systematic source are calculated by referring to [103], which
is applied in the combination of the two decaying channels (see section 4.10.1). In each matrix, the

diagonal elements are the squares of the systematic uncertainties listed above:

AO'Z'Z' = AO’?, (410)

where Ao; = |o;F — o%w"| /2, and o; corresponds to the effect on cross section of each systematic.
The off diagonal members are calculated based on the hypothesis of 100% correlation between each

systematic source, also considering the sign of the source variation difference:

down

Aoyj = sign(o;? — al*") * sign(c? — o"") x Aoy x Aoy, (4.11)

J

Different systematic sources actually have different effect on the measured differential cross sec-
tion, as illustrated from figure 4.85 to 4.90 at 8 TeV. One can see that the dominant uncertainty is
from jet energy scale variation. It increases significantly when the jet multiplicity is larger, while it
more or less maintains flatness for the leading jet pr. The luminosity uncertainty and muon efficiency
uncertainties are almost flat. The uncertainties resulting from the background modelling and pileup
variations are enlarged at high jet multiplicity region. The other uncertainties are almost negligible.

The systematic effects at 13 TeV are shown from figure 4.91 to 4.92. One can see the similar
performances to the case of 8 TeV. The uncertainty from jet energy scale variation increases when
the jet multiplicity becomes higher, while it keeps flat for the distribution of leading jet py. The
systematic uncertainty due to the background modelling is only apparent in large jet multiplicity
region. The other systematic uncertainties are negligible, so they are not shown in the plots.

Regarding the MADGRAPH AMCQNLO generator, the theoretical uncertainty and PDF un-
certainty need to be computed as well. The generated sample contains eight weight values for each
event, corresponding to eight combinations of factorization (pr) and renormalization (ug) scales.

According to the convention, each scale is varied as half or twice of the nominal (default) value [104].
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Figure 4.85: The systematic effects on the measured differential cross section as a function of exclusive
jet multiplicity in pu*p~ decay channel at 8 TeV, due to the variations of jet energy scale (left) and
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Figure 4.87: The systematic effects on the measured differential cross section as a function of exclusive
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Since it overestimates the uncertainty to have the extreme case with one scale varying to the half

while the other to twice, there are six combinations considered. We calculate the nominal differential

cross sections that are predicted by this generator using the default weight value of each event and the

weight values corresponding to the six scale combinations, respectively. Then we take the envelope of

the variation, which is with the maximum up/down variation with respect to the default distribution,

to compute the theoretical uncertainty. The calculated theoretical uncertainties at 8 TeV and 13 TeV

are illustrated in figure 4.93 and 4.94, respectively. One can see that the uncertainties are within
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The parton distribution function (PDF) sets of the MADGRAPH AMC@NLO sample is NNPDF
3.0 [105], which is estimated at next-to-leading-order level. The value of ay is chosen to be 0.118.
Each event in this sample comes with several different weights, which are corresponding to the default

prediction for parton distribution function and varied PDF settings (replicas) respectively. Typically,
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there are 100 different weights that are floating around the nominal weight, which are marked as wy
(k =0, 1, 2, ..., 100), where wy stands for the nominal weight. As a result, one can obtain 100
different cross sections using the various replicas, and the PDF uncertainty is computed using the
RMS [106]:

RMS — ﬁ S (Fla()]— < Flg] >)2 (4.12)

where the N,., represents the number of PDF replicas (100), and F'[¢(k)] stands for the cross section
with each replica weight, and < F[q] > is the average value of the cross sections using the 100 replica
weights. The RMS is taken as the absolute PDF uncertainty, and the relative PDF uncertainty will
be RMS divided by the cross section computed using nominal weight. Figure 4.95 and 4.96 show
the uncertainties on the predicted differential cross sections because of the PDF variations at 8 TeV
and 13 TeV, respectively, from which one can see that the uncertainty is no more than 10%. The
uncertainty also contains the contribution of a uncertainty, which is estimated through varying the
as value with +0.001 and calculating their difference in measured cross section. It is combined with

the two other uncertainties by quadratic sum.
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Figure 4.95: The uncertainty of the predicted differential cross section as a function of jet multiplicity
(left) and leading jet pr (right) in p*u~ decay channel at 8 TeV, due to the variations of PDF. The
predictions are provided by MADGRAPH AMCQ@NLO generator.
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4.8 Non-perturbative correction

Regarding the 13 TeV analysis, we have the theoretical predictions for Z boson plus one jet at next-to-
next-leading-order (NNLO) level [104, 107], concerning the differential cross section as a function of pr
and |y| of the leading jet, and Hr. These computations are at parton level restricted to perturbative
QCD calculation, while not considering the hadronization process and multiple parton scattering
(MPI) effect, which contains non-perturbative QCD region. On the other hand, our measurement
is based on the data obtained from the detector, where the hadronization and MPI processes are
involved. At this point, we quantify the non-perturbative correction as differential factors to apply on
the predicted differential cross sections. The calculation for the correction is realized using Rivet [108]
framework, which allows for the validation and tuning of MC event generators.

We choose MADGRAPH AMCQ@NLO as the MC generator for the estimation. It is interfaced
with PYTHIAS [23|, which can implement parton shower, hadronization, and MPI process. Through
switching on/off the hadronization and MPI processes with PYTHIAS8 during the simulation, one
can obtain the events in parton level and hadron level, respectively. Then Rivet can compute the
differential cross sections. It has to be noted that Rivet makes use of the FastJet anti-kr algorithm |20,
18] to form jets from the outgoing particles. The phase space for the cross section of Z boson plus
jets process are as same as the ones introduced in section 4.3.

Figure 4.97 and figure 4.98 show the predicted differential cross sections with or without the

non-perturbative correction, from which one can see that the differences are within 7%.
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Figure 4.97: Comparison of differential cross section as a function of exclusive jet multiplicity (left)
and leading jet pr (right) in pu*p~ decay channel at 13 TeV, with and without hadronization and
MPT effects, respectively. Note that the "Data" and "MC" in the bottom panel stands for the
former and latter, respectively. There is no real data involved. The predictions are provided by
MADGRAPH AMCQNLO generator interfaced with PYTHIAS in the frame of Rivet.
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Figure 4.98: Comparison of differential cross section as a function of leading jet absolute rapidity
(left) and jets Hp (right) in p™p~ decay channel at 13 TeV, with and without hadronization and
MPI effects, respectively. Note that the "Data" and "MC" in the bottom panel stands for the
former and latter, respectively. There is no real data involved. The predictions are provided by
MADGRAPH AMCQ@NLO generator interfaced with PYTHIAS in the frame of Rivet.

Since this study is done by Rivet, it is important to check the consistency between Rivet and
MADGRAPH AMCQ@NLO generator. We compare the differential cross sections predicted by Rivet
and MADGRAPH AMCQ@NLO generator, respectively. As shown in 4.99 and 4.100, we can see

that they are indeed compatible within their statistical uncertainties.
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4.9 Differential cross sections in a single channel

After all the background contaminations are subtracted from the data, and unfolding procedure is
implemented for the data, one can obtain the differential cross sections as functions of observables in
wp~ and ete” decay channels, respectively, through dividing the number of events by the integrated

luminosity and bin width for each bin.

4.9.1 Comparison of single channels

The measurements in two leptonic decay channels should be consistent, and they are combined to
reduce the statistical uncertainty. Before that, the compatibility between the results of two decay
channels should be checked. Therefore, the comparison of the two decay channels at 8 TeV in the
differential cross sections and their ratios, together with their statistical uncertainties are illustrated
from figures 4.101 to 4.102.

Regarding the differential cross section as a function of jet multiplicity, the two decay channels are
compatible. The statistical fluctuation becomes large at high jet multiplicity region. In terms of the
distribution of leading jet pr, there is a discrepancy between the two channels which increases up to
about 15% at 240 GeV within the statistical uncertainty, while overcomed by systematic uncertainty.
The statistical uncertainty covers the difference at higher pr region. For the distributions of leading
jet absolute rapidity and scalar sum of jets pr by requiring at least one jet, there is no apparent
discrepancy between the two decay channels.

Figure 4.103 and 4.104 show the single channel comparisons at 13 TeV. There is an apparent
discrepancy at large jet multiplicity region (Njes > 5) within statistical uncertainty. In terms of
the leading jet pr distribution, there is a discrepancy about 8% at around 200 GeV. Regarding
the scalar sum of jets pr distribution, an inconsistency arises to 15% from 300 GeV to 400 GeV.
These discrepancies are compensated by systematic uncertainties. For the other distributions, no

discrepancy is seen concerning the statistical uncertainties.

4.9.2 Results of single channels at 8 TeV

The measured differential cross sections, with full systematic and statistical uncertainties, are pre-
sented in this section. To compare the measurement, three different theoretical predictions are

involved:

e MADGRAPH: The matrix element computed at tree level (LO) up to four partons in the
final state, using the CTEQG6L1 [109] PDF and interfaced with PYTHIA6 Tune Z2* for parton
shower and hadronization. The inclusive cross section is normalized to the NNLO cross section
predicted by FEWZ (see section 4.2). The statistical uncertainty of this generator prediction

is considered in the comparison.
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Figure 4.101: The comparison in differential cross section as a function of jet multiplicity (left) and
leading jet pr (right) of ptu~ (DMu) and ete™ (DE) decay channels at 8 TeV, concerning statistical
uncertainties.
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Figure 4.102: The comparison in differential cross section as a function of leading jet absolute rapidity
(left) and jets Hr (right) of ptu~ (DMu) and ete” (DE) decay channels at 8 TeV, concerning
statistical uncertainties.
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Figure 4.103: The comparison in differential cross section as a function of jet multiplicity (left) and
leading jet pr (right) of u™p~ and e*e™ decay channels at 13 TeV, concerning statistical uncertainties.
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Figure 4.104: The comparison in differential cross section as a function of leading jet absolute ra-
pidity (left) and jets Hr (right) of u*p~ and ete™ decay channels at 13 TeV, concerning statistical
uncertainties.

e SHERPA2: The matrix element computed at NLO accuracy with 0, 1, 2 partons in the final

state, and with 3, 4 partons at tree level. The parton shower and hadronization are implemented
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by its own model. It includes the configuration of BlackHat [110, 111] to take into account
one loop corrections. The merging of matrix element and parton shower is done with the
MEPSQ@QNLO method [41], with the merging scale of 20 GeV. It uses CT10 [11] PDF sets. The
statistical uncertainty of this prediction is shown in the comparison.

¢ MADGRAPH AMCQ@NLO: The matrix element calculated in NLO accuracy with 0, 1, 2 par-
tons in the final state, and with 3 partons in tree level, using NNPDF [68]. It is interfaced with
PYTHIAS for parton shower, hadronization, and multiple parton scattering. The FxFx [40, 27]
merging scheme is used with a merging scale parameter set to 30 GeV. The strong coupling
constant for the matrix element computation is set to ay = 0.118. While for the showering and
underlying events, the used value of CUETP8M1 tune for PYTHIAS is 0.130. The statistical,
theoretical (scale), and PDF uncertainties are shown in the comparison. These uncertainties

are added in quadrature.

Figure 4.105 to figure 4.113 show several comparisons between measurements and predictions of
the differential cross sections. In terms of the distribution of jet multiplicity, the three theoretical
predictions are generally compatible with the measurement in both decay channels. The MAD-
GRAPH AMCQNLO underestimates the cross sections at large jet multiplicity region. Regarding
the distributions of Z boson py and leading jet pr, there is a common discrepancy between measure-
ment and MADGRAPH prediction up 420 GeV approximately, while this disagreement disappears
for MADGRAPH AMCQ@NLO prediction with higher order calculation. The SHERPA prediction is
apparently lack in statistics. For the leading jet absolute rapidity, scalar sum of jets pr (at least one
jet), and the second jet pr and rapidity, all the MC predictions agree with data well.

It has to be noted that the differential cross sections as functions of rapidity sum/difference of
Z boson and leading jet has been normalized to the total cross sections. Since we are interested in
the shape comparison to validate the same measurement (see section 4.5) at 7 TeV [61] (also see
section 4.11) with larger energy scale and extended observable region. With the full statistical uncer-
tainties taken into account, we find dramatic discrepancy between MADGRAPH predictions and mea-
surements. On the other hand, there is no disagreement generally with MADGRAPH AMCQNLO
and SHERPA2 predictions. This problem observed with 7 TeV data has been studied extensively by
MADGRAPH 5 and MADGRAPH AMCQ@NLO authors, adapting and improving the ME and par-
ton shower matching (MLM approach) for MADGRAPH 5 to a new merging scheme (FxFx), which
is developed for merging multiple parton multiplicity at NLO. These results confirm the success of

this new approach.
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Figure 4.105: The differential cross section as a function of exclusive jet multiplicity in g~ (left) and
ete” (right) decay channels at 8 TeV, showing the full uncertainties. The measurement is compared

with MADGRAPH (MG5), SHERPA2, and MADGRAPH AMC@NLO (MG5_aMC).
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Figure 4.106: The differential cross section as a function of Z boson pr in ptu~ (left) and ete
(right) decay channels at 8 TeV, showing the full uncertainties. The measurement is compared with
MADGRAPH (MG5), SHERPA2, and MADGRAPH AMCQ@QNLO (MG5_aMC).
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Figure 4.107: The differential cross section as a function of leading jet pr in p™u~ (left) and ete
(right) decay channels at 8 TeV, showing the full uncertainties. The measurement is compared with

MADGRAPH (MG5), SHERPA2, and MADGRAPH AMCQ@QNLO (MG5_aMC).
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Figure 4.108: The differential cross section as a function of the second jet pr in p*p~ (left) and ete

(right) decay channels at 8 TeV, showing the full uncertainties. The measurement is compared with
MADGRAPH (MG5), SHERPA2, and MADGRAPH AMCQ@QNLO (MG5_aMC).
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Figure 4.109: The differential cross section as a function of leading jet absolute rapidity in utu~
(left) and ete™ (right) decay channels at 8 TeV, showing the full uncertainties. The measurement is
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Figure 4.110: The differential cross section as a function of the second jet absolute rapidity in pt ™
(left) and eTe™ (right) decay channels at 8 TeV, showing the full uncertainties. The measurement is
compared with MADGRAPH (MG5), SHERPA2, and MADGRAPH AMCQ@QNLO (MG5_aMC).
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Figure 4.111: The differential cross section as a function of scale sum of jets pr by requiring at least
one jet in ptp~ (left) and ete™ (right) decay channels at 8 TeV, showing the full uncertainties. The
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Figure 4.112: The normalized differential cross section as a function of rapidity sum of Z bo-
son and leading jet in p"p~ (left) and ete™ (right) decay channels at 8 TeV, showing the full
uncertainties. The measurement is compared with MADGRAPH (MG5), SHERPA2, and MAD-
GRAPH AMC@NLO (MG5_ aMC).
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4.9.3 Results of single channel at 13 TeV

As mentioned at the beginning of this chapter, only u™pu~ decay channel is presented in details at
13 TeV, and the preliminary results of ete™ decay channel are shown in appendix B. The measured
differential cross sections are as functions of observables for a jet multiplicity less than four. The full
systematic uncertainties considered at 13 TeV include the ones from jet energy scale and resolution,

luminosity, background modelling, and unfolding. The theoretical predictions for comparison are:

¢ MADGRAPH AMC@NLO: The matrix element computed in NLO accuracy with 0, 1, 2 par-
tons in the final state, and with 3 partons in tree level, using NNPDF set [68]. It is interfaced
with PYTHIAS using CUETP8M1 tune for parton shower and hadronization. The FxFx [40]
merging scheme is used with a merging scale parameter set to 30 GeV, and the strong coupling
constant is set by default to 0.118 at the Z boson mass scale. For the showering and underlying
events, the value of CUETP8M1 tune a; = 0.130 is used. The statistical uncertainty is taken

into account in the analysis.

e MADGRAPH: The matrix element computed at tree level (LO) up to four partons in the
final state, using the CTEQG6L1 [109] PDF and interfaced with PYTHIA8 Tune CUETP8M1
for parton shower and hadronization. The default strong coupling constant for CUETP8M1
tune is 0.130 at the Z boson mass scale. The matrix element calculation is matched with the
parton showering using the kp-MLM [39, 112] scheme with the merging scale set at 19 GeV.
The inclusive cross section is normalized to the NNLO cross section predicted by FEWZ (see
section 4.2), which is 2008f§§ pb. The statistical uncertainty of this generator prediction is

shown in the comparison.

e NNLO Z + 1 jet: This prediction is referred to [104, 107|. It is computed at parton level, at
NNLO level with one parton in the final state, using N-jettiness subtraction scheme. In order
to make the comparison with measurement, non-perturbative corrections are applied on it (see
section 4.8). Both theoretical (scale) and statistical uncertainties are considered. The latter is

negligible (within 1%) compared with the former.

The uncertainties corresponding to the renormalization and factorization scales, and PDFs are
considered for the MADGRAPH AMCQ@NLO prediction. These uncertainties are added in quadra-
ture to be propagated to the differential cross sections.

The results in " p~ decay channel at 13 TeV are illustrated from figure 4.114 to figure 4.118. In
general, the MADGRAPH AMCQ@NLO and NNLO predictions describe the measurement very well
within the systematic uncertainty and theoretical uncertainty. The prediction at LO accuracy agrees

in particular with data for the jet multiplicity and the third jet rapidity distributions.
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multiplicity in gy~ decay channel at 13 TeV, showing the full uncertainties. The measurement is

compared with MADGRAPH AMCQ@NLO (NLO) and MADGRAPH (LO) predictions.
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Figure 4.115: The differential cross section as a function of leading jet pr (left) and absolute rapid-

ity (right) in pu*pu~ decay channel at 13 TeV, showing the full uncertainties. The measurement is
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rapidity (right) in pu*p~ decay channel at 13 TeV, showing the full uncertainties. The measurement
is compared with MADGRAPH AMCQ@NLO (NLO), and MADGRAPH (LO) predictions.
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Figure 4.117: The differential cross section as a function of the third jet pr (left) and absolute
rapidity (right) in pu*p~ decay channel at 13 TeV, showing the full uncertainties. The measurement
is compared with MADGRAPH AMCQ@NLO (NLO), and MADGRAPH (LO) predictions.
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Figure 4.118: The differential cross section as a function of scalar sum of jets pr for Nje,s > 1 (left),
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4.10 Combined differential cross sections

Once we obtain the differential cross sections with the corresponding uncertainties in single leptonic
flavor channels, we can combine them for estimating the differential cross sections in 7]~ decay
channel. This is called combined measurement. Because the probabilities of a Z boson decaying to
wp~ and ete” are same, and the coupling between a Z boson and the two leptons is leptonic flavor
independent, the observations of the differential cross sections in the two decay channels should be
the same. In order to gain more precision, we combine the measurement in both decay channels.
However, the uncertainties in this two channels are not independent. For instance, the associated
jets are reconstructed in the same way, so the jet energy scale and resolution of the two channels are
correlated. The same story happens to the luminosity and pileup. With respect to the simulation, the
events of two channels are generated using the same MC generators for the observable distributions
(not only signal sample but also background samples), and the same unfolding method is applied for
them. The uncertainties related to each source above between the two channels are correlated. At

this point, a dedicated approach is developed for the combination.

4.10.1 Combination methodology

The differential cross sections are combined using a weighted mean approach of their uncertainties.

The general formula is written as:

2n n 2n
oomb — Z Aai0i = Z Aai0¢ + Z Aaiot™ (4.13)
i=1 i=1

i=n-+1

comb.

comd- represents the measured differential cross section related to an observable in the ath bin

where o
with two channels combined. « stands for the bin number and ranges from 1 to n. The superscripts
ee and pp correspond to the decay channels. The series of o; are vectors with respect to the measured
differential cross section in each bin. The \,; are n X 2n matrices containing the coefficients (weights)

for both channels. For the case of our analysis, this formula is simplified as:

(Ao—ee)_z ee (AU&W‘)_z
(Agge)_Q + (A(Tg'u)_an T (Agge)—z + (AUZ“)_Q O'ZM (4.14)

comb. __ ee W
O - Aaao-a + )\aa+n0a -

where Act® and Ach* are the total uncertainties in the ath bin related to the measurements for
the two channels, respectively. Note that the correlation between adjacent bins for a single decay
channel is already concerned in the unfolding approach (see section 4.6.2). As is explained later,
the correlations are taken into account in the uncertainty estimation through covariance matrices
propagation.

In order to estimate the uncertainties correctly after combination, one needs to compute the

propagated covariance matrices using linear estimates [113]. By means of the coefficients \,; in
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formula 4.13, the covariance matrix of the combined differential cross section is given by:

2n  2n
Aag%mb' = Z Z )\aiMij/\Bjy (415)
i=1 j=1

where M;; is a 2n X 2n covariance matrix of the measurement in both leptonic decay channels.
Concerning all of the systematic and statistical uncertainties in this analysis, the matrix is defined
as below [13]:

M:ZMS

seunc.sources

- >

se{JES,JER,PU,Bgnd, Lumi} i\/(AUge)s X (Aagu)s

(Ao.ee)s O
+ > ( 0 | (Ao ) (4.16)

se{Stat,Eff,LES,LER,Unf}

(Acee)® \ i\/(Aagf)S X (Adhiys
(AcH)s

where the (Ac')* are the covariance matrices of single channel for the uncertainty source s, which is
described in section 4.7. Note that the "Stat" represents the sources corresponding to the statistical
uncertainties of both data and MC. The sign of the off diagonal block is the same as the sign of the di-
agonal element of (Ac')®. The uncertainties resulting from JES, JER, PU, Bgnd, and Lumi of the two
decay channels are correlated, so the corresponding covariance matrices are crossed in the off diagonal
blocks. On the other hand, the statistical uncertainties and the lepton efficiency/energy /resolution
uncertainties of the two channels are independent, therefore their covariance matrices only appear
in the diagonal blocks. The systematic uncertainties coming from unfolding modelling of the two
channels are not fully correlated, so we adopt a conservative estimation assuming that they are inde-
pendent. In this way we obtain the combined covariance matrices related to each kind of uncertainty,

as well as the total uncertainty.

4.10.2 Combined results at 8 TeV

The 8 TeV combined differential cross sections are presented in this section and compared to theo-

retical predictions.

e Jet multiplicity
The differential cross section as a function of exclusive and inclusive jet multiplicities is mea-
sured concerning from zero up to seven jets, benefiting from the large statistics of data at 8
TeV. The comparison of measurement and predictions are shown in figure 4.119. One can see
excellent agreement with MADGRAPH tree level calculation and SHERPA2 prediction, both
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take into account a maximum of four partons in the final state for the matrix element com-
putation. In terms of MADGRAPH AMCQNLO, which includes maximum three final state
partons into the matrix element, it is consistent with data up to three jets. The discrepancy at
larger jet multiplicity regions originating from the parton shower are within one standard devi-
ation. The values of the differential cross sections together with the systematic and statistical

uncertainties are summarized in table 4.14.
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Figure 4.119: The measured differential cross section as a function of exclusive (left) and inclu-
sive (right) jet multiplicity in (]~ decay channel at 8 TeV, concerning the full uncertainties. The
measurement is compared to MADGRAPH (MG5), SHERPA2 and MADGRAPH AMCQ@NLO
(MG5_aMC) predictions.

e 7 boson and jet transverse momenta
The differential cross section as a function of Z boson, jet py for the first, second, third, forth,
and fifth jet are displayed in figures 4.120, 4.121, and 4.122. The cross sections fall rapidly
with increasing pr. Among them, the cross section for the leading jet is measured for pr values
between 30 GeV and 1 TeV and decreases by more than five orders of magnitude over this
range. The cross section for the fifth jet is measured for py values between 30 and 100 GeV

and decreases even faster, mainly because of the phase space covered.

Regarding the Z boson and leading jet transverse momenta, the agreement between MAD-
GRAPH LO prediction and measurement keeps good until about 150 GeV. There are discrep-
ancies observed approximately from 150 GeV to 450 GeV. A similar excess has been seen in the
CMS experiment at 7 TeV [114] with the same MC generators. It appears as well at the ATLAS
experiment [115], which used ALPGEN [116] interfaced to HERWIG [117] for the predictions
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do

Tot unc | Stat JES JER Bgnd PU Unfstat Unfsys Lumi Eff

dNjets

[pb] 7] A N Y I Y v N v 2] 7] 7l (7]
=0 423 3.7 0.034 1.2 0.06 0.002 0.71 0.05 1.2 2.6 1.8
=1 59.9 6.3 0.11 5.3 0.23 0.042 0.26 0.075 1.4 2.6 1.8
=2 12.6 9.2 0.25 8.4 0.22 0.33 0.35 0.12 1.7 2.7 1.9
=3 2.46 12 0.6 11 0.22 0.76  0.42 0.22 2.7 2.9 2.0
= 0.471 16 14 15 0.16 1.3 0.57 0.43 3.5 3.1 2.1
=5 0.0901 20 3.4 19 0.28 1.9 0.75 1.0 4.6 3.2 2.3
= 0.0143 33 9.3 28 0.72 3.3 1.9 2.4 5.9 3.7 2.6
=7 1 0.00230 34 22 23 0.61 4.3 5.6 6.3 6.4 3.9 2.8

Table 4.14: Cross section results obtained from the combination of the muon and electron channels
as a function of the exclusive jet multiplicity and details of the systematic uncertainties. The column
denoted “Tot unc” contains the total uncertainty; the column denoted “Stat” contains the statistical
uncertainty; the remaining columns contain the systematic uncertainties.

(see section 4.11). This discrepancy disappears with NLO prediction. The SHERPA2 predic-
tion shows about 10% discrepancy at low pr region, and it is in statistic shortage at higher
pr region. The second jet pr distribution has the similar performance. For the third jet pr
distribution, both MADGRAPH and MADGRAPH AMCQ@NLO describe the data very well,
while the shape of SHERPA2 prediction is a bit away. The three predictions have the similar

performance in the distributions of forth and fifth jet py, while some discrepancies are observed

for SHERPA2 and MADGRAPH AMCQ@NLO predictions.

Z boson and jet absolute rapidities

The differential cross section as a function of absolute rapidity for Z boson and first to fifth
jet, respectively, are shown from figure 4.123 to 4.125. Overall, MADGRAPH and MAD-
GRAPH AMCQNLO have the similar shape in all the distributions. SHERPA2 has generally

good agreement with data, while it suffers from statistical limitation with fine binning.

The rapidity correlation distributions of Z boson, first and second jets, are illustrated from
figure 4.126 to 4.130. As has been seen in the detector reconstruction level (see section 4.4.1),
there are prominent discrepancies in the shape distributions of ys,m(Z, j1) (figure 4.130) and
vaiff(Z, j1) (figure 4.126), with respect to the MADGRAPH LO predictions. This phenomenon
first also observed at 7 TeV [61] (also see section 4.11), and it is now confirmed again with
extended rapidity range and benefiting from increased statistical precision at 8 TeV. From
the same figures, we can see that the discrepancies are reduced significantly when applying
a specific threshold on Z boson pr. The observation above supports the attributions of the
discrepancy to the matching procedure between the matrix element and parton shower, which
has been addressed in [61]. On the other hand, the other two NLO predictions have no hard

disagreement in the same distributions, thanks to the new matching schemes between matrix
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Figure 4.120: The measured differential cross section as a function of Z boson pr (left) and leading
jet pr (right) in {71~ decay channel at 8 TeV, concerning the full uncertainties. The measurement is

compared to MADGRAPH (MG5), SHERPA2 and MADGRAPH AMCQ@NLO (MG5 aMC) pre-
dictions.
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Figure 4.121: The measured differential cross section as a function of second jet pr (left) and third
jet pr (right) in [T~ decay channel at 8 TeV, concerning the full uncertainties. The measurement is
compared to MADGRAPH (MG5), SHERPA2 and MADGRAPH AMC@NLO (MG5_aMC) pre-

dictions.
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Figure 4.122: The measured differential cross section as a function of forth jet pr (left) and fifth jet
pr (right) in [T~ decay channel at 8 TeV, concerning the full uncertainties. The measurement is
compared to MADGRAPH (MG5), SHERPA2 and MADGRAPH AMCQNLO (MG5 aMC) pre-
dictions.

elements and parton shower. Note that the SHERPA?2 is short of statistics for the distributions
with Z boson pr threshold applied.

The presence of additional jets in the event should reduce the dependence on the matching
between matrix element and parton shower for the first jet, because this jet will have larger pr
on the average. According to figure 4.127 and 4.129, we can see that the shape discrepancies
of MADGRAPH in the distribution of ysum(Z, j1) and yairr(Z, j1) are decreased, by consider-
ing at least two jets. Moreover, the MADGRAPH prediction also fails to describe the shape
distribution of Ysym (Z, j2) and yairr(Z, j2), with the same level of difference as ysum(Z, j1) and
vaiff(Z, j1), respectively. However, if considering the dijet events, the discrepancy of MAD-
GRAPH becomes much larger. The rapidity correlation between the two leading jets regardless
of the Z boson, as shown in figure 4.128, all of the predictions describe the ysum(j1,j2) well,
while MADGRAPH prediction disagrees with the yg4r7(j1, j2) distribution. On the other hand,

the NLO predictions agree with the measurement in general.

e Scalar sum of jet transverse momenta
The differential cross section as a function of the jets Hp, for inclusive one up to five jets
production are displayed in figure 4.131 and 4.132. All of the predictions agree with the
measurement for the cases of Njus > 1 and Njs > 2. Nevertheless, for the distributions

with Njes > 3 and Njes > 4, all of the predictions are away from the measurement at the low
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Figure 4.123: The measured differential cross section as a function of Z boson absolute rapidity
(left) and leading jet absolute rapidity (right) in [T~ decay channel at 8 TeV, concerning the
full uncertainties. The measurement is compared to MADGRAPH (MG5), SHERPA2 and MAD-
GRAPH AMCQ@NLO (MG5_aMC) predictions.

22%2 Daa 22%2 Daa

— 19.6 ™ (8 TeV) —@— MGS5 + PY6 (< 4j LO + PS) — 19.6 b (8 TeV) —@— MGS5 + PY6 (< 4j LO + PS)
2 12 s S=g== SHERPA 2 (< 2 NLO 3,4 LO + PS) 2 22 cMS S=g== SHERPA 2 (< 2 NLO 3,4 LO + PS)
= - ——4— MG5_aMC + PY8 (< 2j NLO + PS) = > MG5_aMC + PY8 (< 2j NLO + PS)
= 10l =
= F S 18
k=] . k=]
5 8 5 °
= ' = 1.4
ol 12E
C 1=
o= 0.8E-
L R 0.6
F  anti-k; (R =0.5) jets E_ anti-k; (R=0.5) jets
2 o 0.4 2N Ihs
F p™>30Gev, y'|<24 E p*>30Gev, |y <24
L Z/y*- Il channel 0.2 7 y*— Il channel
T A BN I B N BN T
s 15 s 15
< = I E
S Besseess I
£ Yoy
I} E B 8/ S é I E BE /oé'
= 0.5 = 05—
-SE Stat. unc. SE Stat. unc.
< E o E
= 15— T 1.5—
o E o =
S E i, 4 < 1 4
ﬁ = (Sl s eyt FPEPRT AP Z 2, % = o
5) o 5;7 Stat. unc. 3:) 0'5;7 Stat. unc.
o = S E
§ 15[ 8 15&
) o E
3 tera e b A 3 1
L] © 05
= =
0O 02040608 1 121416 18 2 22 24 0O 02040608 1 1214 16 18 2 22 24
ly@)I ly@I

Figure 4.124: The measured differential cross section as a function of second jet absolute rapidity (left)
and third jet absolute rapidity (right) in ["1~ decay channel at 8 TeV, concerning the full uncertainties.
The measurement is compared to MADGRAPH (MG5), SHERPA2 and MADGRAPH AMC@NLO
(MG5_aMC) predictions.
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Figure 4.125: The measured differential cross section as a function of forth jet absolute rapidity (left)
and fifth jet absolute rapidity (right) in [7]~ decay channel at 8 TeV, concerning the full uncertainties.
The measurement is compared to MADGRAPH (MG5), SHERPA2 and MADGRAPH _AMCQ@NLO
(MG5_aMC) predictions.
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Figure 4.126: The normalized differential cross section as a function of rapidity difference between
Z boson and leading jet by requiring at least one jet in 7]~ decay channel at 8 TeV, with pZ > 0
GeV (left), pZ > 150 GeV (middle), and pZ > 300 GeV (right), concerning the full uncertainties.
The measurement is compared to MADGRAPH (MG5), SHERPA2 and MADGRAPH AMCQ@NLO
(MG5_aMC) predictions.

Hr region, where the pr threshold (30 GeV) is applied for each jet. Regarding the distribution
with Njes > 5, SHERPA2 seems to have the best description.
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Figure 4.127: The normalized differential cross section as a function of rapidity difference between Z
boson and leading jet (left), between Z boson and second jet (middle), between Z boson and di-jet
(right) by requiring at least two jets in [71~ decay channel at 8 TeV, concerning the full uncertainties.
The measurement is compared to MADGRAPH (MG5), SHERPA2 and MADGRAPH _AMCQ@NLO
(MG5_aMC) predictions.
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Figure 4.128: The normalized differential cross section as a function of rapidity difference (left) and
rapidity sum (right), between the leading jet and second jet by requiring at least two jets in [T~ decay
channel at 8 TeV, concerning the full uncertainties. The measurement is compared to MADGRAPH
(MG5), SHERPA2 and MADGRAPH AMCQ@NLO (MG5_aMC) predictions.

The measured differential cross section values with systematic and statistical uncertainties are

summarized in the appendix A of this thesis.
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Figure 4.129: The normalized differential cross section as a function of rapidity sum between Z boson
and leading jet (left), between Z boson and second jet (middle), between Z boson and di-jet (right)
by requiring at least two jets in [T]~ decay channel at 8 TeV, concerning the full uncertainties.
The measurement is compared to MADGRAPH (MG5), SHERPA2 and MADGRAPH AMCQ@NLO
(MG5_aMC) predictions.
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Figure 4.130: The normalized differential cross section as a function of rapidity sum between Z
boson and leading jet by requiring at least one jet in 7]~ decay channel at 8 TeV, with pZ > 0
GeV (left), pZ > 150 GeV (middle), and pZ > 300 GeV (right), concerning the full uncertainties.
The measurement is compared to MADGRAPH (MG5), SHERPA2 and MADGRAPH AMC@NLO
(MG5_aMC) predictions.
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Figure 4.131: The measured differential cross section as a function of scalar sum of jets pr by
requiring at least one (left), two (middle) and three (right) jets in [T{~ decay channel at 8 TeV,
concerning the full uncertainties. The measurement is compared to MADGRAPH (MG5), SHERPA2
and MADGRAPH AMCQ@NLO (MG5_aMC) predictions.
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Figure 4.132: The measured differential cross section as a function of scalar sum of jets pr by requiring
at least four (left) and five (right) jets in [T]~ decay channel at 8 TeV, concerning the full uncertainties.
The measurement is compared to MADGRAPH (MG5), SHERPA2 and MADGRAPH AMCQ@NLO
(MG5_aMC) predictions.
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4.10.3 Combined results at 13 TeV

The measured differential cross sections in two single leptonic decay channels at 13 TeV are combined
in the same way as that of 8 TeV analysis. Together with the theoretical predictions, the combined

differential cross sections with the full uncertainties 2 at 13 TeV are shown as follows:

e Jet multiplicity
Figure 4.133 shows the differential cross section as a function of jet multiplicity in exclusive
and inclusive cases. Within uncertainties, both MADGRAPH and MADGRAPH AMCQ@NLO
are compatible with measurement, except for the highest jet multiplicity region (Nj.s > 6 for
MADGRAPH). This is because of a statistical fluctuation.
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Figure 4.133: The measured differential cross section as a function of exclusive (left) and inclusive
(right) jet multiplicity in (]~ decay channel at 13 TeV, concerning the full uncertainties. The
measurement is compared to MADGRAPH, and MADGRAPH AMCQ@NLO predictions.

e Jet transverse momentum
The differential cross sections as a function of py of the first, second, third jet, are shown in
figure 4.134. The shape distributions of MADGRAPH and MADGRAPH AMCQNLO are
similar. Considering the full uncertainties, the MADGRAPH AMCQNLO prediction agrees
with data for all the distributions. The MADGRAPH prediction has a discrepancy up to 15%
from 60 GeV to 300 GeV for the distribution of leading jet pr, and gives another undershooting

12This is a reminder that the ete™ channel results are shown in the appendix. The details of eTe™ channel are
given in [59].
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up to 10% ranging from 50 GeV to 120 GeV for the second jet pr distribution. It overestimates
the third jet pr distribution up to 20% from 120 GeV to 250 GeV. The NNLO prediction have

good consistency with the measurement for the leading jet pr distribution.
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Figure 4.134: The measured differential cross section as a function of the leading jet pr (left),
second jet pr (middle), and third jet pr (right) in {*]~ decay channel at 13 TeV, considering the
full uncertainties. The measurement is compared to MADGRAPH, and MADGRAPH AMCQ@NLO
predictions. For the leading jet pr distribution, a prediction of Z+1jet (Nje; NNLO) with non-
perturbative correction applied is compared to the measurement too.

e Jet absolute rapidity

The differential cross section as a function of absolute rapidity of the first, second, third jet,
are illustrated in figure 4.135. In general, the MADGRAPH AMC@Q@NLO prediction describes
the data very well within the full uncertainties. The MADGRAPH prediction reproduces
the shape of data, while has small fluctuation. It undershoots the distribution of leading jet
absolute rapidity up to about 15% ranging from 2 to 2.4. Almost at the same region, it
underestimates the second jet rapidity distribution up to 20%, which is also similar to the
third jet rapidity distribution. The NNLO prediction agrees well with the measurement for the
leading jet rapidity distribution.

e Scalar sum of jet transverse momenta
The differential cross section as a function of jets Hp by considering Njess > 1, Njers > 2,
and Njs > 3, are illustrated in figure 4.136. The MADGRAPH_AMCQ@NLO and NNLO
predictions have good agreement with measurements in general. The MADGRAPH prediction
has an undershooting of about 15% ranging from 100 GeV to 400 GeV for the jets Hy (Njers >
1, 2) distributions, but it describes the third distribution well within the full uncertainties.
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Figure 4.135: The measured differential cross section as a function of absolute rapidity of the first
jet (left), second jet (middle), and third jet (right) in [T/~ decay channel at 13 TeV, concerning the
full uncertainties. The measurement is compared to MADGRAPH, and MADGRAPH AMCQ@NLO
predictions. For the leading jet absolute rapidity distribution, a prediction of Z+1jet (Nje; NNLO)
with non-perturbative correction applied is compared to the measurement too.
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Figure 4.136: The measured differential cross section as a function of jets Hr, by requiring Nje;s >

1 (left), Njets > 2 (middle), and Njes > 3 (right) in 1]~ decay channel at 13 TeV, concerning the

full uncertainties. The measurement is compared to MADGRAPH, and MADGRAPH AMCQ@NLO
predictions. For the distribution of Hp (Njes > 1), a prediction of Z+1jet (Njey; NNLO) with
non-perturbative correction applied is compared to the measurement too.

4.11 Recent Results on Z-+Jets Measurements

The Z boson was discovered by the UA1 and UA2 experiments at CERN in 1983, benefiting from

the Super Proton Synchrotron accelerator used in proton-antiproton mode. From that moment,
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measurements of Z boson plus jets started to be studied. During the early time of these measurements,
the limited statistics of data and the low center-of-mass energy did not allow for high precision. After
several decades, new accelerators were built, such as the Tevatron and LHC, which provide energy
high enough and abundant statistics for studying the Z boson plus jets process in detail. The Tevatron
is located at the Fermi National Accelerator Laboratory in US, used to provide proton-antiproton
collisions with a center-of-mass energy of 1.96 TeV between 2001 and 2011, collecting the data with an
integrated luminosity of 10 fb=!. The LHC has provided proton-proton collisions at a center-of-mass
energy of 7 TeV in 2011, of 8 TeV in 2012, and of 13 TeV in 2015. The integrated luminosity was
about 5 fb=1, 20 fo=1, 4 fb~! respectively.

Due to the differences of incident particles for collisions and center-of-mass energies, the two
accelerators lead to several different consequences. For instance, the Tevatron provides higher proba-
bility of quark-antiquark annihilations to form gluons producing hard jets, while the LHC gives more
chance to quark-quark scattering to originate quarks resulting in hard jets. As a result, they give
rise to different ratios of quark and gluon productions in the final state. Due to the higher collision
energy, the LHC provides a larger amount of heavy flavour quarks in the initial/final state than the
Tevatron, and leads to a higher transverse momentum of jets. These differences result in different
PDF constraints from the data.

The Z boson plus jets process has been precisely measured by two major experiments at the
LHC, including ATLAS and CMS. It was also measured by the CDF and DO experiments at the
Tevatron. Because the differences in the experimental setup configurations, in order to gain the
optimal precision, the analyses based on these experiments correspond to different phase spaces.
Moreover, jets are defined using anti-kp algorithm in CMS and ATLAS experiments. The CDF
and DO experiments applied Midpoint cone algorithm and seed-based cone algorithm to define jets,
respectively.

This section provides a brief summary of the results of Z + jets measurements using;:

e DO data collected with center-of-mass energy of 1.96 TeV with an integrated luminosity of 1
Fot[118]

e CDF data collected with center-of-mass energy of 1.96 TeV with an integrated luminosity of
9.6 fb=' [119]

e ATLAS data collected with center-of-mass energy of 7 TeV with an integrated luminosity of 4.6
Fo=1 [115]

e CMS data collected with center-of-mass energy of 7 TeV with an integrated luminosity of 4.9
Fomt[114]

e ATLAS data collected with center-of-mass energy of 13 TeV with an integrated luminosity of
3.16 fb~1 [120]
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Those experiments make their measurements in a bit different phase spaces. For example, the pr
low threshold of the leptons from Z boson decaying in CDF and DO analyses is 25 GeV, while being
20 GeV in CMS and ATLAS analyses. The absolute rapidity of the leptons is required to be less than
1 in CDF analysis, and less than 2.5 in D0 analysis, while 2.4 in CMS and ATLAS cases. In terms
of jet selection, the pr are required to be higher than 30 GeV in CDF, CMS and ATLAS analyses,
while higher than 20 GeV in DO case. The absolute rapidity of jets is within 2.1 (CDF), 2.4 (CMS),
2.5 (DO and ATLAS). In the case of ATLAS 7 TeV measurement, the maximal absolute rapidity of
jets is extended to 4.4.

Figure 4.137 shows the inclusive jet multiplicity distributions measured by CDF, CMS and ATLAS
experiments, and the comparisons to several theoretical predictions. Benefiting from large statistics of
data, those measurements can reach the multiplicity up to 4, 6 and 7 respectively. Different generator
predictions show good agreements with the CDF and CMS measurements. In the case of ATLAS
measurement at 7 TeV, the ALPGEN, SHERPA, and BLACKHAT predictions are consistent with
measurements, while the MCQNLO has large offsets to the data for large jet multiplicities because its
parton shower underestimates the observed rate of additional jet emissions. At 13 TeV, the predictions
are in agreement with the observations, except for the SHERPA, ALPGEN, MG5 aMC+PY8 FxFx

predictions in high jet multiplicity region, where additional jets are produced by the parton shower.

Figures 4.138 and 4.139 show the leading jet pr distributions for the four experiments. Good
agreements are seen between the theoretical predictions and the measurement by CDF. Regarding
the DO case, MCFM NLO shows excellent agreement while its LO prediction underestimates the
distribution by 20%. PYTHIA QW gives a falling distribution with respect to the measurement,
and the HERWIG + JIMMY shows the similar trend at high pr region. ALPGEN + PYTHIA
undershoots the observed distribution by about 20%, while SHERPA overshoots the distribution at
high pr region. In general, the theoretical (scale) uncertainties of these predictions are ranging from
10% to about 50%. In the case of CMS analysis, good agreements are seen with SHERPA232 and
POWHEG + PYTHIAG, while an overestimation is seen with MADGRAPH + PYTHIAG6 ranging
from 150 GeV to 350 GeV, which is also confirmed in figure 4.120. Regarding the ATLAS analysis
at 7 TeV, a similar excess with ALPGEN prediction ranging from 200 GeV to 450 GeV is shown,
and the MCQNLO has about one order magnitude discrepancy for large pr resulting from a quite
soft spectrum in prediction. For the 13 TeV analysis from ATLAS, the MG5 aMC+PY8 CKKWL

overestimates the distribution at high pr scope, and all the other predictions are in good agreements.

The second jet pr distributions are illustrated in figures 4.140 and 4.141. One can see excellent
agreements between the theoretical predictions and the measurement by CDF. In terms of the D0
analysis, there is a factor seen as 1.1 for MCFM NLO prediction and about 1.4 for MCFM LO
prediction. Both PYTHIA and HERWIG predictions have more steeply falling spectra than the
observed distribution. ALPGEN + PYTHIA again undershoots the measurement, while SHERPA
overestimates the observed distribution. The theoretical uncertainty ranges from approximately 30%
to 50%. Regarding the CMS analysis, SHERPA tends to underestimates the high pr region, while
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both POWHEG + PYTHIA6 and MADGRAPH + PYTHIAG6 overshoot the distribution by about
20-30%. In the case of ATLAS analysis, SHERPA underestimates the distribution for about 15% in
the low pr scope, and the other predictions are in good agreements.

The third jet pr distributions are shown in figure 4.142. There is about 30% discrepancy between
BLACKHAT + SHERPA prediction and the measurement by CDF. In the case of DO analysis, the
MCFM LO overestimates the distribution for about 60% with large theoretical uncertainty. Both
PYTHIA and HERWIG + JIMMY show a more steeply dropping distribution versus the data distri-
bution. The ALPGEN + PYTHIA predicts a lower cross section while the shape is consistent. The
SHERPA agrees with the observed distribution. In terms of the analysis from CMS, POWHEG and
MADGRAPH show good agreements with data. SHERPA232 seems to underestimate the distribu-
tion while in consistence within the large theoretical uncertainties. For the ATLAS analysis, all the
predictions agree with the measurement.

Figure 4.143 shows the forth jet pr distributions measured by CMS and ATLAS experiments at
7 TeV, respectively. In general, good agreements between measurements and all the predictions are
formed. POWHEG prediction has about 30% higher prediction in the range from 70 GeV to 110
GeV. ALPGEN drops by about 20% with respect to the ATLAS measurement.

The rapidity correlation between Z boson and jet for Z + jet process at 7 TeV measured by CMS
collaboration is illustrated in figure 4.144. The leptons (muons or electrons) from Z boson decaying
are required to have py larger than 20 GeV, and their absolute pseudorapidity should be smaller than
2.1. The jet pr is required to be above 30 GeV, and its absolute rapidity range is selected to be within
2.4 to assure good tracker coverage. The measurement is compared to several theoretical predictions
in different PDF sets. Note that the differential cross section is normalized to unity by the integral
cross section. For the distribution of ¥4,,,, both SHERPA and MCFM predictions describe the
observation well, while the MADGRAPH prediction is much less consistent with the measurement.
In case of the yg;¢ distribution, the MCFM prediction agrees with the data within the range of y4 <
1.0, and the SHERPA describes the measurement very well. The most interesting phenomenon is
that the MADGRAPH prediction fails to reproduce the shape of data. This is confirmed again at 8
TeV analysis (see figure 4.126).
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TeV (bottom right). The measurements are compared to different theoretical predictions. Figures
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Figure 4.142: The differential cross section as a function of the third jet pr for Z + jets process
measured by DO experiment with /s = 1.96 TeV (top), by CDF experiment with /s = 1.96 TeV
(bottom left), by CMS experiment with /s = 7 TeV (bottom middle), by ATLAS experiment with
Vs = 7 TeV (bottom right). The measurements are compared to different theoretical predictions.
Figures are taken from [119, 118, 114, 115].
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Figure 4.143: The differential cross section as a function of the forth jet pr for Z -+ jets process
measured by CMS experiment with /s = 7 TeV (left), by ATLAS experiment with /s = 7 TeV
(right). The measurements are compared to different theoretical predictions. Figures are fetched
from [114, 115].
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Figure 4.144: The differential cross section as a function of absolute rapidity sum (left) and difference
(right) of Z boson and jet for Z + 1 jet process. It is normalized to unity. The measurement is
compared to different theoretical predictions with NLO or LO accuracy. Figures are taken from [61].
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Chapter 5

Jet energy correction and calibration at high

level trigger

This chapter presents the development of the jet energy correction (JEC) for an upgrade of the high
level trigger (HLT) of the CMS detector for LHC RunlI (run at 13 TeV). The jet energy corrections
are determined and implemented to HLT jet objects for full calibration. After being successfully
calibrated, they are configured in the database for the data-taking of the detector and MC sample
productions. This work is presented starting from its motivation, followed by the description of
physical assignment and technical implementation. Finally, some relevant results are presented. The

calibrated configurations were applied for the data-taking in 2015 and 2016.

5.1 Motivation

At high level trigger, the jet reconstruction is influenced by the detector effects, such as inactive
regions in the tracker system, the non-linear response to energy depositions, and the finite energy
resolutions of calorimeters. What’s more, the pileup interactions contribute to bias its energy. As a
consequence, the reconstructed momentum of a jet at HLT differs from the real produced momentum
of the jet at particle level. This difference varies in different spatial regions of the detector, and
depends on the instantaneous luminosity of each bunch crossing, which results in varying pileup
interactions. The spectrum of reconstructed jet momenta can be seen as a dispersion with respect
to the distribution of produced jet momenta. As a consequence, the jet energy correction is needed
to subtract the pileup energy contamination, to compensate the detector inefficiencies in different
angular directions, and to adjust the reconstructed jet momentum to the produced jet momentum.
It is important for HLT to possess the corrected jet momenta, such that the triggers with specific jet
momentum thresholds can efficiently filter the jets carrying the momenta below the thresholds. Then
the trigger may have a proper rate. For a physical point of view, efficient jet triggers are important
for the precision measurements of QCD and the searches of new physics with jet productions in the

final state.
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5.2 Track and vertex reconstruction at HLT

The HLT takes advantage of the same software as the offline track reconstruction (section 4.3.2). Due
to the timing constraint at HLT, the reconstruction configurations are simplified related to offline
case. For the track reconstruction, the HLT uses the hits in both pixel detectors and strip detectors.
It may only take into account the pixel hits to save time, depending on the trigger type. Then during
the iterative tracking step, these hits are used for track seeding, when the HLT may implement
only one iteration with high pr requirement for seeding to reduce the time. For some triggers,
track reconstruction is performed in a specific spatial region for a timing requirement. During the
iterative track reconstruction, the interaction vertex is reconstructed using a simple gap-clustering
algorithm [53] for the associated tracks, which is also called pixel vertex. Once a track seed is
compatible with the position of reconstructed pixel vertex along the beam direction, and satisfies the
specific tracking conditions (like minimal pr threshold, angular ranges), this seed is kept for the next
step. Meanwhile, in order to reduce time expense, the iterative track building program stops.

By means of such patterns above, the vertex reconstruction at HLT is much faster (time reduced
by a factor of 4 - 6) than the offline standard vertex reconstruction. Figure 5.1 shows the amount
of reconstructed HLT pixel vertices versus the expected number of primary interactions, comparing
the two different pileup conditions. We can see the good linearity of the HLT pixel reconstruction.
The figure also provides the comparison of the tracking efficiency for HLT (online) and offline track

reconstruction. Due to the inefficiency of the pixel detector for hits, the HLT loses some isolated

tracks.
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Figure 5.1: Left: Number of vertices as a function of the number of proton-proton interactions
measured by the forward calorimeter with the fills taken in two different pileup conditions at 8 TeV.
Right: Tracking efficiency versus the reconstructed track momentum from simulated ¢t events at 8
TeV, comparing the online and offline methods. The figures are taken from [53].
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5.3 Jet reconstruction at HLT

At HLT, the jets are reconstructed using the anti-kp algorithm for the offline jet reconstruction
(section 4.3.7). The parameter R is chosen as 0.5 at 8 TeV while as 0.4 at 13 TeV. This change is
because the smaller value reduces the pileup contamination. The jet candidates for the input of this
algorithm can be from either calorimeter towers (Calojet) or particle flow objects (PFjet). The former
is reconstructed according to only the energy deposits in the calorimeters, while the latter implements
a particle flow algorithm similar to the offline reconstruction (see section 4.3.3). Because the track
reconstruction scenario at HLT is different from offline track reconstruction, and some tracks are lost
at HLT, the PFjets at HLT differ from those in offline case. The Calojets cost much less time to be
reconstructed than the PFjets, so the PFjets can be selected from Calojets with their combinatorial
algorithms. While, before this procedure is complied, one needs to calibrate the Calojets and PFjets,
and they should be matched.

The efficiency of jet trigger at HLT is important, which affects the quantity of collected data.
The typical jet trigger paths are specified with thresholds of reconstructed jet transverse momenta
to select jet candidates. In principle, a specific threshold for a jet trigger path results in a turn-on
step from zero to unity for the efficiency versus the reconstructed jet transverse momentum at HLT,
which means that only and all of the jets with transverse momenta beyond the threshold can pass the
trigger. In practice, people concern more about jet trigger efficiency versus the offline reconstructed
jet transverse momenta. Because the offline jet reconstruction may be based on the data selected
by jet triggers, the reconstructed jets at HLT and at offline level are correlated, but have different
behaviors due to the different reconstruction scenarios. As a consequence, the trigger efficiency
as a function of offline reconstructed jet pr gives rise to a slanting turn-on curve, which reflects
the energy resolution between HLT jets and offline jets. Figure 5.2 shows examples of jet trigger
efficiencies versus the offline jet py with different trigger paths (different HLT jet pr thresholds). The
more steep turn-on curve to the plateau reflects the more precision of threshold application of trigger
path, which has a high efficiency for the jets with pr above the threshold while a large rejection for
the jets with py under the threshold.

5.4 Pileup at HLT

As for offline jet reconstruction, the online jet reconstruction also suffers from pileup jet contamina-
tion. The inclusive cross section of proton-proton collision increases from 69.4 mb at 8 TeV to 71.3
mb at 13 TeV [121]. At 8 TeV, the average number of pileup interaction was 20, with the bunch
spacing of 50 ns. Because of the increased instantaneous luminosity and reduced bunch spacing time
(25 ns) compared to 8 TeV, the mean amount of pileup interaction at 13 TeV increased to 30-40.
By consequence, the overlapping energy deposited in the detector from the in-time pileup and out-
of-time pileup at 13 TeV were increased significantly. This means a large contribution of artificial

jets from multiple proton-proton interactions, and these jets increased the rates of jet triggers, which
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Figure 5.2: The HLT efficiency as a function of pr for Calojet and PFjet trigger at 8 TeV (left), and
of PFjet trigger at 13 TeV with 50 ns bunching spacing (right). In the plots, the numbers in the
trigger paths stand for the py thresholds of HLT jets. The left figure is taken from [53]. Note that
the right plot shows the efficiency above unity with prescale corrected in some bins, which is due to
statistical fluctuations.

changed the trigger efficiency and required a higher threshold. Therefore, we aimed to distinguish
these energy contaminations and subtract them from reconstructed jet cluster energy. Then we could
concentrate on the jets produced in physical processes of interests, such as Z + jets process.

Figure 5.3 shows the ratio of the amount of pileup jets to the total number of reconstructed
jets using three different reconstruction scenarios. The first one is the default hadron calorimeter
reconstruction at 8 TeV, which uses the combinatorial information of tracks and calorimetric energy
deposition to reconstruct jets. In order to extract pileup contributions, a template fit approach
is implemented. Based on the foretime run calibration, different template pulses corresponding to
different bunch crossings that formed in the grouped crystals of ECAL are recorded in the database !.
For a reconstructed energy profile with a specific bunch crossing, ten different sampling pulses are
selected accordingly and are combined to fit this profile [122]. The similar approach is applied in
HCAL for the pileup jets. According to the fitted results, one can extract the in-time pileup energy,
while it does nothing for the out-of-time pileup contribution. During RunlI with 25 ns bunch spacing,
the OOT pileup contribution is significant, hence the second and third patterns have been developed.
Thanks to the Runll period with 50 ns bunch spacing, we could perform the first method to estimate
the in-time pileup contribution for the case of 25 ns bunch spacing. Considering the time resolution
of HCAL, the new patterns select only three sampling pulses in HCAL to perform the fitting. Then
one could extract the OOT pileup contribution together with the in-time pileup [123]. On the
other aspect, the second pattern reconstructs all the track candidates, which is suitable for offline
reconstruction while not allowed at HLT due to consuming plenty of time. At this point, the third
pattern is an adaptation of the second one, while implementing with deterministic fit approach [124]

for track reconstruction to improve the timing feature for HLT. These three scenarios are proceeded

!The number of interactions per bunch crossing has a probability density yielding a Poisson distribution.
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in the simulations of QCD jet production at 13 TeV. One can see that the second and third scenarios

effectively reduced the pileup contamination in the jet clusters.
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Figure 5.3: The rate of pileup jets in all of the reconstructed jets using simulation at 13 TeV with
bunch spacing of 25 ns, as a function of reconstructed jet n (left) and of jet pr (right), comparing
three different reconstruction scenarios.

The pileup offset is defined as the difference between the vectorial sum of pr of all the jets and
the pr of jets coming from hard scattering. It is an observable for monitoring the quality of pileup
identification of reconstruction pattern. Figure 5.4 shows the offset pr divided by number of pileup
for 25 ns and 50 ns of time separation between each bunch crossing at HLT and offline reconstruction.
The similarity of the distributions for 25 ns and 50 ns bunch spacings is achieved by use of the third
reconstruction scenario to mitigate the effect of “OOT pileup”. With the track and energy deposit
of particles, we can distinguish different categories of objects. The offline case has abundant time
to reconstruct robust vertices. In comparison, the HLT runs at much higher frequency to treat the
incoming data, so it only reconstructs pixel vertices. Relatively, the pileup offset of offline method is
more reasonable than that of online method, so we need to adjust HLT reconstruction to improve the
confidence level. Especially, the tracking at HLT is optimized to take into account only the primary
vertex of the hard interaction?, mimicking the behavior of removing charged hadrons from pileup

vertices in the offline reconstruction.

5.5 Jet energy correction

Due to the pileup energy deposition within the cone size of reconstructed jet clusters, the observed jet
momenta are generally larger than the produced jet momenta. Furthermore, the jet reconstruction

is also influenced by several detector effects, such as the less active regions, non-linear response to

2At the same bunch crossing, the vertex with the largest momentum is typically from hard (physical) interaction,
and the others are from pileup.
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of separation time between each bunch crossing. Those kinds of jets are respectively: charged hadrons,
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Hadrons” in the right plot represents the charged hadrons without track. More explanations can be
found in [90].

the jets with low energy, detector noise, and limited resolution of the detector. These effects result
in the reconstructed jet momentum spectrum is dispersed with respect to the true jet momentum
spectrum. Therefore, the jet energy correction program is divided by three steps to correct each of
them in order, which is similar to the offline case (section 4.3.7). The corrections in different levels
are determined as scaling factors for the reconstructed jet transverse momenta, by means of MC

simulations.

5.5.1 Pileup energy subtraction (L1 correction)

There are two different approaches for the L1 correction. The first one is called random cone method.
This method uses a neutrino particle gun sample, which is generated for pure pileup simulation. Since
neutrinos cannot be directly reconstructed, they are not included in the reconstructed pileup jets.
The IT pileup and OOT pileup are fully distinguished in the simulation. As is shown in figure 5.5,
the simulated pileup ingredients include charged hadrons, neutral hadrons, and photons. The n — ¢
plane is divided in fine 7 slices. For each slice, one constructs a circle of radius R centered in the
middle of the slice and at random ¢ angle event by event. In such a circle, the total four-momentum
of the particle candidates is computed for each event. Through considering the average over all the
events across the ¢ ranges, one can obtain the total transverse momenta of the particles in the circle
as a function of n and the number of I'T pileup.

As mentioned in section 4.3.8, the amount of pileup can be estimated through calculating the
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Figure 5.5: The profile of random cone method for pileup energy correction.

diffuse offset energy density p, which is defined as the median of jet transverse momenta (pr) divided
by the their area (A ~ mR?), where this R is the cone size of a jet cluster. This density is insensitive
to the jets produced in a hard QCD interaction, which reduces the contribution from the hard jets.

By taking advantage of this variable, we can parametrize the correction as below:

_1-Bm)xpxA
pr

where pr stands for the total reconstructed jet transverse momentum before correction, and the

C(n)

(5.1)

[ is a jet n dependent parameter that corresponds to the fitted slope of offset py/A versus p, as
illustrated in figure 5.6 for instance. The extrapolation to p = 0 is driven by noise, residual effects,

and non-linearities [125].
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Figure 5.6: The pileup offset versus jet density in different n ranges in simulations (25 ns bunch
spacing).
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The second pattern for L1 correction is called hybrid jet area approach. It does not only take into
account the jet area and offset density for the 1 dependent corrections, but also adds a logarithmic

reconstructed jet pr (uncorrected) dependent term for the parametrization:

)= 1o [o(n) + p* B(n) * (1 +~(n) *logpr)] x A
pr
where the po(n) contains the ingredient of multiple parton scattering density [89]. The (n) corrects

C(n (5.2)

the non-uniformity of IT and OOT pileup offsets. The (n) is the coefficient of the logarithmic pr
dependence. These three parameters are obtained from shaping of the offset correction versus jet 7,
and they can be determined using simulations. In our case, we use two MC samples with enriched
QCD productions, and they are generated by the same MC generator with the same events. The
difference between them is that one sample is simulated with pileup, the profile of which is usually
flat with respect to the expected nominal number of pileup interactions. The average number of
pileup bins are mapped to the average value of p for the subsequent parametrization. Note that the
OQT pileup is also included in the simulation. The other sample is simulated without pileup, which
is used for calibrating the pileup energy subtraction. Then we loop on the corresponding events of
the two samples at the same time. Once we find a reconstructed jet in the pileup sample is within
the distance (AR < 0.2 at 13 TeV) to a reconstructed jet in the no-pileup sample, we match them
assuming that they are from the same jet at particle level®. According to the differences of pr of the
matched couples, the parametrizations are conducted for the corrections.

In order to evaluate the L1 correction, we can perform the jet response as a function of true
number of pileup. In MC truth, the jet response is defined as the ratio of reconstructed jet to the
original jet at particle level. They should be matched according to their distance (AR < 0.2). This
option ensures a high matching efficiency and provides a unique match for the anti-kr defined jets.
After the L1 correction is applied, the jet response should be insensitive to the number of pileup,
which means the profile is a flat distribution. At HLT, the flatness of this distribution is specially
important for the stable jet trigger rate in various pileup contributions.

Through comparing the two L1 correction methods, we have found that the second one is much
better, especially at low jet pr region. Figure 5.7 illustrates a representative comparison of the jet
response using the same MC sample, applied with the corrections determined by the two methods

respectively.

5.5.2 Relative (L2) and absolute (L3) corrections

Because the components in different longitudinal directions along the CMS detector have different
reconstruction efficiencies and energy/time resolutions, the jet response distribution with respect to

the whole longitudinal scope is not uniform. In order to correct this detector effect, the 1.2 correction

3Tt has been checked that the matching efficiency, for the reconstructed jets in no pileup simulated samples and the
reconstructed jets in samples with average pileup interactions of 40, is above 90% when requiring jet pr > 30 GeV.
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Figure 5.7: Jet response as a function of true number of pileup interactions, applied with the correc-
tions determined by random cone method (left) and hybrid jet area method (right), using simulations
at 13 TeV. The PFjets are used with the anti-kr algorithm (distance parameter R = 0.4). The “pZEt”
is pr of the original jets in particle level that are matched with reconstructed jets at HLT.

is designed to retrieve this uniformity. The correction is factorized as a function of pseudorapidity
(m)-

The detector system has non-linear response to the jets with different transverse momenta, espe-
cially when jets carry pr below a few tens of GeV. In addition, the limited resolution of the detector
leads the reconstructed jet pr spectra smeared. At this point, the L3 correction has to be applied,
which brings the jet response back to unity in different jet pr regions. It can also helps to improve
the jet pr resolution. Therefore, this correction is parametrized to reconstruct the jet prp.

This two levels of corrections are determined using simulations, and are typically derived from
the jets with L1 correction already applied. Hence, these two corrections are correlated with the L1
corrections. In a practical way, the L2 and L3 corrections are usually parametrized together. By use
of MC samples, we can extract all the generated jets at particle level, and match each of them with
a reconstructed jet if their distance AR < 0.2. According to the pr difference between each matched
couple, we can calculate the correction factor as a function of reconstructed jet pr in different 7 bins.
This is based on a fitting approach, which provides smooth curves to describe the distributions of
the differential correction factors. We mainly have Calojets and PFjets at HLT, and their response

performances are different, so we have two basic formulas to parametrize the correction for them

respectively:
e (Calojets:
Qi
C'(n) = 5.3
(n) =ap+ (log0 pr)® + g (5.3)
e PFjets:
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aq
(logiopr)? + a2

where the «; (i = 0, 1, 2, 3 for Calojets while i = 0, 1, ..., 5 for PFjets) are various parameters

+ ag * exp(—ay * (log,o pr — as)?) (5.4)

C'(n) = oo +

for the fitting in each n bin. Note that the pr now stands for the reconstructed jet pr after pileup
energy subtraction. Figure 5.8 exemplifies the fitted L2 and L3 correction distributions with respect
to reconstructed jet pr in three different 1 ranges, each of which belongs to the barrel, endcap,
and HF regions, respectively. The ranges of those curves depend on the effective pr scopes of the
reconstructed jets in each 7 bin. In general, the correction factors of PFjets are much smaller than
the ones of Calojets at low py region, while they approach to each other at high pr values. Because
particle flow reconstruction relies heavily on tracking for the jets with low pr, the sensitivity to
the detector calibration is significantly reduced related to only calorimetry reconstruction. On the
other hand, the jets with high py usually traverse the tracker system with too straight tracks for a
reliable pr measurement, when the tracking efficiency decreases in the dense jet kernel due to the
limited energy resolution. Meanwhile, the deeper hadronic showers happen in the calorimeters, which

enlarges the sensitivity of PFjets to the detector calibration.
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Figure 5.8: Combined L2 and L3 correction factor as a function of reconstructed jet pr in different
n regions, using fitting approach. The Calojets (left) and PFjets (right) at HLT are reconstructed
with the anti-kr algorithm (distance parameter R = 0.4).

5.5.3 Residual L2L3 corrections

With the full jet energy corrections applied, the data and simulations may still have some discrepan-
cies, which can result from overestimated jet energy resolution by simulations, and also from inactive
segments of the detector system that are not performed effectively in simulations. In order to com-
pensate this drawback at HLT, the residual correction is designed, i.e. performing the calibration
with data. Similar to the offline residual correction introduced in section 4.3.7, the correction is

factorized as a function of jet pr in different 7 regions. It can be determined from the jet response
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difference of data and MC using the py balance approach. Through considering the events with a
reconstructed Z boson in association with a jet, which are typically recoiling back to back, we treat
the Z boson pr as the denominator (reference) of jet response to proceed ?. Figures 5.9 to 5.11
display the jet response comparisons between data and MC (Drell-Yan) simulations for PFjets in
different n ranges using pr balance method, before and after the previous three levels of corrections
applied. The selected Z boson are with py larger than 20 GeV. In general, the residual correction

factors (data/MC) are close to unity.
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Figure 5.9: HLT PFjet response as a function of reconstructed Z boson pr using pr balance approach,
comparing data and simulations before (left) and after (right) L1/12/L3 corrections applied for
|njet| < 1.3. The PFjets are reconstructed with the anti-k; algorithm (distance parameter R = 0.4).

5.5.4 Calibration workflow in simulations and results

The determination and calibration for jet energy correction at HLT are realized using the JetRespon-
seAnalyzer [126, 127|, which is a modular program based on CMSSW software (see section 3.2.7). As
mentioned before, the calibration for the jet response is conducted by means of MC simulations. The
special MC samples used for determining and calibrating the jet energy corrections (JEC) prepared
for the data taking in 2016 are listed in table 5.1.

Based on the large statistics of the sample with QCD production, we can calculate the jet response
for each matched jet couple event by event. Because the reconstruction system has finite resolution

for the jet momenta, the profile of the jet response yields approximately a Gaussian distribution or

4Once more additional jets appear in the events, they likely take off some momenta, which may break the pr
balance between the Z boson and the leading jet.
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Figure 5.10: HLT PFjet response as a function of reconstructed Z boson pr using pr balance approach,
comparing data and simulations before (left) and after (right) L1/L2/L3 corrections applied for 2.5
< |njer] < 3. The PFjets are reconstructed with the anti-kr algorithm (distance parameter R = 0.4).
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Figure 5.11: HLT PFjet response as a function of reconstructed Z boson p using py balance approach,
comparing data and simulations before (left) and after (right) L1/L2/L3 corrections applied for 3
< |njet] < 5. The PFjets are reconstructed with the anti-kr algorithm (distance parameter R = 0.4).

non-Gaussian shape (also see section 4.3.7). Figure 5.12 provides two examples of jet response profiles

in symmetric and asymmetric distributions in two different spatial regions using simulations, after full
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L1 correction determination (Random Cone Method) Events
(1) /SingleNeutrino/RunlISpringl5DR74-HFscaleFlat10to30Asympt25ns MCRUN2 9847776
(2) /SingleNeutrino/RunlIIFalll5DR76-25nsFlatOto50ZsecalNzshcalRaw 76X mcRun2 asymptotic 2016EcalTune 30fb 19803954

L2L3 correction determination and full JEC calibration

/QCD_Pt-15t03000 _TuneCUETP8M1_Flat 13TeV_ pythia8/RunlIFalll5DR76- 9870818
25nsFlat0to50ZsecalNzshcalRaw 76X mcRun2 asymptotic 2016EcalTune 30fb

Table 5.1: MC sample datasets and the corresponding number of events are used for determining
and calibrating the jet energy corrections, which were applied for the data taking at 13 TeV in 2016.
The bunch spacing was 25 ns. The first sample was simulated with flat distribution of pileup amount
from 10 to 30, while the last two samples were produced later with the extended ranges of pileup
amount from 0 to 50 according to the various expected pileup conditions.

jet energy corrections are applied. In our analysis, we fit each distribution using Gaussian functions
only around the peak position, in order to estimate the average response value of each distribution
corresponding to the maximal value of the fitted profile. In addition, the root-mean-square (RMS)

value of each fitted curve is treated as the jet pr resolution in this region.
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Figure 5.12: The profiles of PFjet response in Gaussian (left) or non-Gaussian (right) distributions
with full jet energy corrections applied. The blue points are the real distributions, and the red lines

stand for the fitted curves with Gaussian approximation around the maximal values. The py and

p;ef are the reconstructed jet pr and the generated jet pr in particle level, respectively. The PFjets

are reconstructed with the anti-kr algorithm (distance parameter R = 0.4).

Since there are two sets of MC samples for determining the L1 correction, we have two groups of
calibration results. The jet response calibration results (closure) are illustrated from figure 5.13
to figure 5.19. In general, the PFjets have much better responses than Calojets, because they
are implemented with more effective pileup subtraction and have better consistence between the
differential correction factor distributions and the fitted curves of L2L3 corrections, compared with
Calojets. The two categories of jets have similar response distributions at high jet pr region, which are

close to unity. Through comparing the response of the same kind of reconstructed jets applied with
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the L1 corrections determined from the two different samples respectively, one can see that sample
(1) is more suitable for Calojets with less fluctuation on response distribution after corrections, while
sample (2) is more reliable for PFjets.

The jet transverse momentum resolutions with the jet energy correction applied are shown from
figure 5.20 to figure 5.24. Apparently, the resolution of PFjets (about 2%) is better than that
of Calojets (about 2-3%), which is because that PFjets are reconstructed with both tracks and
calorimetry, while Calojets are reconstructed with only calorimetry. The resolutions of Calojets and
PFjets at high pr regions are approaching to each other due to the decreased tracking efficiency for
PFjets. The barrel region shows the best jet resolution, while the resolutions in endcap and HF

regions give some fluctuations due to the inactive gaps and the absence of efficient tracking.
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Figure 5.13: The compared responses between Calojets and PFjets at HLT as functions of recon-
structed jet n in the region of generated jet pr from 30 GeV to 50 GeV, with full jet energy corrections
applied. The L1 correction is derived from sample (1) (left) and from sample (2) (right) listed in
table 5.1. The jets are reconstructed with the anti-k7 algorithm (distance parameter R = 0.4).

As is seen in section 5.5.1, the hybrid jet area method improved significantly the offset energy
subtraction related to the random cone scenario °, especially at low jet transverse momenta scope.
Hence, this method is adopted for the L1 correction at HLT in 2017. At this point, the improved
jet energy corrections are needed to be determined and calibrated at simulation level. The whole
procedures are similar to the previous ones for 2016 data taking, except for the step of determining
L1 correction. The MC samples for this round are listed in table 5.2. They are generated from the
same MC generator at particle level, while being simulated with different pileup conditions. The first
sample is simulated with pileup varying from 0 to 70 yielding a flat distribution, and the second one
does not include pileup interaction. Moreover, the first one is also used to estimate L2L3 corrections

and to implement the calibration of jet response and energy resolution in simulations.

5The random cone method can be also used to calibrate the offset py versus n distribution, similar to figure 5.4, in
order to validate the simulated pileup amount.
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Figure 5.14: The compared responses between Calojets and PFjets at HLT as functions of recon-
structed jet 7 in the region of generated jet pr from 50 GeV to 100 GeV, with full jet energy corrections
applied. The L1 correction is derived from sample (1) (left) and from sample (2) (right) listed in

table 5.1. The jets are reconstructed with the anti-k7 algorithm (distance parameter R = 0.4).
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Figure 5.15: The compared responses between Calojets and PFjets at HLT as functions of generated
jet pr in the barrel region, with full jet energy corrections applied. The L1 correction is derived from
sample (1) (left) and from sample (2) (right) listed in table 5.1. The jets are reconstructed with the
anti-kr algorithm (distance parameter R = 0.4).

In terms of the calibration this time, we extend the range of generated jet pr down to 10 GeV for
both Calojets and PFjets, in order to take into account the correction at low reconstructed pr region.
Figure 5.25 shows the jet response as a function of reconstructed jet n in different jet pr regions. The
distributions become flatter and flatter when the jet pr increase. The responses of Calojets have the
discrepancies of approximate 15% dropping to about 1%, comparing with the fluctuations of PFjets
responses reduced from 10% to 1% as well. The inactive gap between endcap and HF (|n| = 3) gives
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Figure 5.16: The compared responses between Calojets and PFjets at HLT as functions of generated
jet pr in the endcap region, with full jet energy corrections applied. The L1 correction is derived
from sample (1) (left) and from sample (2) (right) listed in table 5.1. The jets are reconstructed with

the anti-kr algorithm (distance parameter R = 0.4).
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Figure 5.17: The compared responses between Calojets and PFjets at HLT as functions of generated
jet pr in the HF region, with full jet energy corrections applied. The L1 correction is derived from
sample (1) (left) and from sample (2) (right) listed in table 5.1. The jets are reconstructed with the
anti-kr algorithm (distance parameter R = 0.4).

rise to a bump in response.

Figure 5.26 presents the jet response as a function of generated jet pr in different longitudinal
angular directions. The responses show about 3-6% discrepancies below 20 GeV for PFjets, while the
Calojets have 10-20% difference in the same region.

The reason why the corrected jet transverse momenta versus jet pr and 7 in some regions still have

some discrepancies is that the raw jet responses have large fluctuations in those regions, which bias
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Figure 5.18: The compared responses between Calojets and PFjets at HLT as functions of true
number of pileup in different generated jet pr regions, with full jet energy corrections applied. The
L1 correction is derived from sample (1) (left) and from sample (2) (right) listed in table 5.1. The
jets are reconstructed with the anti-kr algorithm (distance parameter R = 0.4).
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Figure 5.19: The compared responses between Calojets and PFjets at HLT as functions of true
number of pileup in different generated jet pr regions, with full jet energy corrections applied. The
L1 correction is derived from sample (1) (left) and from sample (2) (right) listed in table 5.1. The
jets are reconstructed with the anti-kr algorithm (distance parameter R = 0.4).

the parametrizations of the estimated L2L3 corrections. It is affected by the pileup energy subtraction
and the statistics in simulations. Therefore, it is a challenge to optimize the parametrization scenario
of L2L3 corrections, which is still under investigation.

Figure 5.27 shows the jet response as a function of true number of pileup in different jet pr ranges.
The flatness of PFjets response (varying within 5%) is much better than that of Calojets response
(varying from 5% to 15%). Since the tracking technique is applied in the reconstruction of PFjets at
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Figure 5.20: The compared pr resolutions between Calojets and PFjets at HLT as functions of
reconstructed jet n in the region of generated jet pr from 30 GeV to 50 GeV, with full jet energy
corrections applied. The L1 correction is derived from sample (1) (left) and from sample (2) (right)
listed in table 5.1. The jets are reconstructed with the anti-k7 algorithm (distance parameter R =

0.4).
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Figure 5.21: The compared pr resolutions between Calojets and PFjets at HLT as functions of
reconstructed jet n in the region of generated jet pr from 50 GeV to 100 GeV, with full jet energy
corrections applied. The L1 correction is derived from sample (1) (left) and from sample (2) (right)
listed in table 5.1. The jets are reconstructed with the anti-k7 algorithm (distance parameter R =
0.4).

HLT, the pileup energy subtraction is much more efficient compared with the case of Calojets. When
the jet pr get larger, the PFjet responses approach to the Calojet responses due to the reduction of
pileup contamination and decreased tracking efficiency.

Figure 5.28 displays the jet pr resolution versus jet n in different jet pr regions. The PFjets

pr resolutions vary approximately from 30% to 15% when the jet py increase, compared with the
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Figure 5.22: The compared pr resolutions between Calojets and PFjets at HLT as functions of gener-
ated jet pr in the barrel region, with full jet energy corrections applied. The L1 correction is derived
from sample (1) (left) and from sample (2) (right) listed in table 5.1. The jets are reconstructed with
the anti-kr algorithm (distance parameter R = 0.4).
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Figure 5.23: The compared pr resolutions between Calojets and PFjets at HLT as functions of gener-
ated jet pr in the endcap region, with full jet energy corrections applied. The L1 correction is derived
from sample (1) (left) and from sample (2) (right) listed in table 5.1. The jets are reconstructed with
the anti-kr algorithm (distance parameter R = 0.4).

pr resolutions of Calojets changing from 50% to 20%. The off-uniformity results from different

reconstruction efficiencies and subtracted pileup quantities along different longitudinal directions.

The jet pr resolution with respect to generated jet pr in barrel, endcap, and HF regions, re-
spectively. In general, one can see again the PFjets perform better than Calojets. The significantly
increased relative resolution at low pr region is mainly due to the pileup energy subtraction, which

suppresses the average pr of the reconstructed jet clusters.
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Figure 5.24: The compared pr resolutions between Calojets and PFjets at HLT as functions of
generated jet pr in the HF region, with full jet energy corrections applied. The L1 correction is derived
from sample (1) (left) and from sample (2) (right) listed in table 5.1. The jets are reconstructed with
the anti-kr algorithm (distance parameter R = 0.4).

L1 correction determination (Hybrid Jet Area Method) Events
/QCD _Pt-15t03000 TuneCUETP8M1 Flat 13TeV pythia8/RunlISummerl6DR80- 9923654
PUFlat0to70HcaNZSRAWAODSIM 80X mcRun2 asymptotic 2016 TranchelV/

/QCD _Pt-15t03000  TuneCUETP8M1 _Flat 13TeV pythia8/RunlISummerl6DR80- 9942392
NoPUHcalNZSRAWAODSIM 80X mcRun2 asymptotic 2016 TranchelV/

L2L3 correction determination and full JEC calibration

/QCD _Pt-15t03000 TuneCUETP8M1 Flat 13TeV pythia8/RunlISummer16DR80- 9923654

PUFlat0to70HcaNZSRAWAODSIM 80X mcRun2 asymptotic_ 2016 TranchelV/

Table 5.2: MC sample datasets and the corresponding number of events are used for determining
and calibrating the jet energy corrections, which will be applied for the data taking at 13 TeV in
2017. The bunch spacing will be 25 ns. The first sample is simulated with flat distribution of pileup
amount from 0 to 70, while the second sample is produced without pileup at the same time.

Finally, it has to be noted that the technique of jet energy correction at HLT is still developing,

and it is a long-term project.
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Figure 5.25: The compared jet responses between Calojets and PFjets at HLT as functions of recon-
structed jet n in different generated jet pr ranges, with full jet energy corrections applied. The jets
are reconstructed with the anti-k7 algorithm (distance parameter R = 0.4).
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Chapter 6
Conclusion

The Standard Model was established based on quantum field mechanism in the second leaf of 20th
century, and got improved in accuracy during many decades. Thanks to the continuous efforts of
physicists on high energy experiments, including precision measurements and extensive searches, the
visible elementary particles in the nature together with their interaction mechanisms are completely
depicted in the theory. The Higgs boson has been discovered at the Large Hadron Collider in 2012,
which has complemented the solidity of the model.

The Large Hadron Collider occupies the highest energy that human beings has made so far in
particle interactions, and it offers us an unprecedented sight of the microscopic world. Using this
major accelerator, we have realized precision measurements of many SM predicted processes in a
phase space never reached before. This machine also makes possible to probe new physics beyond
the SM. Benefiting from high integrated luminosity of the collided beams, the LHC provides huge
amount of statistics for our physical analyses. As one of the general purpose detectors at the LHC,
the Compact Muon Solenoid has confirmed the existence of the Higgs boson.

The study on jet production at the LHC is important for our accurate understanding of perturba-
tive QCD theory based on the SM. Due to the large amount of data collected by the CMS experiment,
we can reach significant statistics with large jet multiplicity production, which requires high accuracy
level of theoretical prediction. In order to gain a clean selection for the jet study, we require the pro-
duced jets to be associated with a Z boson, which is easily detectable and efficiently reconstructed.
This process has high cross section and almost free of background contamination, which is an ideal
laboratory for jet production study. This thesis presents the measurement of the differential cross
section of this process in several observables, including jet multiplicity, jet transverse momentum,
rapidity, and scalar sum of jet transverse momenta. Several theoretical predictions from different
Monte Carlo generators are available for their comparisons with the measurement, so that these pre-
dictions could be confronted to the observations. At this point, the measurement of jet multiplicity
distribution provides an effective constraint on the validity of theoretical predictions, which perform
ME calculations at different accuracy level matched with parton shower. Jet transverse momentum

is interesting to be measured, because its modelling is sensitive to the matching scheme between ME
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and parton shower, and to PDF as well. The scalar sum of jet transverse momenta gives a hint to
supersymmetry searches with multiple hadronic jets production and large missing transverse energy.
This measurement also provides an accurate estimation of the background from Z -+ jets process for
SUSY searches.

The rapidity correlation between Z boson and jets is also measured, because it makes the limitation
of multi-leg leading order ME approach visible, which helps us to understand QCD processes much
more accurately. Thanks to the large enough statistics of data, we manage to measure the correlation
observable distributions precisely. There are two uncorrelated variables, ysum(Z, jet) and yqur¢(Z, jet).
The former is related to a boost from the laboratory frame to the center-of-mass frame of Z boson
and jet, which relies on the PDFs. The latter is the relative rapidity between Z boson and jet, which

reflects the partonic differential cross section.

The measurements have been performed using two sets of data collected by the CMS detector with
proton-proton collisions at the LHC in 2012 and 2015, respectively. They correspond to an integrated
luminosity of 19.6 b=t and 2.25 fb~!, with a center-of-mass energy of 8 TeV and 13 TeV, respectively.
The first compared theoretical prediction for 8 TeV analysis is from MADGRAPH 5 with LO multi-
leg ME calculation up to four final state partons interfaced with PYTHIA 6 for parton shower and
hadronization. The second one for 8 TeV is from SHERPA 2 with NLO multi-leg ME computation
plus one virtual loop correction up to two partons in the final state, implementing parton shower and
hadronization with its own model. The third one for 8 TeV is from MADGRAPH AMCQNLO with
NLO multi-leg approach up to two partons in the final state, and interfaced with PYTHIAS for parton
shower and hadronization. In the case of 13 TeV analysis, the predictions of MADGRAPH 5 and
MADGRAPH AMCQ@NLO are available, and they are both interfaced with PYTHIAS. Moreover,
a prediction of NNLO ME computation based on N-jettiness scheme is provided for the leading jet

kinematic observables.

In conclusion, this analysis work has accomplished the precision measurement of Z + jets pro-
cess, and provides the precise systematics of jet production for different theoretical models (including
the implementations of PDF, ME calculation, parton shower, hadronization). The improvement of
higher order (NLO/NNLO) of perturbative QCD ME computations relative to the LO multi-leg
ME approach has been quantified and is significant for jet transverse momentum distributions. A
discrepancy arises at large jet multiplicity when the predictions are only relying on parton shower.
An important disagreement is observed in the rapidity correlation between Z boson and jets, while
comparing the data to the MADGRAPH 5 LO multi-leg approach with MLM matching scheme in
the distributions of ysum(Z, j1) and yauifr(Z, j1). On the other hand, the NLO predictions with new
matching schemes (FxFx and MEPSQNLO) reach good agreement. This observation confirms the
fact that although the LO multi-leg approach includes higher order diagrams with a gluon propagator
yielding more forward rapidities, the corresponding parton shower matching in MLM approach is fail-
ing. The present measurement provides a precise validation of the improvements of the new matching

schemes for NLO predictions. These conclusions based on 8 TeV measurement are (preliminarily)
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confirmed by 13 TeV measurement with lower statistical significance.

All the results of 8 TeV analysis have been incorporated in a major CMS publication for Runl.
For the 13 TeV analysis with a larger center-of-mass energy, the results in Z — putu~ channel have
been approved by the collaboration and shown in conferences. The combined results of Z — putpu~
and Z — eTe” channels are foreseen to be summarized as a physical article for publication in future.
Since there were already more statistics obtained during 2016, and the integrated luminosity will
continue increasing significantly through the data taking in future, the measurement of this process
at 13 TeV will gain more precision and allow more differential studies. The statistical gain will allow
to study regions of lower cross section, like the large Z boson and jet pr and large Z boson mass.
In large pr region, electroweak corrections are expected to become significant; in large Z boson mass
domain, the effect of the increased scale on many soft gluon radiations has to be investigated.

In 8 TeV analysis, I have contributed to the investigation and application of unfolding approach,
and estimated the theoretical and PDF uncertainties, and the combination of two leptonic decay
channels. T am the main investigator of the rapidity correlation between Z boson and jets. In 13 TeV
measurement, I am the main analyzer for the di-muon channel, and have contributed to the channel
combination. In 2015, I gave the physical pre-approval talk for this analysis in the collaboration.

The instantaneous luminosity during RunlI is much higher in 2016 than the one was in Runl
period. What is more, the bunch spacing during CMS RunlI is reduced from 50 ns to 25 ns. These
upgrades give rise to a challenge to the jet reconstruction at high level trigger system in the CMS
detector, because there are much more extra interactions (pileup) contributing with their energies
to the reconstructed jet energies. These effects influence the efficiency of jet trigger system and the
trigger rate as well. Therefore, a jet energy correction methodology has been developed. The second
part of this thesis has presented the jet energy correction approach and the calibration procedures.

There are three levels of corrections for reconstructed jet transverse momenta, which are pileup
energy correction, relative () correction, and absolute (pr) correction. The first level is to subtract
the pileup energy contamination from the reconstructed jet pr. The second step is to make the
distribution of jet response versus jet pseudorapidity uniform (overcome 7 dependence). The third
one is to correct the jet response as a function of jet pr to unity, which means to revise the jet pr
to the value at produced level. The corrections are determined by use of simulated samples, and
parametrized as differential scaling factors with respect to pileup amount, jet n and pr at the three
levels, respectively. Through the calibration step, parametrized residual corrections for data are
performed according to their differences with MC simulations. As my contribution in this project,
the performed procedures described in this thesis have been adopted by the CMS collaboration for
Runll, and the determined optimal corrections were configured and used for the data taking in 2015
and 2016. New corrections will be also applied for the data taking in future.

In summary, this thesis establishes a connection between Runl and RunllI for the precision mea-
surement of Z + jets process, focusing on the jet production study. At this point, jet performance at

HLT for RunlI upgrade is also important for the subsequent data analyses involving jet production.
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Appendix A

Tables of combined results at 8 TeV

This chapter provides a summary of the differential cross sections as a function of the measured

observables in Z+jets analysis at 8 TeV, together with the systematic and statistical uncertainties.

Njets dl\%its Tot stat Unf stat JES JER PU Bgnd Lumi LES LER  Unfsys Eff
[pb] (%] | [%] (7] %l (%] [%] (7] (7] (7] [%] (7] (7]

=0 423. 3.7 0.034 0.050 1.2 0.060 0.71 0.0024 2.6 0.065  0.024 1.2 1.8

=1 59.9 6.3 0.11 0.075 5.3 0.23 0.26 0.042 2.6 0.085 0.041 1.4 1.8

=2 12.6 9.2 0.25 0.12 8.4 0.22 0.35 0.33 2.7 0.082 0.039 1.7 1.9

=3 2.46 12. 0.60 0.22 11. 0.22 0.42 0.76 2.9 0.10 0.034 2.7 2.0

=4 0.471 16. 1.4 0.43 15. 0.16 0.57 1.3 3.1 0.083  0.024 3.5 2.1

=5 0.0901 20. 3.4 1.0 19. 0.28 0.75 1.9 3.2 0.076  0.072 4.6 2.3

=6 0.0143 33. 9.3 2.4 28. 0.72 1.9 3.3 3.7 0.17 0.27 5.5 2.6

=7 0.00230 34. 22. 6.3 23. 0.61 5.6 4.3 3.9 0.013 0.10 6.4 2.8

Table A.1: Differential cross section in Exclusive jet multiplicity and break down of the systematic
uncertainties for the combination of both decay channels.

Njets d]\‘,i]_(’;“ Tot stat Unf stat JES JER PU Bgnd Lumi LES LER  Unfsys Eff

[pb] %] | [%] [%] ) ) O v I ) [%] [%] [%] [%] [%]
>0 499. 3.1 | 0.032 0.044 1.3  0.058 0.60 0.011 2.2 0.056  0.021 1.0 1.6
>1 75.5 5.0 | 0.097 0.063 4.4 0.19 0.22  0.069 2.1 0.069 0.033 1.2 1.5
> 2 15.7 7.4 0.23 0.10 7.0 0.18 0.29 0.29 2.3 0.068 0.032 1.4 1.6
>3 3.04 9.9 0.55 0.19 9.5 0.18 0.35 0.65 2.4 0.082  0.028 2.2 1.7
>4 0.577 13. 1.3 0.39 12. 0.14 049 1.1 2.6 0.069 0.023 2.9 1.8
>5 0.107 17. 3.2 0.93 17. 0.25 0.69 1.7 2.8 0.068 0.071 4.2 1.9
>6 0.0166 29. 8.6 2.2 25. 0.63 1.8 2.9 3.2 0.14 0.24 5.5 2.3
>7 0.00230  34. 22. 6.3 23. 0.61 5.6 4.3 3.9 0.013  0.10 6.4 2.8

Table A.2: Differential cross section in Inclusive jet multiplicity and break down of the systematic
uncertainties for the combination of both decay channels.
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p% d‘i% Tot | stat  Unf stat JES JER PU Bgnd Lumi LES LER Unfsys Eff
T

[GeV] [%] (%] | [%] [%] [%] [%] %] 7] %] [7] [%] [%] [%]

0 — 10 0.219 31. 1.2 0.57 30. 1.9 5.1 0.029 2.6 1.6 0.18 1.2 1.8
10 — 20 0.493 20. 0.60 0.24 20. 1.9 1.4 0.064 2.6 1.1 0.048 1.3 1.8
20 — 30 0.885 16. | 0.39 0.16 15. 1.2 0.74  0.064 2.6 1.3 0.063 2.1 1.8
30 — 40 1.32 8.4 | 0.26 0.13 7.5 0.42 0.67  0.066 2.6 0.45  0.062 1.9 1.8
40 — 50 1.25 5.0 | 0.24 0.14 3.5 0.081 0.71  0.084 2.6 0.40  0.020 0.98 1.8
50 — 60 0.957 3.9 | 0.26 0.15 1.8 0.056 0.68  0.10 2.6 0.39  0.056 1.0 1.8
60 — 70 0.682 3.6 | 0.31 0.17 1.0 0.039 0.62 0.14 2.7 0.61 0.021 0.92 1.8
70 — 80 0.476 3.7 0.37 0.20 0.61 0.021 0.53 0.16 2.7 0.82 0.046 1.4 1.9
80 — 90 0.330 3.8 | 045 0.24 0.38 0.018 0.54  0.19 2.7 0.89  0.032 1.5 1.9
90 — 100 0.230 3.8 | 0.54 0.27 0.25 0.0042  0.47  0.22 2.7 0.95 0.0079 1.5 1.9
100 — 110 0.165 4.0 | 0.63 0.32 0.17 0.0055  0.45  0.22 2.7 1.1 0.030 1.7 1.9
110 — 120 0.124 3.9 | 0.73 0.37 0.15 0.0068  0.47  0.20 2.7 1.0 0.048 1.6 1.9
120 — 130 0.0910 4.4 | 0.86 0.42 0.11 0.0050 0.35 0.21 2.7 1.1 0.048 2.5 1.9
130 — 140 0.0688 4.2 1.0 0.49 0.084 0.0037 0.39 0.16 2.7 1.3 0.050 1.9 1.9
140 — 150 0.0522 4.1 1.1 0.52 0.10 0.0038 0.33  0.17 2.7 1.0 0.024 1.7 1.9
150 — 160 0.0407 4.1 1.3 0.61 0.050 0.0025 0.32 0.16 2.7 1.1 0.057 1.7 1.9
160 — 170 0.0334 4.5 1.4 0.68 0.073 0.0043 0.25 0.14 2.7 1.3 0.12 2.2 1.9
170 — 180 0.0242 4.1 1.6 0.73 0.068 0.0040 0.32 0.13 2.7 1.3 0.070 1.1 1.9
180 — 190 0.0198 4.4 1.8 0.78 0.041 0.012 0.25 0.14 2.7 1.1 0.064 1.7 1.9
190 — 200 0.0154 5.0 2.0 0.89 0.079 0.0086 0.35 0.13 2.7 1.1 0.086 2.8 1.9
200 — 220 0.0114 4.4 1.6 0.69 0.053 0.0060 0.14 0.12 2.7 1.3 0.028 1.8 1.9
220 — 240 0.00756 4.8 2.0 0.85 0.034 0.0014 0.24 0.13 2.7 1.8 0.036 2.1 1.9
240 — 260 0.00510 4.5 2.4 1.0 0.062 0.0034 0.36  0.11 2.7 1.3 0.047 1.0 1.9
260 — 280 0.00360 5.0 2.9 1.2 0.078 0.0012 0.29 0.15 2.7 1.1 0.054 1.8 1.9
280 — 300 0.00236 5.8 3.5 1.4 0.021 0.0045 0.28 0.15 2.7 2.1 0.078 2.2 1.9
300 — 320 0.00177 5.9 4.0 1.6 0.11 0.00027 045 0.12 2.7 14 0.080 1.6 1.9
320 — 360 0.00102 5.9 3.7 1.4 0.099 0.00069 0.40 0.15 2.7 2.0 0.17 1.9 1.9
360 — 400 | 0.000560 6.8 5.1 1.9 0.0058 0.00016 0.25 0.16 2.7 1.2 0.18 2.1 1.9
400 — 450 | 0.000294 8.1 6.4 2.4 0.015  0.00076 0.41  0.17 2.8 1.9 0.19 2.1 1.9
450 — 500 | 0.000150  11. 8.9 3.3 0.033 0.0016  0.57  0.19 2.8 2.5 0.31 3.6 2.0
500 — 590 7.19e-05 11. 9.1 3.6 0.034 0.0016 0.37 0.18 2.8 2.1 0.21 4.5 2.0
590 — 700 1.88e-05  22. 19. 6.6 0.039 0.0018 0.23 0.18 2.8 34 0.25 8.5 2.0
700 — 1000 2.78e-06 49. 41. 14. 0.0017 8.1e-05 0.97 0.22 2.8 3.7 0.41 23. 2.3

Table A.3: Differential cross section in p% and break down of the systematic uncertainties for the
combination of both decay channels.
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pr (1) dm‘f‘(’jl Tot | stat Unfstat JES JER PU Bgnd Lumi LES LER Unfsys Eff
[GeV] [GI’:VT (7] | (7] (7] (%] (% % (7] (7] (7] (7] (7] (7]
30 — 39 2.59 54 | 0.18 0.11 4.0 0.37 0.52 0.033 2.6 0.079 0.036 1.6 1.8
39 — 49 1.60 5.1 | 0.19 0.11 3.6 0.37 0.54 0.061 2.6 0.076 0.039 1.5 1.8
49 — 60 1.02 59 | 0.22 0.13 4.6 0.31 049 0.10 2.7 0.095 0.046 1.8 1.9
60 — 72 0.643 6.3 0.26 0.14 4.9 0.25 0.53 0.17 2.7 0.10 0.047 2.0 1.9
72 — 85 0.405 59 | 0.31 0.17 4.4 0.30 0.49 0.23 2.7 0.099 0.050 2.1 1.9
85 — 100 0.250 6.3 | 0.38 0.19 4.6 0.27  0.50 0.29 2.7 0.10 0.049 2.7 1.9
100 — 117 0.153 6.8 | 0.45 0.22 5.1 0.30  0.50 0.34 2.7 0.090 0.039 3.0 1.9
117 — 136 0.0920 6.6 | 0.55 0.26 4.8 0.28 043 0.38 2.7 0.079 0.042 3.0 1.9
136 — 157 0.0550 6.3 | 0.71 0.33 4.7 0.27  0.55 0.37 2.7 0.045 0.042 2.4 2.0
157 — 187 0.0301 6.9 | 0.83 0.36 5.0 0.23 0.37 0.34 2.7 0.044 0.035 3.2 1.9
187 — 220 0.0157 7.0 1.2 0.47 4.9 0.27 041 0.38 2.8 0.042 0.032 3.4 1.9
220 — 258 0.00795 6.2 1.5 0.60 4.0 0.29 0.35 0.40 2.8 0.067  0.0099 2.9 2.0
258 — 300 0.00400 6.8 2.0 0.76 5.0 0.19 0.28 0.35 2.8 0.084 0.017 2.2 1.9
300 — 350 0.00196 8.0 2.6 0.97 4.9 0.36  0.45 0.43 2.8 0.072 0.011 4.5 1.9
350 — 400 0.000924 8.6 4.1 1.4 5.2 0.26 0.71 0.47 2.8 0.083 0.029 3.9 2.1
400 — 450 0.000462 7.5 5.3 1.8 3.5 0.13 0.26 0.54 2.9 0.15 0.022 0.37 2.0
450 — 500 0.000279 11. 6.9 2.4 6.4 0.39 0.20 0.44 2.8 0.15 0.024 4.7 2.0
500 — 590 0.000129 10. 8.2 2.7 3.4 0.53 0.42 0.58 2.9 0.11 0.042 1.6 2.0
590 — 700 4.99e-05 16. 13. 4.4 5.1 0.52  0.55 0.62 2.9 0.23 0.092 5.3 2.0
700 — 1000 1.09e-05 22. 18. 6.7 6.1 0.51 0.39 0.36 2.8 0.21 0.0023 6.6 2.4

Table A.4: Differential cross section in 1% jet pr (Njes > 1) and break down of the systematic

uncertainties for the combination of both decay channels.

pr(j2) dm{f((rjz Tot | stat Unfstat JES JER PU Bgnd Lumi LES LER Unfsys Eff
[GeV] [Gpﬁbvj (%] | [%] [%] [RZ) I V) B ) I ) [%] [%] [%] [%] [%]
30 — 39 0.686 7.1 0.35 0.15 5.9 0.35 0.41 0.25 2.7 0.092 0.043 2.1 1.9
39 — 49 0.346 6.7 | 0.43 0.17 5.4 0.38 0.59 0.39 2.8 0.097 0.042 1.8 1.9
49 — 60 0.188 7.8 0.54 0.21 6.6 0.27 0.47 0.55 2.8 0.086 0.036 2.1 2.0
60 — 72 0.105 8.1 0.67 0.24 6.7 0.15 0.44 0.68 2.8 0.066 0.036 2.7 2.0
72 — 85 0.0614 7.5 | 0.86 0.30 5.8 0.13 0.55 0.77 2.9 0.077 0.034 3.1 2.0
85 — 100 0.0360 6.9 1.1 0.37 5.1 0.11 0.67 0.85 2.9 0.034 0.039 2.4 2.0
100 — 117 0.0214 7.0 1.3 0.44 5.5 0.14 0.55 0.81 2.9 0.10 0.032 2.1 2.0
117 — 136 0.0125 8.1 1.6 0.52 6.2 0.16 0.63 0.76 2.9 0.17 0.028 3.4 2.0
136 — 157 0.00709 7.6 2.0 0.65 5.6 0.15 0.44 0.71 2.9 0.071 0.032 3.0 2.0
157 — 187 0.00392 6.8 2.5 0.80 4.6 0.16 0.47 0.56 2.8 0.016 0.032 2.5 2.0
187 — 220 0.00191 7.4 3.5 1.1 4.5 0.047 0.54 0.39 2.8 0.044 0.024 3.0 2.0
220 — 258 0.00111 6.4 4.0 1.2 3.4 0.10 0.26 0.39 2.8 0.070 0.031 0.31 2.0
258 — 300 | 0.000536 9.7 5.5 1.7 6.5 0.20 0.38 0.30 2.7 0.12 0.098 2.6 1.9
300 — 350 | 0.000240 12. 7.6 2.3 7.8 0.61 0.35 0.34 2.8 0.086 0.11 3.8 1.9
350 — 400 | 0.000133 11. 9.9 3.0 1.7 0.66 0.48 0.33 2.8 0.022 0.034 2.6 2.0
400 — 450 | 7.07e-05 17. 14. 4.2 4.8 0.68 1.0 0.53 2.8 0.040 0.063 5.5 2.0
450 — 500 4.14e-05 22. 17. 5.4 11. 0.74 2.0 0.13 2.7 0.17 0.21 6.8 1.9
500 — 590 1.83e-05 25. 20. 6.4 8.4 0.64 2.3 0.11 2.7 0.25 0.28 9.6 1.9
590 — 800 5.37e-06 28. 24. 7.9 2.3 0.50 1.2 0.13 2.7 0.045 0.0072 13. 2.0

Table A.5: Differential cross section in 27¢ jet pr (Njets > 2) and break down of the systematic
uncertainties for the combination of both decay channels.
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pr(j3) dpg# Tot | stat Unfstat JES JER PU Bgnd Lumi LES LER  Unfsys Eff
[GeV] [G’;bvj (7] | (7] (7] (%] (% % %] (7] (7] (7] (7] (7]
30 — 39 0.161 88 | 0.75 0.25 7.6 0.29 0.76 0.69 2.9 0.099 0.035 2.6 2.0
39 — 49 0.0704 8.4 1.0 0.33 7.2 0.50  0.62 0.93 2.9 0.062 0.028 2.1 2.1
49 — 62 0.0307 10. 1.4 0.40 9.2 0.22  0.52 1.2 3.0 0.074 0.036 2.0 2.1
62 — 78 0.0127 9.3 2.0 0.57 7.6 0.20 0.52 1.5 3.1 0.14 0.048 2.7 2.2
78 — 105 0.00433 10. 2.7 0.75 8.2 0.17  0.56 1.4 3.1 0.20 0.026 3.2 2.1
105 — 142 0.00119 9.8 4.6 1.3 7.4 0.15 0.87 1.3 3.1 0.15 0.053 0.99 2.1
142 — 185 | 0.000339  13. 7.6 2.2 7.9 0.28 1.1 1.3 3.0 0.052 0.024 6.0 2.1
185 — 235 | 6.63e-05 25. 21. 5.6 7.5 0.84 2.7 1.3 3.1 3.4 0.11 7.4 2.8
235 — 300 | 2.33e-05 41. 30. 9.2 16. 1.2 2.0 0.67 3.0 2.0 0.0033 21. 2.8

Table A.6: Differential cross section in 3" jet pr (Njets > 3) and break down of the systematic
uncertainties for the combination of both decay channels.

pr(ja) o Tot | stat Unfstat JES JER PU Bgnd Lumi LES LER Unfsys Eff

[GeV] [ v T (7] | [%] (%] el 1% %] (%] el (%] (%] (7] K
30 — 39 | 00350 12. | 1.6 0.47 10. 035 082 1.3 31 011 0017 38 2.1
39 — 49 | 00127  11. | 26 0.74 9.9 041 064 17 32 0027 0041 25 2.2
49 — 62 | 0.00480  13. | 3.7 0.97 12. 023 067 20 33 0038 002 = 29 2.3
62 — 78 | 0.00180 12. | 5.6 1.4 94 030 044 1.9 32 0086 0027 23 2.3
78 — 96 | 0.000554 17. | 11. 2.8 10. 058 10 23 34 014 015 4.5 2.5
96 — 150 | 0.000117  18. | 13. 3.1 11. 046 034 22 34 035 0052 45 2.4

Table A.7: Differential cross section in 4% jet pp (Njets > 4) and break down of the systematic
uncertainties for the combination of both decay channels.

pr(Js) dp;l((ng, Tot | stat Unfstat JES JER PU Bgnd Lumi LES LER Unfsys Eff
[GeV] Gpeva (7] | [%] (%] (el (%] (%] [%] [7%] [%] (%] (%] [7%]
30 — 39 0.00723 13. 4.0 1.1 11. 0.70 043 1.9 3.3 0.077  0.076 4.1 2.3
39 — 49 0.00217 15. 6.5 1.7 12. 0.24 1.3 2.2 3.4 0.13 0.059 3.2 2.3
49 — 62 0.000771 21. 9.9 2.6 17. 0.41 1.2 2.9 3.5 0.24 0.071 5.2 2.4
62 — 100 | 9.85e-05 28. 18. 4.3 19. 0.24 2.6 4.7 4.0 0.63 0.015 1.3 2.8

Table A.8: Differential cross section in 5 jet pr (Njets > 5) and break down of the systematic
uncertainties for the combination of both decay channels.

ly(2)| % Tot | stat Unfstat JES JER PU Bgnd Lumi LES LER  Unfsys Eff
(7] | [%] %] o] %] [ (%] [7] [7] [7] (7] (7]

0 — 0.2 42.8 6.7 | 0.27 0.14 5.7 0.28 0.22 0.14 2.7 0.079 0.045 1.1 1.8
02 — 04 42.5 6.7 | 0.27 0.14 5.7 0.29 0.19 0.14 2.7 0.065 0.032 1.4 1.8
04 — 0.6 42.4 6.7 | 0.28 0.14 5.7 0.27 027 0.14 2.7 0.050 0.036 1.4 1.8
0.6 — 0.8 42.1 6.7 | 0.29 0.15 5.6 0.26 0.24 0.12 2.7 0.038 0.059 1.7 1.8
08 — 1 41.0 6.8 | 0.30 0.15 5.6 0.28 0.35 0.12 2.7 0.032 0.047 1.7 1.9
1 - 12 38.6 6.9 | 0.32 0.16 5.7 0.26 0.45 0.10 2.6 0.037  0.056 1.8 1.9
1.2 — 1.4 35.2 7.0 | 0.36 0.18 5.8 0.28 0.56 0.087 2.6 0.10 0.055 2.1 1.9
14 — 1.6 31.1 6.9 | 0.39 0.19 5.7 0.29 0.50 0.072 2.6 0.21 0.034 1.9 1.9
1.6 — 1.8 25.8 6.7 | 0.44 0.22 5.6 0.26 0.50 0.061 2.6 0.44 0.024 1.8 1.9
1.8 — 2 19.7 6.5 | 0.49 0.25 5.3 0.27 0.56 0.046 2.6 0.33 0.0026 1.8 1.9
2 — 22 12.0 6.7 | 0.61 0.32 5.5 0.25 0.68 0.033 2.6 0.16 0.0034 1.9 1.8
22 — 24 3.89 6.6 1.1 0.58 5.3 0.29 1.0 0.026 2.6 0.023  0.0084 1.8 1.8

Table A.9: Differential cross section in Z boson Absolute Rapidity (Njes > 1) and break down of the
systematic uncertainties for the combination of both decay channels.
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ly(j1)l % Tot | stat Unfstat JES JER PU Bgnd Lumi LES LER Unfsys Eff

[pd] (%] | [%] [%] (2] %] (%] [%] (7] [%] [%] (7] [%]

0 — 0.075 41.8 5.4 | 0.53 0.27 4.1 0.18 0.31 0.13 2.7 0.084  0.039 1.5 1.9
0.075 — 0.15 42.2 5.5 | 0.56 0.29 4.0 0.14 0.32 0.14 2.7 0.078 0.048 1.9 1.8
0.15 — 0.225 42.3 5.7 | 0.58 0.29 4.2 0.14 0.42 0.13 2.7 0.087  0.038 2.0 1.9
0.225 — 0.3 41.8 5.7 | 0.58 0.29 4.3 0.13 0.26 0.13 2.7 0.10  0.037 1.7 1.9
0.3 — 0.375 41.0 5.9 | 0.58 0.29 4.5 0.18 047 0.13 2.7 0.099 0.048 2.0 1.9
0.375 — 0.45 40.9 5.8 | 0.59 0.30 4.4 0.15 0.43 0.13 2.7 0.075 0.041 1.7 1.9
0.45 — 0.525 40.6 5.8 | 0.58 0.30 4.3 0.17 0.38 0.12 2.7 0.097  0.052 1.9 1.9
0.525 — 0.6 40.1 5.7 | 0.59 0.30 4.4 0.24 0.36 0.12 2.7 0.10  0.028 1.4 1.9
0.6 — 0.675 39.8 6.2 | 0.59 0.30 4.9 0.21  0.38 0.13 2.7 0.086  0.046 2.0 1.9
0.675 — 0.75 38.8 6.0 | 0.61 0.31 4.8 0.16 0.43 0.12 2.7 0.10  0.051 1.5 1.9
0.75 — 0.825 38.7 6.3 | 0.59 0.30 4.7 0.19  0.50 0.12 2.7 0.090 0.037 2.5 1.8
0.825 — 0.9 37.7 5.9 | 0.63 0.32 4.5 0.15 0.26 0.11 2.7 0.087  0.052 1.6 1.9
0.9 — 0.975 36.1 6.0 | 0.63 0.32 4.8 0.23 048 0.12 2.7 0.080 0.034 1.3 1.8
0.975 — 1.05 36.2 5.9 | 0.62 0.32 4.3 0.22 041 0.12 2.7 0.071  0.039 2.1 1.8
1.05 — 1.125 35.1 5.8 | 0.64 0.33 4.5 0.22  0.29 0.099 2.6 0.0561 0.031 1.6 1.8
1.125 — 1.2 33.7 5.9 | 0.66 0.34 4.4 0.15 0.20 0.11 2.6 0.089 0.035 2.1 1.8
1.2 — 1.275 32.2 5.9 | 0.68 0.34 4.4 0.25 037 0.11 2.7 0.087  0.040 2.1 1.8
1.275 — 1.35 31.3 5.7 | 0.69 0.35 4.3 0.24 0.23 0.10 2.6 0.084 0.017 1.9 1.8
1.35 — 1.425 30.2 6.7 | 0.73 0.36 5.5 0.29 0.28 0.10 2.6 0.096  0.029 2.0 1.9
1.425 — 1.5 28.0 7.6 | 0.76 0.37 6.6 0.29 0.24 0.088 2.6 0.11 0.040 1.7 1.8
1.5 — 1.575 26.7 7.5 | 0.78 0.38 6.5 0.33 0.18 0.097 2.6 0.081  0.020 1.7 1.8
1.575 — 1.65 26.7 8.7 | 0.76 0.38 7.7 0.16 0.25 0.089 2.6 0.055 0.035 2.1 1.8
1.65 — 1.725 25.1 8.6 | 0.81 0.40 7.7 0.57 0.24 0.082 2.6 0.088 0.051 1.9 1.8
1.725 — 1.8 24.4 8.7 | 0.81 0.40 7.7 0.62 0.59 0.089 2.6 0.065 0.032 2.3 1.8
1.8 — 1.875 22.6 9.3 | 0.85 0.42 8.5 0.57 0.70  0.089 2.6 0.095 0.039 1.6 1.8
1.875 — 1.95 21.6 9.6 | 0.85 0.42 8.7 0.65 0.72  0.075 2.6 0.056  0.032 2.1 1.8
1.95 — 2.025 21.1 11. | 0.86 0.44 9.7 0.60 0.51 0.072 2.6 0.096  0.048 2.3 1.8
2.025 — 2.1 20.4 11. 0.87 0.45 11. 0.40 0.53 0.072 2.6 0.063  0.050 2.1 1.8
2.1 — 2175 19.4 12. | 091 0.47 11. 0.58 0.43 0.070 2.6 0.063 0.046 2.2 1.8
2.175 — 2.25 18.3 12. 0.96 0.49 12. 0.55 0.34 0.059 2.6 0.077  0.012 1.5 1.8
2.25 — 2.325 16.7 13. 1.0 0.51 12. 0.71 0.14 0.067 2.6 0.071  0.038 1.3 1.8
2.325 — 24 15.9 12. 1.3 0.61 11. 0.60 0.42 0.050 2.6 0.042 0.049 1.8 1.8

Table A.10: Differential cross section in |y(j1)| (Vjers > 1) and break down of the systematic uncer-
tainties for the combination of both decay channels.
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ly(52)| % Tot | stat Unfstat JES JER PU Bgnd Lumi LES LER  Unfsys Eff

[pb] (7] | [%] [7] (o] %] [%] [%] (%] (%] [%] (7] (7]

0 — 0.075 7.89 7.9 1.5 0.50 6.6 0.19 0.15 0.49 2.8 0.070  0.036 2.2 2.0
0.075 — 0.15 8.10 7.9 1.5 0.48 6.7 0.18 0.48 0.53 2.8 0.073  0.024 2.0 1.9
0.15 — 0.225 8.05 8.4 1.5 0.50 6.9 0.27 0.27 0.47 2.8 0.078  0.038 3.0 1.9
0.225 — 0.3 8.10 7.9 1.5 0.52 6.8 0.25 0.32 0.47 2.8 0.052  0.033 1.4 1.9
0.3 — 0.375 7.89 8.0 1.5 0.51 6.9 0.24 0.41 0.42 2.8 0.059 0.027 1.6 1.9
0.375 — 0.45 7.98 8.0 1.4 0.50 6.7 0.23 0.21 0.46 2.8 0.059  0.029 2.3 1.9
0.45 — 0.525 7.76 7.8 1.5 0.51 6.5 0.26 0.32 0.48 2.8 0.15 0.040 2.1 1.9
0.525 — 0.6 7.78 8.4 1.5 0.51 7.3 0.15 0.39 0.46 2.8 0.089  0.041 1.7 1.9
0.6 — 0.675 7.82 8.3 1.5 0.52 7.1 0.12 0.20 0.46 2.8 0.086  0.058 2.0 1.9
0.675 — 0.75 7.62 8.2 1.5 0.52 6.9 0.32 0.20 0.43 2.8 0.061 0.036 2.3 1.9
0.75 — 0.825 7.63 8.1 1.5 0.52 6.9 0.24 0.27 0.45 2.8 0.10 0.042 1.8 1.9
0.825 — 0.9 7.33 7.8 1.5 0.53 6.6 0.25 0.47 0.38 2.7 0.072  0.040 2.0 1.9
0.9 — 0.975 7.41 8.3 1.6 0.56 7.0 0.16 0.44 0.44 2.8 0.13 0.047 2.0 1.9
0.975 — 1.05 7.29 8.3 1.5 0.54 7.1 0.20 0.32 0.41 2.8 0.071 0.039 2.2 1.9
1.05 — 1.125 7.16 7.9 1.6 0.57 6.6 0.13 0.20 0.38 2.8 0.072  0.031 2.2 1.9
1.125 — 1.2 6.71 8.4 1.6 0.56 7.3 0.18 0.48 0.39 2.8 0.11 0.056 1.5 1.9
1.2 — 1.275 6.69 8.6 1.6 0.55 7.3 0.12 0.13 0.35 2.7 0.12 0.031 2.6 1.9
1.275 — 1.35 6.53 8.7 1.7 0.58 7.2 0.27 0.28 0.33 2.7 0.12 0.049 3.0 1.9
1.35 — 1.425 6.40 9.3 1.7 0.60 8.2 0.14 0.23 0.35 2.7 0.043  0.038 2.0 1.9
1.425 — 1.5 5.92 9.5 1.7 0.61 8.6 0.23  0.096 0.31 2.7 0.12 0.025 1.3 1.9
1.5 — 1.575 5.83 10. 1.8 0.64 8.9 0.33 0.68 0.36 2.7 0.094 0.034 2.4 1.9
1.575 — 1.65 5.98 11. 1.7 0.64 10. 0.22 0.37 0.31 2.7 0.069  0.021 0.79 1.9
1.65 — 1.725 5.63 11. 1.8 0.67 10. 0.19 0.34 0.31 2.7 0.096  0.048 1.5 1.9
1.725 — 1.8 5.38 11. 1.8 0.66 10. 0.29 0.63 0.26 2.7 0.090  0.022 2.1 1.9
1.8 — 1.875 5.30 12. 1.8 0.66 11. 0.21 0.82 0.26 2.7 0.068  0.041 1.8 1.9
1.875 — 1.95 4.94 13. 1.9 0.70 12. 0.24 0.91 0.28 2.7 0.084 0.049 3.2 1.9
1.95 — 2.025 4.93 13. 1.9 0.72 12. 0.20 1.1 0.21 2.7 0.025 0.050 2.2 1.9
2.025 — 2.1 4.99 14. 1.8 0.69 13. 0.31 0.69 0.19 2.7 0.045 0.039 1.5 1.9
2.1 — 2175 4.70 15. 1.9 0.71 14. 0.30 0.71 0.20 2.7 0.077  0.0069 1.1 1.9
2.175 — 2.25 4.53 15. 1.9 0.72 15. 0.34 0.33 0.21 2.7 0.069 0.033 1.5 1.9
2.25 — 2.325 4.38 15. 1.9 0.74 14. 0.25 0.41 0.14 2.7 0.13 0.058 2.4 1.9
2.325 — 24 4.18 15. 2.5 0.92 14. 0.077  0.79 0.12 2.7 0.071 0.023 2.3 1.8

Table A.11: Differential cross section in |y(j2)| (Vjers > 2) and break down of the systematic uncer-
tainties for the combination of both decay channels.
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ly(j3)] % Tot | stat Unfstat JES JER PU Bgnd Lumi LES LER Unfsys Eff
[pb] (7] | 7] [%] (7] [7%] [%] [%] (7] [7%] (%] [%] (%]

0 - 0.1 1.46 11. 3.3 0.85 9.4 0.20 0.60 0.95 3.0 0.14  0.027 1.9 2.0
0.1 — 0.2 1.55 11. 3.2 0.87 9.5 0.17 0.40 0.77 2.9 0.13 0.051 2.0 2.0
0.2 — 03 1.47 12. 3.3 0.91 10. 0.22 0.44 0.98 2.9 0.089 0.035 2.0 2.1
0.3 — 04 1.38 10. 3.5 0.95 8.6 0.13 0.33 0.90 2.9 0.061  0.029 1.7 2.1
04 — 0.5 1.55 9.6 3.3 0.99 7.9 0.17 0.34 0.83 2.9 0.066  0.023 2.2 2.0
0.5 — 0.6 1.54 10. 3.1 0.90 8.7 0.40 0.30 0.76 2.9 0.15 0.014 2.4 2.0
0.6 — 0.7 1.43 12. 3.4 0.96 10. 0.29 0.34 0.90 2.9 0.22 0.039 1.7 2.0
0.7 — 0.8 1.35 11. 3.5 0.95 9.9 0.27 0.17 1.1 3.0 0.14 0.024 1.6 2.1
0.8 — 0.9 1.50 13. 3.2 0.93 11. 0.082  0.069 0.76 2.9 0.048 0.054 3.3 2.0
09 — 1 1.39 13. 3.4 0.99 11. 0.22 0.18 0.69 2.9 0.083  0.032 1.7 2.0
1 — 11 1.40 10. 3.4 0.98 9.0 0.29 0.42 0.81 2.9 0.15 0.018 1.8 2.0
1.1 — 1.2 1.32 11. 3.7 1.0 8.8 0.21 0.66 0.94 2.9 0.13 0.037 2.7 2.1
1.2 — 1.3 1.27 11. 3.6 1.0 9.8 0.24 0.42 0.81 2.9 0.077  0.034 2.0 2.0
1.3 — 14 1.30 12. 3.6 1.0 10. 0.27 0.30 0.70 2.9 0.15 0.011 3.3 2.0
14 — 1.5 1.22 14. 3.8 1.1 12. 0.23 0.44 0.82 2.9 0.19 0.030 3.0 2.0
1.5 — 1.6 1.11 13. 3.8 1.1 12. 0.45 0.33 0.80 2.9 0.075  0.057 1.3 2.0
1.6 — 1.7 1.18 15. 3.7 1.0 14. 0.12 0.36 0.69 2.8 0.057  0.019 3.1 2.0
1.7 — 1.8 1.09 16. 4.4 1.2 15. 0.22 1.2 0.71 2.9 0.051  0.039 1.9 2.1
1.8 — 1.9 1.02 16. 4.1 1.1 15. 0.35 1.1 0.62 2.8 0.12 0.060 1.8 2.0
1.9 — 2 1.00 14. 4.1 1.2 13. 0.25 0.79 0.65 2.8 0.21 0.039 3.8 2.0
2 — 21 1.03 17. 3.9 1.2 15. 0.23 1.2 0.61 2.8 0.25 0.031 3.7 2.0
21 — 2.2 0.912 20. 4.2 1.3 19. 0.13 0.76 0.55 2.8 0.19 0.011 2.2 2.0
22 — 23 0.952 19. 4.0 1.3 18. 0.28 0.32 0.42 2.8 0.074 0.039 1.6 1.9
23 — 24 0.879 19. 5.0 1.5 17. 0.45 1.1 0.61 2.8 0.16 0.044 5.3 2.0

Table A.12: Differential cross section in |y(j3)| (Njes > 3) and break down of the systematic uncer-
tainties for the combination of both decay channels.

ly(ja)| % Tot | stat Unfstat JES JER PU Bgnd Lumi LES LER Unfsys Eff
%] | [%] (%] %] [7] [7] (7] (%] (%] (%] (%] (%]

0 — 0.2 0.275 16. 6.1 1.4 14. 0.38 1.4 1.7 3.2 0.18 0.066 1.2 2.2
0.2 — 04 0.313 12. 5.6 1.3 9.7 0.23 0.31 1.2 3.0 0.18 0.032 2.5 2.1
0.4 — 0.6 0.285 14. 5.9 1.4 11. 0.26 0.39 1.2 3.0 0.15 0.036 3.6 2.1
0.6 — 0.8 0.259 16. 6.4 1.4 13. 0.27 0.51 1.6 3.2 0.030  0.030 2.7 2.2
08 — 1 0.259 14. 6.4 1.6 12. 0.23 0.96 1.5 3.1 0.027 0.018 2.5 2.2
1 — 1.2 0.237 15. 6.9 1.6 13. 0.24 0.087 1.6 3.2 0.24 0.045 2.4 2.2
1.2 — 14 0.229 15. 6.9 1.6 12. 0.58 0.29 1.6 3.1 0.11 0.020 4.8 2.2
1.4 — 1.6 0.210 18. 7.2 1.7 16. 0.44 0.67 1.1 3.0 0.11 0.012 3.2 2.1
1.6 — 1.8 0.208 21. 7.2 1.8 19. 0.30 1.1 1.5 3.1 0.26 0.015 0.31 2.2
1.8 — 2 0.204 25. 7.0 1.9 24. 0.36 0.88 0.91 2.9 0.22 0.017 0.95 2.1
2 — 2.2 0.204 21. 7.1 1.9 19. 0.10 1.0 0.83 2.9 0.32 0.019 1.4 2.0
22 — 24 0.207 21. 7.3 2.1 19. 0.019 0.62 0.28 2.7 0.031 0.047 4.9 1.9

Table A.13: Differential cross section in |y(j4)| (Vjers > 4) and break down of the systematic uncer-
tainties for the combination of both decay channels.

ly(js)| W Tot | stat Unfstat JES JER PU Bgnd Lumi LES LER  Unfsys Eff
7] | [%] (7] 4) I ) I 7 I V)| %] (%l (7] (%] [%]

0 — 04 0.0524 20. 11. 2.4 15. 1.1 1.0 2.0 3.3 0.12 0.0073 5.3 2.3
04 — 0.8 | 0.0543 19. | 10. 2.4 14. 055 043 20 3.3 017  0.060 3.0 2.3
08 — 1.2 | 00529 20. | 11. 2.6 5. 040 1.5 1.8 3.2 037 0.0067 5.4 2.2
1.2 — 1.6 | 0.0420 22. | 13. 2.9 17. 030 0.89 2.0 3.3 031  0.032 4.8 2.3
1.6 — 2 0.0344 33. 14. 3.1 29. 0.59 2.2 1.9 3.2 0.68 0.19 4.4 2.2
2 — 24 | 00246 36. | 17. 3.8 30. 099 090 1.1 3.0 1.2 0.029 7.9 2.1

Table A.14: Differential cross section in |y(j5)| (Njers > 5) and break down of the systematic uncer-
tainties for the combination of both decay channels.
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yaiff(Z,51) % W Tot | stat Unfstat JES JER PU Bgnd  Lumi LES LER Unf sys Eff
(%] | [%] [%] (el (%] (%] [%] [%] [%] [%] [%] [%]

0 — 02 1.15 15 | 020 0.099 14 0054 011 0.039 0.0099 0.0053 0.00075  0.21  0.0069
0.2 — 04 1.04 12 [ 022 o011 1.2 0.040 0.055 0.031 0.0084 0.0047 0.0011 0.23  0.0059
0.4 — 0.6 0.866 0.83 | 0.24 012 074 0.034 0.041 0024 00060 0.016 0.0027  0.26  0.0042
0.6 — 0.8 0.673 0.83 | 0.28  0.15  0.71 0.050 0.059 0.021 0.0060 0.0099 0.0033  0.28  0.0042
08 — 1 0.482 11 [ 034 018 098 0037 0075 0038 0.0087 0.0099 0.0067 027  0.0061
1 - 12 0.333 21 | 042  0.23 2.0 0062 0.070 0.063 0018 0015 00091  0.31 0.012
12 — 14 0.216 3.2 | 056  0.31 31 0092 011 0074 0022 0035  0.022 044  0.015
14 — 16 0.130 49 | 076 044 47 010 025 008 0029 0058  0.021 0.46  0.020
1.6 — 1.8 0.0692 6.5 | 1.1 0.65 61 021 037 009 0029 0067  0.055 1.7 0.021
18 — 2 0.0313 9.0 | 1.8 1.1 85 033 064 0091 0024 011  0.0073 1.6 0.020
2 — 2.2 0.00965 1. | 3.3 2.1 95 021 1.6 012 0051  0.15 0.063 2.3 0.035
22 — 24 0.00136 17. | 10. 6.5 1. 11 1.6 015 0061  0.17 0.13 4.1 0.042

Table A.15: Normalized differential cross section in y4ir£(Z, j1) (Njets > 1) and break down of the

systematic uncertainties for the combination of both decay channels.

yaiff(Z,51) % W Tot | stat Unfstat JES JER PU Bgnd Lumi LES LER Unf sys Eff

(%] | %] [%] (2] (%] (%] [%] [%] [%] [%] [%] [%]

0 — 02 1.06 085 | 0.564  0.18 038 0.038 0.029 022 0.062 0.0038 00016 045  0.043
0.2 — 04 0.976 072 | 058  0.19 028 0036 0.057 0.7 0049 0.0090 00039  0.18  0.036
04 — 06 0.830 0.74 | 0.62 021 023 0.027 0.096 012 0034 0021 00059 018  0.024
0.6 — 0.8 0.674 0.85 | 0.69 025 021 0.035 010 011 0034 0018 00082 032  0.024
08 — 1 0.502 0.96 | 0.80  0.30 0.2 0.017 0.058 0.18 0.047 0.019 0.0079 037  0.033
1— 12 0.375 12 [ 095 037 011 0089 012 028 0.08 0.0087 0010 045  0.061
12 — 14 0.260 16 | 1.1 048 069 0077 013 033 011 0019 0.0075 058  0.074
14 — 1.6 0.170 21 | 14 0.63 0.8 0081 015 035 012 0031 0.0077 091  0.083
16 — 1.8 0.0923 33 | 20 0.86 21 012 017 041 014 0049  0.017 1.2 0.10
18 — 2 0.0471 44 | 29 1.4 30 018 016 039 013 012 0018 051  0.095
2 — 22 0.0161 6.5 | 5.1 2.5 23 041 018 043 016 0.8  0.019 2.2 0.11
22 — 24 0.00211 19. | 15. 8.0 49 019 22 048 018 024 025 45 0.13

Table A.16: Normalized

differential cross section in yg;r(Z, j1) (

Njets > 2) and break down of the
systematic uncertainties for the combination of both decay channels.

yaiff(Z,j2) % m Tot | stat Unfstat JES JER PU Bgnd Lumi LES LER Unf sys Eff

(7] | [%] [%] (7] (%] [%] [%] [%] (%] [%] [%] (%]
0 — 0.2 0.885 1.4 | 0.62 0.20 1.1 0.047  0.075 0.25 0.080 0.020 0.00083 0.42 0.056
02 — 04 0.858 1.4 | 0.64 0.21 1.2 0.092  0.093 0.21 0.069 0.014 0.00074 0.30 0.048
04 — 0.6 0.796 1.1 | 0.66 0.22 0.71 0.073 0.061 0.11 0.037 0.013 0.0035 0.40 0.026
0.6 — 0.8 0.692 1.0 | 0.70 0.25 0.65 0.065 0.060 0.12 0.040 0.013 0.0041 0.22 0.028
08 — 1 0.560 1.0 | 0.79 0.29 0.46 0.036 0.068 0.12 0.038 0.021 0.0070 0.32 0.027
1 - 12 0.446 1.7 | 0.89 0.35 1.2 0.058 0.048 0.26 0.083 0.018 0.0083 0.67 0.060
1.2 — 14 0.320 2.0 1.1 0.43 1.5 0.050 0.14 0.35 0.11 0.026 0.015 0.70 0.082
14 — 1.6 0.216 2.9 1.3 0.55 2.4 0.099 0.32 0.38 0.13 0.032 0.026 0.50 0.091
1.6 — 1.8 0.131 3.6 1.9 0.84 2.8 0.31 0.35 0.42 0.15 0.041 0.049 0.88 0.10
1.8 — 2 0.0686 4.5 2.4 1.1 3.6 0.13 0.32 0.46 0.16 0.18 0.040 0.34 0.11
2 — 22 0.0234 7.0 4.3 2.1 4.9 0.34 0.82 0.47 0.17 0.082 0.072 0.61 0.12
22 — 24 0.00281 22. 15. 5.9 15. 1.1 1.2 0.51 0.19 0.16 0.40 2.9 0.14

Table A.17: Normalized differential cross section in yg¢(Z, ja) (

228

Njets > 2) and break down of the
systematic uncertainties for the combination of both decay channels.



Yaifs(Z, dijet) | L W Tot stat  Unfstat JES JER PU Bgnd Lumi LES LER  Unfsys Eff
(%] [%] [%] %] [%] (7] (%] (7] (7] (7] (%] (%]
0 — 02 1.10 068 | 051 016 018 0041 012 031 0.089 0042 00083 0.4  0.063
0.2 — 04 1.03 066 | 056 018 018 0075 0.037 0.7 0.054 0.0024 0.0098  0.086  0.038
04 — 0.6 0.926 077 | 059 021 028 0049 0098 017 0.049 0.0092 0.0094 027  0.034
0.6 — 0.8 0.740 083 | 066 024 021 0023 0058 017 0040 0.022 00042  0.33  0.028
08 — 1 0.536 11 077 030 052 0043 010 027 0081 0029 00035 027  0.056
1 - 12 0.346 1.4 097 041 073 0079 024 033 010 0050 0.0093 042  0.070
12 — 14 0.187 2.1 1.4 063 088 012 035 036 011 0028 0009 091  0.086
14 — 16 0.0857 3.5 2.1 1.0 22 015 002 037 012 0043  0.020 12 0.089
16 — 1.8 0.0335 6.0 3.4 2.0 44 032 0075 040 013 0052  0.042 12 0.094
18 — 2 0.0101 9.1 6.6 3.7 44 08 10 042 014 012  0.12 2.1 0.10
2 — 22 0.00188 23. 16. 11. 42 38 21 041 014 025 020 9.3 0.10
22 — 24 0.000115 1.4e402 | 74. 34. 50. 13, 75 046 017 0099 3.0 95. 0.12
Table A.18: Normalized differential cross section in yu;rf(Z, dijet) (Njets > 2) and break down of the
systematic uncertainties for the combination of both decay channels.
Ydif £ (31, 92) % m Tot | stat Unfstat JES JER PU Bgnd Lumi LES LER  Unf sys Eff
%] | [%] (7] (7] (%] (7] (7] (7] [%] (7] [%] (7]
0 — 02 0.884 Il | 058 019 076 0053 0069 014 0.066 0.020 0.0042  0.43 _ 0.046
02 — 04 0.925 1.1 | 058 019 075 0.0029 0041 0.084 0040 0.013 0.0023  0.61  0.029
04 — 0.6 0.798 095 | 062 021 057 0022 0038 0070 0.026 0015 0.0035 038  0.018
06 — 0.8 0.676 1.0 | 066 023 052 0030 0081 0.068 0031 0013 00024 047  0.022
08 — 1 0.555 091 | 073 026 043 0.016 013 0.045 0.037 0.019 00039  0.14  0.026
1 - 12 0.423 11 |08 031 051 0042 0091 011 0.056 0.0088 0.0030  0.35  0.039
12 — 14 0.303 19 | 1.0 0.38 1.3 0046 0085 020 0.083 0.0089 0.0029 081  0.058
14 — 16 0.205 31 | 1.3 0.52 27 0093 015 024 0098 0021 00026 070  0.071
16 — 1.8 0.124 43 | 17 0.69 37 017 0071 025 010 0022 0.0035 099  0.072
1.8 — 2 0.0703 68 | 22 0.89 63 015 025 029 011 0060 0031 065  0.079
2 — 22 0.0296 10. | 3.7 1.7 84 027 021 031 015 023  0.020 3.9 0.10
22 — 24 0.00691 19. | 10. 43 14. 028 069 040 012 015  0.11 70  0.097
Table A.19: Normalized differential cross section in ygirs(j1,72) (Njets > 2) and break down of the
systematic uncertainties for the combination of both decay channels.
Ysum (j1,2) | 2 dydi@lm Tot | stat Unfstat JES JER PU  Bgnd Lumi LES LER  Unfsys Eff
(%] | %] [%] o] %] 1% (%] [%] [%] %] [%] [%]
0— 02 0.796 I1 | 058 020 087 0.047 0.050 0.026 00018 0011 00013 03l _ 0.0013
02 — 04 0.758 1.0 | 062 022 077 0034 0034 0028 00012 00081 00038 020  0.00084
04 — 0.6 0.711 11 | 064 022 083 0010 0016 0030 0.0012 0013 00063  0.35  0.0011
06 — 0.8 0.645 098 | 068 024 046 0027 0055 0012 00026 0019 00029 049  0.0018
08 — 1 0.566 0.96 | 0.73 025 029 0032 0.064 0010 00046 0.013 0.0031 049  0.0039
1 - 12 0.469 1.0 | 080 028 037 0024 011 0025 00040 0011 00048 043  0.0029
12 — 14 0.379 12 | 092 032 050 0048 0048 0.020 0.0020 0.014 0.0029 048  0.0017
14 — 16 0.285 22 | 1.1 0.39 1.9 0065 012 0053 00071 0.017 0.0098 033  0.0067
16 — 18 0.195 31 | 1.3 0.48 28 0095 017 0.1 00047 0012 00038 038  0.0033
1.8 — 2 0.120 50 | 1.8 0.61 47 014 020 010 0014 0013 00033 058  0.0097
2 — 22 0.0612 6.1 | 2.6 0.94 54 023 035 013 0013 0021 0025 049  0.0090
22 — 24 0.0166 10. | 5.9 2.2 78 059 036 021 0013 0045 0.0082 1.0 0.0093
Table A.20: Normalized differential cross section in ygum(j1,72) (NVjers > 2) and break down of the

systematic uncertainties for the combination of both decay channels.
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Ysum (Z,J1) % W?Z,h) Tot | stat Unfstat JES JER PU Bgnd Lumi LES LER Unf sys Eff

%] | [%] (7] (%] [%] [%] [%] (7] [%] [%] [%] (%]
0 — 0.2 0.756 0.64 | 0.27 0.14 0.41  0.049 0.12 0.0078  0.00086 0.011 0.0035 0.35 0.00062
0.2 — 04 0.734 0.45 | 0.26 0.14 0.24 0.065 0.13 0.0081 0.0014 0.0089  0.0041 0.19 0.0010
0.4 — 0.6 0.701 0.40 | 0.27 0.14 0.17 0.051 0.098 0.0089 0.0018 0.011 0.0049 0.16 0.0013
0.6 — 0.8 0.643 0.51 | 0.28 0.14 0.20 0.034 0.051 0.0073 0.0025 0.010 0.0053 0.34 0.0017
0.8 — 1 0.578 0.49 | 0.33 0.16 0.13 0.027 0.029 0.0077 0.0017 0.0069  0.0064 0.30 0.0014
1 — 1.2 0.496 0.55 | 0.35 0.17 0.20 0.038 0.018 0.0048 0.0016 0.0099 0.0035 0.34 0.0011
1.2 — 14 0.407 0.78 | 0.37 0.18 0.32  0.065 0.13 0.0090 0.00094 0.0063 0.0047 0.57 0.00081
1.4 — 1.6 0.307 1.0 0.44 0.21 0.61 0.13 0.21 0.017 0.0029 0.010 0.0038 0.62 0.0022
1.6 — 1.8 0.207 1.3 0.56 0.26 1.0 0.13 0.39 0.024 0.0051 0.064 0.025 0.40 0.0037
1.8 — 2 0.117 1.7 0.76 0.35 1.3 0.23 0.52 0.047 0.011 0.20 0.023 0.47 0.0079

2 — 2.2 0.0469 2.2 1.2 0.56 1.2 0.15 0.59 0.061 0.017 0.16 0.0061 1.2 0.012

22 — 24 0.00670 5.4 3.9 1.7 1.5 0.077 0.81 0.082 0.025 0.068 0.036 2.9 0.019

Table A.21: Normalized differential cross section in ygum(Z, j1) (
systematic uncertainties for the combination of both decay channels.

Njets > 1) and break down of the

Ysum (Z,J1) % W(EZ,J&) Tot | stat Unfstat JES JER PU Bgnd  Lumi LES LER Unf sys Eff

(%] | [%] [%] (7] (%] (7] (7] (7] [%] [%] [%] (%]
0 — 0.2 0.797 0.86 | 0.61 0.22 0.55 0.046 0.020 0.042 0.0096 0.030 0.0067 0.13 0.0072
02 — 04 0.774 0.71 | 0.63 0.23 0.16 0.076  0.077 0.028  0.0052 0.019 0.0062 0.11 0.0036
04 — 0.6 0.724 0.75 | 0.66 0.23 0.19 0.088 0.079 0.042 0.012 0.023 0.0068 0.15 0.0083
0.6 — 0.8 0.660 0.86 | 0.73 0.26 0.16 0.065 0.088 0.034 0.0081 0.011 0.0092 0.32 0.0068
08 — 1 0.574 0.87 | 0.75 0.26 0.29 0.046 0.12 0.036  0.0075  0.0097 0.015 0.11 0.0052
1 — 1.2 0.475 1.0 0.84 0.29 0.24 0.054 0.049 0.034 0.0091 0.017 0.0018 0.47 0.0077
12 — 14 0.385 1.1 0.95 0.32 0.17  0.061 0.10 0.050 0.010 0.028 0.0030 0.42 0.0086
14 — 1.6 0.279 1.3 1.2 0.37 0.20 0.10 0.11 0.080 0.019 0.010 0.0021 0.53 0.013
1.6 — 1.8 0.185 2.0 1.5 0.49 0.70 0.25 0.36 0.12 0.030 0.058 0.010 0.80 0.024
1.8 — 2 0.100 2.6 2.0 0.64 1.4 0.27 0.52 0.23 0.062 0.15 0.029 0.36 0.045
2 — 22 0.0412 3.7 3.1 1.1 0.93 0.32 0.37 0.30 0.093 0.21 0.016 1.2 0.065
22 — 24 0.00574 11. 9.2 29 2.4 0.45 1.1 0.41 0.13 0.40 0.058 5.1 0.096

Table A.22: Normalized

systematic uncertainties

differential cross section in
for the combination of both

ysum(Zajl) (Njets Z 2) and

decay channels.

break down of the

Ysum(Z,j2) | dydi‘gzm Tot | stat Unfstat JES JER PU Bgnd Lumi LES LER  Unf sys Eff
(%] | [%] (%] (%] (%] (%] (%] (%] (%] (%] (%] (%]
0 — 02 0.836 0.94 | 0.62 0.23 0.61 0.068 0.12 0.023 0.0072 0.024 0.0033 024  0.0064
0.2 — 0.4 0.791 0.98 | 0.65 0.24 0.66 0.028 0.097 0.023 0.0056 0.033 0.0047  0.20  0.0043
04 — 0.6 0.740 0.81 | 0.68 0.24 0.35 0.064 0.054 0.019 0.0045 0.012  0.0052 0.12 0.0031
0.6 — 0.8 0.657 0.81 | 0.73 0.26 0.17 0.024 0.076 0.022 0.0070 0.026  0.0099 0.13 0.0057
08 — 1 0.572 0.88 | 0.79 0.28 0.13 0.025 0.057 0.015 0.0043 0.021  0.0088 020  0.0038
1 — 1.2 0.481 0.97 | 0.88 0.30 0.17 0.060 0.057 0.011 0.0029 0.0089  0.0092 0.22 0.0020
1.2 — 14 0.367 1.2 | 1.0 0.35 024 0044 0.12 0.016 0.0040 0.022  0.0096 0.47  0.0036
14 — 1.6 0.262 20 | 1.3 0.41 1.4  0.044 031 0017 0.0081 0.038 0.0092  0.068  0.0060
1.6 — 1.8 0.166 22 | 1.6 0.52 1.3 012 025 009 0.013 0.12 0.010 0.13 0.0090
1.8 — 2 0.0889 34 | 23 0.72 21 020 036 014  0.029 0.30 0.012 1.0 0.022
2 — 22 0.0338 47 | 38 1.3 1.5 047 079  0.17  0.051 0.36 0.031 1.8 0.036
22 — 24 0.00432 14. | 12. 46 0.60 0.64 2.5 0.49 0.14 0.13 0.020 5.9 0.10
Table A.23: Normalized differential cross section in ysum(Z, ja) (Njers > 2) and break down of the

systematic uncertainties for the combination of both decay channels.
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ysum(Z, dijet) | L —dg—mes  Tot | stat Unfstat JES JER PU  Bgnd Lumi LES  LER Unfsys  Eff
(%] | (%] (%] (%] (%] [%] [%] (%] (%] [%] [%] [%]

0 — 02 0.889 080 | 0.60 022  0.081 0043 01l 0.033 00022 0.058 0.0074 045  0.0021
02 — 04 0.868 072 | 059 022 0074 0049 0.045 0.0070 0.0023 0022 0.0044 033  0.0017
04 — 0.6 0.798 072 | 0.62  0.22 0.12  0.042 0.088 0.0089 0.0040 0.010 0.0060  0.24  0.0028
0.6 — 0.8 0.709 0.77 | 0.67  0.24 0.12 0.034 0081 0013 0.0024 0.0054 00052 026  0.0022
08 — 1 0.600 0.83 | 0.74 025 0.10 0.070 0056 0.018 0.0033 0.018 0.0017 024  0.0031
1 — 1.2 0.461 11 | 086  0.28 010 010 0094 0.011 0.0029 0.020 00019 060  0.0025
12 — 14 0.324 14 | 11 0.33 0.41 0.4 022 0041 0.0022 0.046 0.0090  0.73  0.0015
14 — 16 0.204 19 | 14 0.43 050 0.045 025 0.062 0.0013 0.032  0.029 11 0.0011
16 — 1.8 0.102 2.7 | 20 0.59 11 021 058 0045 0011 020  0.038 1.1 0.0095
1.8 — 2 0.0364 43 | 34 0.96 16 041 029 0059 0011 030  0.059 16 0.0083
2 — 22 0.00757 10. | 7.9 2.1 3.0 1.2 15 020 0032 075  0.093 4.6 0.023
2.2 — 24 0.000605 39. | 28. 9.8 9.9 069 39 0.39  0.097 0.074  0.049 24. 0.074

Table A.24: Normalized differential cross section in ygum(Z, dijet) (Njeis
systematic uncertainties for the combination of both decay channels.

> 2) and break down of the

Hr d‘g’T Tot | stat Unfstat JES JER PU Bgnd Lumi LES LER Unf sys Eff
[GeV] [aibv] (%] | 1%l [%] 0 I ) I v B (%] (%] (%] (%] (%]
30 — 39 2.52 88 | 0.30  0.13 82 026 021 0063 26 0070 0.025 065 1.8
39 — 49 1.37 52 | 021 0.2 36 027 048 0075 26 0076 0.037 18 1.8
49 — 62 0762 4.9 | 026  0.15 3.0 032 056 0062 26 0095 0.052 1.9 1.9
62 — 78 0520 6.8 | 028  0.16 55 028 047 0084 26 010  0.055 2.3 1.9
78 — 96 0346 7.4 | 031  0.16 61 028 045 015 27 0099 0.041 2.5 1.9
96 — 118 0215 7.4 | 036 0.8 6.1 024 044 023 27  0.098 0.046 2.6 1.9
118 — 150 0124 74 | 042  0.19 6.1 027 041 034 27 008  0.042 2.5 1.9
150 — 190 0.0647 7.9 | 0.53  0.22 6.4 024 045 045 28  0.067 0.036 3.1 1.9
190 — 240 0.0319 7.9 | 070 027 6.3 027 050 060 28 0051 0.035 3.2 2.0
240 — 300 0.0150 82 | 095  0.34 70 015 049 067 28 0087 0.024 2.2 2.0
300 — 370 | 0.00712 76 | 1.3 0.44 55 025 045 076 29 0078 0.035 3.5 2.0
370 — 450 | 0.00319 95 | 1.8 0.55 76 026 053 086 29 0028 0.016 3.9 2.0
450 — 540 | 0.00152 9.1 | 2.5 0.76 74 015 052 084 29 013  0.054 2.6 2.0
540 — 650 | 0.000659 6.6 | 3.4 1.0 3.6 0064 036 084 29 015 0.064 2.0 2.1
650 — 800 | 0.000282 10. | 4.3 13 7.9 0065 0.38 060 29 0054 0.0069 2.7 2.0
800 — 1000 | 0.000101 9.5 | 6.4 1.9 50 012 029 060 29 012 0014 2.8 2.2
1000 — 1500 | 1.62¢-05 15. | 9.3 2.7 11. 030 092 068 29 0044 0.028 3.0 2.1
Table A.25: Differential cross section in Hy (Njes > 1) and break down of the systematic uncertain-
ties for the combination of both decay channels.

Hr d‘;{"T Tot | stat Unfstat JES JER PU Bgnd Lumi LES LER Unfsys Eff
[GeV] [ o } (%] | (%] (%] %] % (%] (%] (%] (%] (%] (%] (%]

60 — 78 0125  18. | 13 0.40 17. 012z 037 035 25 0067 0045 053 1.8
78 — 96 0.155 9.6 | 0.64  0.24 89 013 034 02 27 0085 0.029 11 1.9
96 — 118 0124 83 | 059 022 74 029 044 029 27 010  0.043 1.6 1.9
118 — 150 | 0.0862 81 | 0.57 021 70 026 042 044 28  0.096 0.041 2.0 1.9
150 — 190 | 0.0512 8.6 | 0.65  0.23 73 023 050 055 28 0084 0.039 2.8 2.0
190 — 240 | 0.0271 84 | 0.79  0.27 6.9 027 052 070 28 0056 0.037 3.0 2.0
240 — 300 | 0.0135 86 | 1.0 0.34 74 011 047 074 29 0090  0.027 2.2 2.0
300 — 370 | 0.00668 7.7 | 1.4 0.43 56 024 045 080 29 0095 0.039 3.4 2.0
370 — 450 | 0.00306 9.6 | 1.8 0.55 78 025 053 089 29 0029 0.016 3.8 2.0
450 — 540 | 0.00147 9.1 | 2.6 0.76 74 015 053 086 29 013  0.057 2.4 2.1
540 — 650 | 0.000644 6.7 | 3.5 1.0 3.7 0046 042 085 29 015  0.066 2.2 2.1
650 — 800 | 0.000278 10. | 4.4 1.3 79 0069 037 061 29 0052 0.0089 2.8 2.0
800 — 1200 | 6.41e-05 8.8 | 5.3 1.6 54 013 045 062 29 0044 0.024 2.2 2.2

Table A.26: Differential cross section in Hyp (

N

J

ties for the combination of both decay channels.
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ets > 2) and break down of the systematic uncertain-



Hrp di}TT Tot | stat Unfstat JES JER PU Bgnd Lumi LES LER Unfsys Eff

[GeV] [prv] (7] | (%] (%] (el (%] (%] (%] (7] (%] (%] %] %]
90 — 105 0.00492 34. 9.9 2.7 32, 074 20 1.5 2.1 0.062  0.039 1.4 1.6
105 — 125 0.0136 23. 3.3 0.96 22. 075 029 047 2.5 0.074  0.030 0.84 1.8
125 — 151 0.0175 13. 2.1 0.62 13. 053 032 048 2.7 0.13 0.058 0.86 2.0
151 — 185 0.0165 12. 1.6 0.48 12. 0.40 048 0.66 2.8 0.14 0.024 1.4 2.0
185 — 230 0.0124 12. 1.5 0.42 11. 0.25 0.59 0.96 29 0.039 0.032 2.5 2.0
230 — 290 | 0.00770 11. 1.6 0.45 9.5 0.26 0.54 1.1 3.0 0.13 0.028 2.1 2.1
290 — 366 | 0.00422 9.6 1.9 0.53 8.0 0.23 0.56 1.1 3.0 0.11 0.041 3.0 2.1
366 — 466 | 0.00194 12. 2.3 0.61 9.8 0.16 0.51 1.2 3.0 0.054  0.032 4.3 2.1
466 — 586 | 0.000801 9.7 | 3.2 0.86 79 020 0.49 1.1 3.0 0.089  0.038 2.2 2.1
586 — 767 | 0.000301  10. 3.9 1.1 7.8 025 071 094 3.0 0.054  0.0072 2.8 2.1

Table A.27: Differential cross section in Hy (Njes > 3) and break down of the systematic uncertain-
ties for the combination of both decay channels.

Hrp d‘;}’T Tot | stat Unfstat JES JER PU Bgnd Lumi LES LER  Unfsys Eff

[GeV] [ 2 ] (%] | [%] (%] (%] (% (%] [%] [%] (%] (%] (%] [%]
120 — 140 | 0.000279  89. 48. 16. 72. 1.4 8.6 2.0 1.9 0.60 0.27 12. 1.3
140 — 167 | 0.00116 35. 14. 3.2 32. 0.24 1.7 0.74 2.3 0.33  0.072 2.7 1.6
167 — 203 | 0.00212 21. 6.3 1.6 20. 0.71  0.81  0.90 2.8 0.061  0.027 1.7 2.0
203 — 253 | 0.00216 17. 4.4 1.0 16. 0.51  0.46 1.2 3.0 0.095 0.014 2.1 2.1
253 — 320 | 0.00188 15. 3.6 0.90 13. 0.098 0.52 1.3 3.1 0.037  0.021 2.2 2.1
320 — 410 | 0.00125 14. 3.7 0.91 13. 0.35  0.82 1.7 3.2 0.022 0.037 2.2 2.2
410 — 530 | 0.000551  15. 4.5 1.1 14. 0.24 0.61 1.9 3.2 0.045 0.042 3.0 2.2
530 — 690 | 0.000229  11. 5.4 1.3 8.6 0.28  0.59 1.4 3.1 0.12  0.025 3.0 2.2
690 — 910 7.27e-05 19. 7.8 2.0 16. 0.27 0.38 1.1 3.0 0.25 0.044 4.1 2.1

Table A.28: Differential cross section in Hy (Njes > 4) and break down of the systematic uncertain-
ties for the combination of both decay channels.

Hr dcjle Tot stat Unf stat JES JER PU Bgnd Lumi LES LER Unfsys Eff

[GeV] { e ] (%] %] (%] (%] (%] %] [%] (el [%] K (%] (%]
150 — 200 | 2.55e-06  5.3e+02 | 2.9e+02 47. 4.3e+02 13. 27. 4.3 0.97 1.2 0.21 42. 0.91
200 — 282 | 0.000255 29. 14. 3.1 24. 0.68 1.0 1.4 2.6 0.041 0.034 7.0 1.9
282 — 365 | 0.000296 27. 11. 2.3 23. 0.33 1.5 1.7 3.3 0.50  0.037 3.5 2.3
365 — 485 | 0.000230 22. 8.4 1.9 19. 0.21 0.74 2.4 3.4 0.34  0.025 1.2 2.4
485 — 650 | 0.000112 16. 9.2 2.2 12. 020 1.2 2.2 3.3 0.51  0.055 3.3 2.3
650 — 880 | 4.43e-05 14. 11. 2.8 8.2 0.28 0.22 1.3 3.1 0.25 0.021 1.1 2.2

Table A.29: Differential cross section in Hy (Njes > 5) and break down of the systematic uncertain-
ties for the combination of both decay channels.
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Appendix B

Results of single channel (Z — ete™) at 13
TeV

This chapter presents the measured differential cross section as a function of jet observables with the
full uncertainties in Z — e*e~ channel for Z + jets process, compared to the theoretical predictions
of MADGRAPH AMC@NLO and MADGRAPH (LO). It provides some supplementary results for
Chapter 4. More details can be found in [59].
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Figure B.1: The differential cross section as a function of exclusive (left) and inclusive (right) jet
multiplicity in ete™ decay channel at 13 TeV, showing the full uncertainties. The measurement is
compared with MADGRAPH_AMC@NLO (NLO) and MADGRAPH (LO) predictions.
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Figure B.2: The differential cross section as a function of leading jet pr (left) and absolute rapidity
(right) in ete™ decay channel at 13 TeV, showing the full uncertainties. The measurement is compared

with MADGRAPH AMCQNLO (NLO) and MADGRAPH (LO) predictions.
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Figure B.3: The differential cross section as a function of the second jet pr (left) and absolute
rapidity (right) in ee™ decay channel at 13 TeV, showing the full uncertainties. The measurement
is compared with MADGRAPH AMC@NLO (NLO) and MADGRAPH (LO) predictions.
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Figure B.4: The differential cross section as a function of the third jet pr (left) and absolute rapidity
(right) in ete™ decay channel at 13 TeV, showing the full uncertainties. The measurement is compared

with MADGRAPH AMCQNLO (NLO) and MADGRAPH (LO) predictions.
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Figure B.5: The differential cross section as a function of scalar sum of jets pp for Njes > 1 (left),
Njets > 2 (middle), and Njes > 3 (right) in eTe™ decay channel at 13 TeV, showing the full uncer-
tainties. The measurement is compared with MADGRAPH AMCQ@NLO (NLO) and MADGRAPH
(LO) predictions.
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