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Abstract

The most successful theory in particle physics is the Standard Model (SM),

which describes the fundamental particles and their interactions. The majority of

SM predictions have been tested successfully with excellent precision. Despite its

achievements, SM fails to resolve many key problems such as the inclusion of gravity,

absence of dark matter, and unification of the gauge couplings at high energies,

etc. Many scenarios beyond Standard Model (BSM) have been proposed to explain

some of these aspects. To test the predictions of the SM and BSM scenarios several

experiments have been designed and built. Among them, the Large Hadron Collider

at the European Council for Nuclear Research is the largest and most powerful

particle accelerator ever built. The proton beams are made to collide at four di↵erent

locations along the LHC ring. At these positions, four giant detectors are placed to

record every possible outcome of the collision. The Compact Muon Solenoid (CMS)

is one of its general purpose detectors designed for SM measurements and BSM

searches due to its high precision detection of particles from collision events. This

thesis is based on two aspects: hardware work and physics analysis.

This present work includes the assembly and testing of the Gas Electron Mul-

tiplier based GE1/1 subdetectors, which are used for the upgrade of the first endcap

muon station of the CMS detector during the Long Shutdown2 period (December

2018–April 2022). The GE1/1 subdetectors have added redundancy to the muon

subsystem of the CMS detector in the forward regions (higher ⌘) and improved the

triggering and muon tracks reconstruction capabilities. The GE1/1 chambers have

an excellent detection e�ciency of more than 97% with time and position resolution

of 10 ns and 260µm to 340µm, respectively. The CMS GE1/1 upgrade project re-

quired the fabrication and testing of 144 GE1/1 chambers. India contributed to the

CMS GE1/1 upgrade project, which included the assembly and testing of the GE1/1

chambers, which was carried out at Panjab University, Chandigarh, in collaboration

with Delhi University, Delhi, and Bhabha Atomic Research Center, Mumbai. The

assembly technique includes material preparation in the lab (pre-assembly) and final



detector assembly in the class-100 clean room. I participated in the assembly and

quality control tests of eight chambers at Panjab University. All chambers passed

quality control tests and have been installed in the CMS experiment.

The physics analysis presented in this thesis is based on the measurement of

the fiducial cross section for the production of a Z boson in association with at least

one bottom quark jet. This is the first measurement of these processes based on data

collected by the CMS experiment at a center-of-mass energy of 13TeV during the

2016–18 data-taking period. The dataset corresponds to an integrated luminosity

of 137 fb�1. The Z + b-jets is a crucial process at the LHC for precision testing of

electroweak and perturbative quantum chromodynamics (pQCD) calculations as it

involves an electroweak and strong vertex in hadronic collisions. The b quark mass

is above QCD scales so their production is not a↵ected by low energy hadronization

e↵ects and is directly described by pQCD more precisely than a light-flavored jet.

Understanding and modeling of pQCD interactions are important because they can

a↵ect the accuracy levels when we proceed with theoretical predictions. In pQCD,

the amplitude for Z+b-jets processes can be computed using di↵erent parton distri-

bution functions which provide information about the b quark content of the proton

and also helps us to scrutinize the theoretical calculations by comparing predictions

with experimental data. This comparison can help to improve the modeling of the

production of b quarks. Furthermore, the Z + b-jets process constitutes an irre-

ducible background to many SM and BSM physics processes that occur at hadron

colliders, such as the production of Higgs bosons production in the HZ mode, the

new generation of heavy quarks (b’, t’) decaying into Z + b-jets, supersymmetric

Higgs bosons produced in association with b quarks, etc. This study may improve

the purity and sensitivity of these relatively rare processes if one can measure and

control the Z+b-jets process precisely enough, which can also help to constrain the

theoretical modeling of data. Therefore, the study and understanding of the b-jets

processes are very important to probe new physics and improve the precision of the

measured properties of known processes and particles.

The measurements Z+b-jets processes are performed with transverse momenta



of the b-jets greater than 30GeV and pseudorapidity |⌘| < 2.4. The integrated and

di↵erential cross sections are measured separately in the electron and muon decay

channels and also in the combined channel. The di↵erential cross section distribu-

tions are measured as functions of various kinematic observables which are sensi-

tive to the b quark parton distribution function, pQCD calculations, initial-state-

radiation, final-state-radiation, and multiple parton interactions. The detector-level

distributions are corrected for the selection e�ciencies or detector resolution e↵ects

and compared with di↵erent Monte Carlo event generators. It is observed that the

measured fiducial cross sections and shapes of the kinematic observables are not

completely described by all predictions.
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Chapter 1

Introduction

For a human being, the most fundamental questions are regarding the beginning of

the universe and its basic constituents. All matter in our universe is made up of a

few fundamental constituents known as elementary particles. The study of elemen-

tary constituents of matter and the interactions between them is known as “particle

physics” or “high energy physics”. The term “elementary” refers to particles that

have no known structure, such as those that are tiny or can not be split down into

smaller parts. According to the famous Einstein equation E = mc2, the energy of

the colliding particles can be transformed into the rest mass of new particles. To

look more deeply into the structure of matter or to create new heavier particles,

colliding particles must have tremendously high energy as well as a high intensity of

collisions. To investigate elementary particles, we must move to a small scale (wave-

length / 1/E) so that wavelengths do not overlap with those of the nearest particle,

resulting in better resolution. Many elementary particles are extremely massive so

a significant amount of energy (mc2) is required to generate them. Therefore, ac-

celerators are required to produce high energy. Fixed target and collider are the

two types of high energy accelerators. In a fixed target setup, particles collide with

a fixed target, whereas in a collider setup, collisions occur between two beams of

high energy particles. Collider experiments bring together beams with equal but

1
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opposing momentum, resulting in an initial momentum of zero, allowing all of the

energy in both beams to be transformed into new particles. As a result, colliding

beams have a significant advantage over fixed beams. Collider accelerators include

the Tevatron [1] at Fermilab in the United States, the Large Electron Positron [2],

and Large Hadron Collider (LHC) [3] at the European Council for Nuclear Physics

(CERN), etc.

At the end of the 19th century, scientists indeed believed that the atom

(⇠10�8 cm) was the fundamental constituent of all matter in nature. However,

J. J. Thomson in 1897, discovered the first elementary particle, the “electron” (e�)

(⇠10�16 cm) in cathode rays experiments [4] by bending cathode rays in the pres-

ence of a magnetic field. Later in 1911, the famous Rutherford scattering exper-

iment [5, 6] demonstrated that most of the mass of the atom was concentrated in

the small, dense, positively charged “nucleus” (⇠10�12 cm). The discovery of the

“neutron” (n) by J.Chadwick in 1932 [7] completed the atomic picture and allowed

the explanation of matter formed in atoms by these fundamental particles (proton

(p), e�, and n). In 1933, C. Anderson experimentally observed the first anti-particle

“positron” (e+), in a cosmic ray experiment [8]. In 1934, Yukawa Heidki proposed

the presence of “pion” (⇡) mesons as the transmitter of short-range nuclear forces

between protons and neutrons. These force carriers were later observed in 1947 by

Powell and his coworkers in the photographic-emulsions experiment at Bristol, who

discovered that cosmic rays contain two middle-weight particles known as pion [9]

and muon (µ�) [10]. A more detailed description of the history of particle physics

can be found in [11]. In the 20th century, the field of elementary particle physics

was explored and successive discoveries of new particles were made.

A spectrum of particles discovered in di↵erent collider experiments, starting

from the discovery of the electron in 1897, to the observation of the Higgs boson at

the Large Hadron Collider (LHC) in 2012 is shown in Figure 1.1. All those discovered
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particles could not be fundamental, so a simple and elegant theory was developed in

the 1970s which successfully describes all the fundamental particles and forces via

which they interact. This successful theoretical framework of the “Standard Model”

(SM) [12–16] will be discussed in the next Section.
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Figure 1.1: Spectra of particle discoveries [17].

1.1 The Standard model

The most widely accepted theory of elementary particle physics which explains most

of the experimental results is the SM. The world of macroscopic objects in everyday

life is governed by classical mechanics. The classical rules are modified by special

relativity for objects that travel very fast (at speeds comparable to c). For objects

that are very small (approximately comparable to the size of atoms), classical me-

chanics is superseded by quantum mechanics. For things that are both fast and small
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(elementary particles), a theory is required to incorporate relativity and quantum

principles: Quantum Field Theory (QFT). The SM of particle physics is a QFT that

gives a description of the fundamental building blocks of matter and the interactions

between them [18].

In the SM, all elementary particles correspond to excited states of quantum

fields. The propagation and interactions of fields in a QFT are fully determined by

a Lagrangian density, L ( i, @j i, x
j), that depends on the fields  i, their derivatives

@j i, and the space-time coordinates, xj = (t, x, y, z). Lagrangian density is the

dimension of the energy density to the fourth power. Its total space integral corre-

sponds to the total kinetic energy of a system subtracted by the potential energy.

Interactions between matter particles are introduced into the theory by imposing

gauge symmetry conditions on the quantum fields. In QFT, elementary particles

satisfy two main types of symmetries: space-time symmetries, acting directly on

the coordinates xj, and another one is internal symmetry, which corresponds to the

transformation of a quantum field  without making their dependence on space or

time. Symmetry can be local or global. A transformation is said to be global when

it acts on the field in the exact same way at every point of space-time. According

to Noether’s theorem, each continuous global symmetry leads to the existence of

a conservation law, and its conserved currents allow us to define a charge for the

particles. The global symmetry can be made local, so that the factor ↵(↵ = ↵(xj))

can depend on the position in space-time, which leads to additional terms in the

Lagrangian that break the invariance of the Lagrangian under this symmetry. This

invariance can be restored by introducing additional gauge terms that couple to the

conserved currents of the global symmetry. These gauge terms are vector fields,

which correspond to the fundamental forces or interactions between the particles.

Making a local symmetry from global symmetry is known as gauging the symmetry.

The strength of the forces is driven by the gauge coupling constants.

The SM is a gauge theory of the electroweak and strong interactions with the
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gauge group SU(3)C⌦ SU(2)L⌦ U(1)Y (here C, L, and Y stand for the color charge,

left-handed chirality for weak isospin, and weak hypercharge Y = B + S, respectively,

where B represents Baryon Number and S represents Strangeness). SM Lagrangian

is required to remain invariant under the local gauge transformation of these gauge

groups. The carriers of the forces are the generators of the symmetry group which

are discussed in the next Subsection. The general form of SM Lagrangian can be

written as:

LSM = Lf + Lg + LY ukawa + L� (1.1)

here, Lf refers to Lagrangian describes the matter fermions and their interaction via

the spin-1 mediators (gauge boson), Lg corresponds to gauge boson and how they

interact with each other, LY ukawa is the Yukawa interaction between the Higgs field

and fermions, and L� corresponds to boson coupling to the Higgs field and Higgs

field potential, describing the Higgs boson self-coupling. The basic components of

the SM are discussed in the following Subsections.

1.1.1 Fundamental particles

In the SM the fundamental particles are divided into two groups: fermions and

bosons. The fermions constitute the building blocks of matter, while the bosons

are the mediators of the interactions. The fermions must obey the Pauli Exclusion

principle that is (i.e.) two fermions cannot exist in the same state. The fermions

are classified into two types: leptons (l) and quarks (q) on basis of their interaction.

Leptons interact exclusively through electromagnetic and weak interactions, while

quarks interact through electromagnetic, weak, and strong interactions. In general,

each particle has an anti-particle partner, often denoted by a bar (ȳ) with the

opposite charge and quantum numbers.

• Leptons: The electron and its anti-particle, the positron are the stable

charged leptons in free space. The muon and tau (⌧�), and their anti-particles
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di↵er from the e� and e+ only in their masses and finite lifetimes. The neutral

leptons are called neutrinos, denoted by the generic symbol ⌫ that do not have

any charge and are stable. All leptons (anti-leptons) except neutrinos carry

an electric charge of �1 (+1).

• Quarks: Quarks have a non-integral electric charge and a strong color charge.

The three colors are blue (B), green (G), and red (R) with the corresponding

anti-colors being anti-blue (yellow or B̄), anti-green (magenta or Ḡ), and anti-

red (cyan or R̄). Quarks are grouped into two groups that di↵er only by one

unit of electric charge. The quark type known as the flavor is denoted by

the symbols: u for “up”, d for “down”, s for “strange”, c for “charm”, b for

“bottom”, and t for “top”. The quark types are coarsely separated into light

flavor quarks, which consist of u, d, and s quarks with masses in the MeV

(considered c=1) region and heavy flavor quarks, which cover the remaining

flavors and have masses in the GeV region. The heaviest quark is the top

quark with a mass of 173.2GeV [19, 20]. All quarks have fractional charges

i.e. +2e/3 for u, c, t and �e/3 for d, s, b.

In SM, all fermions are arranged in three generations of increasing mass, where

each generation consists of two leptons (a charged lepton and a neutrino) and two

flavors of quarks. The first generation fermions include e, “electron-neutrino” (⌫e)

leptons and u, d quarks. Most of the visible matter in the universe is made up of

first generation particles. The matter is made up of atoms which in turn consist of

a nucleus (protons and neutrons) and electrons. The u and d quarks are the con-

stituents of the proton (uud) and neutron (udd). The second generation includes

µ, “muon-neutrino” (⌫µ) leptons and c, s quarks. The third generation consists of

⌧ , “tau-neutrino” (⌫⌧ ) leptons and t, b quarks. With the exception of neutrinos,

second and third generation fermions are mostly unstable and decay via weak inter-

actions to lower generations due to their short lifetime and can only be studied with
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accelerators. The properties of the leptons and quarks are summarized in Table 1.1.

The interactions between these elementary particles occur by mediator particles.

The SM consists of 12 vector bosons (W+, W�, Z, photon, and 8 gluons (g)) which

are mediators of interactions, and a scalar boson is known as the “Higgs boson”.

Figure 1.2 gives the pictorial view of the fundamental particles of the SM.

Table 1.1: Properties of Quarks and Leptons [21].

Generation Flavor Mass (MeV) Charge Spin Interactions
I Leptons e 0.51 -1 1/2 EM, Weak

⌫e < 2.2 ⇥10�6 0 1/2 Weak

Quarks u 2.2 +2/3 1/2 EM, Weak, Strong
d 4.7 -1/3 1/2 EM, Weak, Strong

II Leptons µ 105.66 -1 1/2 EM, Weak
⌫µ < 0.17 0 1/2 Weak

Quarks c 1.27 ⇥103 +2/3 1/2 EM, Weak, Strong
s 96 -1/3 1/2 EM, Weak, Strong

III Leptons ⌧ 1.78 ⇥103 -1 1/2 EM, Weak
⌫⌧ < 15.5 0 1/2 Weak

Quarks t 173.21 ⇥103 +2/3 1/2 EM, Weak, Strong
b 4.18 ⇥103 -1/3 1/2 EM, Weak, Strong

1.1.2 Fundamental forces

All visible matter in the universe interacts via strong, electromagnetic, weak, and

gravitational interactions. Interactions between SM particles are mediated by the

exchange of force carriers i.e. integral spin gauge bosons. The exchange particles

transfer momentum and energy between the two objects as well as change the quan-

tum number. Due to their character, they are frequently called exchange particles.

The SM describes three forces of nature, except gravitational force. Gravitational

force, though prominent in the macroscopic lives of humans, is negligible at the mi-

nuscule level of particles. Each force is characterized by its strength and the range

over which they are e↵ective, which in turn depends upon the mass of its mediators.

Figure 1.3 depicts how di↵erent particles interact via di↵erent forces. Table 1.2
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Figure 1.2: Standard Model particles [22].

shows the properties of four fundamental forces [23]. A brief description of these

fundamental forces is given below.

• Strong interaction: The strong interaction is experienced by particles hav-

ing non-zero color charge i.e. quarks and gluons which are known as “Partons”.

Leptons do not participate in strong interactions. The strong interaction is

mediated by massless gluons. At the subatomic scale, this is the strongest

force among all forces as it holds the protons and neutrons inside the nucleus

despite the repulsive electromagnetic force. The range of strong force is lim-

ited to ⇡1 fm. The strong interaction is described theoretically by Quantum

Chromodynamic (QCD) [25, 26].

• Electromagnetic interaction: This interaction is experienced by all parti-

cles having non-zero electric charge and is mediated by a massless and charge-

less particle, known as a photon (�). It is responsible for the bound states
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Figure 1.3: Di↵erent interactions among SM particles [24].

of electrons with nuclei, i.e. atoms and molecules, and for the intermolecular

forces in liquids and solids. Electromagnetic interaction has an infinite range.

The theory that describes electromagnetic interaction is known as Quantum

Electrodynamics (QED) [27–29].

• Weak interaction: This interaction is experienced by leptons and quarks

and is mediated by heavy vector bosons namely charged W± (called charged

current interactions) and neutral Z0 (called neutral current interaction). The

weak force is a short-range (⇠ 10�18m) force that is e↵ective only at the

subatomic scale. This force is responsible for the radioactive decay of unstable

nuclei that occurs in nature. The charge responsible for this interaction is

weak isospin. The neutral current interactions do not result in the exchange

of leptons or quarks, whereas the charged current interactions include both.

This is described by the Electroweak theory [30, 31].
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• Gravitational interaction: It is the weakest of all the fundamental interac-

tions and acts between all particles. It is attractive in nature and is responsible

for holding the planets inside the solar system. This force is supposed to be

mediated by Graviton – massless particle of spin 2, that is not yet experi-

mentally discovered. This interaction is almost 1038 times weaker than strong

interaction and thus it is negligible at scales of elementary particles. Due to

this fact, gravitational interaction is neglected in the SM. Gravitational force

is described by the special theory of relativity. As of now, there is no success-

ful theory of quantum gravity that can combine the theory of relativity with

quantum mechanics.

Table 1.2: Properties of fundamental interactions.

Interactions Mediators Charge Mass Range Coupling
(GeV) (m) Constant ( ↵)

Strong 8 Gluons 0 0 10�15 1

Electromagnetic Photon 0 0 1
1

137

Weak W± 1 80.38 ± 0.012
Z0 0 91.188 ± 0.002 10�18 10�9

Gravitational Graviton 0 0 1 10�38

1.1.3 Electroweak theory and Higgs mechanism

QED is the theory that describes electromagnetic interactions. QED is characterized

by the weak hypercharge gauge symmetry group U(1)Y that leaves the Lagrangian

invariant under global symmetry and leads to the conservation of electric charge.

Since there is only one generator and U(1)Y transformations are commutative, this

means that the associated boson can not interact with each other i.e the photon
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is electrically neutral. In QED, the coupling constant, known as the fine structure

constant, is given as ↵ = e2/4⇡. The coupling strength in QED is proportional to the

electric charge of the particle and is independent of photon momentum transferred.

A theory of weak interactions was postulated by Enrico Fermi in 1933 as a

zero-range contact interaction between four fermions but this theory only proved

valid up to about 100GeV. The weak interaction is mediated by W (W+ and W�)

and Z bosons. The W boson couples only to particles of left-handed helicity and

anti-particles of right-handed helicity. Left-handed helicity indicates that the spin

of particle is orientated in the opposite direction of motion. The Z boson couples

to both left- and right-handed fermions. The weak charged currents mediated by

the W boson change the flavor of quark or lepton flavor and violate the parity.

However, neutral weak currents mediated by the Z boson do not contribute to any

flavor changing currents. The weak interaction is explained by SU(2)L which is the

weak isospin (I) gauge group describing transformations of the left-handed isospin

doublets. But, in order to make this theory a gauge invariant, there is a need to

add another symmetry group for flavor invariance.

The coupling strength of the weak force becomes comparable to that of elec-

tromagnetism above the unification energy, on the order of 246GeV, and they can

merge into a single force. Sheldon Glashow, Abdus Salam, and Steven Weinberg

unified the theory of electromagnetic and weak interactions. The photon contributes

to neutral currents as the Z boson, hence giving way to unified electromagnetic and

weak theories. So for flavor invariance, U(1)Y symmetry is added to this theory.

The unified electroweak theory is represented by SU(2)L ⌦ U(1)Y symmetry group.

The weak isospin and hypercharge are connected to the electromagnetic charge (Q)

as Y = 2(Q � I3), where I3 represents the third component of the weak isospin.

The electroweak theory involves the existence of four massless carriers, to me-

diate the unified electroweak interaction. But this is in direct conflict with what is

observed in nature. If the mass terms for the particles were simply added to the
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Lagrangian, the gauge symmetry would be broken. So, an alternative solution to

this problem is the Electroweak symmetry breaking Higgs mechanism. This mecha-

nism leaves the Lagrangian, but not the vacuum state, invariant under electroweak

transformations, a principle called spontaneous symmetry breaking [32–34]. In the

language of quantum mechanics, a symmetry breaking occurs when a field, or some

components of a field, acquire a non-zero vacuum expectation value. In the Higgs

mechanism an additional scalar field, the Higgs field, is introduced into the the-

ory, which has a potential function of a form allowing degenerate vacuum solutions

with a non-zero vacuum expectation value. It is said to be spontaneous because no

external agent is responsible for it. Interaction with the Higgs field allows the W

and Z bosons as well as other particles to acquire mass [35]. The Higgs boson is

predicted to be quite massive and its experimental observation required the colli-

sion of particles at very high energy. On 4 July 2012, the two main experiments at

the LHC, A Toroidal LHC ApparatuS (ATLAS) [36] and Compact Muon Solenoid

(CMS) [37], independently reported the discovery of a new resonance with a mass

of about 125GeV, consistent with the Higgs boson.

1.1.4 Quantum chromodynamics

QCD is a quantum field theory and its constituents are a set of fermions, quarks,

gauge bosons, and gluons. QCD is a gauge theory symmetric under the 3-

dimensional special unitary group, SU(3)C . QCD theory depicts the interaction of

colored particles through the exchange of gluons having a certain momentum scale.

Unlike in QED, the QCD coupling constant depends on the momentum exchange

which makes it complicated. The conserved charge associated with this symmetry

is the color charge. The SU(3)C group is non-abelian and the local invariance of this

theory adds 8 (32 � 1 = 8) gauge fields. Gluons also couple to other gluons because

each gluon carries a color charge. The colored objects are always confined to the

states with zero color charge i.e. the states with non-zero color charge cannot exist
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as free particles. In two quark states, color and its anti-color combine to make a

colorless state called mesons. Three quark states known as baryons are also colorless

but through a di↵erent combination: the three quarks are colored B, G, and R (or

the corresponding anti-colors), which combine (like colored light) to form a state

with no color. All mesons are unstable and the only known stable baryon is the

proton.

The QCD coupling constant is represented by gs and given as gs =
p
4⇡↵s,

where ↵s is the strength of interaction between quarks and gluons. The strong

coupling constant depends on the energy scale of the interaction, referred to as

running ↵s

↵s(Q
2) =

12⇡

(33� 2nf)ln(Q
2/⇤2)

(1.2)

here, Q is the momentum transferred in an interaction, ⇤ is the QCD scaling pa-

rameter, and nf is the number of quark flavors (i.e 6). At ⇤QCD ⇡200MeV, the

strong coupling constant becomes unity. For energy scales Q >> ⇤ (⇡1–2GeV)

the perturbative approximation is valid because ↵s << 1. QCD behaves di↵erently

at high and low energy scales, resulting in two important phenomena, which are

discussed in detail below.

• QCD confinement: Hadrons are color singlet (i.e. color neutral) combina-

tions of quarks, anti-quarks, and gluons. At low energies (Q2
 1GeV) or at

a distance ⇠1 fm (typical size of hadrons), ↵s is large and quarks inside the

proton are confined in a bound state with other quarks. As a result, quarks

cannot exist freely, which explains the stability of hadrons. If one of the quarks

in a given hadron is pulled away from its neighbours that are in the bound

state, the color force field increases between that quark and neighbour quark.

More energy applied to separate the quark tends to add more energy to the

color force. This energy is then utilized to form new quark-antiquark pairs

while conserving the energy and other quantum numbers as the energy of the
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color force field is converted into the mass of new quarks. Hence, quarks can-

not exist independently. This phenomenon is known as “Quark Confinement”

as shown in Figure 1.4. Confinement makes the QCD calculations of hadronic

cross sections very complicated, due to the fact that bound states exist and

perturbation series in the coupling constant cannot be applied.

• Asymptotic freedom: At very high energies, where momentum exchange is

large (Q2 >> 1GeV) or at a short distance regime, the coupling constant (↵s)

decreases indicating quarks behaving as almost free or non-interacting. As

Q2
! 1,↵s ! 0, indicating that at large Q2, interaction becomes weak and

vanishes to zero asymptotically at high energies, justifying the term “Asymp-

totic Freedom” [38]. In this regime, perturbative QCD (pQCD) calculation

can be used to make very accurate predictions. For example, a cross section

of a given physics process is expressed by �= �0 + �1↵s + �2↵
2

s +..., where �i

are the cross sections at di↵erent perturbative orders. The leading order (LO)

is the lowest order in the calculation, followed by the next-to-leading order

(NLO), the next-to-next-to-leading order (NNLO), and so on up to a certain

perturbative order. Figure 1.5 shows the running behaviour of the strong cou-

pling constant as a function of the energy measured by di↵erent experiments.

Q2 is given by the sum of four vectors of the interacting partons.

Figure 1.4: Pictorial view of quark confinement.
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Figure 1.5: Diagram showing the asymptotic freedom phenomenon in which at high
values of Q2, the coupling constant becomes very small [39].

1.1.5 Limitations of the SM

The SM has provided an elegant theoretical framework and most phenomena ob-

served in particle physics experiments can be explained within this framework. The

majority of SM predictions have been tested successfully to a high degree of pre-

cision by various experiments. However, it has several shortcomings and some of

them are listed below.

• SM does not include Gravitational force and also, can not explain why gravi-

tational force is much weaker than the EM or nuclear strong force.

• SM is not able to explain the large di↵erence between the electroweak scale

(102GeV) and Planck’s scale (⇡1019GeV), called the Hierarchy or fine-tuning

problem. The Higgs boson provides larger mass to scalar particles through

large radiative correction [40]. But the Higgs boson mass is quite smaller than

the Planck Scale, despite the huge quantum corrections. This implies that the

bare mass of the Higgs boson should be tuned in such a way that it completely

cancels out those quantum corrections.
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• SM only explains visible matter (5%) but is not able to describe the existence

of dark matter (26%) [41] and dark energy (69%) [42].

• At the time of the Big Bang around 13.8 billion years ago, it is believed that an

equal amount of matter and anti-matter should have been created. However,

physical objects in this universe around us are made up of matter and there

exists no anti-matter which is the biggest challenge in physics. The SM fails

to explain this large asymmetry between the matter and anti-matter.

• In the SM, neutrinos are considered massless and chargeless particles. But

experimental observations show that neutrinos oscillate and transform into

one another as they move [43, 44]. This feature is only possible if neutrinos

have a non-zero mass.

• The SM does not explain why there are only three particle generations and why

there is so much di↵erence in masses of particles among di↵erent generations.

It is quite possible that the SM explains only a part of the bigger picture that might

include new physics which is hidden either deep inside the subatomic world or in the

darkness of this gigantic universe. Various beyond Standard Model (BSM) scenarios

have been developed to resolve these key issues, which need to be experimentally

verified [45].

A number of experiments have been designed and built to test the predictions of

the SM and BSM scenarios. Among them, the LHC is the world’s largest and most

powerful particle accelerator ever built. Precision measurements of SM processes

can provide a reference for the understanding of detector response as well as probes

of new physics which are complementary to direct searches. One of the current

challenges in particle physics is to improve the precision of the measured properties

of known processes and particles in order to study any discrepancies between the

measurements and SM predictions. The measurement of SM processes also forms the

basis for testing and improving the Monte Carlo (MC) event generators that aim to
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describe these processes in high energy hadron collisions at the LHC. The majority

of SM predictions have been verified experimentally with tremendous precision, the

most recent being the discovery of a new boson in 2012 at the LHC, which appears

to be the Higgs boson as predicted by the SM. The Higgs boson discovery, along

with the massive amount of data collected at the LHC, has provided physicists a

sensitive tool to search for incompatibilities with the SM, which would result in

new theoretical developments and could provide an answer to some of the questions

stated above. Figure 1.6 compares cross sections that were predicted theoretically

to those that were actually measured with the CMS experiment for several SM

processes. Up to now, most measurements have shown consistency with the SM

predictions within uncertainties, displaying the remarkable success of SM [46].

This thesis is based on the measurements of one of the important SM processes,

the Z boson having an associated b-jets, using the CMS experiment at the LHC, as

discussed in the next Section.

1.2 Associate production of Z boson with b-jets

at LHC

The production of a Z boson in association with b-jets (a collimated spray of particles

originating from a bottom quark) can occur from quark-gluon, quark-antiquark, and

gluon-gluon interactions in pp collisions. Theoretically, there are two methods for

calculating the amplitude of Z + b-jets processes, the 4 flavor scheme (4FS) and 5

flavor scheme (5FS) [48,49]. In the 4FS, the b quarks are produced by hard initial-

state gluon splitting, described by the QCD matrix element (ME); this process leads

to at least one b-jet in the final state. Figure 1.7 (left) represents the Feynman

diagram of the 4FS process. The 4FS ME treats the b quark as massive and thus it

is not considered in the proton PDF evolution and perturbative calculation. In the

4FS, the proton PDFs only contain the four lightest quark flavors (u, d, s, and c)
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Figure 1.6: Comparison between theoretically given and observed cross sections by the
CMS experiment for various SM processes [47].

and the b quarks are produced from an explicit gluon splitting g ! bb̄ process. A

collinear g ! bb̄ splitting is assumed with one of the b quarks escaping down the

beam line and the other quark participating in the hard scattering. The b quarks

are treated as originating from the proton sea. In the 5FS, the gluon splitting

contribution is included within the b quark PDF, and the b quark mass is set to

zero in the ME calculation. Figure 1.7 (right) represents the Feynman diagram of

the 5FS process.

The Z boson decays instantaneously due to the short mean lifetime (3⇥10�25 s)

and can only be detected through its decay products. The decay of the Z boson

can occur in several ways as listed in Table 1.3. The Z boson decays to strongly

interacting particles approximately 70% of the time. It is experimentally challenging

to detect the Z boson through the hadronic channels among the abundant QCD
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Figure 1.7: Examples of Feynman diagrams for Z+1b-jet production in the 4FS (left)
and 5FS (right).

background. The Z boson decays to a charged lepton and anti-lepton pair (e�e+,

µ�µ+, and ⌧�⌧+) approximately 10% of the time. The Z boson decays to e�e+/µ�µ+

providing a very clean signature at hadron colliders. Tau particles decay very quickly

to other particles and so they are not directly detected.

For the present Z+b-jets analysis, the leptonic final state of Z (! e+e�/µ+µ�)

is chosen which makes the signal almost background free with high e�ciency of

leptons reconstruction.

Table 1.3: Branching fraction of Z Boson decay modes [21].

Mode Fraction

e� e+ 3.363±0.004%

µ+µ� 3.366±0.004%

⌧+⌧� 3.370±0.008%

Invisible 20.00±0.06%

Hadrons (total) 69.91±0.06%
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1.3 Physics motivation

The Z + b-jets is a crucial process at the LHC for precision tests of electroweak

and pQCD calculations as it involves an electroweak and strong vertex in hadronic

collisions. Understanding and modeling of QCD interactions are important because

they can a↵ect the accuracy levels of theoretical predictions. In pQCD, the ampli-

tude for Z+b-jets processes can be computed using the 4FS and 5FS. Since the 5FS

considers b quarks as the fifth flavor in the proton PDFs, so it provides information

about the b quark content of the proton and also helps us to scrutinize the theoreti-

cal calculations by comparing predictions with experimental data. This comparison

can help to improve the modeling of the b quarks production. These measurements

provide valuable input for the tuning of perturbative and non-perturbative models

and to constrain the model parameters of the advanced parton shower (PS) MCs

programs.

Within the SM, the Z+ b-jets final state is the dominant background for the

Higgs boson production in the HZ mode, in which the Higgs boson decays into a bb̄

pair [50]. Many physics scenarios BSM predict final states involving b quarks and Z

bosons: new generations of heavy quarks (b0, t0) decaying into Z+b-jets [51], super-

symmetric Higgs bosons produced in association with b quarks [52], and extended

SM scenarios involving additional SU(2) doublets with enhanced Zb coupling [53].

This study may also provide useful information to describe an analogous process

where a W boson is produced, which is more di�cult to measure because of higher

background contamination. The study of the Z+b-jets processes can also help to es-

timate the theoretical systematic uncertainty coming from the PDF choice in the W

mass measurement [54]. Furthermore, the final state of the Z polarization asymme-

try measurement allows to study the Zb couplings combination, which also appears

in the LEP measurement of the forward-backward asymmetry of b quarks [55]. Since

the LEP result shows a 2.5 standard deviation discrepancy from the SM prediction

in the electroweak fit, such measurement might contribute to investigating this long-
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standing issue. If the Z+b-jets process can be measured and controlled properly, it

may improve the purity and sensitivity of these relatively rare processes, which can

also help to constrain the theoretical modeling of data.

Measurements of heavy flavor production in association with a Z boson have

attracted the interest of the Tevatron and LHC experimental communities in the

last decades. Previous measurements have been performed on Z+ b-jets at center-

of-mass energy (
p
s) = 1.96TeV by the CDF [56] and D0 [57] Collaborations at

the Fermilab Tevatron in pp̄ collisions. The CMS and ATLAS Collaborations per-

formed a measurement of the Z + b-jets using pp collision at
p
s = 7TeV, 8TeV,

and 13TeV [58–61]. Previous measurements were compared with various MC pre-

dictions based on LO and NLO MEs interfaced with a PS simulation, which showed

substantial mismodeling.

The main goal of this thesis in terms of physics analysis is to perform an inte-

grated cross section of Z+�1b-jet processes, along with the di↵erential cross section

distributions as a function of various kinematic observables. These observables are

sensitive to both the hard scattering process and associated soft QCD radiation, as

well as to the PDFs. This is the first measurement of Z + � 1 b-jet processes at
p
s = 13TeV based on pp collisions data collected by CMS experiment during the

2016–2018 LHC running periods. The data sample corresponds to an integrated

luminosity of 137 fb�1.

1.4 Thesis organization

The work presented in this thesis is divided into two parts: hardware work and

physics analysis. The hardware work is based upon the assembly and testing of Gas

Electron Multiplier (GEM) detectors, that have been installed in the CMS detector

during Long Shutdown2, i.e., LS2 (2018–2022), in order to add redundancy to the

existing muon system. The physics analysis involves the measurement of the cross
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section for the production of a Z boson, decaying to e+e� or µ+µ�, in association

with at least one b quark jet. The data sample corresponds to an integrated lumi-

nosity of 137 fb�1, collected by the CMS experiment in pp collisions. The detailed

outline of the thesis (see Figure 1.8) is as follows:

Thesis Organization

Chapter 4: Assembly and  Testing of 
Gas Electron Multiplier

Chapter 3: Generation, Simulation, and 
Reconstruction of the Events

Chapter 5: Measurement of the 
production cross section for Z + b jets in 
proton-proton collisions at √s = 13 TeV

Chapter 6: Summary

Chapter 2: Experimental Setup

Chapter 1: Introduction

Figure 1.8: Outline of the thesis.

• The present Chapter provides a brief overview of how SM particles evolved

with time. The SM theory, its successes, and shortcomings are discussed.

A brief introduction and motivation for the measurements of the Z + b-jets

processes are also given.

• Chapter 2.3.2 gives an overview of the LHC machine and its parameters.

Various experimental facilities at CERN are briefly discussed, along with the

setup of the CMS detector used for the present work.

• Chapter 3 This chapter aims to describe how information from the CMS

subdetectors is combined to reconstruct physical objects and their algorithms.
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It gives a brief overview of event generation, simulation, and di↵erent types

of MC generators. Also, a detailed information of the reconstruction of the

physics objects used in the present work such as primary vertex, secondary

vertex, electrons, muons, and b-jets has been provided.

• Chapter 4 gives a detailed description of the assembly and testing of the

GEM chambers performed at Panjab University, Chandigarh and CERN,

which is used for the upgrade of the muon system of the CMS detector.

• Chapter 5 describes in detail the analysis performed to measure the produc-

tion cross section of the Z+b-jets process. This chapter includes a description

of data, signal, and background MC samples, event selection, detector-level

comparison, unfolding to correct for the detector e↵ects, sources of systematic

uncertainties, and results.

• Chapter 6 provides a summary of the hardware and analysis work presented

in this thesis.

The present work is done in collaboration with the CMS experiment at Geneva.

But, the analysis and hardware work shown in this thesis is done by me.
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Chapter 2

Experimental Setup

The European Council for Nuclear Research (CERN) was established in 1954 as

a collaborative e↵ort of twelve European countries. It is recognized as the most

esteemed particle physics research laboratory worldwide ever constructed. The series

of particle accelerators and other infrastructure at CERN are used to investigate the

fundamental nature of matter. The incredible breakthroughs of CERN before the

LHC [1] era, includes the discovery of weak neutral currents inside the Gargamelle

bubble chamber in 1973, W and Z bosons by colliding protons and anti-protons in

1983, and Charge-Parity (CP) violation in 1964, etc. Nevertheless, the discovery of

the Higgs boson with a mass of 125GeV on 4th July 2012 is the most significant

physics discovery at CERN by the LHC experiments. This resulted in the Nobel

Prize in physics being awarded in 2013 to theorists Peter Higgs and Francois Englert,

who predicted the presence of the Higgs boson theoretically [2–4].

The physics results presented in this thesis used data collected at
p
s = 13TeV

by the CMS detector at the LHC. This Chapter describes the experimental setup

used for data collection.

31
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2.1 The Large Hadron Collider

The LHC at CERN is the world’s most powerful circular hadron accelerator to date

that accelerates the protons and heavy ions very close to the speed of light. The

machine was designed to produce high energy pp collisions at
p
s = 14TeV and

peak instantaneous luminosity up to 1034cm�2s�1, resulting in a pp crossing rate

of 40MHz. The proton beams are accelerated in bunches and each bunch contains

around 1.15⇥1011 protons. Each beam has 2808 bunches and each bunch spacing

is 25 ns. The record-breaking energy achieved by LHC enables it to study the SM

and BSM processes with high precision and search for novel physics signatures in

the phase spaces that were inaccessible before.

The LHC is located around 50–175m underground between the Geneva lake

(Switzerland), Jura Mountains, and Cessy (France) in a tunnel spanning 27 km in

circumference. The collider tunnel is made up of two adjacent parallel beam pipes

that meet at four points, each containing a proton beam, which travels in opposite

directions around the ring. It also accelerates lead ion (208Pb82+) beams, resulting

in heavy-ion (HI) collisions. This thesis work is based on the data collected from pp

collisions at the LHC.

The LHC injected its first beam on 10th September 2008, but was forced to

stop due to a defective electrical connection between the superconducting magnets.

Finally, a year later, on 20th November 2009, the first pp collision occurred at a
p
s

of 900GeV. Then, on 30th March 2010, the energy of the proton beam was boosted

to 3.5TeV, resulting in a
p
s = 7TeV. The second period of data collection at

p
s

= 8TeV started from 5th April 2012 and ended on 6th February 2013. This colli-

sion time period (2010–2013) is known as LHC “Run1”. After a two-year long

shutdown (LS1) for the upgrades, the LHC resumed its operations again in 2015

known as LHC “Run2”, with each proton beam of energy 6.5TeV resulting in a
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p
s = 13TeV. On 3rd December 2018, Run2 ended after delivering a large amount of

data and the LHC entered its second long shutdown phase (LS2). After LS2, LHC

“Run3” is planned for
p
s = 14TeV between 2022–2024, with an expected inte-

grated luminosity of 300 fb�1. Further, during the long shutdown phase (LS3), the

accelerator infrastructure will be modified to deliver unprecedented instantaneous

luminosity from 5.0 to 7.5⇥ 1034cm�2s�1 providing a total of 3000 to 4000fb�1 data.

The project is called HL-LHC, which stands for High-Luminosity LHC. The detailed

schedule of LHC execution procedures is shown in Figure 2.1.
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interaction
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Figure 2.1: Overview of the timeline for the HL-LHC upgrade [5].

Since it is impossible to obtain a single proton traveling almost at the speed of

light, so proton must be accelerated. Furthermore, achieving the speed of light with

a single linear accelerator is not possible because it would require a long length ap-

paratus. So, before being injected into the LHC machine, the protons pass through a

series of accelerators, each of which increases the energy of the protons and transfers

them to the next stage. On the other hand, cyclic accelerators known as synchrotrons
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can use an applied magnetic field to keep the particles on their circular path and

use an electric field to accelerate them. To keep the energetic proton beams mov-

ing throughout the LHC ring, 1232 dipole magnets with core fields ranging from

0.54T (for 450GeV proton energy) to 8.33T (for 7TeV proton energy) are utilized.

Besides the dipole magnets, the LHC uses around 850 quadrupole magnets, out of

which 392 are more powerful lattice quadrupoles. These quadrupoles are used to

confine proton beams along the four LHC collision locations, hence enhancing the

probability of bunch interactions. The size and position of the beam can also be

corrected by using the octupole and sextuple magnets. The LHC magnets are com-

posed of niobium-titanium (NbTi) and are cooled to 1.9�K in the cryogenic system

using ⇠96 tonnes of superfluid helium to provide the required strong magnetic field

at the LHC. The radio-frequency (RF) cavities are situated along the beam pipe

and provide acceleration to the proton beams using alternating electric fields. Two

independent RF systems are provided, one for each beam. Due to restrictions on the

magnetic field corresponding to the ring circumference, a synchrotron can only be

operated at a limited range of particle energies. The best strategy is to use several

di↵erent synchrotrons of di↵erent sizes to gradually accelerate the particles. The

LHC accelerator complex is discussed in the next Subsection.

2.1.1 The CERN accelerator complex

The proton acceleration process begins with a gas tank filled with H2 molecules. The

electric field is used to remove electrons from the hydrogen atoms and convert them

into protons. These protons are then injected into a linear accelerator, LINAC2,

that uses RF cavities to accelerate them to 50MeV. Following that, the accelerated

protons are sent to the Proton Synchrotron Booster (PSB), which is made of four su-

perimposed synchrotron rings that assemble the protons into bunches and accelerate

them to 1.4GeV. The size of the bunch and trajectory of the particles are controlled

by a series of superconducting magnets. Dipole magnets are used to bend the track
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of the particles, whereas quadrupole magnets are utilized to focus the beam. Six

proton bunches are transferred consecutively to the Proton Synchrotron (PS), where

they are accelerated to 25GeV and sorted into 72 bunches divided by 25 ns in time.

The separated proton bunches from the PS are accelerated to 450GeV in the Super

Proton Synchrotron (SPS). The SPS splits a single beam into two counter-rotating

beams, which are subsequently injected into the LHC beam pipes. The PSB, PS, and

SPS accelerators use common electromagnets to keep the particles moving. Proton

beams are accelerated for many hours inside the rings to achieve the desired energy

before the collisions. The beam energy was 3.5TeV and 4TeV in Run1 and then in

Run2, it was boosted to 6.5TeV.

Besides the proton beams, the LHC has a proton-lead and lead-lead nuclei col-

lision program at various center-of-mass energies. The goal of the heavy-ion program

is to better understand the state of matter known as Quark-Gluon Plasma (QGP),

which defined the early stages of the universe. It allows us to investigate QCD

matter under extreme conditions of temperature, density, and parton momentum

fraction. The Pb ions are initially accelerated using the LINAC3 linear accelerator,

and the Low-Energy Ion Ring (LEIR) is used as an ion storage and cooling unit.

The ions are then further accelerated by the PS and SPS before being injected into

the LHC ring. The detail of the LHC injection is shown in Figure 2.2. There are

four main sites at which the two counter-rotating beams are focused and made to

intersect. At each of the four intersection points (IP), detectors are placed to record

the collision events as illustrated in Figure 2.3. They are as follows:

• A Toroidal LHC ApparatuS (ATLAS): It is a general-purpose particle

detector positioned at IP1, designed to study the SM processes as well as the

search for BSM physics [7].

• Compact Muon Solenoid (CMS): It is a general-purpose particle detector

placed at IP5, with the same layout and identical physics goals as an ATLAS
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Figure 2.2: Detailed diagram of the LHC injection series for protons and Pb nuclei. The
proton and lead ion trajectories are indicated with red and blue arrows, respectively.
The position of the four interaction points is also included.
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Figure 2.3: LHC schematic and the four main interaction points [6].
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detector [8].

• A Large Ion Collider Experiment (ALICE): This is a dedicated particle

detector located at IP2, which is used to measure the characteristics of nuclear

matter at high energy densities [9]. The ALICE detector allows the study of

QGP [10] as well as other HI physics events such as proton-lead and lead-lead

collisions.

• Large Hadron Collider beauty (LHCb): It is a single-sided spectrom-

eter installed at IP8 to explore the physics of the b quarks, the mystery of

matter-antimatter asymmetry, and the measurement of the CP-violation pa-

rameters [11].

In addition to these, there are three smaller experiments, Large Hadron Collider

forward (LHCf) [12], TOTal Elastic and di↵ractive cross section Measurement

(TOTEM) [13], and Monopole and Exotics Detector At the LHC (MoEDAL) [14]

share the underground caverns of the ATLAS, CMS, and LHCb experiments, re-

spectively. The primary goal of the LHCf experiment is to better understand the

cosmic rays by using the particles produced in a forward direction inside the LHC. It

is useful for calibrating particle detectors and hard interaction models employed in

studies of cosmic radiation. It is the smallest experiment at the LHC, located near

the ATLAS experiment region and very close to the beam pipe, consisting of two

very forward imaging calorimeters. The TOTEM detector is designed for elastic low

angle scattering of protons and is placed in the very forward region close to the CMS

detector, which is inaccessible by other LHC experiments. It is made up of Roman

Pots and two telescopes (a Cathode Strip Chamber and a Gas Electron Multiplier)

for measuring the momentum of the charged particles. The MoEDAL experiment

was first used in 2011 in order to look for magnetic monopoles or strongly ionizing

Stable Massive Particles (SMPs) predicted by BSM theories [15].

The performance of the LHC depends on many parameters, which are discussed
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in the next Subsections.

2.1.2 LHC parameters and performance

The LHC is a two-ring superconducting proton accelerator and collider designed to

explore the TeV energy scale. The design of LHC is based on extremely basic con-

cepts associated with the latest technologies. The following are the key components

of the LHC:

• Measurements of beam luminosity at the LHC: Luminosity is one of

the main parameters which is used to characterize the performance of the

LHC. It measures the ability of a collider to produce the required number of

interactions. When beams collide at high luminosities, there will be more par-

ticle interactions. All collider experiments aim to maximize their luminosities

so that physicists can have more data to analyze. The expected event rate

(dN/dt) produced in a particular process with a cross section (�) is calculated

as follows:

dN

dt
= �L (2.1)

where L is the instantaneous luminosity. The L of two colliding beams depends

on several beam parameters:

L =
�fkBN

2

p

4⇡✏n�
⇤ F (2.2)

where f represents the revolution frequency at the LHC, � is the relativis-

tic Lorentz factor, kB is the number of bunches, Np is the number of pro-

tons/bunch, �⇤ is the betatron function defined at IP, ✏n is the normalized

transverse beam emittance, and F represents the reduction factor which de-

pends on crossing angle, length of the proton bunch, and the transverse beam
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size.

The integrated luminosity (L) is obtained by integrating the instantaneous lu-

minosity over a specific time interval. The integrated luminosity is a measure-

ment of the size of the collected data. The integral is taken over the sensitive

time, i.e., excluding any possible dead time (the time when the system is not

able to record another event):

L =

Z
t1

t0

Ldt (2.3)

Figure 2.4 (left) shows the cumulative luminosity delivered to the CMS de-

tector during Run1 (2010–2012) and Run2 (2015–2018). The LHC delivered

a total integrated luminosity of ⇠163 fb�1 during Run2 out of which CMS

recorded ⇠150 fb�1, as seen in Figure 2.4 (right). This thesis work is based on

the analysis of data collected by the CMS detector during 2016–2018 leading

to total integrated luminosity of ⇠137 fb�1.
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Figure 2.4: Cumulative luminosity delivered to the CMS experiment during pp colli-
sions at various

p
s (left). Total integrated luminosity delivered by LHC and recorded

by the CMS detector during Run2 data-taking period [16] (right).

During the HL-LHC phase, several upgrades are planned for the accelerator

complex, which should allow for an increase in the peak instantaneous lumi-
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nosity to at least 5 times the nominal value of Run3 [17]. The plan for the

HL-LHC is to collect data of 3000–4000 fb�1 by 2040, increasing the total

recorded luminosity by at least 10 times of Run3.

• Center-of-mass energy: The center-of-mass energy (
p
s) of a system of

particles, is the energy measured in the center-of-mass reference frame (Ecom).

Consider the collision of two particles with energy, momentum, and rest mass

(E1, p1, m1), (E2, p2, m2) at an incident angle ✓. The parameter “s” is called

Mandelstam variable which is Lorentz invariant given as:

Ecom = s = (E1 + E2)
2
� (~p1.c+ ~p2.c)

2

s = (E2

1 + E2

2 + 2E1E2)� (p21c
2 + p22c

2 + 2p1c p2c cos✓)

s = (E2

1 � p21c
2) + (E2

2 � p22c
2) + (2E1E2 � 2p1c p2c cos✓)

s = (m1c
2)2 + (m2c

2)2 + 2(E1E2 � p1c p2c cos✓)

s = m2

1 +m2

2 + 2(E1E2 � p1p2 cos✓)

(2.4)

where ~p denotes momentum, E represents the energy of the two initial state

particles, and c = 1 is considered as “natural unit” at high energy.

In collider experiments, when two identical particles of equal momentum col-

lide head-on (✓ =180�), their center-of-mass energy is determined as follows:

s ⇠ 4E1E2 if Ei >> mic
2, Ei ⇠ pic

p
s = 2Ebeam if mi = m, Ei = Ebeam

(2.5)

where Ebeam and mi represent the energy of the incoming beams and the mass

of the interacting particles, respectively. The
p
s is the amount of energy
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available for new particle production as a result of the collision in the center-

of-mass frame. So, in the case of pp collision at LHC, with 7TeV per proton,

the
p
s is 14TeV.

In the case of the fixed target, if m1 is the projectile and m2 is the target,

then p2 = 0 and E2 = m2c
2, in the center-of-mass frame. Their center-of-mass

energy will be as follows.

s ⇠ 2E1m2c
2 if E1 >> m1c

2

p
s ⇠

q
2E1m2c

2

(2.6)

So, for a fixed target, considering a proton moving with energy E1 colliding

with a fixed target formed from a proton at rest (m2c
2
⇠ 10�3TeV), so to get

p
s = 14TeV, the amount of E1 will be:

p
s ⇠

q
2E1m2c

2

14 =
q
2E110

�3

E1 ⇠ 105 TeV

As a result, the collider is preferred over a fixed target.

• Pileup: At high luminosity, the probability of multiple pp collisions in the

bunch crossing is increased. These multiple collisions will result in overlap-

ping of particle interaction events in the detector. The number of additional

collisions that result in low momentum transfer occurrences is referred to as

pileup (PU). Depending on time, the pileup can be classified as in-time or

out-of-time. In-time PU refers to additional pp collisions occurring in the

same bunch crossing as the collision of interest. While out-time PU refers to
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additional pp collisions occurring in bunch crossings just before and after the

collision of interest. The PU collisions are substantially influenced by the beam

squeezing via the reduction of the �⇤ parameter. The major improvements in

the beam squeezing occurred during the end-of-year technical stops between

2015 and 2016, and in the late part of 2017. This resulted in an increase in

the number of PU interactions during Run2. The pileup events or an average

number of events per crossing are given by:

< Np >= �inel.L.⌧b (2.7)

where �inel is the inelastic pp cross section and ⌧b is the bunch spacing. For

example, at the typical values of LHC parameter at nominal LHC collision

energy
p
s = 13TeV for 2017, the �inel = 80.0mb, and ⌧b = 25ns, the average

number of PU events is ⇠38. The LHC standard values for the minimum bias

cross sections are taken from the theoretical prediction from Pythia. Figure 2.5

shows the average number of interactions per crossing for pp collisions in 2011–

2012 and 2015–2018. The overall mean values and the minimum bias cross

sections are also shown. These plots only show data that passed the “golden”

certification (i.e., all CMS subdetectors were flagged to be ok for any kind of

usage in physics analysis).

2.1.3 Proton-Proton collisions at the LHC

At the LHC, protons are accelerated close to the speed of light before colliding. Since

each proton is made up of valence quarks (uud) surrounded by gluons and sea quarks

which are created in the form of qq̄ pairs through the vacuum fluctuations (g ! qq̄).

The quarks inside the proton behave as free particles in the LHC environment where

pp collide at very high energy (large momentum transfer or short distance interac-

tion). However, as quarks can emit gluons (q ! qg) and gluons themselves can split
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Figure 2.5: Distribution of pileup and mean number of interactions per bunch crossing
for the 2011–2012 and 2015–2018 for pp collisions recorded by the CMS experiment [16].

into additional gluons (g ! gg) or gluons can split into quark-antiquark pairs (g

! qq̄), and one of these quarks can collide. A parton-parton interaction is referred

to as a hard interaction if it involves a large momentum transfer and produces very

high energetic particles. Besides the hard interaction, there are many soft parton-

level interactions that take place with low momentum transfer. As particles are

accelerated, they can emit gluons or photons (via bremsstrahlung), and gluons fur-

ther can emit gluons or produce qq̄ pairs. The continuous emission of these partons

is called a parton shower (PS). The PS produced by the incoming partons is called

initial-state-radiation (ISR), while the emission associated with outgoing partons

is called final-state-radiation (FSR). In addition to these processes, there are large

numbers of partons that do not participate in the parton-parton interaction. These

partons are of low transverse momentum and travel along the beam pipe with a

small contribution to the particle activities in the forward detectors of the experi-

ment. This contribution is referred to as beam-beam remnants (BBR). The parton

densities become too large inside the proton at high energy collisions, several parton

pairs may collide within one single pp collision. This class of events is known as
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Multiple Parton Interactions (MPI). The MPI is broadly divided into soft and hard

contributions. The soft contribution of MPI together with other processes such as

ISR, FSR, and BBR is known as the Underlying event (UE). After the final state

PS at energies of the order 1GeV, the strong interaction coupling rises at a long

distance and the process of hadronization happens i.e. recombination of partons

into colorless hadrons. The collimated sprays of hadrons known as “hadronic jets”

are observed in the surrounding of the collision point in the detector. Figure 2.6

depicts the di↵erent processes during pp collisions.

Figure 2.6: Schematic of a hard scattering pp collision [18].

2.2 The CMS detector

The CMS is one of the two general-purpose detectors at the LHC and o↵ers an

extensive variety of physics opportunities by pp and HI collisions to precisely mea-

sure SM processes and hunt for BSM physics. The CMS detector is situated in an

underground hall about 100m below the ground at the IP5 of the LHC in the Cessy

village of France. The detector was given its name as a result of three distinguishing

characteristics:

• It has compact geometry, a weight of 14,000 tonnes, a length of 28.7m, and

an overall diameter of 15m.
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• It is designed to achieve optimal muon identification and momentum resolu-

tion.

• It has a solenoid magnet that produces a 3.8T magnetic field with significant

bending strength for precise measurement of charged particle momenta. This

is one of the biggest superconducting solenoids ever constructed.

The CMS has an onion-like structure, with each layer working as a subdetector to

stop, monitor, or measure various types of particles that originate from pp or HI

collisions, as shown in Figure 2.7. The central subdetector parts that are parallel

to the beamline and close to the primary interaction point are known as the barrel

regions, while subdetectors that are placed further from the interaction point and

detect particles emitted at a low angle with respect to the beamline are known as

the endcap regions.

Figure 2.7: A perspective view of CMS detector and its subdetectors [19].
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A 3.8T magnetic field is produced by the superconducting solenoid in the

center of the CMS detector. The tracker system finds the tracks of charged particles

that are coming from collisions. Calorimeters (Electromagnetic and Hadron) are

placed outside the tracker to stop the particles and measure their energy. The

tracker and both calorimeters are placed inside the coil of the magnet making it

very compact. The iron return yoke with the return field of the solenoid around

1.8T is located within the muon system. The details of all subdetectors of the CMS

are discussed in the next Sections. Figure 2.8 shows the kind of signatures left by

di↵erent types of particles passing through the CMS detector.

Figure 2.8: Schematic view of a transverse slice of the CMS detector, illustrating the
specific signatures of di↵erent types of detected particles.

Understanding of the Cartesian coordinate system used in the CMS detector

is important before providing a detailed description of the CMS detector and its

subdetectors.
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2.2.1 The CMS coordinate system and kinematic variables

For measuring physical quantities, the CMS detector uses a cartesian (x, y, z) or

cylindrical (r, ✓, �) coordinate system with its origin at the nominal interaction

point. The z-axis is collinear along the beam and the x-axis points radially toward

the center of the LHC ring. Its y-axis is perpendicular to its x-z plane and oriented

vertically upward. Figure 2.9 gives an illustration of the CMS coordinate system.

The azimuthal angle, �, is measured in the x-y plane with respect to the x-axis.

The polar angle ✓ is defined with respect to the z-axis over the y-z plane such that

✓ is zero at the positive and ⇡ at the negative z-axis. Instead of ✓, a more useful

angular variable is the pseudorapidity ⌘, which is also a good approximation of the

rapidity to avoid energy dependence. Rapidity is defined as follows:

y =
1

2
log

✓
E + pz
E� pz

◆
(2.8)

where E and pz are the energy and longitudinal component of the momentum of the

particle, respectively.

A definition of pseudorapidity is:

⌘ = �ln

✓
tan(

✓

2
)

◆
(2.9)

The central detectors are those detector elements that are located in a geo-

metrical region defined by |⌘| < 2.5, whereas forward detectors are those that are

located in |⌘| > 2.5 regions.

Another often used angular variable is �R, which quantifies the separation

between two particles in the ⌘-� plane. It is defined as follows:

�R =
q
�⌘2 +��2 (2.10)



2.2 The CMS detector 49

Figure 2.9: Schematic diagram of the coordinate system used in the CMS experiment.

where �⌘ = ⌘1 � ⌘2 and �� = �1 � �2.

The initial momenta pz of the colliding partons is unknown because of the

complex partonic structure of hadrons in pp collisions. So, the transverse component

of the momentum, denoted by the formula ~pT = ~px + ~py, is another useful variable.

The transverse momentum is very helpful because the pT of the incoming parton is

approximately zero. Momentum conservation is then used to calculate the imbalance

in the energy of the outgoing particles. In the next Subsections, each subdetector

and its properties will be discussed briefly.

2.2.2 Silicon tracker

The tracking system receives a high amount of radiation because it is the closest

subdetector to the IP and beamline of the CMS detector. The tracking system has

been designed to sustain and operate in a high flux environment, with thousands

of particles passing through it in every bunch crossing. The tracker also allows for

precise measurement of secondary vertices resulting from the decay of heavy flavor

hadrons, which are produced in several physics channels. Particles produced within

|⌘| < 2.5 may be tracked by the entire volume of the tracker, which has a length

of 5.8m, a diameter of 2.5m, and lies within a 3.8T homogeneous magnetic field.
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Figure 2.10 shows a schematic cross section of the CMS tracker. The tracker is

divided into two subsystems: pixel and strip tracker.

Figure 2.10: A slice through the CMS tracker detector in the r-z plane. The separate
subsystem regions have been highlighted and are classified as the Tracker Inner Barrel
and Disks (TIB and TIDs), the Tracker Outer Barrel (TOB), and the Tracker Endcaps
(TECs). The Pixel subsystem is highlighted in red. Back-to-back stereo strip modules
are highlighted in blue [20].

• Pixel detector: The pixel detectors are placed closest to the interaction ver-

tex, where the particle flux is highest (107/s at radius (r) ⇡10 cm). So, in order

to achieve the complete track reconstruction and precise vertex determination

in a high particle flux environment, a small scale pixel geometry with an al-

most square pixel shape of 100⇥150µm2 in both the (r, �) and z coordinates

has been adopted. Figure 2.11 depicts the pixel detector arrangement, which

includes barrel layers and endcap discs.

The pixel detectors were upgraded during the technical stop at the end of 2016

in order to retain their performance [21,22]. In 2017, the innermost layer of a

barrel pixel (BPix) detector moved closer to the IP, from 4.4 cm to 2.9 cm, and

a new fourth outer layer was added at 16 cm. The two forward disks (FPix)

are replaced with total 3 disks. So, the CMS Phase-1 pixel detector is made
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Figure 2.11: The layout of pixel detectors in the CMS tracker. The magenta wedges on
the endcap disks are carbon-fiber blades, which hold plaquettes-rectangular arrange-
ments of pixel sensors that come in five di↵erent sizes. The rectangles in the barrel
layers are the barrel modules- 2⇥8 rectangular arrangements of pixel sensors, mounted
on rectangular carbon-fibre blades.

up of four concentric barrel layers (L1-L4) at radii of 2.9 cm, 6.8 cm, 10.9 cm,

and 16.0 cm, and three disks (D1-D3) on each end at distances of 29.1 cm,

39.6 cm, and 51.6 cm from the center of the detector. The Phase-1 design and

its di↵erences with respect to Phase-0 are illustrated in Figure 2.12. The CMS

Phase-1 pixel detector has a total silicon area of 1.9m2. The CMS Phase-

1 pixel detector is built from 1856 segmented silicon sensor modules (1184

BPix and 672 FPix) and spans the pseudorapidity range of |⌘| < 2.5. Each

module consists of a sensor with 160⇥416 pixels connected to 16 readout chips

(ROCs). In total there are 124 million readout channels. The layout of the

CMS Phase-1 Pixel detector has been optimized to have four-hit coverage and

improved track reconstruction. The spatial resolution is approximately 13µm

for the r-� measurement and about 20µm for the z measurement.

• Silicon strip detector: The strip detector, like the pixel detector, has cylin-

drical elements in the barrel and disks in the endcap and is divided into four
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Figure 2.12: The layout of the CMS Phase-1 pixel detector: Pixel barrel layers geometry
previously and after the upgrade (yellow area) (left). Pixel longitudinal view comparing
Phase-1 in the upper part with Phase-0 in the lower part (right).

sections. The barrel tracker region is divided into two parts: four barrel lay-

ers (Tracker Inner Barrel, TIB) and six barrel layers (Tracker Outer Barrel,

TOB). The endcaps are divided into the Tracker End Cap (TEC) with nine

endcap disks and Tracker Inner Disks (TID) with three endcap layers. The

silicon microstrip detectors are placed in the barrel at radii between 20 cm and

110 cm. In the TIB region (20 cm < r < 55 cm), the particle flux is low enough

to allow the use of silicon microstrip detectors with a minimum cell size of

10 cm ⇥ 80µm. In the TOB region (55 cm < r  110 cm), the particle flux has

dropped significantly to allow the use of larger-pitch silicon microstrips with

a maximum cell size of 25 cm ⇥180µm. Each TEC extends into the region

120 cm < |z| < 280 cm and radially from r = 20 cm to r = 100 cm to cover the

range up to |⌘| = 2.5. Each TID is made up of 3 small disks that fill the gap

between the TIB and TEC.

In the TIB (TOB), the tracker hit point resolution varies from 23 to 35 (35 to

53)µm in the r-� plane and is 230 (530)µm in the z direction. The transverse

momentum resolution is ⇡1.5% for particles with tracks of pT < 10GeV and

⇡2.8% for pT = 100GeV in the central region of the CMS experiment [20].

During Run1, they were operated at +4�C using a fluorocarbon cooling sys-
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tem, while since 2017 (Run2), they have been operated at a lower tempera-

ture (-20� C) to mitigate long-term damages. Tracks reconstructed in pixel

and strip detectors are used for vertex reconstruction, particle identification,

charge identification, and momenta measurements of charged particles. The

reconstruction of tracks and vertices is discussed in Chapter 3.

2.2.3 Electromagnetic calorimeter

The Electromagnetic Calorimeter (ECAL) is a hermetic, homogeneous calorimeter

that is located within the solenoid and hadron calorimeter [23]. The ECAL purpose

is to measure the energy of electromagnetically interacting particles (mainly photons

and electrons) by slowing and finally stopping them. The incident particles interact

with the material in the calorimeter, producing showers of secondary particles at

lower energies. This process remains continues until the energy of the incident

particle falls below the critical energy and the material can no longer be ionized

or excited. The ECAL is made up of 61200 lead tungstate (PbWO4) scintillating

crystals mounted in the barrel part, closed by 7324 crystals in each of the 2 endcaps.

The reason to choose PbWO4 material is due to its high density (8.28 g/cm3),

small Moliére length of 0.89 cm, short radiation length of 2.2 cm, a fast scintillation

response (80% of the light is emitted within 25 ns), and radiation hardness (up to

10 milliradian (mrad)). The total thickness of ECAL is greater than 25 radiation

lengths (X0). The radiation length of a material is the mean length to reduce the

energy of a particle by the factor 1/e. Figures 2.13 and 2.14 represent the layout of

ECAL. The ECAL is sub-divided into the following three regions:

• ECAL barrel: The ECAL barrel (EB) section has an inner radius of 129 cm

and an outer radius is 177 cm. The EB covers the |⌘| < 1.479 and has a

volume 8.14m3. It consists of 61200 tapered (23 cm long) crystals with a

(2.2⇥2.2) cm2 front face (25.8 X0) and a (2.6⇥2.6) cm2 back face. The EB
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Figure 2.13: The ECAL geometrical view and mechanical layout. For the barrel,
crystals are organized into modules and super-modules, and the endcap has two half-
disks, or dees. Almost the entire endcap surface is covered by the preshower detector.

Figure 2.14: Longitudinal view of an ECAL quadrant. The pseudorapidity coverage of
the barrel, endcap, and preshower systems are indicated.

crystals are arranged into modules, with four modules (85⇥20 = 1700 crystals)

packed into one supermodule. The granularity of the crystal in the ⌘-� plane

is 0.0174⇥0.0174. The Avalanche PhotoDiodes (APD) are mounted in pairs

on the back face of each crystal and measure the scintillating light produced
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in the EB. The total amount of scintillating light produced is proportional to

the energy that electrons and photons deposit in the crystals.

• ECAL endcap: The ECAL endcaps (EE) are located at a longitudinal dis-

tance of |z| at 314 cm to 390 cm from the IP and cover a pseudorapidity range

of 1.479 < |⌘| < 3.0. Each EE ring is divided into two halves, known as “dees”,

each consisting of 3662 PbWO4 crystals. The 7324 crystals of an EE disk cor-

respond to a thickness of 24.7 X0. In order to create supercrystals (SCs), the

crystals measuring 22 cm in length are arranged in groups of 5⇥5, and each

dee has 156 SCs within it. The Vacuum PhotoTriodes (VPT) photomultiplier

is mounted to the back face of each EE crystal and measures scintillating pho-

tons. The angles at which the crystals are oriented with respect to the z-axis

ranging from 2 to 8 degrees.

• ECAL preshower: The ECAL preshower (PS) detector is situated between

EB and EE and has a thickness of 20 cm, an inner radius of 45.7 cm, and

an outer radius of 123 cm. Its purpose is to discriminate between prompt

photons and photons produced from the decay of neutral pions (⇡0
! ��)

in the pseudorapidity range of 1.65 < |⌘| < 2.6. Additionally, it is also used

to improve electrons and photons position resolution in the ECAL, as well as

to distinguish electrons from the background of minimum ionizing particles

(MIP). It is composed of two layers of lead absorbers with a thickness of 2X0

and 1X0 interleaved with the two planes of silicon strip sensors. The lead

planes are divided into two “dees”. The overall thickness of preshower silicon

detector is 20 cm (3X0). The silicon strips are used to measure the amount

of energy deposited in the absorbers as well as the transverse profile of the

shower.

ECAL resolution: Several factors influence the energy resolution of the

ECAL, including fluctuation in lateral shower development, the energy released in
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the preshower detector, crystal non-uniformities, calibration errors, and electrical

noise in the photodetectors. The relative energy resolution of the ECAL [24] is

parameterized as a function of measured energy E via:

✓
�(E)

E

◆2

=

✓
0.028
p
E

◆2

+

✓
0.12

E

◆2

+ (0.003) (2.11)

The energy in this case is measured in GeV units, and the result is in good

agreement with the design-goal performance of a completely calibrated calorimeter.

The transition region (1.4442 < |⌘| < 1.566) between the EB and the EE results in

smaller reconstruction e�ciencies and is not considered in analyses requiring good

electron and/or photon reconstruction.

2.2.4 Hadron calorimeter

The Hadron Calorimeter (HCAL) is a sampling calorimeter which completely sur-

rounds the ECAL and covers the pseudorapidity range up to |⌘| < 5.2. The HCAL is

not entirely immersed in the solenoid magnet coil due to space constraints between

ECAL and solenoid [25]. The HCAL is made up of plastic scintillator tiles (fibers)

and alternating layers of the brass absorber. An important requirement of HCAL is

to minimize the non-Gaussian tails in the energy resolution and to provide good con-

tainment and hermeticity for the hadronic jet measurements. The HCAL can also be

used to detect neutrinos indirectly using momentum conservation in the transverse

plane, i.e., missing transverse energy (MET). Brass has been chosen as absorber

material because it has a reasonably short interaction length (16.24 cm) and is non-

magnetic. The interaction length (�I) of a material is the average distance travelled

by a hadron before an inelastic nuclear interaction. The thickness of the HCAL

varies between 10–15�I depending on ⌘, and hence provides good hadronic shower

containment. When hadrons interact strongly with the brass nuclei, a cascade of new



2.2 The CMS detector 57

secondary particles known as the hadronic shower is produced. The total amount

of light produced by a shower in the scintillator is collected by wavelength-shifting

fibers (WLS) and transmitted to photodetectors for readout. The HCAL is divided

into four parts into the di↵erent regions as shown in Figure 2.15: the HCAL barrel

(HB) and HCAL outer (HO) in the central region and the HCAL endcap (HE) and

HCAL forward (HF) in the endcap region.

Figure 2.15: Longitudinal view of a CMS HCAL subdetectors.

• Hadron barrel region: The HB is located at radii of 177.5 cm and 287.65 cm

and covers |⌘| < 1.39. The HB is divided into two half barrels in the direction

along the beam (z). It consists of 70 k scintillator tiles distributed in 2304

towers with a granularity of �⌘ ⇥ �� = 0.087⇥0.087. Each tower in HB is

composed of 15 layers of 5 cm thick absorbers brass (an alloy with 70% copper

and 30% zinc) and 3.7mm thick plastic scintillators. The additional innermost

and outermost absorber plates are made of stainless steel to strengthen the

mechanical structure. The reason for the absorber material to be non-magnetic

is that it must not a↵ect the magnetic field. The energy is readout with multi-
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channel Hybrid Photo-Detectors (HPDs) that can operate in a high magnetic

field and give an amplified response for a large range of particle energies.

During LS2, HPDs in HB are replaced by Silicon Photomultipliers (SiPMs)

resulting in increased photon detection e�ciency and depth segmentation [26].

• Hadron endcap region: Each HE covers 1.3< |⌘|< 3.0 partially overlapping

HB. Here brass is used as the absorber material. The innermost surface of HE

is located 400.65 cm from the interaction point and is radially divided into 14

rings containing 20 k scintillator tiles distributed in 2304 towers per endcap

disk. The granularity begins from �⌘ ⇥�� = 0.087⇥0.087 at |⌘|  1.6 up to

�⌘ ⇥�� = 0.17⇥0.17 at 1.6 < |⌘| <3.0. Starting from Run1 till 2017 data-

taking, HPDs have been used as photodetectors in HE. In 2018, the HPDs

were replaced by SiPMs, increasing gain from 2⇥102 to 106 [26].

• Hadron outer region: Due to space restrictions inside the magnet and to

increase the number of interaction lengths in the barrel region, an additional

HO calorimeter is placed on the outer surface of the solenoid. It is used to

measure the energy of hadron showers that was left behind after the HB,

and therefore HO serves as a “tail-catcher” after the magnet coil. The HO

calorimeter covers |⌘| < 1.26, increasing the minimal interaction lengths in

the barrel region to 11.8 �I . The HO uses the steel return yoke and magnet

material of CMS as an absorber material. In HO, the HPDs have been re-

placed by SiPM due to their sensitivity to not well known magnetic field in

the return yoke. The scintillating light is collected by WLS and transported to

SiPMs. By adding the HO into the HCAL, the hadronic shower energy leak-

age and accuracy of missing transverse energy measurements are significantly

improved [27]. Panjab University in Chandigarh collaborated with the Tata

Institute of Fundamental Research in Mumbai developed the HO subdetector.

These institutes were responsible for the fabrication, processing, and charac-

terization of the scintillation tiles and wavelength shifting fibers, which were
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subsequently successfully installed at the CMS detector in 2004.

• Hadron forward region: The HF calorimeter surrounds the beam pipe

covering the radial range from 12.5 cm to 157 cm at a distance |z| = 11.2m from

the IP, thus spanning the pseudorapidity 2.8 < |⌘| < 5.19. The HF is placed

in order to tolerate high amounts of radiation since the beam collisions cause

a significant energy deposit in the forward region. Plastic scintillators are not

suitable for such high radiation environments, hence they are made of 5mm

thick steel absorber plates interleaved with 0.6mm thick layers of radiation

resistant quartz fibers, resulting in a thickness of 10�I . The incoming particles

release energy in the form of Cerenkov light in the quartz fibers, which is then

channeled by the fibers to photomultipliers. The fibers are of two di↵erent

lengths, the longer ones running over the full depth (165 cm) of the detector

and the shorter ones starting 143 cm from the front of the detector. This

allows to distinguish between the electromagnetic and hadronic showers, as

the electromagnetic showers mostly get terminated before reaching the short

fibers.

HCAL resolution: Muons and neutrinos produced in the nuclear interactions

are not recognized in the HCAL except for a minor muon MIP energy loss. The

energy resolution of the HCAL in the HB and HF subdetector can be parameterized

as a function of the energy given as:

�(E)

E
=

0.9
p
E(GeV )

� 0.045 (HB) (2.12)

�(E)

E
=

1.72
p
E(GeV )

� 0.09 (HF) (2.13)

The HCAL performs worse than the ECAL due to statistical fluctuations in sampling

and energy loss through leakage.
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2.2.5 The solenoid magnet

The central feature of the CMS detector is a superconducting solenoid magnet of

length 12.5m and 6m internal radius that is designed to achieve a magnetic flux

density of 4T [28]. However, in order to increase the longevity of the solenoid, the

CMS collaboration chooses to maintain the working magnetic field at 3.8T. The

produced magnetic field is approximately 100,000 times stronger than the magnetic

field of the earth. The magnet occupies the 2.9m < r < 3.8m, |⌘| < 1.5 region. The

magnet is made up of four layers of aluminum-coated NbTi superconducting coil

through which ⇠18 kA current flows. The entire solenoid is placed within a vacuum

tank that has been cooled down to 4.7K using a liquid helium cooling system.

Stronger magnetic fields cause particle trajectories to be more curved, allowing for

better momentum measurements of charged particles up to |⌘| < 2.4 and preventing

low pT particles (pT  0.75GeV) from reaching the surface of the ECAL, which helps

to prevent PU. The magnetic field lines are confined to the volume of the detector

through a steel return yoke with a diameter of 14m and a length of 21.6m. The

yoke weights over 10,000 tonnes. The magnetic field intensity in the return yoke is

1.8T and is directed in the opposite direction with respect to the magnetic field in

the central region.

2.2.6 Muon detector

The muon system is designed outside the solenoid magnet and embedded in the iron

return yoke for muon identification, precise momentum measurement, and trigger

capabilities [29]. The muon system is a powerful component of CMS for the SM

measurements and the discovery of new interesting physics processes over the strong

background rate with high luminosity. Since muons have an average lifetime of

2.2µs [30], their decay length is much larger than the size of the CMS detector.

Like neutrinos, muon also escapes the tracker and layers of calorimeters without
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interacting because muon is the minimum ionizing particle, but loose small energy

fractions in the form of minimum ionization loss and gets trapped in the muon

system. The muon system has a cylindrical barrel and endcap region as shown in

Figure 2.16. Each muon subsystem was constructed using a distinct technology due

to di↵erences in particle flux, radiation levels, and residual magnetic field in the

various regions covered by the muon detectors. In the barrel and endcaps regions,

the neutron induced background, muon rate, and residual magnetic field are low

and high, respectively.

Muon system consists of three types of gaseous detectors namely, Drift Tubes

(DT) in the barrel part (|⌘| < 1.2), Cathode Strip Chamber (CSC) in the endcap

(0.9< |⌘| < 2.4), and Resistive Plate Chamber (RPC) in both barrel and endcap

regions (|⌘| < 1.9). The 1400 muon chambers (250 DTs, 540 CSCs, and 610 RPCs)

cover a total surface area of 25000m2 and contain about 1 million electronic channels.

The details of three muon subsystems are given below.

Figure 2.16: Schematic view of CMS muon detector.

• DTs: The DTs are organized in 4 layers (four stations named MB1, MB2,

MB3, and MB4) that alternate with the segmented return yoke [31]. The

segmentation along the beam direction follows the 5 wheels of the yoke (labeled
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YB�2, YB�1, YB, YB+1, YB+2 where YB�2 (YB+2) represents the farthest

wheel in �z (+z). Each of the 5 wheels is divided into 12 sectors, with each

covering a 30� azimuthal angle. Each sector comprises four chambers: one

chamber inside the magnet return yoke, two chambers located in the gap

between the magnet return yoke, and one chamber outside the magnet return

yoke. The placement of chambers outside the solenoid magnet and surrounded

by a return yoke allow the reduction of the local magnetic field inside the

chambers. The chambers in di↵erent stations are placed so that a high-pT

muon produced near a sector boundary crosses at least 3 out of the 4 stations.

Each DT chamber consists of 12 layers of drift cells arranged in three groups

of four and has a size of about 2m⇥2.5m. Each DT cell is made up of a high

voltage carrying wire in the center (as the anode) of a 4 cm diameter gas tube,

surrounded by two parallel aluminium planes and I-shaped aluminium beams

(as the cathodes). The working principle of DT is based on the ionization of

charged particles when they pass through the gas, the electrons drift toward

the wire and induce a fast signal on the wire. A gas mixture of argon (15%)

and CO2 (85%) is used which is good for quenching and provides a saturated

drift velocity. A single cell has an e�ciency of about 99.8% and a spatial

resolution of 180µm.

• CSCs: The CSCs have four stations namely ME1, ME2, ME3, and ME4 [32].

These chambers have trapezoidal shapes and are arranged in a series of con-

centric rings centered on the beamline. The stations are separated by the iron

disks of the flux return yoke, which are thick enough to isolate the electrons

in the shower. The ME1 station has three rings of chambers (ME1/1, ME1/2,

ME1/3) with increasing radius, while the other three stations are composed

of two rings of chambers (MEn/1 and MEn/2). All CSCs except those in the

third ring of the first endcap disk (ME1/3) are overlapped in � to avoid gaps in

the muon acceptance. There are 36 chambers in each ring of a muon station,
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except for the innermost rings of the second, third, and fourth disks (ME2/1,

ME3/1, and ME4/1) where there are 18 chambers.

The CSCs are multi-wire proportional counters consisting of 6 gas gaps, each

gap having a plane of radial cathode strips and a plane of anode wires running

almost perpendicularly to the strips. When muons pass through CSC, they

ionize the gas atoms, and the electron drifts towards anode wires forming an

avalanche of electrons. Positive ions move away from the wire and towards the

copper cathode, also inducing a charge pulse in the strips. By measuring the

signal on both wires and strips, two-dimensional position coordinates can be

recorded for each muon passing the CSC chamber. The six gap structure of a

CSC allows for the recording of third position coordinates as well. Hence, each

CSC measures up to 6 space coordinates (r, �, z). The gas mixture used for

CSC chambers is 40% Ar, 50% CO2, and 10% CF4 with a spatial resolution

of 80µm. The CF4 is included to prevent polymerization on the wires. The

signal on the wires is fast and used in the Level-1 (L1) trigger. The CSCs have

a fast response time and more radiation-resistant than the DTs. The spatial

resolution provided by each chamber from the strips is typically about 200µm

(100µm for ME1/1). The angular resolution in � is of order 10mrad. The

timing resolution per layer is approximately 5 ns.

• RPCs: The RPCs mainly contribute to the muon trigger and o↵er a redun-

dant system covering both the barrel (together with DTs) and endcap (along

with CSCs) [33]. Five wheels are placed in the barrel region and eight disks

(4 for the positive side and 4 for the negative side from the IP) are placed in

the endcap region. There are 480 RPC chambers in the barrel region placed

parallel to the wires of the DT chambers and 36 RPC chambers parallel to

the CSC strips in the endcap. A resistive plate chamber is made up of two

parallel plates of bakelite planes with good surface flatness and high bulk re-

sistivity to prevent continuous breakdown. The separation between plates is
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2mm which acts as a gas gap. In CMS, the double gas gap geometry is used,

which means that there are two gas gaps located on both sides of the readout

anode. This choice of detector geometry allows us to measure double signal

size per incident particle and also results in a reduction in voltage and hence

in breakdown probability without any loss of signal quality. The bakelite is

coated with graphite paint to form electrodes and readout is made by means

of aluminum strips outside the bakelite plates, insulated from the electrodes.

The RPC gas mixture contains 95.2% C2H2F4 (tetrafluoroethane - Freon),

4.5% i-C4H10 (isobutane), and 0.3% SF6 (sulphur hexafluoride). The RPCs

work on the principle of production of electron-ion pairs due to the ionization

of gas under a strong electric field when a charged particle passed through it.

The electron-ion pair thus produced secondary ionization and hence led to an

avalanche of electrons. The high bulk resistivity of the electrodes allows the

electric charge to die o↵ quickly in a minimal area around a point where the

discharge occurs. The signal produced by discharge is collected by the metallic

readout strips and is further read and transmitted using readout electronics.

RPCs are fast gaseous detectors that provide a muon trigger system with a

time resolution better than 3 ns, complementary to those given by the DT and

CSC chambers. The transverse momentum resolution for muons in CMS with

20 < pT < 100GeV ranges from 1.3–2.0% in the barrel region and less than

6% in the endcap region.

During the LHC shutdown period, the muon detector is upgraded in order

to ensure the performance of the muon triggering and tracking systems during the

HL-LHC [34] as shown in Figure 2.17. The CSCs upgrading will concentrate on

electronics. The Cathode front-end boards (CFEB) replacement on the inner cham-

bers is required to accommodate the increased L1 trigger latency and the rate at

HL-LHC. Since DTs have a low radiation tolerance so improvements in electron-

ics have increased trigger rate capability, performance, and maintainability. During
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LS1, RPCs are installed in the (RE-4) RPC endcap station in the ⌘ region up to

|⌘|=1.8. The key objective of the muon trigger is to give a high enough resolution

to identify high pT tracks. Also, it provides finer timing and resolution to the cor-

responding CSC station while maintaining a low pT threshold. The present RPC

system can be upgraded by installing a few improved RPC (iRPC) detectors in high-

⌘ regions. The GE1/1 triple Gas Electron Multiplier (GEM) detectors have been

already installed in two forward regions at 1.6 < |⌘| < 2.4 during LS2, and GE2/1

will be installed during LS3 [35]. Panjab University is one of the production sites

for the production of GE1/1 detectors and detail will be discussed in Chapter 4.

Figure 2.17: A CMS Muon spectrometer quadrant with the DT chambers (yellow),
RPC (light blue), and CSC (green). The dashed box contains the positions of the new
forward muon detectors for the HL-LHC phase. They are coloured red for the GEM
stations (ME0, GE1/1, and GE2/1) and violet for the upgraded RPC stations (RE3/1
and RE4/1).

2.3 The CMS event trigger and data acquisition

The CMS is a multi-purpose detector designed for the precision measurement of

leptons, photons, and jets, among other physics objects, in pp and HI collisions at

the CERN LHC. The LHC is designed to collide protons at a
p
s of 14TeV and a
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luminosity of 1034cm�2s�1 in every 25 ns (40MHz) at each IP. At design luminosity,

the pp interaction rate exceeds 1GHz. Only a small fraction of these collisions

contain events of interest to the CMS physics program, and these can be stored for

later o✏ine analysis. The role of the trigger system is to select interesting events for

o✏ine storage from the bulk of the inelastic collision events. The majority of the

events, which are referred to as minimum bias events, are caused by a soft interaction

between the protons. The CMS has created a trigger system and a Data Acquisition

(DAQ) system to transport the data to Tier-0 (T0) and for further processing in

order to remove unnecessary data and to save interesting information [36, 37]. To

maintain high e�ciency for the research of physics phenomena, the required rejection

power of O105 is too high to attain in a single processing step. For this reason, the

full selection task is split into two steps. The first step (hardware based L1 Trigger)

is designed to reduce the rate of events accepted for further processing to less than

100 kHz. The second step (software based High-Level Trigger or HLT) is designed

to reduce this maximum L1 accept rate of 100 kHz to a final output rate of 1 kHz.

A more detailed overview of the two systems is provided below.

2.3.1 Level-1 trigger

The L1 trigger is a fixed latency hardware system [38]. Within 4µs of a collision,

the system has to decide if an event should be tentatively accepted or rejected based

on raw information from the calorimeter and muon detectors. A schematic of the

L1 trigger is shown in Figure 2.18. The trigger primitives (TP) from the ECAL,

HCAL, and muon detectors (DTs, CSCs, and RPCs) are processed in several steps

before the combined event information is evaluated in the global trigger (GT) and

a decision is made on whether or not to accept the event.

The GT is the final step of the CMS L1 trigger system and implements a menu

of triggers, a set of selection requirements applied to the final list of objects (i.e.
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electrons/photons, muons, jets, or ⌧ leptons) required by the HLT algorithms to meet

the physics data-taking objectives. This menu includes trigger criteria ranging from

simple single object selections with ET above a predefined threshold to selections

requiring coincidences of several objects with topological conditions among them.

A maximum of 128 separate selections can be implemented in a menu.

Figure 2.18: Flow diagram of the L1 trigger system of CMS.

2.3.2 High level trigger

The HLT employs cutting-edge software and a processor farm made up of a number

of multi-core processors in order to lower the event rate from 100 kHz to 1 kHz with a

processing delay time of around 100ms [39]. The event selection method at the HLT

is similar to that used in o✏ine processing. For each event, objects such as electrons,

muons, and jets are reconstructed and identification criteria are applied in order to

select only those events which are of possible interest for data analysis. The HLT

hardware consists of a single processor farm composed of commodity computers, the
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event filter farm (EVF), which runs Scientific Linux. In the EVF, individual event

fragments from the detector are assembled to form complete events and unpack this

assembled raw data into detector specific data structures and perform the event re-

construction and trigger filtering. The combined set of L1 and HLT selection criteria

for a given signature is called the trigger path. An event is selected if any of the

trigger paths accept it. Upon completion, accepted events are then sent to another

software process, called the storage manager, for archival storage. The event data is

stored locally on disk and eventually transferred to the CMS T0 computing center

for o✏ine processing and permanent storage. The T0 center accepts RAW data,

stores it on tape, and perform the prompt reconstruction on RAW data to produce

reconstructed (RECO), Analysis Object Data (AOD), and miniAOD datasets. The

T0 center acts as a bu↵er between CMS and other computing centers located across

the world. Using graphs and histograms that are specifically made to spot issues,

Data Quality Monitoring (DQM) verifies the accuracy of recorded data. Depending

on this, datasets can then be classified as good or bad in the database and com-

municated to the subdetector experts. A list of datasets authorized to be used for

physics analysis is generated at the conclusion of the DQM chain. From the T0

center, the data sets are replicated to a set of seven remote Tier-1 (T1) centers,

where the second copy of RAW data is stored. The T1 centers also reconstruct the

RAW data again (re-reconstruction) after all the calibrations. Finally, a large num-

ber of smaller Tier-2 (T2) centers hosted by various CMS member groups provide

computing services and infrastructure for physics analysis users. Figure 2.19 shows

the CMS data flow from the HLT to the datasets used for physics analysis.

In a brief, this Chapter provides an overview of the LHC machine as well as

the CMS detector. The construction and operation of each CMS subdetector have

been discussed briefly. In order to select the events that need to be kept for physics

analysis, the CMS detector employs a two-level trigger. The various techniques

that were used for the particle reconstructions and event flow descriptions will be
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Figure 2.19: CMS data flow from HLT to physics datasets.

discussed in the next Chapter.
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Chapter 3

Generation, Simulation, and

Reconstruction of the Events

This Chapter describes the events generation, detector simulation, and reconstruc-

tion process of physics objects. At the LHC, extracting physics from the data

will present several significant challenges. First, pp collisions at very high energies

produce final states that involve a large number of particles. Second, even in the

presence of a clear anomaly with respect to the SM prediction, its interpretation

in terms of underlying phenomena or theory could be extremely di�cult. Before

one or a few candidate theories can be selected, accurate measurements of the cor-

responding parameters (like masses, couplings, spin, and charges) will be needed.

Production rates and branching ratio measurements, for example, will provide con-

straints only if we are able to connect them to the fundamental parameters of a

model through an accurate calculation, at least at NLO in perturbative QCD. In

this context, there is no doubt that MC simulations play a key role at each stage

of the exploration of the TeV scale, i.e., from the discovery and identification of

BSM physics to the measurement of its properties. In High Energy Physics (HEP)

experiments, a large number of variables are involved hence the MC methods make

use of random numbers to solve di�cult physical or mathematical systems [1–3].

75



76 Chapter 3

Figure 3.1 shows a schematic view of the workflow of the simulation program. The

complete chain of pp collision events is divided into the following steps:

Figure 3.1: CMS simulation workflows [4].

• Event generation: The generation of pp collision events is the preliminary

step of the simulation process. So various MC event generators based on

theoretical models are used to generate events from particle interaction to the

final products of the collision. The output of the event generator is the MC

truth information (vertices and particles four-vectors).

• Detector simulation: In the next step, generated events are required to pass

through the virtual detector which is based on the geant4 (GEometry ANd

Tracking) [5] toolkit. It includes full detector geometry simulation along with

complete evolution of the event through space and time, along with the inter-

action of particles within the detector volume and the e↵ect of the magnetic

field. This step produces persistent hits in the sensitive detectors.

• Digitization: This step includes the simulation of readout electronics, in-

cluding simulated hits from the PU integration detector noise model. This step
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converts hits into digitizations (also known as “digis” or “raw data”) which

correspond to the output of the CMS electronics.

• Event reconstruction: Reconstruction is the operation of constructing

physics quantities for example electrons, muons, jets, etc. from the raw data

collected in the experiment. The same reconstruction software chain is applied

to both simulated and experimental data.

3.1 CMSSW framework

The CMS SoftWare (CMSSW) is a collection of software, that is built around an

Event Data Model (EDM) framework, that processes event data for the simulation,

calibration and alignment, and reconstruction modules [6]. The CMS EDM is cen-

tered around the concept of an Event. An Event is a C++ object container and

configured via Python [7] for all raw and reconstructed data related to a particular

collision. During processing, data is passed from one module to the next via the

Event and is accessed only through the Event. Finally, all objects in the Event may

be individually or collectively stored in ROOT files and accessed using the ROOT

data analysis framework [8].

3.2 Event generation

Over the past decades, the description of multi-purpose MC event generators of the

final states obtained in HEP experiments has been improved [9]. These programs

can be run within the CMSSW framework using delicate interface libraries. Event

generators divide the whole event into di↵erent components which are mentioned

below.

• Hard scattering processes: The interesting physics process takes place

through high momentum exchange between constituents of two colliding pro-
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tons, which results in the production of very energetic particles called hard

processes. The hard scattering component of the event consists of outgoing

hard particles, along with hard partons from ISR and FSR that are simulated

using a showering algorithm. The QCD factorization theorem [10] is used to

calculate the cross section of a hadron collision. This theorem separated the

hadronic collisions into high energy or short distance perturbative calculations

of the hard scatter from low energy or long distance non-perturbative calcu-

lations. The hard scatter calculation is performed by evaluating the Feynman

diagrams which represent the process of interest to yield the matrix element

(ME). The ME describes the complex amplitude of the interaction. The hard

scattering cross section is proportional to the squared sum of the MEs (� /

|M2
|). This part is known as the fixed-order (FO) or ME component. While

the long distance e↵ects that concern the proton structure are accounted by

the PDFs [11,12].

MEs can be calculated at di↵erent orders in QCD. The LO calculation takes

only MEs at the lowest order and corresponding LO (tree-level or Born-level)

Feynman diagrams. In the NLO and NNLO calculations, the hard process

contains more Feynman diagrams or ME expands in the power of ↵s to in-

clude high order corrections or extra radiation and final states with multiple

partons. A cross section calculated at NLO accuracy is composed of three

parts, the LO or Born-level part, and two corrections, the virtual and real

emission. The real emission diagrams contain either Feynman diagrams with

ISR or with FSR. In LO calculations, the absolute normalization is often badly

described, due to missing large higher order corrections. One therefore often

introduces a so called K-factor when comparing results from event generators

with experimental data. This factor is normally a single factor multiplying to

the LO cross section, typically obtained by taking the ratio of the total NLO

or NNLO cross section to the LO one for the relevant process. The content of
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the proton can be described in terms of PDFs, which specify the fraction of the

proton longitudinal momentum (x) carried by a quasi-free constituent quark

or gluon or parton, at a squared energy scale. Thus, the total cross section for

any process in hadron collisions is evaluated by convoluting the partonic cross

section with corresponding PDFs as given below:

�pp!X =

Z
1

0

dx1

Z
1

0

dx2
X

i,j

fi(x1, µ
2

F)fj(x2, µ
2

F)[�̂LO + ↵s(µ
2

R)�̂NLO + ...]ij!X

(3.1)

In this equation, the left hand side is the cross section of the production of

the final state X in pp collisions and �̂ij!X is the parton-level cross section for

producing X when the partons i and j collide and f is the PDF. The µF is the

factorization scale that separates the long distance and short distance phenom-

ena. A parton with a transverse momentum less than µF is considered to be

the part of the proton structure and it is absorbed in the PDF. Partons above

this scale participate in the hard scattering with a cross section �̂. The choice

of the scale µF depends on the process. The ME provides a good description

of only wide angle and high energy particles because at low energy the ↵s

coupling diverges. Large logarithmic corrections from gluons emitted collinear

(small angle) with the incoming quarks in the hard scatter are absorbed into

the renormalized (µR) PDFs. So, µF and µR are introduced to remove di-

vergences at low and high energies and are known as ultraviolet and infrared

divergences, respectively. The dependence of the cross section on the factoriza-

tion and renormalization scale can be described in pQCD via the Dokshitzer–

Gribov–Lipatov–Altarelli–Parisi (DGLAP) evolution equations [13–15]. These

evolution equations allow us to determine PDFs at an energy scale of inter-

est from the available measurements performed at a di↵erent energy scale.

The PDF sets are determined through global fits on experimentally measured



80 Chapter 3

cross sections values [16]. Usually, for the purpose of calculating the outcome

of collisions, the values of the scales are taken to be µ2

R = µ2

F = Q2.

As discussed in Chapter 1, two di↵erent approaches 4FS and 5FS can be

followed to treat initial state b quarks. In the 4FS the b quark emission is

simulated exactly at FO in perturbation theory, while in the 5FS its emission

comes from the PS, so, in principle, the former should be more accurate.

However, the gluon splitting in the former approach su↵ers from a collinear

divergence that may spoil the convergence of the perturbation series. This

divergence is on the other hand absorbed by the PDFs in the 5FS.

Figure 3.2 describes the probability density to find various proton constituents

or partons, and the longitudinal momentum fraction (x) for the NNPDF3.0

PDF set at NNLO for two di↵erent energy scales: 102GeV and 104GeV [17].

At the lower energy scale, the b quark PDF is zero since the energy scale is

below the value of the b quark mass. In contrast, at the higher energy scale,

which is above the value of the b quark mass, the PDF of the b quark is non-

zero. For about x > 0.2, the valence quark dominates with the contribution

of u twice as large as of the d, while for about x < 0.2 the gluon PDF is

the largest. As the energy scale increases, the valence quarks can radiate an

increasing number of gluons, which can split into quarks. This distributes

some of the proton momentum associated with the up and down quarks to the

rest of the partons. Therefore, at high energy hadron colliders like the LHC,

the processes initiated by a gluon-gluon interaction (gluon-fusion) dominate.

Consequently, as the energy scale increases, the gluon, b, c, and s quarks

PDFs increase at low x, while the up and down quark PDFs decrease at high

x. Furthermore, since the b quark has a relatively heavy mass, its PDF is

relatively small. This is because its PDF has not received contributions from

the gluon splittings at the energy scales that are below the value of its mass,

while the PDFs of the lighter quarks have received the contributions at those
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energy scales. The width in each line represents the uncertainty in the PDF

for that parton and it shows that at low Q2, the PDF is not known precisely

for the small x.

Figure 3.2: Parton distribution functions of the proton from NNPDF3.0 at NNLO as
a function of the fraction of the proton momentum at two energy scales: (a) Q2 =
102GeV and (b) Q2 = 104GeV. Each curve represents xf(x,µ2). For display purposes,
the gluon PDF is divided by 10 and the PDFs are weighted by the momentum fraction.
Due to this weight, the graphs represent the momentum density associated to a parton
type instead of its number density.

• Parton showering: Due to the large momentum transfers during the hard

process step, incoming and outgoing partons have high energies and are ac-

celerated. Due to the acceleration, the strongly interacting partons carrying

a color charge can emit QCD radiation by sequential emissions of quarks and

gluons, including soft (small momentum) and collinear emissions. This leads

to a PS [18, 19]. The extensively used algorithm for PS is the Sudakov form

factor approach [20] which defines the probability for a parton that it does

not split into other partons when evolving from a high scale to a smaller scale.

This procedure is repeated until all partons in the event reach the ‘cut-o↵’

point of the hadronization scale. The PS produced by the incoming partons

is called ISR, while the emission associated with outgoing partons is called
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FSR. The PS approximation diverges for non-collinear parton splitting and to

compensate this, a virtual loop corrections need to be included in the ME.

As a consequence, the results from PS event generators are only reliable for

the shape of distributions but not for the absolute normalization. The PS

determines the flow of energy in an event without disturbing the total cross

section.

• Electroweak corrections: Although strong interaction processes dominate

at the LHC, but there are small and non-negligible contributions from elec-

troweak processes. These electroweak corrections must be taken into account

during the event generation.

• Matching and merging: The NLO and NNLO calculations have problems

when trying to describe collinear and soft partons whereas the PSs are do-

ing well in describing those. Clearly, a combination of both techniques would

improve the description of any partonic state. PSs implement approximate

higher order real emission corrections to arbitrary hard processes using the

universal soft and collinear factorization properties of the hard cross sections.

More sophisticated prescriptions are needed during combination due to the

problems of double-counting hard radiation which is either generated by real

emission or along with the PS and correctly covering phase space. For exam-

ple, the Feynman diagram of an LO process with multiplicity n + 1 used by a

ME generator looks exactly like the Feynman diagram of the same LO process

with multiplicity n if one additional branching by a PS was taken into account

as shown in Figure 3.3. This is because the PS contains all orders starting

from the lowest order defined by the ME of the LO process with multiplicity

zero. However, in NLO a further overlap arises due to including the additional

contributions of the real emissions (ISR and FSR). One possibility for remov-

ing overlap is to replace the PS approximation at given orders in the strong

coupling expansion by exact perturbative QCD results. This can be done in
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two di↵erent ways [21,22].

– Matching: The PS expression at FO is computed and subtracted from

the higher order calculation to remove double-counting. The subtracted

result is processed by the PS.

– Merging: A separate tree-level calculation is performed for each parton

multiplicity of interest. Soft and collinear divergences of the hard MEs

are regulated by resolution cuts. The PS is combined with all these

calculations, and double-counting is removed by appropriate vetoes on

shower branching.

In general, ME emissions are preferred to the PS ones, for their more accurate

description of hard and angular separated radiations.

Figure 3.3: Double-counting: In the downward vertical direction Feynman diagrams
of LO processes with increasing multiplicity (displayed in red) which are used by ME
generators are displayed. The horizontal direction shows the Feynman diagrams of the
corresponding LO processes with given multiplicity while the number of additional par-
tons created by a PS (displayed in blue) is increased. A comparison between diagonal
Feynman diagrams shows that they look alike which gives rise to the double-counting
called overlap in the phase space [23].

• Hadronization: During the PS the involved partons lose energy by splitting

and gluon emission. Once an energy scale of the order of 1GeV (the exact
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value depends on the hadronization model) is reached, the coupling between

the individual color charged partons becomes so strong that they are bound

into colorless hadrons which are detectable in the detector. This hadroniza-

tion process cannot be described by the non-perturbative techniques currently

available [24]. For this reason, hadronization models based on empirical data

are needed for the description of this formation of hadrons. There are two

most recent hadronization models: the “Lund string” and “cluster” models.

– Lund string model: This hadronization model [25] is built on the string

analogy. In this model, the QCD potential between two quarks at low

scales is parameterized by field lines seen to be compressed to a tube-like

region by self interactions among soft gluons. The potential is given by V

= 4⇡/3r + kr, where r is the distance between the two quarks, and k is the

constant of the QCD potential (k ⇡1GeV/fb from hadron spectroscopy).

The first term represents the coulomb potential that has e↵ects only

at low distances, so it is only important for the internal organization

inside hadrons rather than their formation. On stretching the string, the

potential energy stored in the string will rise and kinetic energy decreases

which break the string into two parts, creating additional color-singlet

qq̄ pairs, till the energy left to create another such pair, is less. The

remaining partons can be identified with hadrons. The probability of

breaking the string is given by the quantum mechanical probability of

tunneling through a potential barrier. Hence, the fragmentation of heavy

quark pairs is suppressed due to their higher masses. Charm and heavier

quarks are not expected to be produced in those soft fragmentations. The

fragmentation process is continues until all strings ending with quarks

and antiquarks and all systems reach a cut-o↵ scale. The string then

transforms into a hadron or excited hadronic state based on its mass and

flavor content.
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– Cluster hadronization model: The cluster mode uses the property of

pre-confinement [26] in QCD. This model starts with a non-perturbative

splitting of gluons into qq̄ pairs and quarks are clustered into colorless

groups [27]. Clusters are made from the momentum space neighboring

qq̄ pairs and possess high invariant mass. If a cluster is too heavy it splits

into two clusters, otherwise, these excited mesonic states decay directly

into two hadrons according to the two hadron density of states. Even if

the cluster model is less precise compared to the string one, it provides

a complete description of events at high energy when combined with PS,

by using a limited number of parameters.

• The hadron decay stage: During the hadronization, the excited and unsta-

ble hadrons, decay into further hadrons until only long-living or stable hadrons

are left over. They are unstable enough to decay inside the detector but stable

enough (like b hadron) to be detected before they decay. As a final step in

the event simulation chain, the decay of these resonances into lighter hadrons

is simulated.

• Underlying events and Minimum Bias: The UE is defined as the activity

that is not associated with the particles originating from the hard scattering.

The UE is softer but still produces new particles in the final state. The main

contribution to the UE comes from color exchanges between the beam partons

and is modeled in terms of BBR, MPI, and their associated ISR and FSR, and

color reconnection (CR). The BBR includes hadrons from the fragmentation of

spectator partons that do not exchange any appreciable transverse momentum

in the collision. As a first approximation, it was assumed that these beam

remnants keep on flying undisturbed. However, they can also split and emit

gluons themselves and take part in the hadronization process together with

their emitted daughter partons. The interactions among proton remnants

involve both 1 ! 2 and 2 ! 2 processes, where the second is statistically
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more probable. The production of these processes is divergent for pT ! 0

and rapidly decreases for high-pT: therefore in the generation mechanism, a

lower threshold is introduced (⇠2GeV). The MPI is additional parton-parton

scatterings that occur within the same pp collision, and are softer in transverse

momentum (pT . 3GeV) than the hard scattering. The majority of minimum

bias collisions are soft, with a typical transverse momentum scale pT . 2GeV.

Partons coming from hard scattering, MPI, and beam remnants can further

interact by exchanging color between them. This color is usually represented

by some color strings, which can overlap in space, and their interaction may

lead to the merging of the two strings. This is known as color reconnection [28,

29]. The CR leads to the reduction of string length and hence a decrease in

hadron multiplicity.

Figure 3.4 represent one of the pp collision events simulated by the MC event gen-

erator.

3.3 Monte Carlo event generators

The CMS collaboration is using a variety of event generators and di↵erent ways to

simulate high energy processes. Some MC generators provide a possibility to gener-

ate a complete event while others provide only the hard interaction part and have

to be supplemented by other MC generators to finalize the event generation. The

pythia [31], herwig [32–34], and sherpa [35] generate ME up to the hadron forma-

tion and hadron decay also. While madgraph5 amc@nlo (denoted mg5 amc) [36]

and powheg [37] generate only ME and require pythia or herwig to implement

parton showering and hadronization steps. The MC event generators used in this

thesis for the present work are described below.
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Figure 3.4: Overview of a pp collision as simulated by MC event generator. The
three green lines coming from both the left and right of the diagram represent the
valence quarks of the protons and the green ellipses represent PDFs of protons. The
large dark red circle represents the hard scattering. The particles produced in hard
scattering further decay, as indicated by the small red circles, and also emits other
gluons and quarks (FSR), in red. Hard scatter surrounded by ISR in blue and FSR
in red. Hadronization is represented by light green ellipses. Unstable hadrons further
decay until stable final state particles are formed represented by dark green circles.
The purple ellipse indicates an MPI. The remaining particles of the incoming protons
make up the BBR, in cyan, also part of the UE. The yellow lines represent soft photon
radiation [30].
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3.3.1 PYTHIA

This general-purpose generator has two versions: pythia6 [38] and pythia8 [39]

which are based on Fortran and C++, respectively. The MC samples used in this

thesis are based on an advanced version of pythia program i.e. pythia8.2 [40].

pythia is used to simulate mostly 2 ! 2 processes ME at LO and has tools like pT-

ordered ISR, FSR, MPI, and many other processes. In pythia8.2 event generator,

the Lund string model is used for hadronization and dipole shower (it takes soft gluon

coherence into account) for PS. In dipole shower, gluon emission is not generated

by single parton splitting but by splitting of a dipole formed from a pair of partons

into two dipoles. pythia8 uses new MPI models [41], which are interleaved with

parton showering. The CUETP8M1 [42] and CP5 [43] tunes, where CUET (read as

“cute”) stands for “CMS UE”, P8M1 stands for “pythia8 Monash 1”, and CP stands

for “CMS PYTHIA 8” are used for the 2016 and 2017–2018 data-taking periods,

respectively. Typically, the values of strong coupling used for the simulation of the

hard scattering are chosen to be consistent with the order of the PDFs set used.

The CUETP8M1 tune includes the LO NNPDF 2.3 [44] PDFs set with the strong

coupling ↵s (mZ) set at 0.137 for space- and time-like shower simulation. The CP5

tune uses the NNPDF3.1 PDF set at NNLO, with ↵s values of 0.118, and running

according to NLO evolution. But ISR emissions are ordered according to rapidity.

The CMS collaboration widely uses pythia for the hadronization and showering in

the majority of the SM and SUSY physics.

3.3.2 SHERPA

sherpa stands for the ‘Simulation of High Energy Reactions of PArticles’ written

in C++. sherpa has two built-in ME generators AMEGIC++ [45] and Comix [46],

which allow to generate LO and NLO MEs for a wide range of subprocesses and

is not limited to 2 ! 2 processes. While virtual MEs contributing to QCD NLO
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corrections are provided by openloops [47]. It provides automated merging of LO

and NLO ME results with its own PS model with the mc@nlo prescription. In

this thesis, the sherpa v2.2.4 [48] is used to generate pp ! Z+n jets events, with

n  2 at NLO and n = 3, 4 at LO. The merging cut parameter is set to Qcut =

20GeV. The PS and MPI models in sherpa are based upon pythia model and a

cluster model for the hadronization. In the ME calculation, the NNPDF3.0 PDF

set at NLO is used with ↵s values 0.118 at the Z boson mass.

3.3.3 POWHEG

As the name, powheg stands for Positive Weight Hardest Emission Generator, it

generates events only with positive weights at NLO precision. A package for the im-

plementation of powheg for generic processes, known as the powhegbox [49], has

been created; to build the powheg implementation automatically. In the powheg

method, the hardest radiation is generated first using the exact NLO MEs. Further-

more, because the algorithm does not depend on a particular Shower Monte Carlo

(SMC) program, the powheg output can be easily interfaced with any modern SMC

generator. It has been interfaced to herwig or pythia that is either pT-ordered, or

allows the implementation of a pT veto to perform parton and hadronization steps.

The hardest emission always comes first in the case of shower generators, which

are ordered according to pT, but in this case, powheg simply replaces the hardest

emission with its own NLO accurate emission. In this present work, the processes

are generated at NLO by powheg v2.0 [37].

3.3.4 MADGRAPH5 aMC@NLO

madgraph [50, 51] is a tool for automatically generating MEs for HEP processes,

such as decays and 2! n scatterings. mg5 amc (NLO) is a fusion of the madgraph

LO ME + PS and NLO + PS event generator amc@nlo. In NLO the real emission

MEs fill parts of the phase space which are also later filled by the PS, resulting
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in an overlap called counterterms. The overlap is taken into account by adding or

subtracting [52–54] these MC counterterms during the computation of the parton-

level short distance cross sections and the PS can later be applied to the parton-level

events. Due to the MC counterterms event samples generated by amc@nlo consist

of a large number of events with positive weights, but also includes a small number

of events with negative weights. The ratio of these two event classes depends on the

specific process. The fraction of events with negative weight increases for processes

with higher multiplicities. In the present thesis, the DY process simulated with

two di↵erent predictions of mg5 amc: mg5 amc (LO) and mg5 amc (NLO). A

first sample is produced with mg5 amc version 2.2.2 (2.4.2) for the 2016 (2017–

2018) data-taking period using LO MEs for pp ! Z + n jets (n  4), with the

MLM matching scheme [55]. The NNPDF 3.0 LO and NNPDF 3.1 NNLO PDF sets

are used for the 2016 and 2017–2018 data-taking periods, respectively. A second

sample has exclusive jet multiplicity up to 2 at NLO precision by mg5 amc version

2.3.2.2 for 2016 data and version 2.6.0 for the 2017–2018 data with the FXFX [56]

matching between the jets fromME calculations and PSs. Themg5 amc generator is

interfaced with pythia v8.212 (v8.230) for parton showering, hadronization, and the

underlying event simulation using tune CUETP8M1 (CP5) for the 2016 (2017–2018)

data-taking period. Matching between the ME generators and the PS jets is done

with the matching scales set at 19 and 30GeV for the LO and NLO madgraph5

generators, respectively.

3.4 Detector simulation

High energy physics experiments depend critically on the accuracy of physics gen-

erators and detector simulations. Simulated events are used for detector design

optimization, calibration, object identification, and physics analysis. The size of

systematic uncertainties associated with particle discoveries, mass, or cross section
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measurements are tightly associated with how accurately the simulations describe

the actual performance of the detector in measuring leptons, photons, hadrons, etc.

It is essential for the success of a HEP experiment to understand and tune the physics

of the simulation tool to agree with measurements. The MC generators mentioned

in the previous Section only model physics processes at parton or generator-level.

Thus, the interaction of particles with the detector material has to be simulated

separately. So, after the MC event generation, the final state particles pass through

the CMS detector for the detailed simulation of the detector e↵ect which is based

on the geant4 toolkit. The geant4 10.0p02 [57, 58] is used in order to improve

performance for large scale production for Run2. This includes the ability to con-

struct a precise geometrical model of the detector itself and a model of the detector’s

magnetic field as well as the physical properties of the materials used. This package

also handles the properties of the fundamental particles involved, how they behave

in the modeled magnetic field, and how they interact (via bremsstrahlung, multiple

scattering, etc.) with the detector material. This software is also capable to han-

dle particle energy losses across each subdetector as they pass through them. The

deposition of particle energy in each subdetector is simulated with geant4. These

simulated hits are used as input to emulators that model the response or hits of

the detector readout and trigger electronics (called GEN-SIM sample) and digitize

this information by also taking into account noise and other factors. This step is

known as digitization or raw data (called RAW-DIGI sample). After this, the full

detector response is available (as in real operation), and the event can be recon-

structed (called RECO-AOD sample). The physics analysis is generally performed

by using the AOD/MINIAOD/NANOAOD samples which contain all the relevant

information of reconstructed objects at the detector-level. The MINIAOD samples

are used for the analysis work presented in this thesis. The CMS uses a tiered struc-

ture [59] for the storage and processing of the samples. MC samples are generally

stored in Tier-2 centers and can be accessed for physics analysis. All the data and
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MC simulated samples are analyzed by the CMSSW framework.

3.5 Physics object reconstruction

Reconstruction is the operation of constructing physics quantities from the raw data

collected in the experiment. The reconstruction process can be divided into three

steps, corresponding to local reconstruction within an individual subdetector mod-

ule, global reconstruction within a whole subdetector, and combination of these

reconstructed objects to produce higher-level objects, as shown in Figure 3.5. The

reconstruction units provide local reconstruction in a subdetector module use as

input real data from the DAQ system or simulated data. This data in either case

is called “digis”. The output from the reconstruction units is reconstructed hits

(“RecHits”) which are typically position measurements (from times or clusters of

strips or pixels) in tracking type detectors (Muon and Tracker systems) and calori-

metric clusters in Calorimeter systems. The RecHits are added as EDProducts to

the event and used as the input for the global reconstruction. In the global re-

construction step information from the di↵erent modules of a single subdetector is

combined to produce further objects which represent the best measurement from

that subdetector. At this stage, no attempt is made to link the information from

di↵erent subdetectors. For example, tracker RecHits are used to produce recon-

structed charged particle tracks and muon RecHits are used to produce candidate

muon tracks. After combining all the objects from each subdetector, the high-level

objects like the electron, muon, b-jets, etc. are reconstructed by using the particle-

flow (PF) event reconstruction algorithm [60]. The analysis work presented in this

thesis deals with the Z+b-jets process, with the decay of the Z boson in the dimuon

or dielectron final state. Figure 3.6 shows one of the events displayed in the CMS

detector where two muons (indicated by red lines) were detected in the muon cham-

bers (indicated by red slabs) and two jets of particles (visualized by cones). The
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processes of reconstruction of all the objects used in this analysis are described in

the next Subsections.

Figure 3.5: Reconstruction algorithm for physics objects in CMS.

Figure 3.6: A pp interaction event recorded by the CMS experiment. It features two
muons (indicated by red lines) detected in the muon chambers (indicated by red slabs)
and two jets of particles (visualized by cones). The upper-right corner of the picture
is a zoom-in view of the pp interaction vertex [61].
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3.5.1 Beamspot reconstruction

The beamspot is the luminous region produced by the collisions of proton beams [62].

The position and spread of the beamspot need to be measured precisely because they

are an important input for physics processes such as quark flavor tagging of jets,

a quick check of the global alignment for HLT, and extraction of tracking impact

parameter resolution. The algorithm used to calculate the transverse beam position

is the so called d0-� algorithm. For each track the transverse impact parameter

d0–the shortest distance in the transverse plane between the track and the nominal

beam axis–is determined. This distance is then signed according to the angular

momentum convention. The polar coordinates of the beamspot are inferred from

a simple least-squares fit with a sine function to the shape. This is a robust and

fast �2 fit that just needs 1000 good tracks to reach micron precision. Using a

Log-Likelihood fit, the beam width can be extracted using 20000 good tracks.

3.5.2 Track reconstruction

Event reconstruction starts with the reconstruction of charged particle tracks, which

further contributes to the reconstruction of physics objects. First, local charge

clusters are converted into hits using the digitized output of the tracking system. The

local track reconstruction output is then bu↵ered to the global track reconstruction,

whose aim is to identify the hit combinations that match to possible trajectories of

the charged particles present in the event. A combinatorial track finder [63](CTF)

based on Kalman Filtering (KF) [64] was used to reconstruct these tracks in four

steps:

• Seed generation: Each iteration begins with a seed which is constructed

using 2 or 3 hits in di↵erent layers of the pixel detector as shown in Figure 3.7

(left). A seed defines the initial estimate of the trajectory parameters and

their uncertainties. Hits that are compatible with the interaction region above
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a certain pT threshold are considered charged particle track candidates. The

pixel hits provide the best track seeding because of their three-dimensional

position information and lower occupancy.

• Track finding or pattern recognition: Track finding is based on a KF. It

extrapolates the seed trajectories along the expected flight path of a charged

particle, searching for additional hits that can be assigned to the track candi-

date. The compatible hits are selected based on the �2 between the predicted

and measured positions. This is done layer by layer and when the compatible

hit is found, it gets attached to the track before going into the next layer.

This procedure is continued until the last layer is reached as shown in Fig-

ure 3.7 (middle). At the end of each iteration, quality flags are set based on

the compatibility of the hits with the extrapolated trajectory.

• Track fitting: As soon as the final track of the particle is found from the

pattern recognition step, tracks are fitted using KF to get the track properties

such as origin, transverse momentum, and its direction, as shown in Figure 3.7

(right).

• Track selection: The track finding procedure described above yields a sig-

nificant fraction of fake tracks, where a fake track is defined as a reconstructed

track that is not associated with a charged particle. Thus to avoid this, the

track selection step is utilized which reduces the misreconstruction rate by

implementing thresholds on various track parameters such as the number of

tracker layers with hits, the number of tracker layers missing a hit where a hit

was expected, quality of the track fit, impact parameters of the tracks, etc.

3.5.3 Primary Vertex Reconstruction

The reconstructed tracks are used as input to reconstruct all the true vertices in a

collision, Primary Vertex (PV) along with the pileup vertices. The Deterministic
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Figure 3.7: Seeding (left), building (middle), and fitting (right) [65].

Annealing (DA) clustering method [66] is employed to reconstruct o✏ine PV which

is done in two steps. The first step is to arrange the tracks in clusters according to

the track points z coordinate near the beamline. Second, a three-dimensional vertex

fit is performed for each of the tracks in the cluster. The fit decides whether to accept

or reject the reconstructed vertex. If the vertex gets accepted, it should have four

degrees of freedom (ndof). This results in multiple primary vertices reconstruction

and all of them get stored. Further, the PV must satisfy two conditions that are

described below:

1) Its z position should be within 24 cm from beamspot.

2) Radial position within 2 cm from the beamspot.

After having a set of selected/feasible primary vertices, the one vertex which has the

maximum sum of the square of the transverse momentum of the tracks associated

with it, is chosen as the hard scattering vertex. The PV is then used to measure

the location and associated uncertainty of pp interactions in each event.

3.5.4 Secondary vertex reconstruction

The b (c) hadron travels⇡1 cm at an energy of ⇡10–100GeV in the laboratory frame

before decaying to several particles, thus giving rise to displaced tracks from which a

secondary vertex (SV) is reconstructed as illustrated in Figure 3.8. The displacement



3.5 Physics object reconstruction 97

of tracks with respect to the PV is characterized by their impact parameter (IP),

which is defined as the distance between the PV and the tracks at their points of

the closest approach. The vector pointing from the PV to the point of the closest

approach is referred to as the IP vector. The IP value can be defined in three spatial

dimensions (3D) or in the plane transverse to the beamline (2D). The longitudinal

IP is defined along the beamline in one dimension. The IP is defined to be positive

or negative, with a positive sign indicating that the track is produced “upstream”.

Due to the long lifetime of the b/c hadrons, the IP from b/c jets is expected to be

mainly positive, while for the light jets it is almost symmetric with respect to zero.

An important feature of the IP is that it is Lorentz invariant. The IP significance

is defined as the IP value divided by its uncertainty, IP/�(IP). The IP significance

is used in order to take into account resolution e↵ects.

jet

jet

heavy-flavour
jet

PV

SV

displaced
tracks

IP

charged
lepton

Figure 3.8: Illustration of a heavy flavor jet with a SV from the decay of a b or c
hadron resulting in charged particle tracks (including possibly a soft lepton) that are
displaced with respect to the PV, and hence with a large IP value.

The Inclusive Vertex Finding (IVF) algorithm is used for reconstructing sec-

ondary vertices [67]. The IVF uses as input all of the reconstructed tracks in the

event with pT > 0.8GeV and a longitudinal IP < 0.3 cm. The IVF procedure starts

by identifying seed tracks with a 3D impact parameter value of at least 50 µm and

a 2D impact parameter significance of at least 1.2. After identification of the seed
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tracks, the IVF procedure includes the following steps:

• Track clustering: The compatibility between a seed track and any other

track is evaluated using requirements on the distance at the point of closest

approach of the two tracks and the angle between them. In addition, the

distance between the seed track and any other track at their points of closest

approach is required to be smaller than the distance between the track and

the PV at their points of closest approach.

• Secondary vertex fitting and cleaning: In order to determine the position

of the secondary vertices, the sets of clustered tracks are fitted with the adap-

tive vertex fitter algorithm. After the fit, secondary vertices with a 2D (3D)

flight distance significance smaller than 2.5 (0.5) and 1.25 (0.25) are removed

for the b and c tagging algorithm, respectively. In addition, if two secondary

vertices share 70% or more of their tracks, or if the significance of the flight

distance between the two secondary vertices is less than 2, one of the two

secondary vertices is dropped from the secondary vertices collection.

• Track arbitration: At this stage, a track could be assigned to both the PV

and SV. To resolve this ambiguity, a track is discarded from the SV if it is

more compatible with the PV. This is the case if the angular distance between

the track and SV flight direction �R =
q

(�⌘)2 + (��)2 > 0.4, and if the

distance between the SV and the track is larger than the absolute IP value of

the track.

• Secondary vertex refitting and cleaning: The SV position is refitted

after track arbitration and if there are still two or more tracks associated with

the SV. After refitting the SV positions, a second check for duplicate vertices

is performed. This time, a SV is removed from the collection of secondary

vertices when it shares at least 20% of its tracks with another SV and the
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significance of the flight distance between the two secondary vertices is less

than 10.

This results in multiple secondary vertices reconstruction and all of them get stored.

Further, the secondary vertices are rejected when they share 80% or more of their

tracks with the PV, and when the 2D flight distance significance is less than 2 (1.5)

for secondary vertices used in b (c) tagging algorithms. The remaining secondary

vertices are then associated with the jets by requiring the angular distance between

the jet axis and the SV flight direction to satisfy �R < 0.3.

3.5.5 Electron reconstruction

Electrons produce hits in the tracker layers and deposit almost all of their energy in

the ECAL as shown in Figure 3.9. Electrons are reconstructed by associating a track

reconstructed in the silicon detector with a cluster of energy in the ECAL [68]. The

energy reconstruction algorithm starts with the formation of “topological” clusters

by grouping cells with energy exceeding a predefined threshold to reject the noise

(typically ⇠80MeV (⇠300MeV) for the EB (EE). A seed cluster is then defined as

the one containing most of the energy deposited in any considered region, with a

minimum transverse energy (Eseed

T ) above 1GeV. ECAL clusters within a certain

geometric area (“window”) around the seed cluster are combined into superclusters

(SC) to account for photon conversions and bremsstrahlung losses. This procedure

is referred to as “superclustering” and the combining process uses two algorithms.

The first is the “mustache” algorithm, which is particularly helpful to properly

measure low energy deposits. It uses information only from the ECAL and preshower

detector. The algorithm starts from a cluster above a given threshold, called seed

cluster. Additional clusters are added if falling into a zone, whose shape is similar

to a mustache in the transverse plane. The second superclustering algorithm is

known as the “refined” algorithm. It utilizes tracking information to extrapolate

bremsstrahlung tangents and conversion tracks to decide whether a cluster should
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belong to a SC. It uses mustache SCs as a starting point but is also capable of

creating its own SCs. The refined SCs are used for the determination of all ECAL-

based quantities of electron objects.

Figure 3.9: An electron (and its bremsstrahlung photons) passing through the tracker
and creating clusters of energy in the electromagnetic calorimeter (ECAL).

The reconstruction of electron tracks begins with the identification of a hit

pattern that might lie on an electron trajectory (“seeding”). The following two

algorithms are used to generate trajectory seeds for the electrons:

• ECAL-driven seeding: This algorithm first selects mustache SCs with trans-

verse energy ESC,T > 4GeV and H/ESC < 0.15, where ESC and H are the SC

energy and the sum of the energy deposits in the HCAL towers within a cone of

�R = 0.15 centered on the SC position. Each mustache SC is then compared

in � and z to a collection of track seeds that are formed by combining multiple

hits in the inner tracker detector: triplets or doublets. The extrapolation to-

wards the collision vertex neglects the e↵ect of any photon emission. To deal

with the highly non-Gaussian bremsstrahlung emission, a dedicated tracker
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algorithm, namely Gaussian Sum Filter (GSF) [69] is deployed in the CMS

detector. If the first two hits of a tracker seed are matched to the predicted

trajectory for a SC under any charge hypothesis, it is selected for seeding

a GSF track. The ECAL-driven approach performs better for high ET iso-

lated electrons with a larger than 95% seeding e�ciency for ET > 10GeV for

electrons from Z boson decay.

• Tracker-driven: This approach iterates over all generic tracks. The generic

tracks are a collection of filtered tracks (not specific to electrons) with pT >

2GeV, reconstructed from hits in the pixel detector with KF. If any of these

KF tracks is found to be compatible with an ECAL cluster, its track seed is

used to seed a GSF track. The compatibility criteria are the logical OR of a

cut-o↵ based selection and a multivariate selection based on a boosted decision

tree (BDT) [70], using track quality and track-cluster matching variables as

inputs. Since it is computationally expensive to reconstruct all tracks in an

event, tracker-driven seeding is performed only in the o✏ine reconstruction

and not in HLT. The tracker-driven approach is designed to recover e�ciency

for low pT or non-isolated (electrons within jets) electrons with an e�ciency

more than ⇠50% for pT > 3GeV for electrons from b hadron decays. The

tracker-driven approach also helps to recover e�ciency in the ECAL regions

with less precise energy measurements, such as in the barrel-endcap transition

region and/or the gap between supermodules. The tracker-driven seeding has

an e�ciency of ⇠50% for electrons from Z decay with pT ⇠3GeV and drops

to less than 5% for pT > 10GeV.

The GSF tracking algorithm is run on all ECAL- and tracker-driven seeds.

The final collection of selected electron seeds (obtained by combining the ECAL-

driven and tracker-driven seeds) is used to initiate the reconstruction of electron

tracks using the PF reconstruction algorithm. The PF reconstruction algorithm links

them to the PF-clusters in the ECAL. The electron seeds may not always originate
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from isolated electrons coming from the PV of an event, but could be caused by

background sources emanating from photon conversions into electron-positron pairs

in the tracker material or misidentified jets. The conversion rejection variables are

defined based on the patterns of hits registered in the tracker to reject secondary

electrons produced from photon conversions. When a photon conversions take place

inside the volume of the tracker, the first hit on electron tracks from the converted

photons is often not located in the innermost layer of the tracker, and missing hits

are therefore present in that region. For prompt electrons, whose trajectories start

close to the beamline, no missing hits are expected in the inner layers. Calorimetric

observables are used to separate genuine electrons (signal electrons or electrons from

photon conversions) from misidentified electrons (jets with large electromagnetic

components) based on the transverse shape of electromagnetic showers in the ECAL

and exploiting the fact that electromagnetic showers are narrower than hadronic

showers. The fractions of energy deposited in the HCAL (expected to be small,

as electromagnetic showers are essentially fully contained in the ECAL) and the

ECAL supercluster also provide the required discrimination against the misidentified

electrons. Such variables are also used as an input to train BDTs and the final BDT

discriminant is used to identify real electrons.

3.5.6 Muon reconstruction

Muons are identified with high e�ciency by the muon system and precise mea-

surement of their momentum involves the inner tracker [71]. Local reconstruction

uses information from only a single muon chamber (RPC, CSC, or DT) to specify

the passage of a muon through the chamber. The RPC chambers are single-layer

chambers, while the CSC and DT chambers are multi-layer detectors where hits are

reconstructed in each layer. From the reconstructed hits, straight line track “seg-

ments” are built within each CSC or DT chamber. The following muon collections

are required for the o✏ine muon reconstruction:
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• Standalone muon: Muon tracks are built by fitting the DT, CSC, and RPC

hits found along the muon trajectory in the muon system using a KF. Recon-

struction starts with seeds made up of groups of DT or CSC segments.

• Global muon: Muon tracks are built “outside-in” by matching standalone

muon tracks with tracker tracks. The matching is done by comparing the

parameters of the two tracks propagated onto a common surface. A combined

fit is performed with the KF using information from both the tracker track and

standalone muon track. Global muon reconstruction improves the momentum

resolution of high-pT muons compared to the measurement obtained with a

tracker only fit.

• Tracker muon: Muon tracks are built “inside-out” by matching tracker

tracks to the muon system with at least one DT or CSC segment matching.

Each tracker track with transverse momentum pT > 0.5GeV and a total mo-

mentum (p) greater than 2.5GeV is extrapolated to the muon system taking

into account the mean expected energy losses, the magnetic field strength, and

the amount of coulomb scattering in the tracking material. The tracker muon

reconstruction has the advantage of recovering low pT muons, which usually

fails in the global muon reconstruction sequence since they can not penetrate

through the material until the last muon stations.

All such kind of muons and their reconstruction is demonstrated in Figure 3.10.

Tracker muons have high e�ciency in regions of the CMS detector with less

instrumentation (for routing of detector services) and for muons with low pT. The

tracker muons that are not global muons typically match only to segments in the in-

nermost muon station, but no other stations. This increases the probability of muon

misidentification since hadron shower remnants can reach this innermost muon sta-

tion (punch-through). Global muon reconstruction, which uses standalone muon

tracks, is designed to have high e�ciency for muons penetrating through more than

one muon station, which reduces the muon misidentification rate compared to tracker
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Figure 3.10: Reconstruction of di↵erent types of muons.

muons. By fully exploiting the information from both the inner tracker and muon

system, the pT measurement of global muons is also improved compared to tracker

muons, especially for pT > 200GeV. Standalone muons have worse momentum res-

olution and a higher admixture of cosmic muons than global or tracker muons.

3.5.7 Lepton Isolation

In order to avoid double-counting of leptons both as individual particles and jet

constituents, the isolated leptons are preventively excluded from the jet clustering

sequence. It is necessary to discriminate between leptons produced in prompt decays

and those produced by heavy flavor decays. Since non-prompt leptons are usually

produced inside jets, the detection of other objects surrounding the lepton candidate

can be used to discriminate them. Isolation variables are used for that purpose and

built considering a cone in �R around the reconstructed lepton. The PF relative

isolation variable is defined as:

Irel =

P
pcharged
Ti +max(0,

P
Eneutral

Ti +
P

E�
Ti � pPUT )

pllT
, (3.2)
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which is the sum of the pT values for all PF candidates within a cone of radius �R

= 0.3 (0.4) centered on the electron (muon) track direction.

Here, the quantity
P

p charged

Ti represents the pT sum of the charged hadrons

associated with the PV and pPUT is the contribution from PU. The
P

E neutral

Ti and
P

E�
Ti are the scalar sums of the transverse energies of neutral hadrons and photons,

respectively. Finally, pllT stands for the lepton transverse momentum. The charged

particle component of the isolation is very well measured due to the tracking system.

However, the neutral component, which is composed of neutral hadrons and photons,

requires extra corrections (subtraction of PU contribution). Since the contribution

from PU cannot be directly subtracted, because no tracking information is available

in the neutral component to discriminate between the di↵erent primary vertices.

So, two di↵erent approaches are followed for PU subtraction: the �� corrections,

and the e↵ective area corrections. The �� corrections are applied to the neutral

component of the isolation by computing the contribution from charged hadrons

coming from PU in the cone. This quantity is scaled by a factor of 0.5, corresponding

to the ratio between charged and neutral particle production rates at inelastic pp

collisions, as observed in simulations. The e↵ective area correction is similar to the

jet areas method used to subtract the PU contribution from jets [72]. In this case,

the PU correction is assumed to be pPUT = ⇢Ae↵ , where ⇢ is the average density of an

event, defined as the median of the energy density of particles within the area of any

jet, reconstructed with a R parameter of 0.6. Ae↵ corresponds to the dependence of

isolation as a function of the number of reconstructed vertices in the collision. For

electrons, pPUT is evaluated using the “jet area” method. For muons, pPUT is taken to

be half of the scalar pT sum deposited in the isolation cone by charged particles not

associated with the PV. For electron, the numerator part is denoted by (Icombine).
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3.5.8 Missing Transverse Energy

Neutral weakly interacting particles, such as neutrinos, escape from typical collider

detectors without producing any direct response in the detector elements. The

presence of such particles must be inferred from the imbalance of total momentum.

The vector momentum imbalance in the plane perpendicular to the beam direction

is known as Missing Transverse Energy (MET or pmiss

T ) [73]. The pmiss

T magnitude of

the negative vector sum of the pT of all the reconstructed particles in an event.

pmiss

T = |�

X

i

�!

piT | (3.3)

where the index i runs over all particle flow candidates. It is also an important

variable in searches for new weakly interacting, long-lived particles. Many BSM sce-

narios, including supersymmetry, predict events with large pmiss

T . The reconstruction

of pmiss

T is very sensitive to particle momentum mismeasurements, particle misidenti-

fication, detector malfunctions, particles impinging on poorly instrumented regions

of the detector, and cosmic-ray particles which may result in artificial MET [74]. In

the CMS detector, pmiss

T is calculated either using the energy depositions in calorime-

ters (known as CaloMET) or by using the momenta of all the reconstructed particles

(PFMET). The physics analysis presented in this thesis uses the PFMET, which is

more accurate than the CaloMET.

3.5.9 Jets Reconstruction

A jet can be defined as a collimated spray of stable particles arising from the frag-

mentation and hadronization of a parton after a collision as explained in Section 3.2.

Jet reconstruction algorithms combine the calorimetry and tracking information to

define jets. A basic illustration of a collision of two protons, the subsequent particle

shower, and a reconstructed jet is shown in Figure 3.11. There are two main classes
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of jet algorithms [75]. The first is the cone algorithms, of which the most important

are the iterative cone with progressive removal (IC-PR), the iterative cone with the

split-merge procedure (IC-SM), and the seedless infrared safe cone (SIScone). The

second class is the sequential clustering algorithms which comprise of the kT, anti-

kT, and the Cambridge/Aachen algorithms. Jets are classified into four types as

discussed below:

Figure 3.11: Illustration of a jet to which bundles of partons, hadrons, or detector
measurements are grouped together [76].

• Calorimeter Jets (CaloJets): The CaloJets are reconstructed from en-

ergy deposits in ECAL crystal and calorimeter towers in the HCAL subde-

tector [77]. CaloJets have a relatively poor resolution because of the compact

size of HCAL.

• Jet-plus-track (JPT) jets: These jets are reconstructed using the informa-

tion from the tracker and calorimeters [78] and rely on a high quality tracking
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system. The JPT algorithm corrects both the energy and direction of the axis

of the original calorimeter jet.

• Particle Flow (PF) jets: PF jets are reconstructed by clustering the four-

momentum vectors of PF candidates. The PF algorithm combines the informa-

tion from all relevant CMS subdetectors to identify and reconstruct all visible

particles in the event, namely muons, electrons, photons, charged hadrons, and

neutral hadrons. The PF jet momentum and spatial resolutions are greatly

improved with respect to calorimeter jets, because the use of the tracking de-

tectors and high granularity of ECAL allows the resolution and measurement

of charged hadrons and photons inside a jet, which together constitute ⇠85%

of the jet energy. In reconstructing the four-momentum of PF candidate, pho-

tons are assumed massless, and charged hadrons are assigned the charged pion

mass.

• MC particle jets or Truth jets: The MC particle jets are reconstructed

by clustering the four-momentum vectors of all stable (c⌧ > 1 cm) particles

generated in the simulation. In particular, there are two types of MC particle

jets: those where the neutrinos are excluded from the clustering, and those

where both the neutrinos and the muons are excluded. The former is used for

the study of the PF and JPT jet response in the simulation, while the latter

is used for the study of the Calo jet response (because muons are minimum

ionizing particles and therefore do not contribute appreciably to the Calo jet

reconstruction).

In the present work, jets are clustered from PF candidates using the infrared- and

collinear-safe anti-kT algorithm with a distance parameter of 0.4, as implemented

in the FASTJET package [79]. Infrared and collinear safety is the property that if

an event is modified by a collinear splitting or the addition of a soft emission, the

set of hard jets that are found in the event should remain unchanged. The anti-kT

algorithm combines the PF objects to cluster into jets and calculates the distance
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between beamline and detected particle (diB) as well as the distance between two

particles i and j (i.e. pseudo-jets, particles), dij as shown below:

diB =k2p

T,i (3.4)

dij =min(k2p

T,i, k
2p

T,j)
�R2

ij

R2
(3.5)

where �R2

ij is the (⌘-�) space distance between the two particles and R is the radius

parameter that determines the final size of the jet and it is usually between 0.4–

0.7. In the present study, a cone size of �R = 0.4 is used, as this provides a

good agreement between the energy of jet itself and external energy coming from

overlap with other jets, PU interactions, ISR or FSR, etc. Variable “p” is added

to govern the relative power of energy versus geometrical scales to di↵erentiate the

three algorithms i.e. if p = 0, it corresponds to Cambridge/Aachen algorithm [80],

p = 1 and p = �1 corresponds to kT [81] and anti-kT [82] algorithms, respectively.

The algorithm proceeds by finding the smallest of the two distances dij and diB. If

dij is the smallest, combine i and j to have one particle (ij) using the summation

of four-vectors after which i and j are removed from the list of particles. If diB

is the minimum, i will be a part of final jet and it is removed from the list of

particles. The distances are recalculated and the process is repeated until either all

particles are part of a jet with the distance between the jet axis Rij > R, which

is inclusive clustering or until a desired amount of jets have been found, this is

exclusive clustering. In anti-kT the dij is dominated by high-pT and hence this

algorithm favors to cluster high-pT particles first as shown in Figure 3.12. This

algorithm is less susceptible to soft radiation i.e. UE and PU, and also infrared

safety and collinear safe.
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Figure 3.12: Parton-level jets clustered with cone size R=1 using anti-kT jet algo-
rithm [82].

3.5.10 Jet corrections

The energy of a PF jet might not optimal due to the non-linear response of the

calorimeter to particles or due to PU contamination. Therefore, a set of jet correc-

tions [83] are required for obtaining meaningful jet measurements that are consistent

with the jets of partons emerging from a QCD hard collision. A factorized multi-level

jet correction approach is chosen for the proper mapping of the measured jet energy

with a high precision, as shown schematically in Figure 3.13. In this approach, each

sub-correction is independent of the other and associated with the di↵erent detector

and physics e↵ects. Most of these corrections can be obtained from collision data.

Initially, however, the corrections will be derived from MC tuned on test beam data.

In the present work, the following corrections are used:

Figure 3.13: Jet correction approach.
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• O↵set Level 1 (L1): The L1 correction removes the contribution from elec-

tronic noise and pileup. The expected average contribution from pileup is

estimated with ⇢ and the jet area [84] as inputs and is subtracted from the

reconstructed jet.

• Level 2 (L2) MC-truth correction: The non-uniformities of the CMS

Calorimeter and its non-linear response to the particles with di↵erent energies

necessitate the development of corrections to the measured jet energies as a

function of |⌘|. Relative-⌘ corrections are applied in order to achieve a uniform

jet energy response versus ⌘. These corrections can be obtained using pT

balance in back-to-back dijet QCD events after MC based and L1 corrections.

The L2 corrects the measured momentum to the true momentum, bringing

the reconstructed jet in line with the generated jet.

• Level 3 (L3) Absolute corrections: The non-uniformities of the CMS

Calorimeter and its non-linear response to the particles with di↵erent ener-

gies necessitate the development of corrections to the measured jet energies as

functions of pT, called absolute pT correction. The Data/MC residual correc-

tion is derived to correct the response pT dependency using � + jets, Z + jet,

and multijet events. The L3 corrects the measured momentum to match with

the true momentum, bringing the reconstructed jet in line with the generated

jet. One well measured object (for example, a jet near the center of the detec-

tor, a Z boson reconstructed from leptons) is balanced against a jet for which

corrections are derived.

• L2L3 Residual corrections: These corrections are used to correct the re-

maining small di↵erence between the true particle and measured jet energy.

The Data/MC residual corrections are derived to correct for the response ⌘

and pT dependency.

The JEC L1 and L2L3 MC-truth corrections are applied on MC, while L1, L2L3
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MC-truth, and L2L3 Residuals are applied to data.

3.5.11 b/c jet Tagging

The heavy flavor b-jets (c-jets) are unique among jet flavors as they are experi-

mentally identifiable with high e�ciency and purity. The ability to identify jets

with b (c) flavors is based on the properties of the b (c) hadrons and their decay.

Firstly, because of the long lifetime of b (c) hadrons, of the order of 1.5 (1.1) ps,

they will travel a significant distance in the transverse plane (⇡1 cm at energy ⇡10–

100GeV in the laboratory frame) before decaying into several particles. Therefore,

they will produce a new vertex called the secondary vertex which is displaced from

the primary interaction point. The b and c quarks have a larger mass and harder

fragmentation compared to the light quarks and massless gluons. As a result, the

decay products of the heavy flavor hadron have, on average, a larger pT relative to

the jet axis than the other jet constituents. This causes b/c-jets to have a wider jet

area and a larger charged particle multiplicity. In approximately 20% and 10% of

the cases, a muon or electron is present in the decay chain of a heavy b (b! l) and

c (b!c! l) hadron.

Algorithms for heavy flavor jet identification use variables connected to the

properties of heavy flavor hadrons present in jets resulting from the radiation and

hadronization of b or c quarks. Several b/c tagging algorithms are used in CMS [85].

The b/c tagging algorithms mainly rely on the long life time, high mass, and large

momentum fraction of b or c hadrons produced in b/c quark jets, as well as on the

presence of soft leptons from semi-leptonic b decays.

In the present work, the deep combined secondary vertices (DeepCSV) al-

gorithm [67] based on deep machine learning [86] is used to identify the b/c-jets.

In DeepCSV algorithm, the significance of the SV displacement is combined with

the invariant mass and impact parameter of the tracks associated with the SV in a



3.5 Physics object reconstruction 113

machine-learned multivariate analysis. The SV mass is corrected for the observed

di↵erence between its flight direction and its momentum, taking into account parti-

cles that were not reconstructed or failed to be associated with the SV. The corrected

SV mass is defined as
q

(M2

SV + p2sin2✓) + psin✓, where MSV is the invariant mass

of the tracks associated with the SV, p is the SV momentum obtained from the

tracks associated with it, and ✓ the angle between the SV momentum and the vec-

tor pointing from the PV to the SV, which is referred to as the SV flight direction.

It should be noted that the energy of a track is obtained using its momentum and

assuming the ⇡± mass [87]. Another example of a discriminating SV variable is its

flight distance (significance), defined as the 2D or 3D distance between the primary

and SV positions (divided by the uncertainty of the SV flight distance). At least

six tracks per jet are required. When calculating the values of the track variables,

the tracks are required to have an angular distance with respect to the jet axis of

�R < 0.3. Moreover, any combination of two tracks compatible with the mass of

the K0

S meson in a window of 30MeV is rejected. Jets that have neither a selected

track nor a SV are assigned a default output discriminator value of �1.

In the first step, various discriminating variables like SV, 2D flight distance

significance, number of SV, corrected SV mass, a number of tracks from SV, etc.

are combined in the algorithm. This step is called “training” of the algorithm.

The training is performed on inclusive multijet events in three independent vertex

categories:

• RecoVertex: The jet contains one or more secondary vertices.

• PseudoVertex: No SV is found in the jet but a set of at least two tracks with

a 2D IP significance above two and a combined invariant mass at least 50MeV

away from the K0

S mass are found. Since there is no real SV reconstruction,

no fit is performed, resulting in a reduced number of variables.

• NoVertex: Jets that have not been assigned to one of the previous two
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categories. Only the information of the selected tracks is used.

For b-jets, the training of the deep neural network is performed using the

KERAS [88] deep learning library, interfaced with the TENSOR FLOW [89] li-

brary that is used for low-level operations such as convolutions. The neural network

uses four hidden layers that are fully connected, each with 100 nodes. The num-

ber of nodes in the hidden layer is di↵erent for the three di↵erent vertex categories

and is set to twice the number of input variables. The discriminator values of the

three vertex categories are combined with a likelihood ratio taking into account

the fraction of jets of each flavor expected in multijet events. The distribution of

all input variables is preprocessed to center the mean of each distribution around

zero and to obtain a root-mean-square value of unity. In case a variable cannot be

reconstructed, for example, because there are less than six selected tracks (or no

SV), the variable values associated with the missing track or vertex are set to zero

after the preprocessing. The output layer of the neural network contains five nodes

corresponding to five jet flavor categories used in the training. These categories are

defined according to whether the jet contains exactly one b hadron, at least two b

hadrons, exactly one c hadron, and no b hadrons, at least two c hadrons and no

b hadrons, or none of the aforementioned categories. Each of these categories is

completely independent of the others.

For c-jets, the training of the algorithm was performed on simulated multijet

events. Two trainings are performed: one for discriminating c-jets from light flavor

jets (CvsL) and another one for discriminating c-jets from b-jets (CvsB). The train-

ing of the two discriminators was performed with the SCIKIT-LEARN package [90]

using a gradient boosting classifier (GBC) as the implementation of the BDT.

The di↵erent algorithms provide as an output a value of discriminant for each

jet. A set of working points are selected so that an average b/c tagging e�ciency

for a given misidentification rate is obtained. The three working points are defined

as “loose” (L), “medium” (M), and “tight” (T), which correspond to thresholds on
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the discriminator.

To summarize this Chapter, starting from the first Section, it explains the

generation, simulation of events, and also the reconstruction of all physics objects

used in the presented study. All kinds of processes emerging from pp collisions are

discussed in detail.
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[38] Sjöstrand, Torbjörn and Mrenna, Stephen and Skands, Peter, “PYTHIA

6.4 physics and manual”, JHEP, vol. 05 (2006) 026, doi:10.1088/1126-

6708/2006/05/026.
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Chapter 4

Assembly and testing of Gas

Electron Multiplier

In this Chapter, the assembly and quality control (QC) testing of Gas Electron Mul-

tiplier (GEM) detectors in which I participated at the Panjab University, Chandi-

garh, India, and CERN sites will be discussed in detail.

As mentioned in Chapter 2.3.2, the CMS experiment will continue its current

physics programs during the HL-LHC period, hence its sensitivity for electroweak

and TeV scale searches must be maintained. Muons are crucial to research on a

wide range of physics topics, from the “new physics” to the decay of the SM Higgs

boson into ZZ or ZZ⇤, where Z bosons further decay into 4 leptons, called the“golden

channel” [1]. The muon detectors play a central role in CMS, as stressed already

by its name, Compact Muon Solenoid. The CMS muon detector was designed to

be a highly hermetic and redundant system consisting of three types of gaseous

ionization detectors: CSCs, DTs, and RPCs [2]. The details of these detectors have

been already discussed in Chapter 2.3.2. The DTs (CSCs) in the barrel (endcap)

provide precision measurements and L1 triggering for acceptances up to |⌘| < 1.2

(0.9 < |⌘| < 2.4). RPCs provide redundant trigger and coarse position measurement

in the barrel and endcap regions, but these are not used after |⌘| > 1.9 since they
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cannot sustain the high background particle rates in this region. Furthermore, due

to decrease in the magnetic field and higher background rates with increasing ⌘, the

contribution to the trigger rate after |⌘| > 1.9 is particularly large and di�cult to

control.

The forward region is particularly challenging for muon detection: on the one

hand, relatively light particles to be studied or searched are produced predominantly

with high pseudorapidities; on the other hand, the backgrounds in this region are

the highest. Therefore, the forward region must be completed with missing muon

detectors to enhance the redundancy and resolve the track reconstruction ambigui-

ties. The first step in this direction is the installation of an additional set of muon

detectors based on GEM technology [3] in the first muon endcap disks during LS2.

That particular muon detector is known as GE1/1, where the letter G indicates the

GEM, the letter E indicates this is an endcap muon station, the first “1” indicates

that it is part of the first muon station encountered by particles from the interac-

tion point, and the second “1” indicates that it is the first ring of muon detectors

going outward in radius from the beam line. The fundamental element of a GE1/1

detector is the single chamber.

Many research institutes and industrial companies from Belgium, China, Bul-

garia, Colombia, Egypt, Finland, France, Germany, Hungary, India, Italy, Korea,

Pakistan, Qatar, and the United States are involved in several CMS GEM projects.

India contributed to the CMS GEM upgrading project for the assembly and testing

of the GE1/1 chambers which was carried out at Panjab University (PU), Chandi-

garh, in collaboration with Delhi University, Delhi, and Bhabha Atomic Research

Center, Mumbai. The production of GE1/1 chambers was started at CERN in April

2017 and at other production sites in Autumn 2017. Total 144 GE1/1 chambers are

required to be fabricated and tested for the GE1/1 upgrade project.
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4.1 Motivations for the GE1/1 muon detector up-

grade

A quadrant cross section of the CMS with the muon detector station where GE1/1

is installed in 1.6 < |⌘| < 2.2 region during LS2 is shown in Figure 4.1. Because of

the earlier plan of forward RPCs at this location, there is a compact space available

for a new muon detector/chamber. The GEM technology is an excellent choice for

this region, due to its thin profile and ability to operate at particle fluxes much

higher than those expected in the forward area under HL-LHC conditions. The

maximum hit rate at the first muon station is expected to be around 5 kHz/cm2

during HL-LHC, whereas GE1/1 can sustain 10 kHz/cm2 for 20 years of HL-LHC

operation.

Figure 4.1: A quadrant of the muon system, shows DT chambers (yellow), RPC (light
blue), and CSC (green). The new GEM chamber stations (ME0, GE1/1, and GE2/1)
are indicated in red [4].

The installation of the GE1/1 chamber increase the path length traversed by
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muons within the first muon station and muons bend more there than at succeeding

stations. As a result, the information of the bending angle between the GE1/1

and CSC and increased path length significantly improved the muon momentum

resolution and reduced the trigger rate of L1 standalone muons [5]. Figure 4.2 shows

the single muon trigger rate curves before and after the GE1/1 upgrade for the region

1.6 < |⌘| < 2.2 at a luminosity of 2⇥ 1034cm�2s�1 and at a constant e�ciency of 94%

for the first endcap muon station (MS1/1). With the upgrade, the L1 muon trigger

thresholds can be maintained at low pT values, hence the e�ciency for capturing

interesting physics processes featuring soft leptons will become high. Maintaining

low muon trigger pT thresholds is important for a broad spectrum of physics studies

ranging from the Higgs sector measurements to new physics searches [6–11].

Figure 4.2: Comparison of L1 muon trigger rates as a function of trigger threshold
with CSC only (blue curve) and with the combination of CSC and GEM (purple curve)
trigger information [4].

The greatest benefit of the early installation of the GE1/1 muon station is

that it improves the L1 muon trigger during LHC running before the installation

of a new silicon tracker and its associated track trigger [12] in LS3. The L1 muon

trigger will be used with the new silicon tracker and track trigger in LS3 to make
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a “combined muon trigger”. The next Section will describe the summary of the

performance criteria for the GE1/1 chamber.

4.2 Summary of performance requirements for

the GE1/1 chamber

The GE1/1 chamber needs to perform certain requirements in terms of detection.

These requirements are:

• Maximum geometry acceptance within a particular CMS coverage

area: This is because maximum acceptance allows maximum physics yield.

• Atleast 10 kHz/cm2 rate capability: For HL-LHC (5⇥ 1034cm�2s�1), the

maximum expected hit rate with GE1/1 acceptance is roughly 5 kHz/cm2,

therefore multiplying by a safety factor of two, requires a hit rate capability

of 10 kHz/cm2.

• The detection e�ciency of a single chamber for minimum ionizing

particles is equal to or greater than 97%: When the signals from the

two chambers are merged as a logical OR, the e�ciency of a superchamber is

greater than 99.9%.

• Angular resolution of 300µrad or better on di↵erence �� = �GE1/1�

�ME1/1: This allows the trigger to di↵erentiate between high and low pT

muons by combining the angular position of the muon detected in GE1/1 and

ME1/1. At the outer radius (r=2.6m) of GE1/1 chambers, the azimuthal

precision of 300µrad corresponds to a 0.8mm resolution in the azimuthal �̂

direction.

• Timing resolution of 10 ns or better for a single chamber: This timing

is su�cient to reliably match GE1/1 hits to ME1/1 stubs when the LHC is
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running with a 25 ns bunch crossing time.

• Gain uniformity of 15% or better inside a single chamber or between

chambers: This gain uniformity ensures that there is no bias in trigger or

reconstruction due to geometry.

• No gain loss due to aging after 200mC/cm2 integrated charge: It is

expected that the total charge to be integrated for a GE1/1 chamber at the

highest |⌘| over 20 years of operation will be about 100mC/cm2. The stated

requirement of 200mC/cm2 includes an additional safety factor of two.

Furthermore, certain technological limits and criteria must be considered when

building the GE1/1 chambers, as follows:

• The chamber must be able to operate only with gases that have a low global

warming impact.

• The material budget must be small enough that multiple scattering within the

GE1/1 does not interfere with the muon track measurement in the GE1/1-CSC

trigger.

• The chambers must be designed in such a way that a superchamber is less

than 10 cm thick and can easily fit into the available slot in the muon endcap

nose.

4.3 GE1/1: construction, principle, and working

The GE1/1 detectors are based on the principle that radiation (particle) detection

occurs when it passes through a gas mixture that is enclosed between two electrodes

with an electric field applied between them. The GE1/1 chamber is made up of a gas

volume that holds a stack of three large area trapezoidal-shaped GEM foils between
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a drift electrode and a readout board. A standard gas mixture of Ar/CO2 70:30

is used for operating a GE1/1 chamber. Since working under a purely noble gas

medium can cause avalanche creation beyond the limits which leads to sparks and

cause permanent damage to the chamber, hence a smaller amount of a quenching

gas in the medium is required. The carbon-dioxide (CO2) works as a quencher in

the gas mixture because electrons are attracted and attached to its molecules due

to its electronegativity. The foils are made of Kapton, which is 50µm thick and

has a dielectric constant of 3.5; it is coated on both sides with 5µm conductive

layers of copper. Kapton is a Polyamide film that is an excellent insulator and

remains stable over a wide range of temperatures. The GEM holes are truncated

double cones with larger (outer) diameters of roughly 70µm and smaller (inner)

diameters around of 50µm, spaced in a hexagonal pattern with a pitch of 140µm

as shown in Figure 4.3 (left). The voltage applied between the two copper-clad

surfaces of a foil produces a strong electric field in the GEM hole that amplifies the

signal generated during the primary and secondary ionization processes as shown

in Figure 4.3 (middle). The GE1/1 chamber has a drift region of 3mm between

the drift cathode (at negative potential) and the first GEM foil (GEM1), transfer

regions of 1mm and 2mm between the second and third GEM foils (GEM2 and

GEM3), and a 1mm induction region. These regions are created by placing spacers

at the edges of the adjacent GEM foils. The top surface of the GEM foil facing

toward the drift board is segmented into sectors, whereas the bottom surface of

the GEM foil facing toward the readout board is a single continuous conductor. A

single high voltage (HV) divider, consisting of a chain of resistors, is used to supply

appropriate voltages to the drift plane and three GEM foils. The drift region is

where the primary electrons are generated and they move towards the first GEM

foil due to the field present in this region. This drift field depends on the potential

di↵erence between the cathode and the top metal of the first GEM foil. The electric

field generated inside the holes is ⇠100 times stronger than the field present in the
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drift region, where each hole works as an individual proportional counter. Once

electrons begin to experience the very intense electric field in the holes, they gain

enough kinetic energy to produce secondary ionization in the gas. The first transfer

gap was chosen to minimize the charge released after the first GEM foil. Electrons

were further created and accelerated towards the second GEM foil due to the transfer

field present between the bottom of the first GEM foil and the top of the second

GEM foil. This process is repeated for the succeeding foil with asymmetric potential

across the foils and gaps. Finally, all of the charges generated by the avalanche are

deposited on the anode plate by the induction field, which is present between the

last GEM foil and the ground anode. The induction gap was intended to provide

an induction field of up to 5 kV/cm without significantly raising the potential of the

entire structure. The GE1/1 chamber has advantage of operating at low voltage to

avoid any electrical breakdown problem. Although it provides a high total charge

gain factor (up to 105) since the gains of the individual foils (� 20) multiply to

produce the total gain. A schematic view of this operation principle is shown in

Figure 4.3 (right), which also defines the drift region, two transfer regions, and

induction region inside the GE1/1 chamber.

Figure 4.3: Scanning Electron Microscope (SEM) picture of a GEM foil [3] (left) and
schematic view of the electric field lines (white), electron flow (blue), and ion flow
(purple) through a bi-conical GEM hole (middle), and sketch of a GE1/1 chamber
(right) [13].

The electronics component of readout processes GEM signals, which are sep-

arated into two main sections, namely On-Detector (frontend) and O↵-Detector
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(backend) [14], as shown in Figure 4.4. The readout board is segmented into three �

portions along its longitudinal axis and eight ⌘ sections or sectors perpendicular to

its longitudinal axis resulting in 24 individual chamber segments. Each sector has

an area of about 100 cm2. Each segment is then further subdivided into 128 copper

strips with a trapezoidal shape, which is read by the Very Forward Atlas and Totem

(VFAT3) application-specific integrated circuits (ASICs) [15]. The VFAT3 has 128

charge-sensitive analog channels, which can be programmed to respond to positive

or negative signals. The VFATs have a charge-sensitive preamplifier, shaper, and

constant fraction discriminator for each channel. The avalanche charge induced on

the strips is converted into binary information by the VFAT. Once the digital infor-

mation about the hits has been elaborated, it takes two paths: the full-granularity

data path and the half-granularity trigger path. The digital signals are sent from

the VFATs to the OptoHybrid (OH) board through the GEM Electronics Board

(GEB).

Figure 4.4: The GEM electronics readout system.

An OH board contains the GigaBit Transceiver (GBT) chip set, a Field Pro-
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grammable Gate Array (FPGA), as well as optical receivers and transmitters to

provide the link to the O↵-Detector region. After a final signal processing in the

OH, the information is sent to the GEM backend and to the CSC trigger mother-

board (TMB) via optical links. There are two optical paths to the OH. The first is

bidirectional and runs between the OH and micro-Telecommunications Computing

Architecture (µ-TCA) [16] crates are located in the counting room at P5. The re-

turn path is used for the VFAT3 tracking and triggering data packets as well as to

return slow control data. The second path is unidirectional and takes the VFAT3

fixed latency trigger data from the GEM system to the Cathode Strip Chamber

(CSC) system.

The operating voltages of the di↵erent GE1/1 electronics components are not

uniform; they vary from 1V to 2.55V. The FEST (Radiation tolerant DC-DC con-

verter) mounted locally on the GEB, provided the required operating voltage to

the pieces of electronics transforming the 8V given at the input with e�ciencies

above 70%. A total of nine FEASTs are installed on the chambers, among them

four FEASTs providing 1.3V to a domain of six VFATs and the other five FEASTs

providing the power to the OH. Each FEAST is thermally coupled with the cooling

plate with a non-conductive thermal paste, which carries away the heat produced

in the voltage conversion.

Figure 4.5 shows the exploded view of the GE1/1 chamber, including thermal

screens, covers, readout boards, OH, and GEM foils. In the GE1/1 muon system, a

pair of such GE1/1 chambers is combined to form a “superchamber” that provides

two measurement planes in the muon endcap that complement the existing ME1/1

chambers and maximizes the detection e�ciency. Each superchamber covers a ⇡10�,

so 72 superchambers or 36 (18 long and 18 short) in each endcap are required as

shown in Figure 4.6. The basic parameters and specifications for the construction

of the GE1/1 chambers and their operation in CMS are summarized in Table 4.1.
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Figure 4.5: Exploded view of GE1/1 chamber [17].
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Figure 4.6: First CMS muon endcap station where the inner ring is equipped with 18
long (pink) and 18 short (light blue) GE1/1 chambers.

Table 4.1: Main specifications and parameters for the design and operation of the
GE1/1 chambers [17].
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Eight out of 144 GE1/1 chambers were assembled at PU, and all chambers

passed the QC test at both PU and CERN before being installed in the CMS cham-

ber during LS2. The assembly technique and QC tests performed at the PU and

CERN sites, in which I participated, will be discussed in detail in the next Section.

4.4 Assembly

The GE1/1 entire assembly is divided into two parts: pre-assembly outside the clean

room and assembly inside the clean room. More information and technical details

about the CMS GE1/1 chamber assembly procedure can be found in Ref. [17–19].

4.4.1 Pre-assembly

The first day is dedicated to pre-assembly, which includes preparing the readout

board, drift board, internal frames, and external frame of the chamber. During the

pre-assembly of GE1/1 chambers, the following steps were taken:

4.4.1.1 Preparation of the readout board

The GE1/1 readout board was prepared by mounting the brass inserts in the lateral

flanges, threading of the gas holes, and gluing the gas connectors. All components

required for the preparation of the board are shown in Figure 4.7.

• First, the readout board was cleaned using a vacuum cleaner, then it was

placed on a table with the strips facing up (never touch the readout strips

with bare fingers). It is recommended to use a soft material or a sheet of foam

in between to avoid scratching on the Panasonic connectors.

• Using the clamping hand, the brass inserts are clamped in the dedicated hole

in the readout board flanges (threaded side of insert sitting inside the hole),
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Figure 4.7: List of components required for the readout board preparation: readout
board (left), gas connectors (middle), and brass inserts (right).

until they are getting fixed in it as shown in Figure 4.8. Finally, the brass

inserts are checked for appropriate insertion by running fingertips over the

insert heads.

Figure 4.8: Clamping of brass insert using clamping hand.

• On the other side of the readout board, a 3mm tap was inserted vertically in

the hole dedicated to the gas connector to create the thread pattern in the

material by slowly screwing by hand as shown in Figure 4.9 (left).

• Dust was removed using a vacuum cleaner and clean tissue paper with ethanol

was used to clean both sides of the readout board around the hole.

• On a metallic surface which was cleaned by ethanol, the two parts of epoxy

glue were mixed until they became opaque and uniform. The Teflon washer

was then removed from the gas plugs and the metallic stick was used to apply

a thin ring of glue between the body and the threaded part of the connector

as shown in Figure 4.9 (middle).
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• The gas connector was gently screwed onto the readout board until the base of

the connector body touched the readout board. The glue should form a neat

and smooth ring all around the base of the connector as shown in Figure 4.9

(right) and the readout board was then cleaned.

Figure 4.9: Making the thread in the gas inlet/outlet (left), applying glue to the gas
connector (middle), and fixing the gas connector onto the board (right).

4.4.1.2 Preparation of the drift board

The GE1/1 drift board was prepared by cleaning the board, mounting the pull-outs,

soldering the HV pins, and Surface Mount Devices (SMD) components (one 10M⌦

resistor, one 100 k⌦ resistor, and one 330 pF capacitor) at the dedicated position. All

components required for the preparation of the drift boards are shown in Figure 4.10.

• The active area of the drift board was facing up (never touch the active area

of the drift with bare fingers), and the pull-outs were placed with screws and

nylon washers in the dedicated holes. Figure 4.11 shows how the screws were

tightened using a torque screw-driver at a maximum torque of 1.2Nm.

• Previous steps were repeated all around the board, except for the large base

of the trapezoid, where the HV components were initially soldered.

• First, the HV circuit was cleaned with a clean piece of tissue and ethanol.

Figure 4.12 shows the HV and SMD components at their respective places.
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Figure 4.10: List of components required for the drift board preparation: drift board
(top left), pull-outs (top middle), M3⇥6 screws (top right), nylon washers (bottom
left), HV contact pins (bottom middle), and SMD components (bottom right).

Figure 4.11: Mounting the pull-outs on the drift board using torque screw-driver.

Figure 4.12: Positioning of the HV pins and SMD components on the drift board.
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• Then, as shown in Figure 4.13 (left), the 6.1mm pins in GEM1 pads, 8mm

pins in GEM2 pads, and 9.28mm in the GEM3 pads were placed vertically

aligned within the holes. The soldering tin was placed all around the base

of the pins while heating the pads with the iron. The temperature was kept

below 350� to avoid melting of the glue that holds the copper pads to the

Printed Circuit Board (PCB).

• The SMD component pads were cleaned with tissue and ethanol. A little

amount of soldering tin was used to “wet” the pads before attaching the SMD

components as shown in Figure 4.13 (middle). After that, the SMD compo-

nents were placed on the pad and held in position with soldering tweezers until

the tin solidified completely as shown in Figure 4.13 (right).

Figure 4.13: Soldering the HV pins (left), preparing the SMD pads (middle), and
soldering the SMD components (right).

• The drift board was cleaned in the tub by placing it vertically with the large

base facing down. The tub was inclined to ensure that the acetone flowed

before drying and left impurities on the edge of the PCB. Acetone was poured

gently over the HV circuit while brushing all soldering points. This step was

repeated several times to ensure that all contaminants were removed. The rest

of the drift board was cleaned with a clean piece of tissue and ethanol, paying

special attention to the regions around the pull-outs.

• The remaining pull-outs were positioned in front of the HV circuit in the same

manner as previously indicated.
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4.4.1.3 Preparation of the internal and external frames:

The GE1/1 frames were prepared by inserting brass inserts into the internal frame

(10 pieces) and mounting an O-ring on the outer gas frame. All components required

for the preparation of frames are shown in Figure 4.14.

Figure 4.14: List of components required for frame preparation: internal frames, brass
inserts, external frame, and O-ring (from left to right).

• As shown in Figure 4.15 (left), the internal frames were first taken out from

their support by holding them in place with one hand while gently removing

the tape, as frames are very thin and can easily break.

• The frame baseplate (FR4) was attached to the table, and the internal frame

piece was placed on top with the hole of the frame aligned with the hole of

the baseplate. The brass piece was put into the hole and gently hammered

with the mallet until it was fully inserted as shown in Figure 4.15 (right). The

same procedure was followed for the entire and all of the remaining frames.

Also, carefully checked with fingers that there were no loose brass inserts that

could fall out during the assembly.

• The O-rings were first cleaned in an ultrasonic bath for a few minutes before

being inserted in the dedicated groove of the external frame. The O-ring was

gently pulled into the trapezoidal shape of the groove by pulling simultaneously

at each of its four corners. The O-ring was then gently pressed uniformly with

the finger to insert it into the trenches as shown in Figure 4.16. If not, some
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Figure 4.15: Removing the internal frames (left) and inserting brass inserts into the
3mm internal spacer (right).

parts of the O-ring may be too compact, which can later deform the PCB when

closing the chamber, or create leak points. Also, checked by eye and with finger

that the O-ring was properly fitted and slightly exceeding the frame’s housing.

Figure 4.16: Inserting the VITON O-ring into the external frame.

4.4.2 Assembly in clean room

The major assembly of the chamber was completed on the second day, which in-

cluded the assembly of the GEM stack and the closing of the chamber. Because

the GEM technology is strongly dependent on the quality of the GEM foils. Any

kind of contamination can damage a GE1/1 chamber as particles passing through

the micron-sized holes in the GEM foils can cause electrical shorts. The GE1/1

chambers at PU were also assembled in a class-100 clean room with air purity val-

ues of no more than 100 particles of �0.5µm size per cubic meter of the inside air.
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Furthermore, no more than four persons may work at the same time and everyone

must wear aprons, dust free gloves, facial masks, shoes, headcovers, etc.

4.4.2.1 Assembly of the GEM stack

The assembly of the GE1/1 stack includes the preparation of the components like

internal frames, screws, short or long metallic nuts, washers, guiding pins, the clean-

ing and testing of the GEM foils, and the mounting of the stack. All components

required for the assembly of the GEM stack are shown in Figure 4.17.

Figure 4.17: List of components required for the assembly of the GEM stack: GEM foil
(top left), prepared internal frame (top middle), M2⇥6 screw (top right), M2.5 nuts
(bottom left), guiding pins (bottom middle), and M2⇥6 longs screws (bottom right).

• Preparation of the GEM foils:

– After pre-assembly, the GEM foils have to be extracted one at a time by

at least two trained operators while maintaining good tension on the foils

to avoid the formation of folds. The operators should not wear gloves but

carefully wash their hands with ethanol.



4.4 Assembly 147

– Then, every GEM foil (together with its frames) was fixed to an FR4

frame, aluminum, or any other rigid that had been positioned vertically

against a wall.

– All the possible dust was removed from both sides of the foils using the

anti-static roll on the foil, including the active and excess Kapton areas

on the sides as shown in Figure 4.18 (left).

– To test the GEM foils, the HV clips were placed on the top and bottom

of the foil as shown in Figure4.18 (right).

Figure 4.18: Cleaning the GEM foil with a anti-static roll (left) and mounting the HV
clip to the foils (right).

– With relative humidity, of less than 40%, the multi Mega-ohmmeter

(Megger)/insulation meter was adjusted to 550V and this voltage was

applied for several minutes. After a few seconds, the impedance of the

foils should exceed 20G⌦, and the number of sparks should be counted

every 30 s for the next 10 minutes. The spark rate should be less than

2Hz during the last two or three minutes of test. After the test, the

GEM foil was discharged. If the quantity of sparks exceeds this limit, the

foil must be cleaned with the anti-static roll once again. If the problem

persists after several cleaning attempts, the foil must be sent back to the

production workshop and cleaned with Deionized water.

– The uncut areas of the pre-cut circular spare HV pads were then cut

with a very sharp blade to define the position of the GEM1, GEM2, and
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GEM3 foil in the chamber, as shown in Figure 4.19. The GEM2 and

GEM3 pads were removed for the GEM1 foil position, the GEM1 and

GEM3 pads were removed for the GEM2 foil position, and the GEM2

and GEM3 pads were removed for the GEM3 foil position. A horizontal

cut must be followed by a vertical cut as shown in Figure 4.20.

Figure 4.19: Location of the HV pads.

Figure 4.20: Cutting o↵ the spare HV pads.

• Mounting of the GEM stack:

– The Plexiglas baseplate was placed and fixed to the assembly table using

tape and the entire surface of the baseplate was cleaned with fresh tissue

paper and ethanol. The guiding pins were inserted in all of the single

holes and one of the grouped holes all around the trapezoid as shown in

Figure 4.21.

– The 3mm internal frames were cleaned from both sides using the anti-

static roll, being careful to ensure that no brass inserts fell out of the
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Figure 4.21: Cleaning the assembly baseplate (left) and inserting the guiding pins
(right).

frame. The drift gap will be formed by this set of frames with brass

inserts.

– The internal frames were placed on the baseplate all the way around

the trapezoid using the guiding pins. The direction and location of each

frame piece were determined by matching the geometry of the grouped

holes on the frame and baseplate. The flanges must always face the inside

of the trapezoid as shown in Figure 4.22.

Figure 4.22: Mounting the 3mm internal frames.

– The GEM1 foil was placed on top of the 3mm frames using the guiding

pins for proper alignment. The foil should be well aligned to prevent

scratching of the active area by the guiding pin. A sharp blade was used

to cut the tape after inserting the foil in order to detach it from the frame.

– The foil was stretched by two people working in opposite directions of the

table. The tape on the Kapton area was connected during pre-stretching,

on both the large and small bases of the trapezoid, and then gently pulled
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towards the operator before being fixed the tape on the table, as illus-

trated in Figure 4.23 (left). Excessive stretching strength will result in

the deformation of the GEM foil. Figure 4.23 (right) shows the position

of this pre-stretching and the order in which it must be performed.

Figure 4.23: Placing GEM1 (left) and pre-stretching points (right).

– Pins of the Megger connected to the pads corresponding to the top and

bottom of GEM1 foil. A voltage of 550V is applied between the two

electrodes for a few minutes, and the resistance must reach at least 20G⌦

after a few seconds. After the test, the GEM foil was discharged.

– The set of 1mm thick internal frames was cleaned which will form the

first transfer gap. These frames have cross-shaped holes to accommodate

the metallic nuts for the final stretching. The frames were positioned and

orientated properly on the stack by matching the shape of the grouped

holes as shown in Figure 4.24.

Figure 4.24: Mounting the 1mm internal frames.

– Before mounting the frame on the large base of the trapezoid, the GEM1
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foil was tested with the insulation meter at 550V again. After the test,

the GEM foil was discharged.

– The second GEM foil was then tested with an insulation meter before

being placed into the stack with the guiding pins for alignment, as shown

in Figure 4.25 (left). The same procedures were used to detach it from

the frame, and the foil was stretched in every direction using green tape.

– The set of 2mm thick frames was cleaned and placed on the stack to create

the second transfer gap, and then the M2.5 metallic nuts were inserted

into the dedicated housing of internal frames as shown in Figure 4.25

(right).

Figure 4.25: Placing GEM2 foil (left) and the metallic nuts into the internal frame
(right).

– The impedance of the second foil was verified using 550V before putting

the final component on the large base of the trapezoid. The GEM foil

was then discharged, and the final piece of internal frame was installed,

along with the remaining nuts.

– The third GEM foil was tested and placed on top of the stack, and the

tape that held the foil and its frame together was removed.

– The last set of 1mm internal frames was cleaned and placed on the stack

to produce the induction gap, and the foil was tested by applying 550V

on the pads.

• Protecting the GEM stack:
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– The Plexiglas was cleaned using a anti-static roll and ethanol before be-

ing mounted with guiding pins on top of the GEM stack, as shown in

Figure 4.26 (left).

– The long M2 screws and washers are used to attach the Plexiglas cover

to the stack. Screws were placed into the dedicated holes to catch the

brass inserts that were already fixed in the 3mm internal frames. These

screws were placed on the borders of each piece of the internal frame and

in the corners of the trapezoid as shown in Figure 4.26 (middle).

– M2⇥6mm screws are placed in the dedicated holes of the Plexiglas cover

to hold the layers of internal frames together. These screws are tightened

with screw-driver without putting too much strain on the thin frame

sections as shown in Figure 4.26 (right).

Figure 4.26: Placing the Plexiglas cover (left), attaching the Plexiglas cover to the
GEM stack (middle), and closing the internal frame (right).

4.4.2.2 Closing of the chamber:

The closing of the GE1/1 chamber included the final preparation of the GEM stack,

stretching of the foils, and electrical test after closure. The assembled GEM stack,

prepared drift board and readout board, stretching screws M2.5, M3⇥6, and nylon

washers are required for chamber closing.

• Finalizing the GEM stack:
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– The GEM stack was cleaned with the vacuum cleaner, focusing on the

edges of the internal frame and holes in the Plexiglas cover as shown in

Figure 4.27 (left).

– The excess Kapton foil was then cut away with a sharp knife and the

Plexiglas cover served as a stencil as shown in Figure 4.27 (middle).

– The extra Kapton was removed while being careful not to detach the

baseplate from the assembly table as shown in Figure 4.27 (right). The

remaining piece of Kapton that exceeds the frame stack should be no

longer than a fraction of a millimeter in length. The vacuum cleaner was

used to remove any shavings that may have remained after cutting.

– The drift board was then cleaned with the vacuum cleaner, with a focus

on the pull-out and the electrical circuit area as shown in Figure 4.28

(left), and the active area was cleaned with the anti-static roll. The drift

board was placed next to the GEM stack (without touching the active

area).

– The stack was then separated from the Plexiglas baseplate by gently

lifting it upward without touching the bottom of GEM3 with fingers or

the guiding pins that may remain attached to the baseplate. The stack

was then placed on the drift board in the area enclosed by the pull-outs.

– All of the remaining guiding pins in the frame stack were removed with

tweezers, as shown in Figure 4.28 (middle). The drift board clamped to

the assembly table with the aluminum bars and chambers should be ori-

entated towards the inner side of the trapezoid. The aluminium bars were

then screwed to the assembling jig. The amount of force required to en-

sure that the system maintains the flatness of the board while performing

the stretching of the foils.

– The long M2 screws that hold the Plexiglas cover and GEM stack together

were removed as shown in Figure 4.28 (right). It was replaced with the
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final M2⇥6mm screws. The Plexiglas cover was left in place without

screws to protect the foil. The internal frames were free to move during

the stretching of the foils.

Figure 4.27: Cleaning the GEM stack (left), cutting the excess Kapton foil (middle),
and removing the excess Kapton foil (right).

Figure 4.28: Cleaning the drift board with the vacuum cleaner (left), removing the
guiding pins (middle), and removing the Plexiglas cover from the GEM stack (right).

• Stretching of the GEM foils:

– The stretching of the GEM foil was performed exactly in the same order

as shown in Figure 4.29 (left) to avoid any formation of the waves on the

foils, especially between the di↵erent parts of internal frames.

– The M2.5 screws were placed in the lateral holes of the aluminum bars,

starting with a large and small base of the trapezoid to the lateral sides

as shown in Figure 4.29 (right). Stretching should be done with the two

persons facing in opposite directions.

– After all of the screws were tightened, the Plexiglas cover was removed
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and the top surface of the GEM stack was cleaned with the anti-static

roll, being careful not to damage the foils.

– The three GEM foils were then tested one after the other at 550V using

the dedicated pads on the drift board. After each test, the foil was

discharged. The impedance of GEM foils must reach 20G⌦ after a few

seconds. However, the impedance of the gaps must reach greater than

100G⌦ immediately after applying the voltage.

– After the completion of the test, the electronic screw-driver was used to

complete the stretching of the foils. The nominal strength value on the

side of the trapezoid is 9 cNm, although it can be slightly greater in the

corners, reaching up to 15 cNm.

Figure 4.29: Description of the stretching procedure (left) and stretching of the foils
(right).

• Closing and electrical test:

– The external frame was placed between the GEM stack and aluminium

bars as shown in Figure 4.30 (left and middle). The vacuum cleaner was

used on the side of the bars to pick up any dust that may have been

formed during the stretching and to properly vacuum the gap between

the stack and the bars. The anti-static roll was used once more to gently

wipe the top surface of the foil.
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– The vacuum cleaner was used to clean the active area of the readout

board, taking care not to scratch the copper traces.

– The readout board was placed on top of the GEM stack without contact-

ing the strips with fingers as shown in Figure 4.30 (right).

Figure 4.30: Inserting the external frame between the GEM stack and assembly jig
(left and middle) and mounting the readout board on the stack (right).

– The Polyamide washers were placed into the conical holes and the M3

screws were inserted as shown in Figure 4.31 (left). The screws were

tightened at 1.2Nm using the manual torque screw-driver, as indicated

in Section 4.4.1.2. When all of the screws were in place, the aluminum

bars were removed to allow access to the chamber.

– The GEM foils and gaps are tested at 550V once again and after each

test, the foils were discharged.

– The induction gap can also be checked in this setup. The Panasonic-to-

Lemo adaptor was attached to one of the readout sectors as shown in

Figure 4.31 (middle).

– The 550V was applied between the GEM3 bottom and the signal pad of

the Panasonic-to-Lemo converter while the chamber was held vertically.

The location of the GEM3 bottom pad is shown in Figure 4.31 (right).

The impedance should immediately reach 100G⌦.

– If the impedance of the induction gap is lower than 100G⌦, or several

discharges experienced at 550V, there might be a short circuit of a weak
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Figure 4.31: Sealing the chamber (left), placing Panasonic-to-Lemo adapter (middle),
and testing the induction gap using an insulation meter (right).

point caused by the bending of the readout PCB toward the third GEM

foil. In this case, the problem can be localized by removing all the 0⌦

terminations from the Panasonic-to-LEMO adapters. Then negative and

positive pins of Megger were connected to the HV pad corresponding to

the GEM3 bottom and the signal pad of the Panasonic-to-LEMO adapter,

respectively on the readout sector i⌘=1, i�=1. The impedance was then

measured after one minute and the number of sparks was counted for 1-2

minutes. This procedure was repeated for all 24 readout sectors.

– The same procedure was used for all of the readout sectors of the cham-

bers.

The GE1/1 chamber is now ready for the next round of quality checks.

4.5 GE1/1 quality assurance/quality control test

It is important that the chamber must pass all Quality Assurance (QA) and QC

tests in order to ensure fully e�cient. The standard QA and QC procedures have

been established by the GEM Collaboration at CERN to ensure that the chamber

does not have any mechanical or electrical issues that could impact its operation

after installation in the Muon endcap in the CMS experiment. These procedures

are the same at all GEM assembly and QC sites worldwide. Out of the few tests,

some are carried out at CERN while others are carried out at the production sites.
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Several steps of the overall process for various QA and QC procedures are shown in

Figure 4.32. There are mainly three phases:

• Purchasing, manufacturing, and QC testing of assembly components at the

CERN production site;

• Single GE1/1 chamber assembly and QC test at all production sites;

• Superchambers were built and tested at the CERN manufacturing site using

chambers delivered from other production sites before being installed in the

CMS muon system.

The following Subsections detail the QC2-QC4 tests performed during and

after the assembling of the GE1/1 chambers at the PU production site:

• GEM-foils: QC2 fast - leakage current test;

• GE1/1 chamber: QC3 - gas leak test in CO2;

• GE1/1 chamber: QC4 - HV test in CO2;

4.5.1 QC2 - leakage current test

QC2 - leakage current test determines the quality of a GEM foil by measuring the

maximum leakage current flowing on the surface of the GEM holes. As a result,

the QC2 test must be performed before, during, and after the assembly of the

chamber. When a voltage is applied across the GEM electrodes, current begins to

flow from the top to the bottom of the foil due to the surface conductivity of the

Polyamide (Kapton). This current is referred to as the leakage current because it

always flows across the Polyamide surface and cannot be eliminated. The quality

of GEM foil and cleanliness both have a significant impact on its conductivity. Any

dust, contamination or defect could act as a bridge between the top and bottom
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layers of foil and hence leads to an increase in leakage current through the Polyamide

surface. To ensure the perfect functionality of the GEM foils, the QC2 procedure is

divided into five steps:

• GEM foil preparation and cleaning: All activities involving GEM foil must be

performed in a clean room, as previously mentioned in Subsection 4.4.2.1.

• QC2 fast (GEM acceptance test I): As previously mentioned in Subsec-

tion 4.4.2.1.

• QC2 long (GEM acceptance test II): Before the shipping of the foils to the

production sites, the HV long-term stability of the GEM foils was measured in

a dry environment. It consists of monitoring the leakage current and possible

sparks when the GEM foil is subjected to HV, typically up to 600V during a

period of 30 minutes to 1 hour. More detail can be found in Ref. [20–24].

• QC2 fast post-assembly in the clean room: As previously discussed in Subsec-

tion 4.4.2.2.

• QC2 fast in dry gas: The QC2 fast test in dry gas must be performed just

before mounting the HV circuit on the chamber. The GE1/1 chamber was

flushed with pure CO2 for at least 5 hours at a gas flow rate of 2.5 L/h. A

detailed overview of the gas system is discussed in the next Sections 4.5.2

and 4.5.3. The CO2 gas is useful to dry out the GEM foils, prevent electron

amplification, and therefore avoid the possible propagation of discharges. After

flushing the chamber, the fast test was performed in the same manner as the

QC2 fast test in a clean room (previous test). After one minute of no repetitive

discharges, the impedance of the GEM foils and the gap must be greater than

20G⌦ and 100G⌦, respectively. A few discharges may occur after a few

seconds due to dust deposition on the GEM foils. When the dust particles

have been blown away, the GEM should be completely quiet.
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All eight chambers are called “GE1/1 X S INDIA 00YY” (where ‘YY’ stand for

‘02’, ‘07’, ‘08’, ‘09’, ‘10’, ‘15’, ‘16’, ‘17’) assembled at PU site passed the QC2 -

leakage current test and are then taken to next QC test, called QC3 - gas leak test.

4.5.2 QC3 - gas leakage test

The QC3 - gas leak test aims to determine the gas leak rate of a GE1/1 chamber

by monitoring the drop of the internal over-pressure as a function of time. There is

a chance that gas will leak from the drift board and readout board since they are

secured with hundreds of screws. This might happen because some screws were left

loose during assembly or were tightened so forcefully that they broke inside. Gas

leaks have an impact on the functioning of the chamber in addition to producing

gas waste, which pollutes the environment. A schematic representation of the QC3

gas circuit is shown in Figure 4.33 (top). The gas input of the chamber is connected

to a CO2 gas bottle equipped with a two-stage pressure regulator with the output

pressure being set to a maximum of 50 millibars (mBar). The input flow-meter,

together with its manual valve, allows for controlling the gas flow rate at the entrance

of the chamber while the output flow-meter helps to monitor the output flow and

therefore identify large leaks. The input and output valves are used to isolate the

chamber from the rest of the gas system during the gas leak test. The calibration of

the gas system is done before connecting the chamber, as indicated in Figure 4.33

(bottom). A pressure indicator is connected between the input and output valves in

order to monitor the over-pressure inside the system only or the chamber + system.

Additional atmospheric and ambient temperature sensors are located nearby the

test stand. All sensors are then connected to a micro-controller (e.g. ARDUINO

Mega 2560), which is responsible for the data acquisition (DAQ) and slow control.

A typical QC3 system test stand prepared at the PU site is shown in Figure 4.34.

The QC3 gas leak test is divided into two steps: system calibration and cham-

ber + system leak measurement.
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Figure 4.33: QC3 gas leak test experimental setup.

Figure 4.34: Front (left) and back view (right) of QC3 gas leak test Stand.
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• System calibration: The calibration of the gas system was performed by

connecting the input and output lines of the gas system. The input and output

valves of the gas system are then opened. The input gas flow rate of CO2 was

set to 5 L/h by adjusting the manual valve of the input flow-meter. The output

flow rate was instantly visible on the output flow-meter. The output valve of

the gas system was then closed and the pressure inside the system began to

rise. The over-pressure in the system was set to about 25 hectopascal (hPa),

and the input valve was closed as soon as this pressure was reached. The DAQ

system monitored the drop in internal over-pressure as a function of time as

well as other environmental factors (room temperature, relative humidity, and

atmospheric pressure). The pressure drop in the gas system should not exceed

1 hPa per hour. When the system passed this test then the chamber + system

gas leak is measured.

• Chamber + system leak measurement: The gas inlet and outlet of the

chamber were connected to the gas system. The input and output valves of

the gas system are then opened. The manual valve of the input flow-meter was

adjusted to allow CO2 to pass through the chamber. The input gas flow rate

of CO2 was set at 5 L/h and the chamber was flushed for at least 30 minutes.

The output flow rate was immediately visible on the flow-meter. The output

valve of the gas system was then closed and the pressure inside the chamber

began to rise. The over-pressure in the chamber was set to about 25 hPa,

and the input valve was closed to isolate the chamber as soon as this pressure

was reached. The valve on the input flow-meter was then closed. Because

the GE1/1 chambers cannot sustain internal over-pressures greater than 40–

50 hPa, before closing the output valve, confirmed that the gas system is under

control. The DAQ system records the over-pressure inside the chamber as a

function of time as well as other environmental factors. The GE1/1 chamber

is validated if the pressure drop in the chamber + gas system does not exceed
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7 hPa per hour.

The internal gas pressure is parametrized by P(t)=P0exp(-t/⌧), where P0 is the

initial internal over-pressure and parameter ⌧ specifies how fast the over-pressure

inside the chamber decreases as a function of time. The QC3 acceptance limit is ⌧

� 3.04 hours, which corresponds to a maximum acceptable chamber + gas system

leak rate of around 7 hPa/hr. All the chambers assembled at the PU production

site successfully passed the QC3 gas leak test because gas leak reduction rate is less

than 7 hPa/hr as shown in Figure 4.35.
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Figure 4.35: The QC3 test results for the GE1/1 chambers assembled at PU.

4.5.3 QC4 - HV test in CO2

After the QC3 test, the QC4 test is performed which is a high voltage test to de-

termine the voltage versus current curve of the chamber and to identify possible

malfunctions, defects in the HV circuit, and intrinsic noise rate in the GEM cham-

ber. A programmable HV power supply (CAEN SY5527) provides the negative HV
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(VSET) which allows to control the current limit (ISET), the steps to ramp up and

down the voltage, the maximum voltage, and the trip time. This power supply must

be able to deliver a current up to 1mA with a monitoring resolution less than 1µA

in order to identify possible leaks, sparks, or unusual current fluctuations.

The QC4 data acquisition setup for spurious signal measurements is shown in

Figure 4.36. A HV low pass filter was placed between the power supply and chamber

to reduce the electronics noise (by rejecting the high frequency noise from the power

supply) so that a stable voltage can be provided to the electrodes. The signal gen-

erated at the anode is processed using charged sensitive pre-amplifier connected to

the bottom electrode of the third GEM foil through a decoupling RC circuit already

existing on the drift board of the chamber. Further, amplified and recorded signal

obtained from readout strips was sent to the timing filter amplifier + shaper unit.

The output is then fed into the discriminator which converts it into a rectangular

digital pulse, which is then fed into a dual timer, which provides a veto signal to

prevent the fake counts. The generated digital pulse is then transferred to a scalar

and counter unit for rate measurement. The following steps were taken during the

QC4 test:

• The chamber was connected to the QC3 gas system and flushed with pure CO2

gas for at least 5 hours at a gas flow rate of 5 L/h. A ground shielding was

placed on top of the readout board to insulate the chamber from background

noise. The Panasonic-to-LEMO adapters with 50⌦ terminations were con-

nected to all the readout sectors. The ground pad of the PCBs was connected

to the grounding plate with copper tape as shown in Figure 4.37 (left).

• Then the input wire of the pre-amplifier is soldered to the dedicated pad on

the drift PCB as shown in Figure 4.37 (right).

• The HV voltage cable was connected to the Safe High Voltage (SHV) con-

nector on the chamber and an HV low-pass filter was connected between the
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SHV connector of the chamber and power supply. In this configuration, the

maximum noise level should be less than 100mV. The power supply was set

up as follows: Ramp up = 50V/s; Ramp down = 250V/s; Max voltage =

5050V; Trip time = 0 s, and Trip action = KILL.

• The amplifier was set to Coarse gain = 4, Fine gain = 4.5, Integrate = 500 ns,

and Di↵erential = 500 ns.

• Copper ribbons are also utilized to properly ground the chamber, pre-amplifier,

and HV filter.

• The discriminator threshold and scalar clock were both set at �140mV and

60 s, respectively.

• A digital multimeter was used to measure the total resistance of the HV circuit

(the divider plus all HV filters). The total resistance was used to calculate the

expected current in the divider for every HV point.

• The current limit Iset of the power supply was set according to the expected

target value plus 5µA, and the corresponding high voltage Vset was switched

on. After the operating current and voltage get stable, the actual voltage Vmon

and current Imon, and intrinsic noise rate of the chamber were recorded. The

intrinsic noise rate is defined as the rate of signals that do not arise due to

the ionization of the gas. The total number of counts was measured using the

scalar unit for the intervals of 60 s. During this step, the oscilloscope was also

examined to identify possible spurious signals, unusual or repetitive signals in

the chamber.

• The previous steps were repeated until the chamber voltage reached 4900V.

The chamber voltage was ramped up to 3000V in 200V steps and up to 4900V

in 100V steps. However, in order to bring the chamber to a new HV point, first

the current limit ISET is changed according to the value given in the template

file, adding 5µA. The voltage Vset was then changed and confirmed.
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Figure 4.36: QC4 HV test experimental setup.

Figure 4.37: QC4 overview of the chamber with the grounding plate and 50⌦ termi-
nations (left) and QC4 close view of the sample point on the drift PCB (right).
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The I-V curve is plotted, which must be linear, and is fitted by a straight

line to determine a resistance (“fitted resistance”). The reciprocal of its slope gives

the resistance (RIV) of the HV distribution system. This calculated resistance RIV

is then compared with the value of measured resistance by a digital multimeter

(Rmultimeter). The chamber will pass the test if the deviation in the resistance between

the Rmultimeter and RIV is  2%, because a deviation greater than 2% indicates a

loss of linearity. The maximum intrinsic noise rate should be  100Hz at the value

of current ⇠999µA, which is less than 10�2Hz/cm2, which is a negligible value

in comparison to the 4.5 kHz/cm2 background rate expected in CMS in standard

operating conditions. Table 4.2 shows the value of measured resistance (Rmultimeter)

by multimeter, resistance (RIV) by IV curve, and maximum intrinsic noise rate (at

the value of current ⇠999µA) for all the chambers assembled at PU. Figure 4.38

(left) shows the monitored voltage (Vmon ) as a function of the monitored current

(Imon ) and Figure 4.38 (right) shows the intrinsic noise rate as a function of the

monitored current for di↵erent GE1/1 production chambers. All of the chambers

successfully passed the QC4 HV test because the deviation in resistance is < 2% and

the maximum intrinsic noise rate is 11.88Hz which is very less than 100Hz. Some

data points of the eight chambers overlap, because the I-V relation of each chamber

is similar.

Table 4.2: Results from QC4 HV test showing the value of measured resistance
(Rmultimeter) by multimeter, resistance (RIV) by IV curve, and the maximum intrinsic
noise rate (at the value of current ⇠ 999µA) for all assembled chambers at PU.

Chamber ID Resistance by multimeter Resistance by I-V curve Intrinsic noise
(RIV)(M⌦) (Rmultimeter) (M⌦) rate(HZ)

GE1/1 X S INDIA 0002 4.67 4.69 11.88
GE1/1 X S INDIA 0007 5.00 5.01 3.50
GE1/1 X S INDIA 0008 5.00 5.02 6.57
GE1/1 X S INDIA 0009 5.00 5.01 5.62
GE1/1 X S INDIA 0010 4.97 5.02 5.72
GE1/1 X S INDIA 0015 4.96 5.01 11.30
GE1/1 X S INDIA 0016 4.97 5.02 8.58
GE1/1 X S INDIA 0017 5.00 5.02 8.25
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Figure 4.38: The QC4 HV test result (left) and intrinsic noise rate as a function of
monitored current (right) for 8 GE1/1 chambers assembled at PU.

4.6 Further QC testing, integration and valida-

tion with cosmic-ray muons

• QC5 - Gain calibration test: After QC4, the next test is QC5 which is

performed in two steps: measuring the e↵ective gain as a function of the

voltage applied to the divider and response uniformity of the chamber. The

measurement of the e↵ective gain consists of comparing the primary current

induced in the drift gap by the X-ray source with the output current after

amplification. The e↵ective gain is always measured on the central readout

sector (i⌘,i�)=(4,2) as a function of the current through the divider using an X-

ray tube with an Ag target and beam energy maxima at 22.5 keV and 25 keV.

More details can be found in Ref. [20–24]. After completing the QC5 test,

the chambers were shifted to CERN for further QC tests and superchamber

assembly. At CERN, I participated in QC7 test and superchamber assembly.

• QC6 - HV test: After chambers are returned to CERN, the first test per-

formed is QC6, which involves measuring the I-V curve before and after the

HV connector is replaced with the standard cable installed at CMS.
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• QC7 - Electronics connectivity, gas leak, and electronic noise with

cooling test: All connections of electronic components such as VFAT, FEST,

OH, and so on of the GEM chamber are evaluated during the QC7 test. Fig-

ure 4.39 (left) shows the GEM with GEB, and Figure 4.39 (right) shows the

GEM after all of the electronic components have been placed on GEB.

Figure 4.39: GEM chamber with GEB (left) and GEM chamber with all electronics
components (right).

To analyze the chamber characteristics, the following tests are performed:

– Connectivity and DAC threshold scan test: During the connection

test, all electronic components are examined. Each of the VFAT DACs

(Digital to Analog Converter) is calibrated when the proper communica-

tion between the frontend and backend electronics has been established.

The VFAT has a programmable register called a “DAC” that controls

charge amplification, charge shaping, bias current, and other functions.

The DAC register setting corresponds to the nominal value of the ADC

(Analog to Digital Converter) are provided by the VFAT3 designers. The

appropriate DAC value may change due to the radiation, and a calibra-

tion of the global VFAT DACs is performed for each VFAT. Figure 4.40

(left) shows the calibrated global DAC register values (CFG THR ARM)

for each channel of the VFATS.
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As there is no charge injection, the connection between the VFATs and

the chamber readout board is checked during the threshold scan test by

allowing 100Hz of noise. The presence of noise hits at a fixed threshold is

checked 100 times for each of the global threshold CFG THR ARM reg-

isters scanned values. The absence of noise hits in the channels indicates

a disconnection of VFATs from the readout strips. This is because when

the capacitance at the channel inputs is reduced, there is less intrinsic

noise. Figure 4.40 (right) shows an example of a partially unplugged

VFAT, where channels 55–127 behave di↵erently than those between 0

and 54. The solution is as simple as re-plugging the VFAT.

Figure 4.40: Recorded CFG THR ARM the DAC register value for every channel of
the VFATS (left) and partially unplugged VFAT on the readout board (right).

– S-bit rate scan: This test confirms that no issues exist in the trigger

path by comparing the noise rate recorded by the VFAT3 trigger as a

function of the global thresholds by scanning the CFG THR ARM reg-

ister values from 0 to 255. The CFG THR ARM DAC register value

corresponding to 100Hz noise is selected independently for each VFAT.

To pass this test, the S-bit scan curve must be smoothly falling as shown

in Figure 4.41 (left), and the threshold must be less than 50 for each of the

24 VFAT. The steeply falling part of the curve represents the reduction
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in noise rate when the threshold is increased. As shown in Figure 4.41

(right) deviation from a smoothly falling curve indicates faulty channels

or poorly connected VFAT. Poorly connected VFATs cause interrupted

(“broken”) S-bit lines between the VFAT and the OH, which may be fixed

by unplugging and replugging the electronic components and cleaning all

connections.

Figure 4.41: Noise rate as a function of the threshold for a normally behaving VFAT
(left) and for misplaced/faulty VFAT (right).

– S-curve scan: In this test, a calibration pulse is sent to each channel

and whether or not a hit is registered is recorded. The S-curve represents

the over all response of a channel to the amount of injected charge. As

the amount of the injected charge increased, the response of the channel

also increased, and eventually, the e�ciency will reach 100 percent. The

shape of the graph is similar to S, therefore it is called S-curve as shown

in Figure 4.42 (left). Sometimes few channels in some VFATs have zero

e�ciency for each DAC value, which has an e↵ect on chamber e�ciency

as shown in Figure 4.42 (right). This test determines which channels are

dead, and if there are less than three, they should be masked. If more

than three channels per row are dead, this is unacceptable, and it must

be resolved before rerunning the test.

The strip capacitance, which is inversely proportional to their area, de-
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Figure 4.42: S-curve showing one VFAT having 100 percent e�ciency for each DAC
value (left) and VFAT having dead channels (right).

termines the intrinsic noise. Because the noise level is higher for larger

readout partitions, the frontend thresholds must be higher to achieve the

same noise rate. This may be verified by plotting the mean (threshold)

and sigma for the S-curves that correspond to a noise hit at 100Hz. Fig-

ure 4.43 shows the mean and sigma for all VFATs of a single chamber.

In Figure 4.43, the colorful box contains 50% of the channels, the dashed

lines have 100% of the channels, and the mean (median) is represented by

the circle (line) inside the colored box. Noise increases from the narrow-

est to the widest eta sector, with additional noise for the VFATs closest

to the OH. To pass this test, the threshold and noise of each VFAT must

be less than 10 fC and 1 fC, respectively.

• Superchamber assembly: The above mentioned tests were repeated once

the cooling plate and thermal screen were installed, as illustrated in Figure 4.44

(left and middle). After passing the all electronics test, the superchamber is

formed by coupling two GEM chambers, as shown in Figure 4.44 (right).

• QC8 - cosmic ray test: This test is performed to validate the performance

of the superchamber and its electronics. The major purpose of this test is to

measure the e�ciency and time resolution of the chamber.
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Figure 4.43: Threshold of VFAT3 (left) and Noise (right).

Figure 4.44: Chamber with cooling plate (left), with the thermal screen (middle), and
superchamber assembly (right).
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After passing all QC tests, the superchamber is installed in the Muon endcap.

4.7 GE1/1 installation and early commissioning

The first GE1/1 endcap was successfully installed in September and October 2019,

with the second endcap installed in June 2020. Before installing the first endcap, a

pilot exercise was carried out in July 2019 by installing two superchambers in order

to validate the installation technique and obtain early feedback on the electronics

response in the CMS environment. The improved grounding of the CMS experi-

ment helped in improving the response of the electronic frontend, and lowering the

Equivalent Noise Charge (ENC) per VFAT chip and per single channel. Figure 4.45

(left) shows the comparison of the ENC per VFAT derived from S-curves (sigma of

the S-curves fit) taken in QC7, QC8, and at the early commissioning in the CMS

experiment at P5. The boxes represent 50% of the channels and the bars 100% of

them. Figure 4.45 (right) shows the distribution of the ENC derived from S-curves

(sigma of the fit of the S-curves) taken in QC7, QC8, and P5. All the 3072 (28⇥124)

channels of the chamber are contributing to the distributions [25].

Figure 4.45: Comparison of Equivalent Noise Charge (ENC) of chamber GE1/1-X-S-
INDIA-0006 measured at QC7 and QC8, and in the CMS experimental cavern after
the installation (a) per VFAT (b) per readout channel [26].
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This Chapter describes the assembly and QC tests (QC2, QC3, and QC4) of

eight GEM chambers performed at the PU cite as well as further QC tests (QC5,

QC6, QC7, and QC8) of other chambers performed at the CERN cite. All chambers

have been successfully installed in the endcap of the CMS muon spectrometer. The

physics analysis performed at 13TeV is discussed in the next Chapter.
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Chapter 5

Measurement of the production

cross section for Z+b-jets in

proton-proton collisions at
p
s =

13 TeV

5.1 Introduction

As discussed in Chapter 1, the measurement of Z+ b-jets processes can be used to

test pQCD predictions by comparing the measured cross sections with theoretical

predictions. The Z+b-jets measurements help to extract PDFs for the b quarks [1]

and constraint the PDF uncertainty in the measurement of the W boson mass [2].

These processes are the dominant background for Higgs boson production in as-

sociation with a Z boson (ZH, H ! bb̄) in the standard model. These processes

are also a source of background in many BSM scenarios, such as the production of

supersymmetric Higgs bosons in association with b quark, and new generations of

heavy quarks decaying to a Z boson and a b quark, etc. Therefore, the measurement

of Z+b-jets processes is one of the important objectives of collider experiments.

181
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The CDF [3] and D0 [4] Collaborations have measured the cross section of Z

+b-jets processes using proton-antiproton collisions data at
p
s = 1.96TeV. At the

CERN LHC, the measurements of the Z+ b-jets processes have been performed at

7TeV by the CMS [5] and ATLAS [6] Collaborations, at 8TeV by CMS [7], and at

13TeV by ATLAS [8], using the pp collisions data.

In this thesis, we present the first measurement of Z + b-jets cross section at

13TeV using data collected by the CMS experiment. The integrated cross sections

together with di↵erential distributions of the Z +� 1 b-jet processes are measured

and compared with various MC predictions.

5.2 Signal process

The Z boson accompanied by b-jets can originate from quark-gluon, quark-

antiquark, and gluon-gluon interactions in pp collisions. Examples of Feynman

diagrams of the signal process with quark-gluon, quark-antiquark, and gluon-gluon

interactions for Z+1b-jet and Z+2b-jets final states are shown in Figure 5.1. The

decay of the Z boson can occur in several ways. It prefers to decay hadronically,

with almost 70% of the decay being to strong interacting particles. Invisible decays

to neutrinos account for 20% of the decays and the remaining are leptonic decays

to electrons, muons, and taus in almost equal amounts. It is experimentally very

di�cult to detect the hadronic channels among the abundant QCD background but

leptonic decays o↵er a clean signature at hadron colliders. For the present analysis,

the signal event comprises two oppositely charged leptons (e+e�/µ+µ�) originating

from the decay of the Z boson and at least one b quark jet.
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Figure 5.1: Examples of Feynman diagrams for Z+1b-jet (left) and Z+2b-jets (middle
and right).

5.3 Background processes

Background events are those that can mimic the characteristics of the signal but

are not real signal events. In the present analysis, the final state consists of two

leptons and b-jets. There are many processes that can produce similar final state

as discussed below.

• Z + jets processes: The Z + jets processes include signal events as well as

background events from Z+ c-jet and Z + light-jet as shown in Figure 5.2 in

which a jet is initiated by a charm quark (c-jet) and a light quark or gluon

(light-jet), respectively is misidentified as a b-jet.

Figure 5.2: Examples of Feynman diagrams for Z+ c-jets (left) and Z+ jets (right).

• tt̄ process: The top quark-antiquark pairs are produced via quark annihila-

tion (qq̄ ! tt̄) and gluon fusion (gg ! tt̄) processes, as shown in Figure 5.3.

The top quark can decay into a W boson and a b quark jets, with a branching
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fraction of more than 95% [9, 10], as shown in Figure 5.4. These W bosons

can further decay either leptonically or hadronically into jets. So, pp ! tt̄

! W+W�bb̄ ! l+l�bb̄ + Emiss

T process is the dominant non-(Z+ jets) back-

ground source for the Z+b-jets process.

Figure 5.3: Examples of Feynman diagrams for tt̄ process.

Figure 5.4: Decay scheme of top quark.

• Diboson processes: The major diboson processes which can mimic the signal

are ZZ, WZ, and WW processes. Tree-level diagrams illustrating the associ-

ated production of bosons are shown in Figure 5.5. Among these diboson

processes, the following decay modes can lead to two leptons in the final state:

Z ! ll, W ! l⌫. Diboson events may mimic the Z + b-jets final state when

missing the reconstruction of one or more leptons or when one W or Z boson
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decays hadronically into qq̄ pairs (in particular, a Z boson may decay into a

bb̄).

Figure 5.5: Examples of Feynman diagrams for various diboson production processes.

• Single top processes: Another source of contamination for the Z + b-jets

final state comes up from the single top production in the s-channel, t-channel,

and tW-channel as shown in Figure 5.6. The s-channel results in the produc-

tion of a time-like W boson which then decays into a top and a b quark, while

the t-channel involves the exchange of a space-like W boson. The tW-channel

mode leads to the production of a top quark in association with a W boson. In

all cases, the final state contains at least one W boson and at least one b-jet,

and can thus reproduce the signal process. In the first two cases, the single

top is produced with a b-jet, leading to a final state with an isolated lepton

and at least two b-jets, and thus they mimic the Z+b-jets final state when a

secondary lepton is misidentified. In the signal process, single top background

contributions are significantly low as compared to tt̄ and Z+c-jet processes.

• W+jets process: The W+jets events as shown in Figure 5.7 with W ! µ⌫

having a branching fraction of about 11% can mimic the signal when one of

the associated jets (mainly the leading one) is misidentified as an additional
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Figure 5.6: Examples of Feynman diagrams for the single top quark production in LO
s-channel (left), NLO t-channel (middle), and NLO tW (right) subprocess.

lepton and another jet as a b-jet. The W + jets contribution to the signal

process is negligible.

Figure 5.7: Examples of Feynman diagrams for the W+ jets production process.

5.4 Data and Monte Carlo samples

The present analysis is performed using the pp collision data and various MC samples

as discussed below.

• Data samples: This is the first measurement of the Z + b-jets process per-

formed using a data sample of pp collisions at a
p
s = 13TeV collected by the

CMS experiment during the 2016 (35.9 fb�1), 2017 (41.5 fb�1), and 2018 (59.7

fb�1) data-taking periods with an integrated luminosity of 137fb�1. The mean

numbers of interactions per bunch crossing are 23, 33, and 32 for the 2016,

2017, and 2018 data-taking periods, respectively as shown in Figure 5.8.

• Monte Carlo samples: Several MC event generators with di↵erent ver-

sions, tunes, and PDFs are used to simulate signal and background processes.



5.4 Data and Monte Carlo samples 187

� �� �� �� �� ��
�

0HDQ�QXPEHU�RI�LQWHUDFWLRQV�SHU�FURVVLQJ

�

���

����

����

����

����

����
5
H
F
R
U
G
H
G
�/
X
P
LQ
R
V
LW
\
��
}
A
�
d
��
��
�
�

� !� ���

���7z )E�3 1EK

&06

�

���

����

����

����

����

����

&06�$YHUDJH�3LOHXS��SS��������
0
R ) ����7H9

� �� �� �� �� ��
�

0HDQ�QXPEHU�RI�LQWHUDFWLRQV�SHU�FURVVLQJ

�

���

����

����

����

����

����

5
H
F
R
U
G
H
G
�/
X
P
LQ
R
V
LW
\
��
}
A
�
d
��
��
�
�

� !� ���

���7z )E�3 1EK

&06

�

���

����

����

����

����

����

&06�$YHUDJH�3LOHXS��SS��������
0
R ) ����7H9

Figure 5.8: Mean number of interactions per bunch crossing for the 2016 and 2018
data-taking periods [11].

These MC samples are employed to optimize event selection, validate data-MC

performance, estimate the background, and correct the measurement for the

detector e↵ects.

– Signal samples: The Z with an exclusive jet multiplicity up to 2 is

simulated at NLO precision by madgraph5 amc@nlo (mg5 amc) [12]

version 2.3.2.2 for 2016 data and version 2.6.0 for the 2017–2018 data

with the FXFX [13] matching between the jets from ME calculations and

PSs. A second sample is produced with mg5 amc version 2.2.2 (2.4.2)

for the 2016 (2017–2018) data-taking period using LO MEs for pp ! Z

+n jets (n  4), with the MLM matching scheme [14].

The mg5 amc generator is interfaced with pythia v8.212 (v8.230) [15]

for PS, hadronization, and the UE simulation using tune CUETP8M1 [16]

(CP5 [17]) for the 2016 (2017–2018) data-taking period. Matching be-

tween the ME generators and the PS jets is done with the matching scales

set at 19 and 30GeV for the mg5 amc LO and NLO, respectively. The

NNPDF 3.0 LO (NLO) and NNPDF 3.1 NNLO (NNLO) PDF sets [18]

are used for mg5 amc LO (NLO) for the 2016 and 2017–2018 data-taking
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periods, respectively. In the ME calculation, the value of the NNPDF 3.0

(NNPDF 3.1) ↵s at the Z boson mass is set to 0.130 (0.118) for mg5 amc

at LO and is set to 0.118 (0.118) for mg5 amc at NLO for the 2016

(2017–2018) data-taking period.

A third inclusive sample has been produced with sherpa v2.2.4 [19] to

generate pp ! Z + n jets events, with n  2 at NLO and n = 3, 4 at

LO. The merging with the sherpa PS is done with a matching scale of

20GeV. The NNPDF 3.0 NLO PDF and a dedicated set of tuned PS

parameters developed by the sherpa authors are used.

All three signal samples use the 5FS with b quark density allowed in the

initial state via the b and c quark PDF, with the b and c quarks typically

considered massless in the ME calculation.

These Z + jets samples are inclusive in the jet flavors (b, c, and light).

In the simulation, the classification of reconstructed Z+jet events into Z

+b-jet, Z+ c-jet, and Z+ light-jet categories are based on the flavors of

reconstructed jets. They are classified as b- or c-jets if they are matched

to the generated b or c hadrons, respectively. The matching is done

using the ghost association procedure in which the modulus of the hadron

four-momentum is set to a small number, retaining only the directional

information [20]. In the case when both c and b hadrons are matched,

the jet is considered as a b-jet. Based on reconstructed jets with defined

flavors, events are classified as Z+b-jet events if they contain at least one

b-jet. Of the remaining events, those that contain at least one c hadron

are considered as Z + c-jet events, and those that contain neither b nor

c hadrons are classified as Z+ light-jet events. Hence, Z+ jets processes

include both signal events (Z+ b-jet) as well as background events (Z+

c-jet and Z+ light-jet).

– Background samples: The tt̄ (W+ jets) process is generated at NLO
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(LO) by powheg v2.0 [21–23] (mg5 amc) and mg5 amc (mg5 amc) for

the 2016 and 2017–2018 data-taking periods, respectively. The tt̄ (W+

jets) process generators are interfaced with pythia for parton shower-

ing and hadronization using tune CUETP8M2T4 [24] (CUETP8M1) and

CP5 (CP5) for the 2016 and 2017–2018 data-taking periods, respectively.

The single top quark t-channel and tW-channel processes are simulated

at NLO with powheg v2.0 and powheg v1.0, respectively, whereas the

s-channel process is simulated with mg5 amc at NLO, both interfaced

with pythia.

For tt̄ (W+ jets) process pythia v8.212 (v8.212), v8.226 (v8.230), and

v8.230 (v8.230) are used in 2016, 2017, and 2018, respectively. The

pythia v8.212, v8.212, and v8.205 are used for single top quark t-channel,

tW-channel, and s-channel processes, respectively, in 2016, while pythia

v8.226 and v8.230 are used in 2017 and 2018, respectively, for all single

top quark processes. The diboson background processes are simulated at

LO using pythia v8.205, v8.226, and v8.230 for 2016, 2017, and 2018,

respectively.

All Z+ jets processes are scaled to NNLO accuracy in QCD based on the Z+

jets cross sections calculated with FEWZ v3.1 [25]. The W+jets, single top quark,

and diboson predictions are scaled to NNLO accuracy [26,27]. The prediction for tt̄

production is normalized to NNLO calculations in pQCD including resummation of

NNL logarithmic soft-gluon terms with TOP++ 2.0 [28,34].

The MC samples are processed with the full CMS detector simulation based on

geant4 [35]. To compare data with MC simulation, the event yields of MC simu-

lated samples are normalized by multiplying a weight factor (w). This weight factor

is calculated from the production cross section of the MC samples (�), integrated

luminosity (L) of collision data, and the total number of MC simulated events (N)
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for the corresponding process and is defined as follows:

w =
� · L

N
. (5.1)

5.5 Observables

In this analysis, the di↵erential cross section for Z + � 1 b-jet events is measured

as a function of various kinematic observables: the transverse momentum of the

dilepton (pZT); the highest pT (leading) b-jet (pb-jet
T

); the absolute pseudorapid-

ity of the b-jet (|⌘b-jet|); the azimuthal angle di↵erence between the Z boson and

the b-jet (��(Z, b-jet)); the rapidity di↵erence between the Z boson and the b-jet

(�y(Z, b-jet)); and the angular correlation variable, which is defined as the separa-

tion in the pseudorapidity and azimuthal angle between the Z boson and the b-jet

[�R(Z,b jet) =
p�

�⌘(Z,b jet)
�
2 +

�
��(Z,b jet)

�2
]. Here, the normalized di↵erential cross

section is also measured which can better constraint the theoretical predictions be-

cause of the cancellation of the correlated systematic uncertainties. The pZT, p
b-jet

T
,

and |⌘b-jet| observables are directly sensitive to the b quark PDF and details of the

pQCD calculations. Searches for physics processes BSM in lorentz-boosted topology

events depend on precise knowledge of the Z boson pT distribution. The distribution

of ��(Z, b-jet) is also sensitive to the presence of boosted particles decaying into a Z

boson and b quarks. The angular separation is also sensitive to ISR, FSR, and MPIs

where extra jet(s) a↵ect the corresponding variables [9].

To understand the dynamics of Z + � 1 b-jet and Z + � 2 b-jets, the ratio

of their di↵erential cross section is also measured as a function of pT and |⌘| of the

leading b-jet. These measurements allow a further reduction in various experimental

uncertainties such as those related to the jet energy scale measurement. The Z +

� 2 b-jets analysis has been performed by other collaborative group and details can
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be found in Ref. [36].

5.6 Events selection criteria

The measurement has a Z boson (! ee/µµ) and b-jets in the final state. The

measurement with this final state requires the number of conditions on kinematic

and identification properties of the final state objects as discussed below.

• Trigger: The collision events required to pass single lepton triggers as listed

in Table 5.1. At the trigger level, the events are required to have at least one

electron (muon) candidate with a minimum pT of 27, 32, and 32GeV (24, 27,

and 24GeV) during 2016, 2017, and 2018 data-taking periods, respectively.

The single electron and muon trigger e�ciencies are measured by the CMS

collaboration using a data-driven method based on the tag-and-probe (T&P)

technique [37] which exploits Z ! ee and Z ! µµ events. Figure 5.9 shows the

e�ciency of the electron trigger [38] for the 2018 and of the muon trigger [39]

for the three years. The single electron and muon trigger e�ciency is about

80% and exceeds 90% over the full ⌘ range, respectively, at the e�ciency

plateau. The di↵erences in trigger e�ciencies between data and simulation

are corrected by applying the corresponding scale factors to MC simulation.

The scale factors are calculated from the ratio of the e�ciencies estimated on

data and MC simulation.

• Vertex selection: Each event is required to contain at least one well recon-

structed PV in order to select the good collision events. So, events are removed

which are not coming from pp collisions, such as those from beam-gas interac-

tions or beamscraping in the transport system near the interaction point. The

reconstructed primary vertices are required to have |z| position within 24 cm

around beamspot. Vertex is needed to have a radial position within 2 cm of

the beamspot axis and a vertex fit exceeding four degrees of freedom. Out
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Table 5.1: HLT triggers path and their pT thresholds used to collect events from a
given sample for the 2016, 2017, and 2018 data-taking periods.

Year channel Trigger name pT threshold
2016 ee HLT Ele27 WPTight Gsf v? > 27GeV

µµ HLT IsoMu24 v? or HLT IsoTkMu24 v? > 24GeV
2017 ee HLT Ele32 WPTight Gsf L1DoubleEG v? > 32GeV

and hltEGL1SingleEGOrFilter
µµ HLT IsoMu27 v? > 27GeV

2018 ee HLT Ele32 WPTight Gsf v? > 32GeV
µµ HLT IsoMu24 v? > 24GeV
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Figure 5.9: Single electron trigger e�ciency with respect to the o✏ine reconstruction,
as a function of the electron pT, for di↵erent ⌘ regions using the 2018 dataset (left).
The bottom panel shows the ratio of data over simulation events. The e�ciency mea-
surements combine the e↵ects of the L1 and HLT triggers [38]. Single muon trigger
e�ciency as a function of muon pT (right) [39]. Only statistical uncertainties are shown
in both plots.

of the selected vertices, the largest value of summed physics-object p2T is the

primary pp interaction vertex corresponding to the hard scattering process. In

this analysis, events are required to have at least one vertex satisfying above

mentioned selections.

The simulated events are reconstructed using the same algorithms as used for

the data and include additional interactions per bunch crossings, referred to

as PU. Simulated events are reweighted with a weight factor (wPU) so that the
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PU distribution reproduces the one observed in the data. This weight factor

is estimated to obtain “n” true interactions by taking the ratio of probabilities

in data (Pdata(n)) and MC (PMC(n)), and is given as:

wPU(n) =
Pdata(n)

PMC(n)
. (5.2)

Figure 5.10 shows the vertex multiplicity distributions in which data is com-

pared with MC simulation, after pileup reweighing, for the 2016 and 2018

years. There is a discrepancy in data and MC simulation in the vertex multi-

plicity even after reweighting. The e↵ect of this discrepancy is evaluated as a

part of the systematic, which will be discussed later in the Section 5.8.1.
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Figure 5.10: Distributions of the number of reconstructed primary vertices nPV, after
the application of pileup reweighting for the 2016 (left) and 2018 (right) years. The
bottom panel shows the ratio of data over total MC simulated events. The band on
ratio plots include only the statistical uncertainties.

• Electron selection: The electron candidates in the event are required to orig-

inate from the selected PV. For prompt electrons (produced at the PV), back-

ground sources can originate from photon conversions, hadrons misidentified

as electrons (e.g. jets with large electromagnetic components), and secondary

electrons from semileptonic decays of b or c quarks. In order to maximize the
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identification e�ciency and minimize the fake rate, the electrons are identified

by a set of selection of tight working point as listed in Table 5.2.

The tracker-related variables |�⌘seedin |, |��in|, and |1/E � 1/p| are used for

the identification of electrons. Purely calorimetric observables �i⌘i⌘ and H/E

ratio are used to separate genuine electrons (prompt electrons or electrons

from photon conversions) from hadrons misidentified as electrons. The �i⌘i⌘

variable describes the lateral extension of the shower along ⌘. The H/E variable

is defined as the ratio of the energy deposited in the HCAL in a cone of radius

�R = 0.15 around the SC direction to the energy of the electron candidate.

The isolation variable (defined in Equation 3.2 of Chapter 3) is built consider-

ing a cone in �R = 0.3 around the reconstructed electron to reject electrons

that are embedded in jets. For electrons, the relative isolation variable Irel

is ET dependent; Irel < 0.021 (0.040) for 25GeV and Irel < 0.015 (0.029) for

35GeV in the barrel (endcap) region [40], respectively. Because the larger

the energy of the incoming electrons, the larger the amount of energy spread

around its direction in the various subdetectors. To reject secondary elec-

trons produced in conversions of photons in the tracker material, the number

of missing hits in the innermost layers of the tracker should not exceed one.

Also, longitudinal (|dz|) and transverse (|dxy|) impact parameters of the elec-

tron with respect to the beam line are required to be < 0.10 cm and < 0.05 cm

for the barrel (|⌘| < 1.48) and |dz| < 0.20 cm and |dxy| < 0.10 cm for endcap

(1.48 < |⌘| < 3.0) regions, respectively.

For the tight working point, the e�ciency for genuine electrons is around

70%. There are small residual di↵erences in the trigger, identification, and

isolation e�ciencies between data and simulation, which are measured using

T&P methods and taken into account by applying scale factors as a function of

their pT and |⌘| to the simulated events. Due to the ECAL-Tracker momentum
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combination when applying the scale and smearing, the energy scale shifts

causing a discontinuity. To fix this post processing energy correction is also

applied.

For this analysis, after identification and all correction, leading and subleading

electrons are required to have pT > 35GeV and pT > 25GeV, respectively, and

supercluster |⌘| < 2.4 with EB-EE gap removal (|⌘| < 1.4442 or |⌘| > 1.556).

The lowest unprescaled single electrons have a pT threshold of 32GeV, and

chosen electrons are well inside the plateau of the trigger e�ciency curve.

Table 5.2: Cut-based electron identification requirements for the tight working point
in the barrel and in the endcaps.

Variable Barrel (tight WP) Endcaps (tight WP)
sihih <0.010 <0.035

|Dhseed
in | <0.0025 <0.005

|Dfin| <0.022 rad <0.024 rad
H/E <0.026 + 1.15 GeV/ESC <0.019 + 2.06 GeV/ESC

+0.032r/ESC +0.183r/ESC
Icombined/ET <0.029 + 0.51 GeV/ET <0.0445 + 0.963 GeV/ET
|1/E � 1/p| <0.16 GeV�1 <0.0197 GeV�1

Number of missing hits 1 1
Pass conversion veto Yes Yes

• Muons selection: Muon candidates are reconstructed using the PF algo-

rithm. The e�ciency to reconstruct and identify muons is greater than 96%.

Matching muons to tracks measured in the silicon tracker results in a relative

transverse momentum resolution of 1% in the barrel and 3% in the endcaps,

for muons with pT up to 100GeV. The muons are identified by a set of selec-

tion of tight working point as described in Table 5.3 for Run2. A tight muon

requires to be a global muon, the tracker muon must have segment matching

in at least two of the muon stations to suppress punch-through and accidental

track-to-segment matches. A tracker track must have hits from at least six

layers of the inner tracker including at least one pixel hit to suppress muons

from decay in flight. To suppress hadronic punch-through and muons from
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decays in flights of ⇡ and K mesons, an additional requirement on the �2/ndof

for the global muon track fit to be less than 10 is added and includes at least

one hit from the muon system. A tight muon must be compatible with the PV

to suppress contamination due to cosmic muons, the threshold on the muon

tracker track transverse impact parameter (|dxy|) and longitudinal distance

(|dz|) is required to be less than 2mm and 5mm, respectively. In order to

reduce the misidentification rate, Irel is required to be less than 0.15 in a cone

in �R =0.4 around the reconstructed muon and muon isolation e�ciency is

> 95%.

The muon transverse momentum scale and resolution corrections [41] are also

applied in both data and MC to remove biases of the muon momentum from

detector misalignments or magnetic field uncertainties. This provides correc-

tions as a function of muon charge, pT, and ⌘. The small residual di↵erences

in the muon trigger, identification, and isolation e�ciencies between data and

simulation are measured using T&P methods and are taken into account by

applying scale factors as a function of their pT and |⌘| to simulated events.

After identification and all corrections, leading and subleading muons are re-

quired to have pT > 35GeV and pT > 25GeV, respectively, within |⌘| < 2.4.

The pT thresholds are chosen for consistency with the electron channel and

selected muons are well inside the plateau of the muon trigger e�ciency curve.

• Missing transverse momentum: The missing transverse momentum vec-

tor (MET) ~pT
miss is computed as the negative vector sum of the transverse

momenta of all the PF candidates in an event and its magnitude is denoted

as pmiss

T [42]. The ~pT
miss is modified to include corrections to the energy scale

of the reconstructed jets in the event. In this analysis, MET is used to reduce

contributions from tt̄ by requiring pmiss

T < 50GeV.

• Z boson selection: To select a Z candidate, two same flavored leptons with
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Table 5.3: Muon tight identification criteria.

Selection Cut

Global Muon yes
PF muon yes
Track fit �2/ndof < 10
Muon chamber hits � 1
Muon station segments � 2
|dxy| < 2
|dz| < 5
Pixel hits > 1
Tracker layers hits > 5

opposite charges are combined. Here, leading and subleading leptons must

have pT > 35GeV and pT > 25GeV, respectively. Further, the dilepton in-

variant mass is required to have in the range of [71, 111]GeV. With the above

discussed selection criteria, the total 77 million and 34 million Z bosons candi-

date events are found for the dimuon and dielectron final states, respectively.

• Jets selection: Jets are clustered from PF candidates using the infrared-

and collinear-safe anti-kT algorithm with a distance parameter of 0.4, as im-

plemented in the FASTJET package [43]. The jet momentum is the vector

sum of all particle momenta in the jet and is found from simulation to be within

5–10% of the true momentum over the entire pT spectrum and detector accep-

tance. The jets are corrected for electronic noise and pileup, non-uniformities

of the CMS Calorimeter, and its non-linear response to the particles with

di↵erent energies and data/MC residual corrections as already discussed in

Chapter 3. The JER amounts typically to 16% at 30GeV and 8% at 100GeV.

After these corrections, jets are required to pass tight PF identification criteria,

as listed in Table 5.4, to reduce the contamination from misreconstruction and

instrumental noise. The jet identification e�ciency is observed to be greater

than 98–99% for the entire ⌘ and pT range. In order to reduce the contam-

ination from pileup jets, jets are required to be matched to the same PV as
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the leptons. Further, to remove the jet coming from the PU, the jet MVA

pileup ID discriminant is required to be greater than 0.61 for the jet with pT

< 50GeV [44]. For jets with pT > 50GeV, the pileup jet ID discriminator

is not applied, since here the pileup event contribution is negligible [45]. The

scale factors related to pileup jet MVA ID are also applied in order to account

for possible di↵erences between data and MC.

The jets are selected with pT > 30GeV, |⌘| < 2.4, and the overlap between

the jets and a lepton from the Z boson decay (isolated lepton) is removed by

requiring a minimum distance of �R > 0.4 between them.

Table 5.4: Jet identification criteria in 2016 and 2017–2018 data-taking periods.

Selection Cut (2016) Cut (2017–2018)

Neutral Hadron Fraction < 0.90 < 0.90
Neutral EM Fraction < 0.90 < 0.90
Number of Constituents > 1 > 1
Charged Hadron Fraction > 0 > 0
Charged Multiplicity > 0 > 0
Charged EM Fraction < 0.99 �

• b/c-jets selection: After jets selection, a neural network algorithm

(DeepCSV) is used to discriminate b-jets from c- and light-jets. In the

DeepCSV algorithm, the significance of the secondary vertex displacement

is combined with track-based information in a machine-learned multivariate

analysis to increase the e�ciency compared with cut-based algorithms. In this

analysis, tight working points are used for the identification of the b-jet which

corresponds to the cut of 0.8953, 0.8001, and 0.7527 on the discriminator val-

ues for the 2016, 2017, and 2018 data-taking periods, respectively. Similarly,

DeepCSV tight working points of c tagger are used to discriminate c-jets from

b- and light-jets, which corresponds to the cut of CvsL> 0.59 & CvsB>0.05

for 2016, CvsL> 0.8 & CvsB> 0.1 for 2017, and CvsL> 0.66 & CvsB> 0.1 for

2018.
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The tagging e�ciency of Z+b-jet (Z+c-jet) events is estimated as the fraction

of events that pass the b (c) hadron and b tagging (c tagging) requirement

over the number of events that pass just the b (c) hadron requirement. In

simulations, the b-jets tagging e�ciencies with the tight operating point are

50–60% and misidentification probabilities are about 2–5% and 0.1% for a

c- and light-jet, respectively. The c-jets tagging e�ciencies with the tight

operating point are 25% and misidentification probabilities for a b- and light-

jet are ⇡24% and <1.5%, respectively. Data from tt̄, W+ jets, and multijet

events that are enriched with a given flavor of interest are used to measure

the b-, c-, and light-jets tagging e�ciencies. These are compared with the

e�ciencies calculated from the simulation and small di↵erences between data

and simulation are corrected by applying scale factors to the simulation.

Table 5.5 summarizes the selection criteria used in this analysis. Events yields with

Table 5.5: Summary of event selection criteria for Z+� 1 b-jet in the dimuon and the
dielectron channels.

Objects Selection
Muon pTµ

> 35 (leading) and > 25 (subleading)GeV, |⌘µ| < 2.4,
tight ID, Irel <0.15

Electron pTµ
> 35 (leading) and > 25 (subleading)GeV, |⌘e| < 2.4,

|⌘SC| < 1.4442 or |⌘SC| > 1.556, cut-based tight WP ID, Irel
Barrel ! dxy (dz) 0.05 (0.10), Endcap ! dxy (dz) 0.10 (0.20)

Z boson Two oppositely charged leptons and each leading (subleading)
lepton pT >35 (25) GeV, 71 < |mll | < 111 GeV

jets pTjets
> 30GeV, |⌘jets| < 2.4, PU MVA ID > 0.61(pT < 50 GeV)

b-tagged jets 2016: deep CSV tight WP (> 0.8953)
2017: deep CSV tight WP (> 0.8001)
2018: deep CSV tight WP (> 0.7527)

pmiss

T pmiss

T < 50GeV

a Z boson and an associated b-jet with the above mentioned selection criteria are

reported in Table 5.6. The MC simulation overestimates the data up to 10–15% for
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the 2016 and 2018 data-taking periods. Data and MC validation are similar in the

electron and the muon channels but there is some di↵erence across the years which

can be due to di↵erences in tagging conditions. Another reason can be the PDF and

tune used in the MC simulation which is the same in 2017 and 2018 but di↵erent

from 2016. The selected events with a Z boson and at least one b-jet have ⇡18%

background contamination, with the major contributions arising from the t̄t, Z +

c-jet, and Z+ light-jet processes. We can not completely rely on modeling of these

events in MC simulated samples, hence, to validate MC simulation, data-driven

methods are used to extract the background contribution in the signal region. The

control regions that are enriched with particular background processes of interest

are constructed and will be discussed later in the background estimation Section 5.7.

Table 5.6: Summary of event yields after Z+� 1b-jet selection in the dimuon and the
dielectron channel for 2016, 2017, 2018, and Run2.

Process 2016 2017 2018 Run2
ee µµ ee µµ ee µµ ee µµ

Data 49481 107030 57578 118892 87377 189049 194436 414972
Z+b-jets 47214 105082 48594 99639 77670 163498 173478 368221
Z+ light-jets 2114 4220 1888 3368 5774 10280 13700 29254
Z+ c-jets 3907 9240 3438 7136 6354 12877 9777 17868
tt̄ 3387 7528 4554 9421 7018 14953 14959 31903
VV 396 906 501 981 775 1651 1672 3537
Single top 253 530 330 678 518 1112 1101 2320
Total simulation 127430 57309 59306 121263 98112 204371 214727 453142
Data/Total simulation 0.84 0.86 0.97 0.98 0.89 0.92 0.90 0.91

It is interesting to look at the comparison between data and MC for each

observable to check the detector simulation’s reliability. The data needs to be de-

scribed as good as possible by simulations. Figures 5.11 and 5.12 show the data and

MC simulation comparison of pZT, p
b-jet

T
, |⌘b-jet|, ��(Z, b-jet), �y(Z, b-jet), and �R(Z, b-jet)

after Z+� 1b-jet events selection for the electron and muon channels, respectively.

The MC simulation overestimates the data up to 10–15% for all observables. The

detailed data-MC validation studies at the detector-level for each year and channel

can be found in our analysis note Ref. [46].



5.6 Events selection criteria 201

 [GeV]ee
T

p
0 50 100 150 200 250 300 350 400

Da
ta/

MC

0.7
0.8
0.9

1
1.1
1.2
1.3 Stat

0 50 100 150 200 250 300 350 400

Ev
en

ts/
bin

210

310

410

510

610

710

Z + light jets

W + Jets

Z + c jets

VV
 + Single toptt

Data
Z + b jets 1 b jet≥ee) + →Z(

CMS  Internal  (13 TeV)-1137 fb

 [GeV]b jet
T

p
50 100 150 200 250 300 350 400

Da
ta/

MC

0.7
0.8
0.9

1
1.1
1.2
1.3 Stat

50 100 150 200 250 300 350 400

Ev
en

ts/
bin

210

310

410

510

610

710
Z + light jets

W + Jets

Z + c jets

VV
 + Single toptt

Data
Z + b jets 1 b jet≥ee) + →Z(

CMS  Internal  (13 TeV)-1137 fb

b jet|η|
2− 1.5− 1− 0.5− 0 0.5 1 1.5 2

Da
ta/

MC

0.7
0.8
0.9

1
1.1
1.2
1.3 Stat

2− 1.5− 1− 0.5− 0 0.5 1 1.5 2

Ev
en

ts/
bin

210

310

410

510

610 Z + light jets

W + Jets

Z + c jets

VV
 + Single toptt

Data
Z + b jets 1 b jet≥ee) + →Z(

CMS  Internal  (13 TeV)-1137 fb

(Z, b jet)φΔ
0 0.5 1 1.5 2 2.5 3

Da
ta/

MC

0.7
0.8
0.9

1
1.1
1.2
1.3 Stat

0 0.5 1 1.5 2 2.5 3

Ev
en

ts/
bin

210

310

410

510

610

710
Z + light jets

W + Jets

Z + c jets

VV
 + Single toptt

Data
Z + b jets 1 b jet≥ee) + →Z(

CMS  Internal  (13 TeV)-1137 fb

(Z, b jet)YΔ
0 1 2 3 4 5 6

Da
ta/

MC

0.7
0.8
0.9

1
1.1
1.2
1.3 Stat

0 1 2 3 4 5 6

Ev
en

ts/
bin

210

310

410

510

610

710
Z + light jets

W + Jets

Z + c jets

VV
 + Single toptt

Data
Z + b jets 1 b jet≥ee) + →Z(

CMS  Internal  (13 TeV)-1137 fb

(Z, b jet)RΔ
0 1 2 3 4 5 6 7 8 9 10

Da
ta/

MC

0.7
0.8
0.9

1
1.1
1.2
1.3 Stat

0 1 2 3 4 5 6 7 8 9 10

Ev
en

ts/
bin

210

310

410

510

610

710
Z + light jets

W + Jets

Z + c jets

VV
 + Single toptt

Data
Z + b jets 1 b jet≥ee) + →Z(

CMS  Internal  (13 TeV)-1137 fb

Figure 5.11: Distributions as a function of ee transverse momentum, leading b-jet
transverse momentum (top), leading b-jet absolute pseudorapidity, ��(Z, b-jet) between

the Z and leading b-jet (middle), and �y(Z, b-jet), �R(Z, b-jet) between the Z and leading
b-jet (bottom) for ee channel after Z +� 1 b-jet events selection for Run2 [46]. The
bottom panel shows the ratio of data over total MC simulated events. The band on
ratio plots includes only the statistical uncertainties.
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Figure 5.12: Distributions as a function of µµ transverse momentum, leading b-jet
transverse momentum (top), leading b-jet absolute pseudorapidity, ��(Z, b-jet) between

the Z and leading b-jet (middle), and �y(Z, b-jet), �R(Z, b-jet) between the Z and leading
b-jet (bottom) for µµ channel after Z +� 1 b-jet events selection for Run2 [46]. The
bottom panel shows the ratio of data over total MC simulated events. The band on
ratio plots includes only the statistical uncertainties.
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5.7 Background estimation

As discussed earlier, the selected events in the signal region have ⇡18% background

contamination. The dominant background arises from the tt̄ (⇡7%), Z+c-jet (⇡7%),

and Z+ light-jet (⇡4%) processes. To validate the simulation, control regions that

are enriched with processes of interest are constructed.

• Control region for tt̄ (eµ+�1b-jet): The tt̄ control region is constructed

by requiring an oppositely charged electron and muon pair with at least one

b-jet (eµ+�1b-jet) with the same selection criteria as mentioned in Table 5.5.

A sample containing about 92% of tt̄ events is obtained for each year of data-

taking. The data is described by MC simulation within 10% for 2016 and

within 20% for 2017 and 2018 years. Figure 5.13 (left) shows the data and

MC simulation comparison as a function leading b-jet pT for the 2018 year.

The non-tt̄ contributions to this region are Z+ jets, single top, W+ jets, and

diboson events. As the control region tt̄ is very much clean, a scale factor

(data � (non-tt̄) background)/(tt̄ MC), is extracted from this region. It is

0.98 (0.87) for the 2016 (2017–2018) data-taking period and is applied in the

signal region to the tt̄ simulation in the ee and µµ channel. Figure 5.13 (right)

shows the data and MC simulation comparison as a function leading b-jet pT

after applying SF on tt̄ MC simulation for eµ + � 1 b-jet control region for

the 2018 year. There is a significant improvement between data and MC after

applying SF.

• Control region for Z + light-jet (Z +� 1 jet): The Z+ light-jet control

region is studied with two di↵erent selection criteria. The first Z + light-jet

control region (CR1) is constructed by requiring events to have inclusive jets

without any condition on the tagger discriminator. As a cross-check, another

Z+ light-jet control region (CR2) is defined by requiring events to pass anti-b

and anti-c tagging tight operating points of b and c quark discriminators to
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Figure 5.13: Distributions as a function of leading b-jet pT (left) and after applying
scale factor (right) for eµ+�1b-jet events for 2018 [46]. The bottom panel shows the
ratio of data over total MC simulated events. The band on ratio plots includes only
the statistical uncertainties.

reject Z+ b-jet and Z+ c-jet events. A sample containing about 83–85% and

89–90% of Z + light-jet events is obtained in CR1 and CR2, respectively, for

each year of data-taking. The data is described by MC simulation within 10%

for the 2016 and 2017 data-taking periods whereas, for 2018 deviation goes

up to 20% at higher jet pT. Figure 5.14 shows the data and MC simulation

comparison of leading jet pT in CR1 for the dielectron and the dimuon channels

for the 2018 year.

The non-(Z+ light-jet) backgrounds are Z+c-jet, Z+b-jet, diboson, tt̄, single

top, and W + jets events. A scale factor, (data � non-(Z + light-jet) back-

ground)/(Z + light-jet MC), is extracted and applied in the signal region (Z

+� 1 b-jet) to the Z + light-jet MC. The scale factors in CR1 and CR2 are

consistent within 1–2%. Therefore, the scale factors 0.94, 0.98, and 0.90 are

taken from CR1 and applied in the signal region (Z+� 1 b-jet) for the 2016,

2017, and 2018 data-taking periods, respectively. The comparison of data and

MC simulation after applying the scale factor to Z + light-jet MC are shown

in Figure 5.15 for the ee and µµ channels for the 2018 year. The measure-

ments are described by MC predictions within uncertainties (statistical and



5.7 Background estimation 205

experimental) discussed in Subsection 5.8.1.
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Figure 5.14: Distributions as a function of leading jet pT for Z +� 1 jet events for ee
(left) and µµ (right) for the 2018 year [46]. The bottom panel shows the ratio of data
over total MC simulated events. The band on ratio plots includes only the statistical
uncertainties.
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Figure 5.15: Distributions as a function of leading jet pT for Z +� 1 jet events after
applying light scale factor on Z + jet MC for ee (left) and µµ (right) for the 2018
year [46]. The bottom panel shows the ratio of data over total MC simulated events.
The band on ratio plots includes the statistical and experimental (Jet energy scale, jet
energy resolution, pmiss

T , lepton selection, pileup reweighting, pileup jet identification,
luminosity) uncertainties.

• Control region for Z+c-jet (Z+�1c-jet): The Z+c-jet control region is

studied with two di↵erent tagger conditions. The one Z+ c-jet control region

(CR3) is constructed by requiring c-jet events with the tight operating points

of the c tag discriminator. As a cross-check, another Z + c-jet control region
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(CR4) is defined by requiring events to pass tight operating points of the c

quark discriminator and inverted b quark discriminator (to reject Z + b-jet).

The scale factors extracted from Z + light-jet CR1 as discussed above are

applied to Z + light-jet MC in Z + c-jet CR3 and CR4. A sample containing

about 40–53% and 44–62% of Z + c-jet events is obtained in CR3 and CR4,

respectively, for each year of data-taking and is consistent with previous Z+

c-jet analysis [47]. The observed agreement between data and MC simulation

varies from 10–20% across the years but is consistent across the channels as

expected. Figure 5.16 shows validation of leading c-jet pT for Z+ c-jet events

in CR3 in the electron and the muon channel.

The non-Z + c-jet contributions to this region are Z + b-jet, Z + light-jet, tt̄,

single top, W+jets, and diboson events. A scale factor, (data � non-(Z+c-jet)

background)/(Z+c-jet MC), is extracted and applied in the signal region (Z+

�1b-jet) to the Z+c-jet MC. The scale factors in CR3 and CR4 are consistent

within 1–2%. Therefore, the scale factors 0.75, 1.08, and 0.99 are taken from

CR3 and applied in the signal region (Z+� 1 b-jet) for 2016, 2017, and 2018

data-taking periods, respectively. Figure 5.17 shows validation of leading c-jet

pT for Z +� 1 c-jet control region after applying scale factors extracted from

Z + light-jet CR1 to Z + light-jet MC and from Z + c-jet CR3 to Z + c-jet

MC, in the electron and the muon channels. The agreement between data and

simulation is improved as compared to when scale factors are not applied and

it is within 10%.

5.8 Unfolding and systematic uncertainties

The measured observables, presented in this analysis, di↵er from the corresponding

generator-level values due to the detector e↵ects such as detector resolution and

acceptance. So, detector-level distributions have to be corrected for these detector
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Figure 5.16: Distributions as a function of leading c-jet pT for Z+�1c-jet events after
applying scale factor from CR1 on Z+ light-jet MC for ee (left) and µµ (right) for the
2018 year [46]. The bottom panel shows the ratio of data over total MC simulated
events. The band on ratio plots includes only the statistical uncertainties.
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Figure 5.17: Distributions as a function of leading c-jet pT for Z + � 1 c-jet events
after applying scale factor on Z+light-jet and Z+c-jet MC from CR1 and CR3 region,
respectively, for ee (left) and µµ (right) for the 2018 year [46]. The bottom panel shows
the ratio of data over total MC simulated events. The band on ratio plots includes
only the statistical uncertainties.

e↵ects in order to compare the measured observables to the theoretical predictions.

The reconstructed distributions are unfolded to generator-level quantities using the

TUnfold package (v17.5) [48], which is based on the least squares fit. The gen-

erated Z+b-jets events in the simulation are classified according to generator-level

information. The generator-level jets are formed using stable particles (c⌧ > 1 cm),

except neutrinos, using the same anti-kT algorithm as for the reconstructed jets.
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Any overlap between generator-level jets and a pair of leptons from the Z boson

decays is removed by requiring �R < 0.4 between them. If an event consists of at

least one generator-level jet containing a b hadron, the event is classified as a Z+�1

b-jet event. The generator-level leptons are “dressed” by adding the momenta of all

photons within �R  0.1 around the lepton direction to account for the final-state

radiation e↵ects. The distributions are unfolded to the generator-level in the fiducial

region defined in Table 5.7.

Table 5.7: Fiducial region definition at generator-level.

Object Selection
Dressed leptons pT (leading) > 35GeV, pT (subleading) > 25GeV, |⌘| < 2.4
Z boson 71 < mll < 111GeV
Generator-level b-jet b hadron jet, pT > 30GeV, |⌘| < 2.4

The reconstructed distributions are unfolded with a response matrix (two-

dimensional histogram) that describes the migration probability between the

generator- and reconstruction-level quantities. The response matrix is constructed

by spatially matching of the reconstruction-level leptons and b-jet objects to the

corresponding generator-level objects within �R < 0.3. The selected Z+� 1 b-jet

sample at the reconstruction-level can have background events that do not match

to generator-level objects. This contribution also includes the events where selected

b-jets are from the pileup. For this analysis, the total contribution of pileup b-

jets is about 2% in the dimuon and dielectron for each year [46]. The background

events are channel dependent and they are subtracted from reconstructed events for

each year and channel separately. The background subtracted reconstruction-level

distributions are unfolded. The unfolded distributions are then corrected for those

events that have generator-level objects in the fiducial volume, which do not match

with reconstructed objects. Finally, the unfolded distributions are scaled with the

integrated luminosity to obtain the di↵erential cross section. The data distributions

are unfolded with a response matrix constructed using the Z+b-jet events in the Z

+jets sample that is simulated with the mg5 amc (NLO) generator with CP5 tune.
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The choice of a binning is important in order to limit migrations from one bin

to others and to ensure that the correction applied to the measured quantities at

reconstructed-level, inside a particular bin, is based on events coming mainly from

the same bin at the generator-level. So in this analysis, the binning of di↵erent

variables are chosen on the basis of resolution, purity, and stability. The low purity

and stability values indicate strong migrations between bins, meaning that the bin

size reaches the resolution limit of the observable. The binwidth is kept more than

the resolution of the respective variable and the stability and purity in each bin are

more than 50% [46]. The number of bins for reconstructed-level distributions are

double than the generator-level distributions bins.

The e↵ect of regularization, a procedure to control large fluctuations of un-

folded distributions due to statistical uncertainties of observed quantities [49], is

negligible for the selected observables. Therefore, all studies are performed without

regularization.

The unfolding procedure is also validated with statistically independent tests

in which distributions with mg5 amc (NLO) are unfolded with mg5 amc (LO) and

compared with generator-level mg5 amc (NLO) prediction. In Figures 5.18 the

results of this closure test are shown only for the combined channel for Run2. There

is a good agreement between the unfolded and the generator-level predictions.

The resolution of variables to be measured in the present analysis is not ex-

pected to di↵er for the electron and muon channels. The feasibility of this procedure

is validated by unfolding reconstruction-level MC distributions for the electron chan-

nel with the response matrix constructed for the muon channel. The background

and acceptance distributions are taken from the electron channel only. The result-

ing unfolded distributions are compared with the unfolded results when the electron

channel is used for the construction of the response matrix as shown in Figures 5.19.

A good agreement is observed between the two unfolded results, which establishes

that the response matrices for the two channels are consistent with each other.
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Figure 5.18: Normalized di↵erential cross section distributions as a function of pZT and
pb-jet
T

(only two of them are shown here) obtained by unfolding mg5 amc (NLO) with
the response matrix constructed with mg5 amc (LO) and compared with generator-
level prediction of mg5 amc (NLO) in the combined channel for Run2. The band on
ratio plots includes only the statistical uncertainties of the MCs [46].

Therefore, the electron and muon data are added and unfolded with the same or

common response matrix.

Closure tests, reported above, are also performed for dimuon, dielectron, and

combined channel for each year and can be found in Ref. [46]. All of the closure

tests are on the expected lines for the combined unfolding.

5.8.1 Experimental uncertainties

There are a number of experimental sources which can a↵ect the measurements.

These are discussed below.

• Integrated luminosity: The integrated luminosities of the 2016–2018 data-

taking periods have uncertainties in the 1.2–2.5% range. These uncertain-

ties are partially correlated and correspond to a total uncertainty of 1.6% for

Run2 [50–52]. The luminosity uncertainty a↵ects the integrated cross section

but not the normalized distributions.
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Figure 5.19: Normalized di↵erential cross section distributions as a function of pZT and
pb-jet
T

(only two of them are shown here) obtained by unfolding the electron channel
with the response matrix constructed for the muon channel for Run2. The band on
ratio plots includes only the statistical uncertainties of the MCs [46].

• Jet energy scale and resolution: The e↵ect of JES and JER is evaluated by

varying up and down the pT values of jets with the corresponding uncertainty

factors. The JES and JER uncertainties are also propagated to pmiss

T . The

JES and JER scale factors are correlated with the JES and JER components

of pmiss

T , so scale factors are varied up and down simultaneously. The JES

introduces a systematic uncertainty of ⇡3.0% on the integrated cross section

whereas the e↵ect of JER is less than 1%. The JES has varying e↵ects on

the di↵erential and normalized di↵erential cross section distributions for the

di↵erent observables, with maximum e↵ects of 9% and 7%, respectively, in the

low event count bins.

• b tagging/mistagging: The uncertainty due to b tagging and mistagging

scale factors is evaluated by varying them up and down within their uncer-

tainties. The scale factor for tagging b-jets is correlated with the c-jets scale

factor, so for tagging b and mistagging c-jets, scale factors are varied up and

down simultaneously, while the scale factor for mistagging light-jets is varied
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independently. The combined b tagging uncertainty is then calculated as the

quadratic sum of these variations. The uncertainties in the b tagging and

mistagging scale factors a↵ect the cross section measurements by 3%. The

di↵erential and normalized di↵erential cross section distributions are a↵ected

by up to 8% and 5%, respectively.

• Unclustered energy of pmiss
T : The e↵ect of the uncertainty in the remain-

ing component of pmiss

T , that is unclustered energy, is estimated by varying its

contributions within the uncertainties, which are treated as correlated across

years and channels. This uncertainty source a↵ects the integrated cross sec-

tion by up to 2.8%. The di↵erential and normalized di↵erential cross section

distributions of di↵erent observables are a↵ected by up to 3.8% and 1.1%,

respectively.

• Lepton selection: Leptons are corrected for the trigger, reconstruction, and

identification e�ciencies. The e↵ects of these corrections are estimated by

varying the corresponding scale factors within their uncertainties. The inte-

grated cross section has a systematic uncertainty around 1.5% and < 1% for

electron and muon selection, respectively. The di↵erential and normalized dif-

ferential cross section distributions of di↵erent observables for electron (muon)

channels are a↵ected by up to 2.8% (1%) and 1.3% (1%), respectively.

• Pileup reweighting: The PU distribution in the simulated samples is

reweighted to match that of the data. The corresponding uncertainty is es-

timated by varying the total inelastic cross section by ±4.6% [53]. The un-

certainty in the PU simulation a↵ects the integrated cross section by 1.7%.

For the di↵erential and normalized di↵erential cross section distributions the

e↵ects are less than 2.7% and 1.3%, respectively.

• Background estimation: The Z + c-jet and Z + light-jet contributions are

estimated using the simulated sample and validated in control regions as dis-
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cussed in Section 5.7. The di↵erence between data and MC simulation is

extracted from each control region and is applied as a scale factor for the

Z + c-jet and Z + light-jet MC predictions in the signal region, respectively.

These scale factors have associated systematic uncertainties from experimen-

tal sources (JES, b tagging, PU, lepton selection), although these are already

considered while evaluating systematic uncertainties in the signal region. For

all of the control regions, the data and MC simulation values are within 10%.

Hence, an additional systematic uncertainty of 10% is assigned to the back-

ground modeling. The e↵ect of this uncertainty is about 2.2% on the integrated

cross section, whereas the e↵ect of uncertainties related to Z + c-jet and Z +

light-jet backgrounds is about 1.5%. The corresponding e↵ects on the di↵er-

ential and normalized di↵erential cross section distributions are up to 4.8%

and 3.3%, respectively.

• Model dependence: The unfolding model uncertainty is estimated by

reweighting the signal MC (mg5 amc at NLO) with a scale factor that is

calculated by fitting the ratio of background-subtracted data to signal simu-

lation of normalized distributions and using it as an alternative model for the

unfolding. It a↵ects the di↵erential and normalized di↵erential cross section

distributions of di↵erent observables up to 1.5% and 1.2%, respectively.

• Pileup jet identification: The PU jet identification criteria have di↵erent

performances in the data and simulated events. This di↵erence is corrected by

applying a scale factor. The e↵ect of uncertainties associated with the scale

factor is less than 0.7% in the integrated cross section. The di↵erential and

normalized di↵erential cross section distributions of di↵erent observables are

a↵ected up to 0.5%.

• L1 prefiring: During the 2016–2017 data-taking period there was a timing

issue in the 2.0 < |⌘| < 3.0 region of the ECAL where L1 trigger primitives

were mistakenly associated with the previous bunch crossing. This led to a
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self-vetoing of events with significant energy in the 2.0 < |⌘| < 3.0 region and

a loss of trigger e�ciency. Correction factors are determined for the e�ciency

loss from data and applied to the simulation of the dielectron and dimuon

channels. The uncertainty due to the prefiring scale factors is evaluated by

varying them up and down within their uncertainties. For the di↵erential and

normalized di↵erential cross section distributions as well as on the integrated

cross section the e↵ects are less than 0.5%.

In the cross section ratio measurement �( Z+� 2 b-jets)/�(Z+� 1 b-jet), the

luminosity uncertainty is e↵ectively cancelled. All other experimental uncertainties

except the background estimation are evaluated as follows. For an uncertainty of

interest, the Z + � 2 b-jets and Z + � 1 b-jet cross sections are obtained for up

and down systematic variations described above and the corresponding ratios are

obtained. The uncertainty is derived by comparing these ratios with the nominal

ones. The background estimations in the Z +� 2 b-jets and Z +� 1 b-jet events

are based on independent methods and control regions. Therefore, the background

uncertainties are uncorrelated and derived from quadrature sums of those from the

Z+� 2 b-jets and Z+� 1 b-jet measurements.

5.8.2 Theoretical uncertainties

The uncertainties coming from the theory calculations and MC generators are esti-

mated as follows.

• Renormalization and factorization scales: The scale uncertainties are

estimated using a set of weights corresponding to variations of renormalization

(µR) and factorization (µF) scales by factors of 0.5 and 2.0. The unfolded

distributions are obtained for all combinations, except for µF/µR = 0.25 or 4.0,

and their envelope is quoted as the uncertainty. The integrated cross sections

have scale uncertainties of 2.6%, 2.9%, and 2.1% in the dielectron, dimuon, and

combined channels, respectively. The di↵erential and normalized di↵erential
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cross section distributions of di↵erent observables are a↵ected up to 10% and

9.4%, respectively. Similarly, uncertainties at generator-level are evaluated

for mg5 amc (NLO) with CP5 tune and the e↵ect on the integrated cross

section at the generator-level is around 6.6%. The normalized and di↵erential

distributions are e↵ected by up to 5–10%.

• PDF: The uncertainty in the parton distribution functions is estimated us-

ing di↵erent Hessian eigenvectors of the NNPDF 3.1 PDF sets. Applying the

master formula of the Hessian PDF error calculation [54], this uncertainty is

estimated on a bin-by-bin basis for the di↵erential distributions. The inte-

grated cross sections have PDF uncertainties around 0.4%. The e↵ect of this

uncertainty on the di↵erential and normalized distributions is up to 4.2% and

3.3%, respectively. The PDF uncertainties are treated as correlated across the

years and channels. Similarly, the e↵ect of PDF (NNPDF 3.1) uncertainty in

the generator-level distributions is obtained on a bin-by-bin basis of generator-

level distributions by applying PDF weights. The e↵ect on the integrated cross

section at the generator-level is around 1.6% and up to 1% for di↵erential and

normalized distributions, respectively. The uncertainties in the PDFs are also

estimated for sherpa at generator-level using the 102 replicas of the NNPDF

3.0 PDF set. The integrated cross sections have PDF uncertainties around

1.4%.

• Strong coupling (↵s): The uncertainties due to ↵s are estimated by us-

ing two additional PDF members corresponding to upper (0.120) and lower

(0.116) values with respect to the central (0.118) ↵s value. The integrated

cross sections have ↵s uncertainties around 0.3%. The e↵ect on the di↵eren-

tial and normalized distributions are up to 1.3% and 1.1%, respectively. The

e↵ect on the integrated cross section at the generator-level is 1.2% and up to

4.5% and 3.5% for di↵erential and normalized distributions, respectively.
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All theoretical uncertainties in the cross section ratios are the quadrature sum of

those from the Z+� 2 b-jets and Z+� 1 b-jet measurements.

Table 5.8 lists the uncertainties in the Z+�1b-jet integrated cross sections. All

systematic uncertainties are treated as 100% correlated across the years, however,

JER is uncorrelated across the year but its e↵ect is small, so this is also considered

as correlated. In summary, the Z + � 1 b-jet integrated cross sections have total

experimental systematic uncertainties of 5.9% and 6.1%, respectively, in the dimuon

and combined channels. For the electron channel, the uncertainty is a bit higher, up

to 7.6%, owing to the electron selection uncertainty. For the measured integrated

cross section the statistical uncertainty is less than 1%, thus measurement is system-

atically limited. The total experimental systematic uncertainty for the integrated

cross section of �( Z+� 2 b-jets)/�(Z+� 1 b-jet) is 7%.

Table 5.9 summarize the range of uncertainty in the di↵erential and normalized

di↵erential cross section distributions for the Z+� 1 b-jet combined channel.

Table 5.8: Summary of uncertainties (%) in the integrated cross sections for the di-
electron, dimuon, and combined channels in the Z+� 1 b-jet.

Uncertainty (%) ee µµ ll
Statistical 1.0 0.7 0.6
JES, JER 2.7 3.0 2.9

b tagging/mistagging 3.0 2.9 2.9
Unclustered energy of pmiss

T 2.8 2.8 2.8
Background estimation 2.2 2.0 2.1
Pileup reweighting 2.4 1.7 1.9
Electron selection 4.6 — 1.5

Luminosity 1.6 1.6 1.6
Muon selection — 0.6 0.4

Pileup jet identification 0.3 0.3 0.3
L1 prefiring 0.3 0.2 0.2

µR and µF scales 2.6 2.9 2.1
PDF 0.4 0.3 0.3
↵s 0.3 0.2 0.2

Total experimental 7.6 5.9 6.1
Total theoretical 2.6 2.9 2.1
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Table 5.9: Summary of the uncertainties (%) in the di↵erential (normalized di↵erential)
cross section distributions for the combined channel in the Z+� 1 b-jet events.

Observable/Uncertainty (%) pZT pb-jet
T

|⌘b-jet| ��(Z, b-jet) �y(Z, b-jet) �R(Z, b-jet)

Statistical 1.0–5.2 1.0–12 0.7–1.4 0.7–2.2 0.7–4.7 1.0–5.3
(1.0–5.2) (1.0–12) (0.7–1.4) (1.0–2.1) (0.7–4.7) (0.8–3.3)

JES, JER 1.0–9.0 2.0–7.2 2.0–7.0 2.0–4.8 2.0–6.4 1.6–6.1
(1.0–5.8) (1.0–6.7) (0.5–4.5) (0.5–2.1) (0.5–4.2) (0.5–4.2)

b tagging/mistagging 2.3–6.0 2.0–8.3 2.6–4.3 2.5–4.9 2.7–5.5 2.6–7.2
(0.5–3.9) (0.5–5.6) (0.5–1.7) (0.5–2.9) (0.5–3.7) (0.5–1.7)

Unclustered energy of pmiss

T 2.2–3.6 2.2–3.4 0.5–1.8 2.5–3.8 2.7–3.0 2.3–3.8
(0.5–0.7) (0.5–0.7) (0.5–1.1) (0.5–1.0) (0.5) (0.5–1.0)

Background estimation 1.6–3.6 1.8–3.0 1.9–3.2 1.5–3.9 2.0–3.4 2.6–4.8
(0.5–1.9) (0.6–1.7) (0.5–1.4) (0.5–2.0) (0.5–2.4) (0.5–3.3)

Pileup reweighting 1.0–2.2 0.7–2.2 1.8–2.4 1.8–2.6 1.8–2.2 1.5–2.5
(0.5–0.9) (0.5–1.3) (0.5) (0.5–0.7) (0.5) (0.5–0.8)

Model dependency 0.5–1.4 0.5–1.2 0.5 0.5–1.5 0.5–0.6 0.5–1.1
(0.5–1.4) (0.5–0.8) (0.5) (0.5–1.2) (0.5) (0.5–0.9)

Electron selection 1.3–2.8 1.2–1.9 1.4–1.8 1.3–1.9 1.5–2.4 1.2–2.2
(0.5–1.3) (0.5) (0.5) (0.5) (0.5–0.9) (0.5–0.6)

Muon selection 0.5–1.0 0.5–1.0 0.5 0.5 0.5 0.5–0.6
( 0.5–1.0) (0.5) (0.5) (0.5) (0.5) (0.5)

Pileup jet identification 0.5–0.6 0.5 0.5–0.9 0.5 0.5–0.6 0.5
(0.5) (0.5) (0.5) (0.5) (0.5) (0.5)

L1 prefiring 0.5 0.5 0.5–0.7 0.5 0.5–0.9 0.5
(0.5) (0.5) (0.5) (0.5) (0.5) (0.5)

µR and µF scales 1.0–7.2 1.0–10.0 0.7–3.3 1.5–2.7 1.0–2.8 1.5–4.0
(1.0–7.0) (0.5–9.4) (0.5–2.0) (1.0–2.1) (0.5–2.1) (0.5–3.7)

PDF 0.5–2.9 0.5–2.1 1.5–2.8 0.5–2.1 0.5–1.6 0.5–4.2
(0.5–2.0) (0.5–1.6) (0.5–0.7) (0.5–1.8) (0.5–1.6) (0.5–3.3)

↵s 0.5–1.0 0.5–0.7 0.5 0.5–1.1 0.5 0.5–1.3
(0.5–1.0) (0.5–0.7) (0.5) (0.5–0.9) (0.5) (0.5–1.1)

5.9 Results and discussion

The production cross sections, within fiducial region, are measured to be 6.52 ±

0.04 (stat) ± 0.40 (syst) ± 0.14 (theo) pb and 0.65 ± 0.03 (stat) ± 0.07 (syst) ±

0.02 (theo) pb for the Z+� 1 b-jet and Z+� 2 b-jets processes, respectively. The

measurements are consistent for the dielectron, dimuon, and combined channels.

The measured cross sections are compared with predictions from mg5 amc obtained

with two settings corresponding to the 2016 and 2017–2018 data-taking periods.

The 2017–2018 settings use more up-to-date mg5 amc versions (2.6.0 and 2.4.2

for NLO and LO, respectively), PDFs (NNPDF 3.1), and underlying event tune

(CP5), and are labeled with NNPDF 3.1, CP5 in the following. The 2016 data-
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taking period uses earlier versions of the mg5 amc (2.3.2.2 and 2.2.2 for NLO and

LO, respectively), PDFs (NNPDF 3.0), and underlying event tune (CUETP8M1),

and are labeled with NNPDF 3.0, CUETP8M1. In the Z+� 1 b-jet final state, the

measured integrated cross section values are well described by mg5 amc LO for both

settings, whereas mg5 amc (NLO, NNPDF 3.1, CP5) and mg5 amc (NLO, NNPDF

3.0, CUETP8M1) overestimate data by ⇡10% and ⇡18%, respectively. The sherpa

simulation overestimates the measured cross section values by ⇡24%. In the Z+�

2b-jets final state, the measured integrated cross section is in good agreement with

mg5 amc (LO). The mg5 amc (NLO, NNPDF 3.1, CP5), mg5 amc (NLO, NNPDF

3.0, CUETP8M1), and sherpa predictions overestimate the measured cross section

values by 29%, 38%, and 21%, respectively. The measured value of the cross section

ratio of the Z+�2b-jets and Z+�1b-jet for the combined channel is 0.100 ± 0.005

(stat) ± 0.007 (syst) ± 0.003 (theo) and, as expected, has smaller uncertainties. This

measurement is in agreement with the mg5 amc (LO, NNPDF 3.0, CUETP8M1)

and sherpa values given the large uncertainties associated with the predictions.

The measured di↵erential cross section distributions and the corresponding

ones normalized by the integrated fiducial cross sections compared with di↵erent MC

predictions in the combined channel for the selected Z+�1b-jet events are shown in

Figures 5.20–5.25. In general, the di↵erential cross section distributions predicted by

sherpa tend to overestimate data by 20–30%, depending on the kinematic variables.

The di↵erential and normalized di↵erential cross section distributions as a

function of the pZT in the selected Z + � 1 b-jet event are shown in Figure 5.20.

In the low pT region (up to 100GeV), where soft radiative e↵ects play a role, all

the predicted shapes exhibit di↵erent trends from those in the data. The shapes

of pZT distributions are described best by mg5 amc (LO, NNPDF 3.1, CP5), while

mg5 amc (NLO) and sherpa predictions vary up to 30% depending on pZT. The

di↵erential cross section distribution of pZT agrees within 10% with mg5 amc (LO).
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The mg5 amc (NLO) predictions tend to deviate up to 20% for very low and very

high pZT values, while sherpa tends to deviate up to 35% for low values of pZT and

agrees within 10% for high pZT values.

The pb-jet
T

and |⌘b-jet| di↵erential and normalized di↵erential cross section dis-

tributions are shown in Figures 5.21 and 5.22, respectively. The shapes of distribu-

tions are well described by all simulations, except for the mg5 amc (LO, NNPDF

3.1, CP5) pb-jet
T

spectrum, which deviates up to 25% in the higher pT region. The

di↵erential cross section distribution of pb-jet
T

agrees within 10% with mg5 amc (LO)

and mg5 amc (NLO), except for mg5 amc (LO, NNPDF 3.1, CP5), which deviates

up to 25% in the higher pT region, while sherpa tends to deviate by 10–30%. The

|⌘b-jet| di↵erential cross section distribution is well described by mg5 amc (LO),

while mg5 amc (NLO, NNPDF 3.0, CUETP8M1) and sherpa predictions describe

it within 25% and 30%, respectively.
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Figure 5.20: Di↵erential cross section (left) and the normalized di↵erential cross section
(right) distributions as a function of Z transverse momenta for Z+�1b-jet events. The
uncertainties in the predictions are shown as colored bands in the bottom panel around
the theoretical predictions including statistical, PDF, scale, and ↵s uncertainties for
the mg5 amc (NLO, NNPDF 3.1, CP5), mg5 amc (NLO, NNPDF 3.0, CUETP8M1)
and the statistical and PDF uncertainties for the sherpa predictions. The statistical,
theoretical, and total uncertainties in data are indicated by the vertical bars, yellow,
and hatched bands centered at 1, respectively.



5.9 Results and discussion 221

100 200 300 400 500 600

0.5
1

1.5

sα ⊕ scales ⊕PDF  scales⊕PDF 

100 200 300 400 500 600

0.5
1

1.5

Da
ta

Pr
ed

.

100 200 300 400 500 600
 [GeV]b jet

T
p

0.5
1

1.5

PDF

100 200 300 400 500 600

4−10

3−10

2−10

1−10

1

10

]
Ge

V
pb

 [ )
b j

et
T

d(
pσd

CMS  (13 TeV)1−137 fb
 1 b jet)≥ Z + →Data (pp 

Statistical unc.
Theoretical syst. unc.
Total unc.
MG5_aMC (NLO, NNPDF 3.1, CP5)
MG5_aMC (NLO, NNPDF 3.0, CUETP8M1)
MG5_aMC (LO, NNPDF 3.1, CP5)
MG5_aMC (LO, NNPDF 3.0, CUETP8M1)
Sherpa

100 200 300 400 500 600

0.5
1

1.5

sα ⊕ scales ⊕PDF  scales⊕PDF 

100 200 300 400 500 600

0.5
1

1.5

Da
ta

Pr
ed

.

100 200 300 400 500 600
 [GeV]b jet

T
p

0.5
1

1.5

PDF

100 200 300 400 500 600

3−10

2−10

1−10

1

10

]1− 
 [G

eV
)

b j
et

T
d(

pσd
 σ1

CMS  (13 TeV)1−137 fb
 1 b jet)≥ Z + →Data (pp 

Statistical unc.
Theoretical syst. unc.
Total unc.
MG5_aMC (NLO, NNPDF 3.1, CP5)
MG5_aMC (NLO, NNPDF 3.0, CUETP8M1)
MG5_aMC (LO, NNPDF 3.1, CP5)
MG5_aMC (LO, NNPDF 3.0, CUETP8M1)
Sherpa

Figure 5.21: Di↵erential cross section (left) and the normalized di↵erential cross sec-
tion (right) distributions as a function of b-jet transverse momenta for Z +� 1 b-jet
events. The uncertainties in the predictions are shown as colored bands in the bottom
panel around the theoretical predictions including statistical, PDF, scale, and ↵s un-
certainties for the mg5 amc (NLO, NNPDF 3.1, CP5), mg5 amc (NLO, NNPDF 3.0,
CUETP8M1) and the statistical and PDF uncertainties for the sherpa predictions.
The statistical, theoretical, and total uncertainties in data are indicated by the vertical
bars, yellow, and hatched bands centered at 1, respectively.
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Figure 5.22: Di↵erential cross section (left) and the normalized di↵erential cross sec-
tion (right) distributions as functions of b-jet absolute pseudorapidity for Z+�1b-jet
events. The uncertainties in the predictions are shown as colored bands in the bottom
panel around the theoretical predictions including statistical, PDF, scale, and ↵s un-
certainties for the mg5 amc (NLO, NNPDF 3.1, CP5), mg5 amc (NLO, NNPDF 3.0,
CUETP8M1) and the statistical and PDF uncertainties for the sherpa predictions.
The statistical, theoretical, and total uncertainties in data are indicated by the vertical
bars, yellow, and hatched bands centered at 1, respectively.
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The di↵erential and normalized di↵erential cross section distributions of

��(Z, b-jet), �y(Z, b-jet), and �R(Z, b-jet) are shown in Figures 5.23–5.25. The shapes

of these distributions are best described by the sherpa predictions. The ��(Z, b-jet)

di↵erential cross section distribution is well described by mg5 amc (LO), while

mg5 amc (NLO, NNPDF 3.0, CUETP8M1) and sherpa predictions describe within

25%. The mg5 amc (NLO) and mg5 amc (LO) predictions both provide a simi-

lar agreement for the normalized distribution, although the agreement is somewhat

better in the higher ��(Z, b-jet) region as compared to the lower ��(Z, b-jet). The

lower region of ��(Z, b-jet), which is most sensitive to additional QCD radiation as

well as soft corrections, is poorly modeled; these e↵ects are not fully captured in

the non-perturbative corrections applied to that prediction. It also appears from

the normalized distribution that higher order calculations of mg5 amc do not im-

prove the description of the distribution but di↵erent MPI models in mg5 amc and

sherpa have di↵erent agreements. So, this variable can be used for tuning the MPI

models.

The shape of �y(Z, b-jet) and �R(Z, b-jet) distributions are nicely described by

the sherpa predictions, whereas mg5 amc (LO) and mg5 amc (NLO) deviate in

the higher �y(Z, b-jet) and �R(Z, b-jet) regions. The LO calculation by mg5 amc un-

derestimates the distributions in the higher region by 20–30%, which is improved

significantly with the NLO prediction by mg5 amc for normalized as well as dif-

ferential cross section distributions. The mg5 amc (LO) and mg5 amc (NLO) are

simulated with the same MPI model of pythia 8 but have di↵erent level of agree-

ment with the �y(Z, b-jet) and �R(Z, b-jet) distributions which can be attributed to

the e↵ect of higher order corrections on the simulation of �y(Z, b-jet) and �R(Z, b-jet)

observables. The sherpa predictions tend to deviate up to 20–30% for both ob-

servables. In summary, sherpa prediction provides a good description of di↵erent

kinematic observables except for the higher pZT region for the normalized di↵erential
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Figure 5.23: Di↵erential cross section (left) and the normalized di↵erential cross section

(right) distributions as functions of ��(Z, b-jet) between the Z boson and the leading
b-jet for Z+�1b-jet events. The uncertainties in the predictions are shown as colored
bands in the bottom panel around the theoretical predictions including statistical,
PDF, scale, and ↵s uncertainties for the mg5 amc (NLO, NNPDF 3.1, CP5), mg5 amc
(NLO, NNPDF 3.0, CUETP8M1) and the statistical and PDF uncertainties for the
sherpa predictions. The statistical, theoretical, and total uncertainties in data are
indicated by the vertical bars, yellow, and hatched bands centered at 1, respectively.

distributions. The mg5 amc LO and NLO simulations provide varying levels of

agreement for the observables.

The �( Z + � 2 b-jets)/�(Z + � 1 b-jet) cross section ratio distributions as

functions of the leading b-jet transverse momentum and absolute pseudorapidity

are shown in Figure 5.26. The ratio gradually increases (from 0.05 to 0.25) with

the leading b-jet pT (ranging from 30 to 200GeV), but is nearly independent of the

pseudorapidity of the leading b-jet. The increase in the ratio is due to a kinematic

e↵ect; at larger pT of the leading jet, the kinematic acceptance for the subleading jet

would increase. Predictions from mg5 amc (LO), mg5 amc (NLO), and sherpa

describe the measured ratios within uncertainties.

To summarize, a measurement of fiducial cross sections of the Z + � 1 b-jet

process, along with the di↵erential and normalized di↵erential cross section distribu-

tions of di↵erent kinematic observables is presented. This measurement is performed

using pp collisions data at
p
s = 13TeV collected by the CMS experiment at the
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Figure 5.24: Di↵erential cross section (left) and the (right) normalized di↵erential cross

section (right) distributions as functions of �y(Z, b-jet) between the Z boson and the
leading b-jet for the Z+�1b-jet events. The uncertainties in the predictions are shown
as colored bands in the bottom panel around the theoretical predictions including
statistical, PDF, scale, and ↵s uncertainties for the mg5 amc (NLO, NNPDF 3.1, CP5),
mg5 amc (NLO, NNPDF 3.0, CUETP8M1) and the statistical and PDF uncertainties
for the sherpa predictions. The statistical, theoretical, and total uncertainties in data
are indicated by the vertical bars, yellow, and hatched bands centered at 1, respectively.
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Figure 5.25: Di↵erential cross section (left) and the normalized di↵erential cross section

(right) distributions as functions of �R(Z, b-jet) between the Z boson and the leading b-
jet for the Z+�1b-jet events. The uncertainties in the predictions are shown as colored
bands in the bottom panel around the theoretical predictions including statistical, PDF,
scale, and ↵s uncertainties for the mg5 amc (NLO, NNPDF 3.1, CP5), mg5 amc (NLO,
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predictions. The statistical, theoretical, and total uncertainties in data are indicated
by the vertical bars, yellow, and hatched bands centered at 1, respectively.
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Figure 5.26: Distributions of the cross section ratios, �( Z +� 2 b-jets)/�(Z +� 1 b-
jet), as functions of the (left) leading b-jet transverse momentum and (right) absolute
pseudorapidity. The uncertainties in the predictions are shown as colored bands in
the bottom panel around the theoretical predictions including statistical, PDF, scale,
and ↵s uncertainties for the mg5 amc (NLO, NNPDF 3.1, CP5), mg5 amc (NLO,
NNPDF 3.0, CUETP8M1) and the statistical and PDF uncertainties for the sherpa

predictions. The statistical, theoretical, and total uncertainties in data are indicated
by the vertical bars, yellow, and hatched bands centered at 1, respectively.

CERN LHC. This is the first measurement of these processes based on data collected

during the 2016–2018 LHC running period. The measured fiducial cross sections are

better described by the mg5 amc (LO) simulation but overestimated by mg5 amc

(NLO) and sherpa predictions. The measured value of the cross section ratio of the

Z+� 2 b-jets to Z+� 1 b-jet is well described by the mg5 amc (LO, NNPDF 3.0,

CUETP8M1) and sherpa calculations but overestimated by mg5 amc (NLO) pre-

diction. Present measurements can be used as an input for the further optimization

of the simulation parameters and b-quark PDF. This work has been published [55].
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Chapter 6

Summary

Several experiments have been designed and built to test the predictions of the

Standard Model (SM) and beyond SM (BSM) scenarios. Among them, the Large

Hadron Collider (LHC) at the European Council for Nuclear Research (CERN) is

the largest and most powerful particle accelerator ever built. The proton beams are

made to collide at four di↵erent locations along the LHC ring. At these positions,

four giant detectors are placed to record every possible outcome of the collision.

The Compact Muon Solenoid (CMS) is one of its general purpose detectors for SM

measurements and BSM searches due to its high precision detection of particles from

collision events. The work presented in this thesis is based on the contribution to

CMS detector upgrade and physics measurement. This thesis mainly reports two

tasks:

• Assembly and quality control testing of Gas Electron Multiplier (GEM) subde-

tectors for the upgrade of the first endcap muon station of the CMS detector.

• The cross sections measurement of the Z+b-jets processes using proton-proton

(pp) collisions data at
p
s = 13TeV.

These tasks are briefly summarized in the following Sections.
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236 Chapter 6

6.1 Assembly and testing of Gas Electron Multi-

pliers

To study a wide range of physics topics in SM and BSM scenarios muons play a

crucial role as they act as the cleanest signal. The CMS muon detector system earlier

had three di↵erent types of gaseous subdetectors: cathode strip chambers (CSC),

drift tubes (DT), and resistive plate chambers (RPC) for collecting data up to

Run2. These detectors used di↵erent detection technologies to improve the timing

and spatial resolution of the system. Precision measurements and Level 1 (L1)

triggering are provided by DT (CSC) in the barrel (endcap) region. Additionally,

RPC provide redundant trigger and coarse position measurement in both barrel and

endcap regions, but were not implemented beyond |⌘| > 1.9 because they cannot

sustain the high background particle rates in this region. As a result, the forward

region (1.6 < |⌘| < 2.2) is completed with new muon subdetectors known as GE1/1

based on GEM technology to further improve muon trigger and spatial resolution.

The GEM technology is an excellent choice for this region, due to its thin profile and

ability to operate at particle fluxes much higher than those expected in the forward

region under HL-LHC conditions. The GE1/1 chambers have a detection e�ciency

of more than 97% with time and position resolution of 10 ns and 260µm to 340µm,

respectively.

Total 144 GE1/1 chambers were required to upgrade the first endcap muon

station of the CMS detector during the Long Shutdown (LS2). Eight GE1/1 cham-

bers were assembled and tested at Panjab University in Chandigarh. The assembly

technique included the preparation of di↵erent parts of chambers called pre-assembly

and then the final assembly of these parts in the class-100 clean room. During pre-

assembly the readout board, drift board, internal frames, and external frame of the

chamber are prepared. The final assembly of the chamber was completed in the

clean room, which included the assembly of the GEM foil stack and closing of the
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chamber.

After the assembly of eight chambers, various quality control (QC) tests up to

QC4 are performed at the Panjab University site and QC5 at Delhi University to

ensure that the chamber does not have any mechanical or electrical issues that could

impact its operation. The chambers are shipped to CERN for further superchamber

assembly and QC testing (upto QC8) after passing all tests up to QC5. The first

QC test, known as QC2, was carried out to check the quality of a GEM foil before,

during, and after chamber assembly. Then, QC3 and QC4 tests are performed to

check for gas leaks and possible malfunctions, as well as defects in the HV circuit,

and intrinsic noise rate, respectively. Then, QC5, QC6, QC7, and QC8 tests are

performed to measure e↵ective gas gain, voltage vs. current characteristics, all elec-

tronic component connections, and the e�ciency and time resolution the chamber.

All chambers passed the QC tests performed at the Panjab University site and

later at the CERN site. These chambers have already been installed during LS2 in

the endcap of the CMS muon spectrometer and are part of the data taking.

6.2 Measurement of the production cross section

for Z + b-jets in proton-proton collisions at
p
s = 13TeV

In this thesis, the measurement of the fiducial cross section for the production of

a Z boson in association with at least one bottom quark jet is performed. This

is the first measurement of these processes based on data collected by the CMS

experiment during the 2016–2018 LHC running period. The Z+ b-jets is a crucial

process at the LHC for precision testing of electroweak and perturbative quantum

chromodynamics prediction (pQCD) calculations by comparing the measured cross

sections to theoretical predictions. The Z + b-jets measurements help to extract
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PDFs for the b quarks and constraint the PDF uncertainty in the measurement of

the W boson mass. These processes are the dominant irreducible backgrounds to

various SM and BSM processes.

The measurement is performed using pp collision data corresponding to an

integrated luminosity of 137 fb�1 at a
p
s of 13TeV. The integrated cross section

as well as the di↵erential and normalized di↵erential cross section are measured

for the electron, muon, and combined channels. The di↵erential cross section for

Z + � 1 b-jet event is measured as a function of various kinematic observables:

the transverse momentum of the dilepton; the highest pT (leading) b-jet (pb-jet
T

); the

absolute pseudorapidity of the b-jet (|⌘b-jet|); the azimuthal angle di↵erence between

the Z boson and the b-jet; the rapidity di↵erence between the Z boson and the b-jet;

and the angular correlation variable. These observables are directly sensitive to the

b quark PDF, details of the pQCD calculations, initial-state-radiation (ISR), final-

state-radiation (FSR), and multiple parton interactions (MPIs). The normalized

di↵erential cross section is measured which can better constraint the theoretical

predictions because of the cancellation of the correlated systematic uncertainties.

To understand the dynamics of Z +� 1 b-jet and Z+� 2 b-jets, the ratio of their

di↵erential cross section is measured as a function of pb-jet
T

and |⌘b-jet|, which allows

a further reduction in various experimental uncertainties such as those related to

the jet energy scale measurement. The Z+� 2 b-jets analysis has been performed

by other collaborating group.

The fiducial phase space regions are defined by selecting Z boson with at least

one b jet with pT > 30GeV and |⌘| < 2.4. The production cross sections within

the fiducial region, are measured to be 6.52 ± 0.04 (stat) ± 0.40 (syst) ± 0.14

(theo) pb and 0.65 ± 0.03 (stat) ± 0.07 (syst) ± 0.02 (theo) pb for the Z+� 1b-jet

and Z +� 2 b-jets processes, respectively. In the Z +� 1 b-jet and Z+� 2 b-jets

final states, the measured integrated cross section values are well described by both

mg5 amc (leading order (LO), NNPDF 3.0, CUETP8M1) and mg5 amc (next-to-
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LO (NLO), NNPDF 3.1, CP5) simulations. Whereas mg5 amc (NLO, NNPDF 3.1,

CP5), mg5 amc (NLO, NNPDF 3.0, CUETP8M1), and sherpa overestimate data

by ⇡10% (29%), ⇡18% (38%) and ⇡24% (21%), respectively, for the Z + � 1 b-

jet ( Z +� 2 b-jets) final states. The measured value of the cross section ratio of

the Z + � 2 b-jets and Z + � 1 b-jet for the combined channel is 0.100 ± 0.005

(stat) ± 0.007 (syst) ± 0.003 (theo), which is well described by the mg5 amc (LO,

NNPDF 3.0, CUETP8M1) and sherpa calculations but overestimated by mg5 amc

(NLO) prediction. The shapes of various kinematic observables are well described

by the sherpa prediction but are not completely described by mg5 amc (LO) and

mg5 amc (NLO) predictions. Since all predictions are normalized to the inclu-

sive Z + jets next-to-NLO cross section, di↵erences between mg5 amc (NLO) and

mg5 amc (LO) results could be attributable to variations in shapes of observables

and settings (parton distribution functions, Monte Carlo (MC) tunes, matching

schemes) used in those simulations. This measurements can be used as an input for

the further optimization of the simulation parameters and b quark PDF.

6.3 Outlook

During LS2, the GE/1 chambers have been installed in the first endcap muon sta-

tion of the CMS detector. It has been observed that this upgrade maintained the L1

muon trigger thresholds at low pT values, which increased the e�ciency for captur-

ing interesting physics processes involving soft leptons. Maintaining low pT muon

trigger thresholds is important for a wide range of physics studies ranging from

the Higgs sector measurements to new physics searches. Furthermore, during the

LS3, the accelerator infrastructure will be updated to deliver unprecedented instan-

taneous luminosity ranging from 5.0 to 7.5⇥ 1034cm�2s�1 providing an integrating

luminosity of 3000 to 4000 fb�1. During the LS3 period, the muon detector will

be upgraded to improve and maintain the performance of the muon triggering and
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tracking systems during the HL-LHC. There will be an installation of an addition

set of GEM subdetectors known as GE2/1 and ME0 in the muon system during LS3.

These additional GEM subdetectors will be used with the new silicon tracker and

track trigger installed during LS3 to make a “combined muon trigger”. As a result,

these additional GEM subdetectors will add redundancy to the forward region and

further improve the L1 muon trigger.

In this thesis, the measurement of the cross section for the production of a Z

boson in association with at least one bottom quark jet with pp collision data at
p
s = 13TeV is reported. The measurement of Z + b-jets processes is important

for all collider experiments. The study of Z+b-jets processes provides an excellent

environment to check numerous pQCD predictions and helps to improve the under-

standing of the current theoretical prediction of b-jets. In the present analysis, the

datasets were compared with various MC predictions based on leading order and

next-to-leading order matrix elements with the most recent di↵erent parton distri-

bution functions, MC tunes, matching schemes, etc. The current MC simulation is

found to be mismodelled. Present measurements can be used as input to further

optimization of the simulation parameters and b quark PDF to describe data well.
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The measurement of the cross section for the production of a Z boson, decaying to dielectrons or
dimuons, in association with at least one bottom quark jet is performed with proton-proton collision data atffiffiffi
s

p
¼ 13 TeV. The data sample corresponds to an integrated luminosity of 137 fb−1, collected by the CMS

experiment at the LHC during 2016–2018. The integrated cross sections for Zþ ≥ 1 b jet and
Zþ ≥ 2 b jets are reported for the electron, muon, and combined channels. The fiducial cross sections
in the combined channel are 6.52# 0.04ðstatÞ # 0.40ðsystÞ # 0.14ðtheoÞ pb for Zþ ≥ 1 b jet and
0.65# 0.03ðstatÞ # 0.07ðsystÞ # 0.02ðtheoÞ pb for Zþ ≥ 2 b jets. The differential cross section distribu-
tions are measured as functions of various kinematic observables that are useful for precision tests of
perturbative quantum chromodynamics predictions. The ratios of integrated and differential cross sections
for Zþ ≥ 2b jets and Zþ ≥ 1 b jet processes are also determined. The value of the integrated cross section
ratio measured in the combined channel is 0.100# 0.005ðstatÞ # 0.007ðsystÞ # 0.003ðtheoÞ. All mea-
surements are compared with predictions from various event generators.

DOI: 10.1103/PhysRevD.105.092014

I. INTRODUCTION

A Z boson accompanied by bottom (b) jets can originate
from quark-gluon, quark-antiquark, and gluon-gluon inter-
actions in proton-proton (pp) collisions. These processes
can be used to test perturbative quantum chromodynamics
(pQCD) predictions by comparing the measured cross
sections with theoretical predictions. They also provide
information on the b quark parton distribution functions
(PDFs) [1]. The measurement of Z þ b jets helps to
estimate the uncertainty coming from the PDF choice in
the W boson mass measurement [2]. These processes are
the dominant background for Higgs boson production in
association with a Z boson (ZH, H → bb̄) in the standard
model. They are also a source of background in many
scenarios beyond the standard model such as the produc-
tion of supersymmetric Higgs bosons in association with a
b quark, and new generations of heavy quarks decaying to a
Z boson and a b quark. Examples of Feynman diagrams of
the signal process with quark-gluon, quark-antiquark, and
gluon-gluon interactions for Z þ 1 b jet and Z þ 2 b jets
final states are shown in Fig. 1. Two different approaches
are available for calculating the Z þ b jets production, the

five-flavor and four-flavor schemes, and, as shown in
Ref. [3], they both yield consistent results.
Previousmeasurements have beenperformedonZ þ b jets

at
ffiffiffi
s

p
¼ 1.96 TeV by the CDF [4] andD0 [5] Collaborations

at the Fermilab Tevatron in proton-antiproton collisions. At
the CERN LHC similar measurements have been performed
at 7 TeV by the CMS [6] and ATLAS [7] Collaborations, at
8 TeV by CMS [8], and at 13 TeV by ATLAS [9], all in pp
collisions.
In this paper, the integrated cross sections together with

differential distributions of the Zð→llÞþ ≥ 1 b jet and
Zð→llÞþ ≥ 2 b jets are reported (where ll ¼ ee or μμ).
The differential distributions normalized to the correspond-
ing fiducial cross sections are presented as well. In the
measurements of normalized distributions, several system-
atic uncertainties cancel, which allows a more precise
comparison with theory. The differential and normalized
differential cross section distributions for Zþ ≥ 1 b jet pro-
duction are measured with respect to six kinematic observ-
ables: the transverse momentum of the dilepton (pZ

T); the
highestpT (leading) b jet (p

b jet
T ); the absolute pseudorapidity

of the b jet (jηb jetj); the azimuthal angle difference between
the Z boson and the b jet (ΔϕðZ;b jetÞ); the rapidity difference
between theZ boson and theb jet (ΔyðZ;b jetÞ); and the angular
correlation variable, which is defined as the separation in the
pseudorapidity and azimuthal distance between the Z boson

and the b jet ½ΔRðZ;b jetÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔηðZ;b jetÞÞ2 þ ðΔϕðZ;b jetÞÞ2

q
'.

The differential and normalized differential cross sec-
tions for the Zþ ≥ 2 b jets production are measured as
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functions of nine kinematic observables describing the final
state: the transverse momenta of the Z boson and the two
highest pT (leading and subleading) b jets; the absolute
pseudorapidity of the highest pT b jet; the angular
correlations between the Z boson and the b jets; the
invariant mass of the two b jets (mbb); the invariant mass
of the Z boson and the two b jets (mZbb); the angular
separation between two b jets (ΔRbb); the minimum
separation between the Z boson and the two b jets
(ΔRmin

Zbb ¼ minðΔRZ;b1 ;ΔRZ;b2Þ, where b1 and b2 are the
two leading b jets); and the asymmetry of the Zþ ≥ 2 b jets
system (AZbb¼½ΔRmax

Zbb−ΔRmin
Zbb'=½ΔRmax

ZbbþΔRmin
Zbb', where

ΔRmax
Zbb ¼ maxðΔRZ;b1 ;ΔRZ;b2Þ is the maximum separation

between the Z and the two b jets).
In addition, the integrated cross section ratios of

Zþ ≥ 2 b jets to Zþ ≥ 1 b jet are measured. The differ-
ential cross section ratios are measured as functions of pT
and jηj of the leading b jet. These measurements allow a
further reduction in various experimental uncertainties such
as those related to the jet energy scale measurement.
This study at higher

ffiffiffi
s

p
allows the exploration of the

more extreme regions of phase space. The measurement of
pb jet
T and pZ

T are sensitive to the b quark PDF and the details
of the pQCD calculations. The angular separation is
sensitive to initial- and final-state radiation and multiparton
interactions where extra jet(s) affect the corresponding
variables [10]. The invariant mass distributions are sensitive
to two-b-jet resonances. Measurements are compared with
the predictions from various Monte Carlo (MC) event
generators to test the higher-order pQCD calculations
and simulations of parton showering, hadronization, and
multiparton interactions.
Tabulated results are provided in the HEPData record for

this analysis [11].
The outline of this paper is as follows. Section II gives a

brief description of the CMS detector. Section III describes
the data and simulated samples used for the validation and
unfolding studies, and Sec. IV describes the event selection
criteria. The unfolding procedure and systematic uncer-
tainties are discussed in Sec. V, and the results are presented
in Sec. VI. Finally, the paper is summarized in Sec. VII.

II. THE CMS DETECTOR

The central feature of the CMS apparatus is a super-
conducting solenoid of 6 m internal diameter, providing a

magnetic field of 3.8 T. Within the solenoid volume there is
a silicon pixel and strip tracker covering a pseudorapidity
region jηj < 2.5 (3) in 2016 (2017–2018) data-taking
period [12], a lead tungstate crystal electromagnetic calo-
rimeter (ECAL), and a brass and scintillator hadron
calorimeter. Forward calorimeters, made of steel and quartz
fibers, extend the coverage to jηj < 5.0 provided by the
barrel and end cap detectors. Muons are detected in gas-
ionization chambers embedded in the steel flux-return yoke
outside the solenoid. Events of interest are selected using a
two-tiered trigger system [13]. The first level (L1), com-
posed of custom hardware processors, uses information
from the calorimeters and muon detectors to select events at
a rate of around 100 kHz within a latency of less than 4 μs
[14]. The second level, known as the high-level trigger,
consists of a farm of processors running a version of the full
event reconstruction software optimized for fast processing
and reduces the event rate to around 1 kHz before data
storage.
A more detailed description of the CMS detector,

together with a definition of the coordinate system
used and the relevant kinematic variables, is reported
in Ref. [15].

III. DATA AND SIMULATED SAMPLES

This analysis is performed using a data sample of pp
collisions at a center-of-mass energy of 13 TeV collected by
the CMS experiment during the 2016 (35.9 fb−1), 2017
(41.5 fb−1), and 2018 (59.7 fb−1) data-taking periods with
an integrated luminosity of 137 fb−1.
Several Monte Carlo event generators are used to

simulate signal and background processes. The Drell–
Yan (DY) process with exclusive jet multiplicity up to 2
is simulated at next-to-leading order (NLO) precision by
MadGraph5_aMC@NLO (denoted MG5_aMC) [16] version
2.3.2.2 for 2016 data and version 2.6.0 for the 2017–
2018 data with the FXFX [17] matching between the jets
from matrix element calculations and parton showers. The
NNPDF 3.0 NLO and NNPDF 3.1 next-to-NLO (NNLO)
PDF sets [18] are used for the 2016 and 2017–2018 data-
taking periods, respectively.
A second sample is produced with MG5_aMC version

2.2.2 (2.4.2) for the 2016 (2017–2018) data-taking period
using leading order (LO) matrix elements for pp →
Z þ n jets (n ≤ 4), with the MLM matching scheme
[19]. The NNPDF 3.0 LO and NNPDF 3.1 NNLO PDF
sets are used for the 2016 and 2017–2018 data-taking
periods, respectively. The MG5_aMC generator is interfaced
with PYTHIA v8.212 (v8.230) [20] for parton showering,
hadronization, and the underlying event simulation using
tune CUETP8M1 [21] (CP5 [22]) for the 2016 (2017–
2018) data-taking period. Matching between the matrix
element generators and the parton shower jets is done with
the matching scales set at 19 and 30 GeV for the LO and
NLO MG5_aMC generators, respectively.

FIG. 1. Examples of Feynman diagrams for Z þ 1 b jet (left)
and Z þ 2 b jets (middle and right).
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A third inclusive sample has been produced with SHERPA

v2.2.4 [23] to generate pp → Z þ n jets events, with n ≤ 2
at NLO and n ¼ 3, 4 at LO. The merging with the SHERPA

parton shower is done via the MEPS@NLO prescription
[24–26] with a matching scale of 20 GeV. The NNPDF 3.0
NLO PDF and a dedicated set of tuned parton shower
parameters developed by the SHERPA authors are used. In
the matrix element calculation, the value of the NNPDF 3.0
strong coupling (αS) at the Z boson mass is set to 0.130
(0.118) for MG5_aMC at LO and is set to 0.118 (0.118) for
MG5_aMC at NLO for the 2016 (2017–2018) data-taking
period. All three signal samples use the five-flavor number
scheme with b quark density allowed in the initial state via
a b and charm (c) quark PDF, with the b and c quarks
typically being massless.
The DY process includes signal events with a Z boson

and a jet initiated by a b quark (b jet) as well as background
events from Z þ c jet and Z þ light jet in which a jet is
initiated by a charm quark (c jet) and a light quark or gluon
(light jet), respectively. All DY processes are scaled to
NNLO accuracy in QCD based on the Z þ jets cross
sections calculated with FEWZ v3.1 [27]. Other background
contributions come from top quark-antiquark (tt̄) and single
top quark (s- and t-channel, and tW) production as well as
from diboson (WW,WZ, and ZZ) processes. The tt̄ process
is generated at NLO by POWHEG v2.0 [28–30] in 2016 and
MG5_aMC in 2017–2018 data-taking periods and interfaced
with PYTHIA v8.212 (CUETP8M2T4 [31]), v8.226 (CP5), and
v8.230 (CP5) for 2016, 2017, and 2018, respectively, for
parton showering and hadronization. The single top quark
t-channel and tW processes are simulated at NLO with
POWHEG v2.0 and POWHEG v1.0, respectively, whereas
the s-channel process is simulated with MG5_aMC at
NLO, both interfaced with PYTHIA. The PYTHIA v8.212,

v8.212, and v8.205 are used for single top quark t-channel,
tW, and s-channel processes, respectively, in 2016,
while PYTHIA v8.226 and v8.230 are used in 2017 and
2018, respectively, for all single top quark process. The
diboson background processes are simulated at LO using
PYTHIA v8.205, v8.226, and v8.230 for 2016, 2017, and 2018,
respectively.
All simulation samples, except those based on SHERPA,

use PYTHIAwith the CUETP8M1 or CUETP8M2T4 or CP5
tune. The CUETP8M1 tune includes the LO NNPDF 2.3
[32] PDFs set with the strong coupling αSðmZÞ set to 0.137
for space- and time-like shower simulation. The
CUETP8M2T4 tune is based on the CUETP8M1 tune,
which includes the NNPDF30_lo_as_0130 PDF set, but
uses a lower value of αS ¼ 0.111 for the initial-state
radiation component of the parton shower. The CP5 tune
use the NNPDF3.1 PDF set at NNLO, with αS values of
0.118, and running according to NLO evolution. The
diboson and single top quark predictions are scaled to
NNLO accuracy [33,34]. The prediction for tt̄ production is
normalized to NNLO calculations in pQCD including

resummation of next-to-next-to-leading logarithmic soft-
gluon terms with TOP++ 2.0 [35–41].
The MC samples are processed with the full CMS

detector simulation based on GEANT4 [42]. The simulated
events are reconstructed using the same algorithms used for
the data, and include additional interactions per bunch
crossings, referred to as pileup (PU). Simulated events are
weighted so that the PU distribution reproduces the one
observed in data, which has an average of about 23 (32)
interactions per bunch crossing in 2016 (2017–2018).

IV. EVENT SELECTION

The final state in this analysis contains a Z boson
(Z → ee=μμ) and at least one jet coming from a b quark.
Therefore, the measurement requires the reconstruction of
electrons, muons, and b jets. Events are reconstructed using
a particle-flow (PF) algorithm [43], which identifies each
individual particle candidate using information from vari-
ous subdetectors. Energy deposits are measured in the
calorimeters, and charged particles are identified in the
central tracking and muon systems.
The collision events are required to pass single lepton

triggers. They must have at least one electron (muon)
candidate with a minimum pT of 27, 32, and 32 GeV (24,
27, and 24 GeV) during the 2016, 2017, and 2018 data-
taking periods, respectively.
The candidate vertex with the largest value of summed

physics-object p2
T is the primary pp interaction vertex. The

physics objects are the leptons and jets, clustered using the
anti-kT algorithm [44] with the tracks assigned to candidate
vertices as inputs, and the associated missing transverse
momentum (p⃗miss

T ), the negative vector pT sum of all tracks.
The leptons in the analysis are required to originate from
the primary vertex.
Electrons are identified as a primary charged particle

track and potentially many ECAL energy clusters. These
clusters correspond to the electron track extrapolation to the
ECAL and to possible bremsstrahlung photons emitted by
electrons along the way through the tracker material [45].
The electron momentum is estimated by combining the
energy measurement in the ECAL with the momentum
measurement in the tracker. The longitudinal (transverse)
impact parameters with respect to the beam line for the
barrel (jηj < 1.48) and end cap (1.48 < jηj < 3.0) regions
are required to be less than 0.10 (0.05) cm and 0.20
(0.10) cm, respectively. The momentum resolution for
electrons with pT ≈ 45 GeV ranges from 1.7 to 4.5%
depending on η. It is generally better in the barrel region
than in the end caps, and also depends on the bremsstrah-
lung energy emitted by the electron as it traverses the
material in front of the ECAL. The dielectron mass
resolution for Z → ee decays when both electrons are in
the ECAL barrel is 1.9%, and degrades to 2.9% when both
electrons are in the end caps.
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Muons are measured in the pseudorapidity range
jηj < 2.4. The single muon trigger efficiency exceeds
90% over the full η range, and the efficiency to reconstruct
and identify muons is greater than 96% for pT > 25 GeV.
Efficiencies are measured using data-driven tag-and-prove
methods. Matching muons to tracks measured in the silicon
tracker results in a transverse momentum resolution for
muons with pT up to 100 GeVof 1% in the barrel and 3% in
the end caps [46]. The corrections for the muon transverse
momentum scale and resolution [47] are also applied to
remove biases of the muon momentum from detector
misalignments or magnetic field uncertainties.
To reduce the misidentification rate, leptons are required

to be isolated. The relative isolation variable is defined as:

Irel ¼
P

pcharged
Ti þmaxð0;

P
Eneutral
Ti þ

P
Eγ
Ti−pPU

T Þ
pl
T

; ð1Þ

which is the sum of the pT values for all PF candidates
within a cone of radius ΔR ¼ 0.3 (0.4) centered on the
electron (muon) track direction. Here,

P
Eneutral
Ti and

P
Eγ
Ti

are the scalar sums of the transverse energies of neutral
hadrons and photons, respectively. The quantity

P
pcharged
Ti

represents the pT sum of the charged hadrons associated
with the primary vertex and pPU

T is the contribution from
PU. For electrons, pPU

T is evaluated using the “jet area”
method described in [48]. For muons, pPU

T is taken to be
half of the scalar pT sum deposited in the isolation cone by
charged particles not associated with the primary vertex.
The factor of one half corresponds approximately to the
ratio of neutral to charged hadrons produced in the
hadronization of PU interactions. Finally, pl

T stands for
the lepton (electron or muon) transverse momentum. For
muons Irel is required to be less than 0.15. For electrons
Irel is pT dependent; for 25 GeV Irel < 0.021ð0.040Þ and
for 35 GeV Irel < 0.015ð0.029Þ in the barrel (end cap)
region [49].
The small residual differences in the lepton (electron and

muon) trigger, identification, and isolation efficiencies
between data and simulation are measured using a “tag-
and-probe”method [50] and are included by applying scale
factors to simulated events.
Jets are clustered from PF candidates using the infrared-

and collinear-safe anti-kT algorithm with a distance param-
eter of 0.4, as implemented in the FastJet package [51]. The
jet momentum is the vector sum of all particle momenta in
the jet, and is found from simulation to be within 5%–10%
of the true momentum over the entire pT spectrum and
detector acceptance. Pileup interactions could result in
additional tracks and calorimetric energy depositions,
possibly increasing the measured jet momentum. To
mitigate this effect, tracks identified as originating from
PU vertices are discarded and an offset correction [48] is
applied to correct for remaining contributions.

The reconstructed jet energy scale (JES) is corrected
using a factorized model to compensate for the nonlinear
and nonuniform response in the calorimeters. Corrections
are derived from simulation to bring, on average, the
measured response of jets to that of particle-level jets. In
situ measurements of the momentum balance in dijet,
multijet, photonþ jet, and leptonically decaying Z þ jet
events are used to account for any residual differences
between the JES in data and simulation [52]. The jet energy
resolution (JER) in the simulation is smeared to reproduce
what is observed in data. The JER amounts typically to
16% at 30 GeV and 8% at 100 GeV. Additional selection
criteria are applied to remove jets potentially dominated by
anomalous contributions from various subdetector compo-
nents or reconstruction failures [53]. Jets identified as likely
to originate from PU are also removed by using a pileup jet
ID discriminator for jets with 30 < pT ≤ 50 GeV [54]. For
jets with pT > 50 GeV, the pileup jet ID discriminator is
not applied, since here the pileup event contribution is
negligible [55].
The missing transverse momentum vector p⃗miss

T is
computed as the negative vector sum of the transverse
momenta of all the PF candidates in an event, and its
magnitude is denoted as pmiss

T [56]. The p⃗miss
T is modified to

include corrections to the energy scale of the reconstructed
jets in the event.
A neural network algorithm (DeepCSV) [57] is used to

discriminate b jets from c and light jets. In the DeepCSV

algorithm, the significance of the secondary vertex dis-
placement is combined with track-based information in a
machine-learned multivariate analysis to increase the effi-
ciency compared with cut-based algorithms.
The Z boson candidate is reconstructed from two same

flavor leptons with opposite charge having invariant mass
(mll) between 71–111 GeV. Here, leading and subleading
leptons must have pT > 35 GeV and pT > 25 GeV,
respectively. The Z boson event must contain at least
one b jet with pT > 30 GeV, jηj < 2.4, and have
pmiss
T < 50 GeV. The b jets are selected with the tight

operating point of the b tag discriminator. The overlap
between the b jet and a lepton from the Z boson decay is
removed by requiring a minimum distance of ΔR > 0.4
between them.
In simulation, the classification of reconstructed Z þ jet

events into Z þ b jet, Z þ c jet, and Z þ light jet categories
is based on the flavors of reconstructed jets with pT >
30 GeV and jηj < 2.4. They are classified as b or c jets if
they are matched to the generated b or c hadrons. The
matching is done using the ghost association procedure in
which the modulus of the hadron four-momentum is set to a
small number, retaining only the directional information
[57]. In the casewhen both c and b hadrons are matched, the
jet is considered as a b jet. Based on reconstructed jets with
defined flavors, events are classified as Z þ b jet events if
they contain at least one b jet. Of the remaining events, those
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that contain at least one c hadron are considered as Z þ c jet
events and those that contain neither b nor c hadrons are
classified as Z þ light jet events. In this analysis the tagging
efficiency of Z þ b jet (Z þ c jet) events is estimated as the
fraction of events that pass the b (c) hadron and b tagging
(c tagging) requirement over the number of events that pass
just the b (c) hadron requirement. In simulations for the tight
operating point, the tagging efficiencies for b (c) quarks are
50%–60% (25%) and misidentification probabilities are
about 0.1% (<1.5%) and 2%–5% (≈24%) for a light (light)
and c (b) jet.
Data from tt̄, W þ jets, and multijet events that are

enriched with a given flavor of interest are used to measure
the b, c, and light jet tagging efficiencies. These are
compared with the efficiencies calculated from simulation.
Small differences between data and simulation are cor-
rected through scale factors applied to simulation.
The selected events with a Z boson and at least one b jet

have ≈18% background contamination, with the major
contributions arising from the Z þ c jet (≈7%), tt̄ (≈7%),
and Z þ light jet (≈4%) processes. In the Zþ ≥ 2 b jets
signal region a significant source of background originates
from tt̄ production, accounting for ≈30% of the events in
the signal region and ≈85% of the background. To validate
the simulation, control regions that are enriched with
processes of interests are constructed.
For the Zþ ≥ 1 b jet measurement, the tt̄ control region

is constructed by requiring an oppositely charged electron
and muon pair with at least one b jet (eμþ ≥ 1 b jet) with
the same selection criteria discussed above. A sample
containing about 92% of tt̄ events is obtained for each
year of data taking. The non-tt̄ contributions to this region
are DY, single top, W þ jets, and diboson events. A scale
factor, ðdata − non-tt̄ backgroundÞ=ðtt̄MCÞ, is extracted
from this region. It is 0.98 for 2016 and 0.87 for 2017–
2018 data-taking periods and is applied in the signal region
to the tt̄ simulation in the ee and μμ channel.
In the Zþ ≥ 2 b jets signal region, the tt̄ background is

estimated by a data-driven method using an eμþ ≥ 2 b jets
sample where the purity of the tt̄ events is ≈96%.
A normalization factor is derived by comparing the
numbers of tt̄ events seen in the sidebands of the dilepton
invariant mass distributions from eμþ ≥ 2 b jets and signal
(Zþ ≥ 2 b jets) regions. This factor is applied to the
number of tt̄ð→eμÞþ ≥ 2 b jets events within the Z boson
mass window to obtain the tt̄ background contribution in
the signal region.
The Z þ light jet control region (CR1) is constructed

by requiring events to have inclusive jets without any
condition on the tagger discriminator. A sample containing
about 83%–85% of Z þ light jet events is obtained for
each year of data taking. The non-(Z þ light jet) back-
grounds are Z þ c jet, Z þ b jet, diboson, tt̄, single top,
and W þ jets events. A scale factor, ðdata − non-ðZþ
light jetÞbackgroundÞ=ðZ þ light jetMCÞ, is extracted from

this region and applied in the signal region to the
Z þ light jet MC. The scale factors 0.94, 0.98, and 0.90
are used for the 2016, 2017, and 2018 data-taking periods,
respectively. As a cross-check, another Z þ light jet control
region (CR2) is defined by requiring events to pass anti-b
and anti-c tagging tight operating points of b and c quark
discriminators. The scale factors in CR1 and CR2 are
consistent within 1%–2%.
The Z þ c jet control region (CR3) is constructed by

requiring c jet events with the tight operating points of the
c tag discriminator. A sample containing about 41%–55%
of Z þ c jet events is obtained for each year of data
taking. Scale factors, ðdata − non-ðZ þ c jetÞ backgroundÞ=
ðZ þ c jetMCÞ, 0.75, 1.08, and 0.99 for 2016, 2017, and
2018 data-taking periods, are extracted from this region and
are applied to the Z þ c jet MC sample in the signal region.
The non-Z þ c jet contributions to this region are Z þ b jet,
Z þ light jet, tt̄, single top, W þ jets, and diboson events.
As a cross-check, another Z þ c jet control region (CR4) is
defined by requiring events to pass tight operating points of
the c quark discriminator and inverted b quark discrimi-
nator. The scale factors in CR3 and CR4 are consistent
within 1%–2%.
The collective contribution of single top, W þ jets, and

diboson processes is small (<2%). Thus, data-driven
estimates are not considered for these processes and their
contributions are determined from simulation.

V. UNFOLDING AND SYSTEMATIC
UNCERTAINTIES

The reconstructed distributions are unfolded to generator-
level quantities using the TUnfold package (v17.5) [58], which
is based on a least squares fit, to correct for the detector
resolution and the selection efficiencies. The simulated
events are classified according to generator-level informa-
tion. The generator-level jets are formed from stable particles
(cτ > 1 cm), except neutrinos, using the same anti-kT
algorithm as for the reconstructed jets. Any overlap between
generator-level jets and a pair of leptons from the Z boson
decays is removed by requiring a minimum distance of 0.4
between them. If an event consists of at least one (two)
generator-level jet(s) containing a b hadron, the event is
classified as a Zþ ≥ 1 b jet (Zþ ≥ 2 b jets) event. The
generator-level leptons are “dressed” by adding themomenta
of all photonswithinΔR ≤ 0.1 around the lepton direction to
account for the final-state radiation effects. The distributions
are unfolded to the generator-level in the fiducial region
defined in Table I.
The reconstructed distributions are unfolded with a

response matrix that describes the migration probability
between the particle- and reconstruction-level quantities.
The response matrix is constructed by spatially matching
the reconstruction-level leptons and b jet objects to the
corresponding generator-level objects within ΔR < 0.3.
The selected Zþ ≥ 1 b jet and Zþ ≥ 2 b jets samples at
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reconstruction-level can have background events that do
not match to generator-level objects. The background
events are channel dependent and they are subtracted from
reconstructed events for each year and channel separately.
The background subtracted reconstruction-level distribu-
tions are unfolded. The unfolded distributions are corrected
for those events that have generator-level objects in the
fiducial volume, which do not match with reconstructed
objects. Events generated with MG5_aMC (NLO) and CP5
tune are used to construct the response matrix. The
MG5_aMC (NLO) with CUETP8M1 tune, MG5_aMC (LO)
with CP5 and CUETP8M1 tunes, and SHERPA are used for
comparison with unfolded data.
The effect of regularization, a procedure to control

large fluctuations of unfolded distributions due to statistical
uncertainties of observed quantities [59], is negligible
for the selected observables. Therefore, all studies are
performed without regularization. The unfolding pro-
cedure is validated with statistically independent tests in
which MG5_aMC NLO distributions are unfolded with LO
MG5_aMC and compared with generator-level NLO
MG5_aMC predictions. There is good agreement between
the unfolded and the generator-level predictions. The
resolution of variables to be measured in the present
analysis is not expected to differ for the electron and muon
channels. This procedure is validated by unfolding gen-
erator-level MC distributions for the electron channel with
the response matrix constructed for the muon channel. The
background and acceptance distributions are taken from the
electron channel only. The resulting unfolded distributions
are compared with the unfolded results when the electron
channel is used for the construction of the response matrix.
A good agreement is observed between the two unfolded
results, which establishes that the response matrices for the
two channels are consistent with each other. Therefore,
the electron and muon data are added and unfolded with the
combined response matrix.
The data distributions for theZþ ≥ 1 b jet (Zþ ≥ 2 b jets)

analysis are unfolded with a response matrix constructed
using the Z þ b jet events in the DY sample that is simulated
with the MG5_aMC (NLO) generator.

A. Experimental uncertainties

There are a number of sources of uncertainty that have a
significant impact on the cross section measurements.
These include

(i) Integrated luminosity: The integrated luminosities of
the 2016–2018 data-taking periods have uncertain-
ties in the 1.2–2.5% range. These uncertainties are
partially correlated and correspond to a total un-
certainty of 1.6% for the Run 2 (2016–2018)
[60–62]. The luminosity uncertainty affects the
integrated cross section but not the normalized
distributions.

(ii) Jet energy scale and resolution: The effect of JES and
JER is evaluated by varying up and down the pT
values of jets with the corresponding uncertainty
factors. The JES and JER uncertainties are also
propagated to pmiss

T . The JES and JER scale factors
are correlated with the JES and JER components
of pmiss

T , so scale factors are varied up and down
simultaneously. For the Zþ ≥ 1 b jet (Zþ ≥ 2 b jets)
analysis, the JES introduces a systematic uncertainty
of ≈3% (≈6%) on the integrated cross section
whereas the effect of JER is less than 1%. The JES
has varying effects on the differential and normalized
differential cross section distributions for the differ-
ent observables of Zþ ≥ 1 b jet (Zþ ≥ 2 b jets)
events, with maximum effects of 9% and 7% (24%
and 18%), respectively, in the low event count bins.

(iii) b tagging/mistagging: The uncertainty due to b
tagging and mistagging scale factors is evaluated
by varying them up and down within their uncer-
tainties. The scale factor for tagging b jets is
correlated with the c jets scale factor, so for tagging
b and mistagging c jets, scale factors are varied up
and down simultaneously, while the scale factor for
mistagging light jets is varied independently. The
combined b tagging uncertainty is then calculated as
the sum in quadrature of these variations. For the
Zþ ≥ 1 b jet (Zþ ≥ 2 b jets) analysis the uncertain-
ties in the b tagging and mistagging scale factors
affect the cross section measurements by 3.0%
(5.8%). The differential and normalized differential
cross section distributions are affected by 2%–8%
and 0.5%–5.0%, respectively, for selected observ-
ables of Zþ ≥ 1 b jet events. These uncertainties are
less than 14.5 and 9.5% in the Zþ ≥ 2 b jets differ-
ential and normalized differential cross section
measurements, respectively.

(iv) Unclustered energy of pmiss
T : The effect of the un-

certainty in the remaining component of pmiss
T , that is

unclustered energy, is estimated by varying its con-
tributions within the uncertainties, which are treated
as correlated across years and channels. For Zþ ≥
1 b jet (Zþ ≥ 2 b jets), this uncertainty source affects
the integrated cross section by up to 2.8% (3.6%). The
differential and normalized differential cross section
distributions of different observables of Zþ ≥ 1 b jet
(Zþ ≥ 2 b jets) events are affected by up to 3.8%
(8.4%) and 1.1% (7.1%), respectively.

TABLE I. Fiducial region definition at generator-level.

Object Selection

Dressed leptons pTðleadingÞ > 35 GeV,
pTðsubleadingÞ > 25 GeV, jηj < 2.4

Z boson 71 < mll < 111 GeV
Generator-level b jet b hadron jet, pT > 30 GeV,

jηj < 2.4
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(v) Lepton selection: Electrons and muons are corrected
for trigger, reconstruction, and identification effi-
ciencies and the effects of these corrections are
estimated by varying the corresponding scale factors
within their uncertainties. For the Zþ ≥ 1 b jet
(Zþ ≥ 2 b jets) measurement, the uncertainty in
the electron selection efficiency results in an un-
certainty in the integrated cross section of about
4.6% (4.3%) for the electron channel, but for the
combined channel the effect is about 1.5% (1.4%).
Normalized distributions are not biased due to
electron selection efficiency because associated un-
certainties cancel in the ratio. The integrated cross
section has a systematic uncertainty due to muon
selection of less than 1%.

(vi) Pileup reweighting: The PU distribution in the
simulated samples is reweighted to match that of
the data. The corresponding uncertainty is estimated
by varying the total inelastic cross section by#4.6%
[63]. For Zþ ≥ 1 b jet (Zþ ≥ 2 b jets) the uncer-
tainty in the PU simulation affects the integrated
cross section by 1.7%–2.4% (2.1%–2.9%). For the
Zþ ≥ 1 b jet (Zþ ≥ 2 b jets) differential and nor-
malized differential cross section distributions the
effects are less than 2.7% (6.8%) and 1.3% (4.3%),
respectively.

(vii) Background estimation: In the Zþ ≥ 1 b jet cross
section measurements the Z þ c jet and Z þ light jet
contributions come from simulation and are vali-
dated in control regions as discussed in Sec. IV. The
difference between data and MC simulation is
extracted from each control region and is applied
as a scale factor for the Z þ c jet and Z þ light jet
MC predictions in the signal region, respectively.
These scale factors can have associated systematic
uncertainties from experimental sources (JES, b
tagging, PU, lepton selection), although these are
already considered while evaluating systematic un-
certainties in the signal region. For all of the control
regions the data and MC simulation values are
within 10%. Hence, an additional systematic un-
certainty of 10% is assigned to the background
modeling. For Zþ ≥ 1 b jet, the effect of these
uncertainties is ≈2.2% on the integrated cross
section, whereas the effect of uncertainties related
to Z þ c jet and Z þ light jet backgrounds is about
1.5%. The corresponding effects on the differential
and normalized differential cross section distribu-
tions range from 1.5% to 4.8% and 0.5% to 3.3%,
respectively. In the Zþ ≥ 2 b jets measurements
the background uncertainty originates from the tt̄,
Drell–Yan, diboson, and single top estimations. The
tt̄ uncertainty is the dominant source, and is derived
by comparing the normalization coefficients ob-
tained using fits in the dilepton invariant mass

and missing transverse momentum distributions.
The background uncertainty in the Zþ ≥ 2 b jets
integrated cross section is 2.4%. In the Zþ ≥ 2 b jets
differential and normalized differential cross sec-
tions this uncertainty is less than 4.9% and 2.7%,
respectively.

(viii) Model dependence: The unfolding model uncer-
tainty is estimated by reweighting the signal MC
(MG5_aMC at NLO) with a scale factor that is
calculated by fitting the ratio of background-sub-
tracted data to signal simulation of normalized
distributions and using it as an alternative model
for the unfolding. It affects the differential and
normalized differential cross section distributions
of different observables in the Zþ ≥ 1 b jet analysis
up to 1.5% and 1.2%, respectively.

(ix) Pileup jet identification: The PU jet identification
criteria have different performance in the data and
simulated events. This difference is corrected as a
scale factor. For Zþ ≥ 1 b jet and Zþ ≥ 2 b jets
measurements, the effect of uncertainties associated
with the scale factor is less than 0.7% in the
integrated cross section. The differential and nor-
malized differential cross section distributions of
different observables of Zþ ≥ 1 b jet (Zþ ≥ 2 b jets)
events are affected up to 0.5% (1.2%).

(x) L1 prefiring: During the 2016–2017 data-taking
period there was a timing issue in the 2.0 < jηj <
3.0 region of the ECAL where L1 trigger primitives
were mistakenly associated with the previous bunch
crossing. This led to a self-vetoing of events with
significant energy in the 2.0 < jηj < 3.0 region and
a loss of trigger efficiency. Correction factors are
determined from data for the efficiency loss and
applied to the simulation of the dielectron and
dimuon channels. The uncertainty due to the prefir-
ing scale factors is evaluated by varying them up and
down within their uncertainties. For the Zþ ≥ 1 b jet
and Zþ ≥ 2 b jets differential and normalized
differential cross section distributions as well as
on the integrated cross section the effects are less
than 0.5%.

In the cross section ratio measurement, the luminosity
uncertainty is effectively canceled. All other experimental
uncertainties except the background estimation are evalu-
ated as follows. For an uncertainty of interest, the Zþ ≥
2 b jets and Zþ ≥ 1 b jet cross sections are obtained for up
and down systematic variations described above and the
corresponding ratios are obtained. The uncertainty is
derived by comparing these ratios with the nominal ones.
The background estimations in the Zþ ≥ 2 b jets and Zþ ≥
1 b jet events are based on independent methods and control
regions. Therefore, the background uncertainties are uncor-
related and derived from quadrature sums of those from the
Zþ ≥ 2 b jets and Zþ ≥ 1 b jet measurements.
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B. Theoretical uncertainties

The uncertainties coming from the theory calculations
and MC generators are estimated as follows.

(i) Renormalization and factorization scales: The scale
uncertainties are estimated using a set of weights
provided by the generator that corresponds to
variations of renormalization (μR) and factorization
(μF) scales by factors of 0.5 and 2. The unfolded
distributions are obtained for all combinations,
except for μF=μR ¼ 0.25 or 4, and their envelope
is quoted as the uncertainty. The integrated cross
sections for Zþ ≥ 1 b jet (Zþ ≥ 2 b jets) have scale
uncertainties of 2.6% (2.5%), 2.9% (2.3%), and
2.1% (2.5%) in the dielectron, dimuon, and com-
bined channels, respectively. The uncertainties in the
Zþ ≥ 1 bjet (Zþ ≥ 2 b jets) differential distribu-
tions vary from 1% to 10% (0.5% to 4.9%) and
for the normalized differential distributions they
vary from 0.5% to 9.4% (0.5% to 5.0%). Similarly,
uncertainties are evaluated for MG5_aMC (NLO) with
CP5 tune generator-level distributions and the effect
on the Zþ ≥ 1 b jet (Zþ ≥ 2 b jets) integrated cross
section at the generator-level is around 6.6% (9.0%).
The renormalization and factorization scale uncer-
tainties in the cross section ratios are the quadrature
sum of those from the Zþ ≥ 2 b jets and Zþ ≥
1 b jet measurements.

(ii) PDF: The uncertainty in the parton distribution
functions is estimated using different Hessian ei-
genvectors of the NNPDF 3.1 PDF sets. Applying
the master formula of the Hessian PDF error
calculation [64], this uncertainty is estimated on a
bin-by-bin basis for the differential distributions.
The integrated cross sections for the Zþ ≥ 1 b jet
(Zþ ≥ 2 b jets) process have PDF uncertainties
around 0.3%–0.4% (0.3%) in the dielectron, di-
muon, and combined channels. For the Zþ ≥ 1 b jet
(Zþ ≥ 2 b jets) analysis, the uncertainties in the
differential distributions for the dielectron, dimuon,
and combined channels are 0.5% to 4.2% (0.5%–
4.0%), whereas the uncertainties in the normalized
differential cross sections for these channels are in
the range 0.5%–3.3% (0.5%–3.2%). The PDF un-
certainties are treated as correlated across the years
and channels. Similarly, the effect of PDF (NNPDF
3.1) uncertainty in the generator-level distributions
is obtained on a bin-by-bin basis of generator-level
distributions with PDF weights applied. The effect
on the integrated cross sections of the Zþ ≥ 1 b jet
and Zþ ≥ 2 b jets at the generator-level is around
1.0%. The Zþ ≥ 2 b jets and Zþ ≥ 1 b jet PDF
uncertainties are summed in quadrature for the cross
section ratios. The uncertainties in the PDFs are
also estimated for SHERPA at generator-level us-
ing the 102 replicas of the NNPDF 3.0 PDF set.

The integrated cross sections for the Zþ ≥ 1 b jet
(Zþ ≥ 2 b jets) process have PDF uncertainties
around 1.4% and 2.0%.

(iii) Strong coupling (αS): The uncertainties due to αS are
estimated by using two additional PDF members
corresponding to upper (0.120) and lower (0.116)
values with respect to the central (0.118) αS value.
The integrated cross sections for the Zþ ≥ 1 b jet
(Zþ ≥ 2 b jets) process have αS uncertainties
around 0.2%–0.3% (0.1%) in the dielectron, di-
muon, and combined channels. For the Zþ ≥ 1 b jet
(Zþ ≥ 2 b jets) analysis, the uncertainty in the
differential distributions for the dielectron, dimuon,
and combined channels is 0.5%–1.3% (0.5%–1.6%),
and the uncertainties in the normalized differential
cross sections for these channels are in the range 0.5
to 1.1% (0.5%–1.3%). The effect on Zþ ≥ 1 b jet
(Zþ ≥ 2 b jets) integrated cross section at the gen-
erator-level is 1.2% (0.1%). The Zþ ≥ 2 b jets and
Zþ ≥ 1 b jet αS uncertainties are summed in quad-
rature for the cross section ratios.

Table II lists the uncertainties in the Zþ ≥ 1 b jet and
Zþ ≥ 2 b jets integrated cross sections. Tables III and IV
summarize the range of uncertainty in the differential and
normalized differential cross section distributions for the
Zþ ≥ 1 b jet combined channel, respectively. For the Zþ ≥
2 b jets measurements, Tables V and VI show the uncer-
tainty in the differential and normalized differential cross
sections, respectively. All systematic uncertainties are
treated as 100% correlated across the years. In summary,
the Zþ ≥ 1 b jet (Zþ ≥ 2 b jets) integrated cross sections
have total experimental systematic uncertainties of 5.9%

TABLE II. Summary of the uncertainties (in percent) in the
integrated cross sections for the dielectron, dimuon, and com-
bined channels in the Zþ ≥ 1 b jet and Zþ ≥ 2 b jets events.

Zþ ≥ 1 b jet Zþ ≥ 2 b jets

Uncertainty (%) ee μμ ll ee μμ ll

Statistical 1.0 0.7 0.6 7.7 5.9 4.6
JES, JER 2.7 3.0 2.9 6.9 5.4 5.8
b tagging/mistagging 3.0 2.9 2.9 5.4 6.0 5.8
Unclustered energy of pmiss

T 2.8 2.8 2.8 3.5 3.7 3.6
Background estimation 2.2 2.0 2.1 2.3 2.4 2.4
Pileup reweighting 2.4 1.7 1.9 2.9 2.1 2.4
Electron selection 4.6 … 1.5 4.3 … 1.4
Luminosity 1.6 1.6 1.6 1.6 1.6 1.6
Muon selection … 0.6 0.4 … 1.0 0.7
Pileup jet identification 0.3 0.3 0.3 0.6 0.7 0.7
L1 prefiring 0.3 0.2 0.2 0.3 0.2 0.3
μR and μF scales 2.6 2.9 2.1 2.5 2.3 2.5
PDF 0.4 0.3 0.3 0.3 0.3 0.3
αS 0.3 0.2 0.2 0.1 0.1 0.1
Total experimental 7.6 5.9 6.1 11.4 9.7 9.9
Total theoretical 2.6 2.9 2.1 2.5 2.3 2.5
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TABLE III. Summary of the uncertainties (in percent) in the differential cross section distributions for the
combined channel in the Zþ ≥ 1 b jet events.

Observable=Uncertainty (%) pZ
T pb jet

T jηb jetj ΔϕðZ;b jetÞ ΔyðZ;b jetÞ ΔRðZ;b jetÞ

Statistical 1.0–5.2 1.0–12 0.7–1.4 0.7–2.2 0.7–4.7 1.0–5.3
JES, JER 1.0–9.0 2.0–7.2 2.0–7.0 2.0–4.8 2.0–6.4 1.6–6.1
b tagging=mistagging 2.3–6.0 2.0–8.3 2.6–4.3 2.5–4.9 2.7–5.5 2.6–7.2
Unclustered energy of pmiss

T 2.2–3.6 2.2–3.4 0.5–1.8 2.5–3.8 2.7–3.0 2.3–3.8
Background estimation 1.6–3.6 1.8–3.0 1.9–3.2 1.5–3.9 2.0–3.4 2.6–4.8
Pileup reweighting 1.0–2.2 0.7–2.2 1.8–2.4 1.8–2.6 1.8–2.2 1.5–2.5
Model dependency 0.5–1.4 0.5–1.2 0.5 0.5–1.5 0.5–0.6 0.5–1.1
Electron selection 1.3–2.8 1.2–1.9 1.4–1.8 1.3–1.9 1.5–2.4 1.2–2.2
Muon selection 0.5–1.0 0.5–1.0 0.5 0.5 0.5 0.5–0.6
Pileup jet identification 0.5–0.6 0.5 0.5–0.9 0.5 0.5–0.6 0.5
L1 prefiring 0.5 0.5 0.5–0.7 0.5 0.5–0.9 0.5
μR and μF scales 1.0–7.2 1.0–10.0 0.7–3.3 1.5–2.7 1.0–2.8 1.5–4.0
PDF 0.5–2.9 0.5–2.1 1.5–2.8 0.5–2.1 0.5–1.6 0.5–4.2
αS 0.5–1.0 0.5–0.7 0.5 0.5–1.1 0.5 0.5–1.3

TABLE IV. Summary of the uncertainties (in percent) in the normalized differential distributions for the combined
channel in the Zþ ≥ 1 b jet events.

Observable=Uncertainty (%) pZ
T pb jet

T jηb jetj ΔϕðZ;b jetÞ ΔyðZ;b jetÞ ΔRðZ;b jetÞ

Statistical 1.0–5.2 1.0–12 0.7–1.4 1.0–2.1 0.7–4.7 0.8–3.3
JES, JER 1.0–5.8 1.0–6.7 0.5–4.5 0.5–2.1 0.5–4.2 0.5–4.2
b tagging=mistagging 0.5–3.9 0.5–5.6 0.5–1.7 0.5–2.9 0.5–3.7 0.5–1.7
Unclustered energy of pmiss

T 0.5–0.7 0.5–0.7 0.5–1.1 0.5–1.0 0.5 0.5–1.0
Background estimation 0.5–1.9 0.6–1.7 0.5–1.4 0.5–2.0 0.5–2.4 0.5–3.3
Pileup reweighting 0.5–0.9 0.5–1.3 0.5 0.5–0.7 0.5 0.5–0.8
Model dependency 0.5–1.4 0.5–0.8 0.5 0.5–1.2 0.5 0.5–0.9
Electron selection 0.5–1.3 0.5 0.5 0.5 0.5–0.9 0.5–0.6
Muon selection 0.5–1.0 0.5 0.5 0.5 0.5 0.5
Pileup jet identification 0.5 0.5 0.5 0.5 0.5 0.5
L1 prefiring 0.5 0.5 0.5 0.5 0.5 0.5
μR and μF scales 1.0–7.0 0.5–9.4 0.5–2.0 1.0–2.1 0.5–2.1 0.5–3.7
PDF 0.5–2.0 0.5–1.6 0.5–0.7 0.5–1.8 0.5–1.6 0.5–3.3
αS 0.5–1.0 0.5–0.7 0.5 0.5–0.9 0.5 0.5–1.1

TABLE V. Summary of the uncertainties (in percent) in the differential cross section distributions for the combined channel in the
Zþ ≥ 2 b jets events. The symbols, b1 and b2, stand for leading and subleading b jets, respectively.

Observable=Uncertainty (%) pb 1
T pb 2

T jηjb 1 pZ
T ΔRbb ΔRmin

Zbb AZbb mZbb mbb

Statistical 8.6–15.5 7.0–37.6 6.2–11.9 6.2–25.3 5.6–29.2 5.3–43.5 4.5–25.0 8.1–22.1 11.3–25.9
JES, JER 6.0–12.8 5.1–14.3 6.8–8.2 5.6–14.8 5.9–14.9 4.5–23.8 4.3–13.2 4.8–13.7 4.2–17.5
b tagging=mistagging 4.4–7.7 4.3–9.2 4.3–6.2 4.1–13.7 3.5–6.4 3.8–14.5 5.3–7.3 4.2–7.2 4.5–6.6
Unclustered energy of pmiss

T 1.3–6.8 2.1–8.0 2.7–4.2 3.1–6.8 1.1–5.0 0.7–4.8 2.1–4.8 2.1–5.1 1.3–8.4
Background simulation 0.6–3.7 0.8–4.9 1.0–2.9 0.6–3.8 0.5–3.0 0.5–3.8 1.9–3.1 0.6–4.1 1.1–3.5
Pileup reweighting 1.4–4.1 1.6–6.8 1.7–2.7 1.6–3.3 1.9–3.1 0.9–3.9 1.7–4.3 1.7–3.2 1.5–3.5
Electron selection 0.9–1.7 1.1–2.0 1.2–1.5 0.9–1.7 0.7–1.5 0.5–1.8 1.1–1.6 1.0–1.8 0.9–1.6
Muon selection 0.5–0.8 0.5–0.9 0.7–3.3 0.4–0.9 0.5–0.8 0.5–0.8 0.6–0.8 0.5–0.9 0.6–0.8
Pileup jet identification 0.6–1.2 0.5–1.0 0.8–0.9 0.7–0.9 0.8–1.1 0.8–0.9 0.7–0.8 0.7–1.1 0.6–1.0
μR and μF scales 0.5–3.2 0.7–4.6 1.8–4.7 0.7–4.5 0.6–4.1 0.7–4.7 1.3–4.9 1.7–3.8 1.1–4.8
PDF 0.5–0.8 0.5–1.4 0.5–0.7 0.5–1.1 0.5–2.5 0.5–4.0 0.5–0.9 0.5–0.8 0.5–0.9
αS 0.5 0.5 0.5 0.5 0.5–1.6 0.5–0.9 0.5 0.5 0.5
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and 6.1% (9.7% and 9.9%), respectively, in the dimuon and
combined channels. For the electron channel the uncer-
tainty is a bit higher, up to 7.6% (Zþ ≥ 1 b jet) and 11.4%
(Zþ ≥ 2 b jets), owing to the electron selection uncertainty.
For the Zþ ≥ 1 b jet (Zþ ≥ 2 b jets) measured integrated
cross section the statistical uncertainty is less than
1% (5%).

VI. RESULTS

The measured Zþ ≥ 1bjet and Zþ ≥ 2 b jets integrated
cross sections in the fiducial region described in Table I, are
6.52# 0.04ðstatÞ # 0.40ðsystÞ # 0.14ðtheoÞ pb and 0.65#
0.03ðstatÞ # 0.07ðsystÞ # 0.02ðtheoÞ pb in the combined
channel, respectively. The measurements are consistent for
the dielectron, dimuon, and combined channels as reported
in Table VII, therefore the differential and normalized
differential distributions are shown only for the combined
channel. The measured cross sections are compared with
predictions from MG5_aMC obtained with two settings

corresponding to 2016 and 2017–2018 data-taking periods.
The 2017–2018 settings use more up-to-date MG5_aMC

versions (2.6.0 and 2.4.2 for NLO and LO, respectively),
PDFs (NNPDF 3.1), and underlying event tune (CP5), and
are labeled with NNPDF 3.1, CP5 in the following. The
2016 data-taking period uses earlier versions of the
MG5_aMC (2.3.2.2 and 2.2.2 for NLO and LO, respectively),
PDFs (NNPDF 3.0), and underlying event tune
(CUETP8M1), and are labeled with NNPDF 3.0,
CUETP8M1. In the Zþ ≥ 1 b jet final state, the measured
integrated cross section values are well described by
MG5_aMC LO for both settings, whereas MG5_aMC (NLO,
NNPDF 3.1, CP5) and MG5_aMC (NLO, NNPDF 3.0,
CUETP8M1) overestimate data by ≈10 and ≈18%, respec-
tively. The SHERPA simulation overestimates the measured
cross section values by ≈24%. In the Zþ ≥ 2 b jets final
state, the measured integrated cross section is in good
agreement with MG5_aMC (LO). The MG5_aMC (NLO,
NNPDF 3.1, CP5), MG5_aMC (NLO, NNPDF 3.0,
CUETP8M1), and SHERPA predictions overestimate the

TABLE VI. Summary of the uncertainties (in percent) in the normalized differential distributions for the combined channel in the
Zþ ≥ 2 b jets events. The symbols, b1 and b2, stand for leading and subleading b jets, respectively.

Observable=Uncertainty (%) pb1
T pb2

T jηjb1 pZ
T ΔRbb ΔRmin

Zbb AZbb mZbb mbb

Statistical 9.7–16.2 8.3–37.9 7.7–12.8 7.7–25.7 7.2–29.6 7.0–43.7 6.4–25.4 9.3–22.6 12.2–26.3
JES, JER 3.2–7.7 1.6–9.4 0.8–1.3 0.9–7.9 0.8–7.9 1.0–17.5 0.9–6.1 2.2–8.1 3.5–12.5
b tagging=mistagging 0.5–2.2 0.7–3.8 0.6–1.7 0.5–8.4 0.5–2.4 0.5–9.5 0.5–1.6 0.5–1.7 0.5–1.3
Unclustered energy of pmiss

T 0.5–3.1 0.8–7.1 0.5–0.9 0.5–3.0 0.5–2.5 0.5–6.1 0.5–3.9 0.7–3.1 0.5–4.6
Background simulation 0.5–1.8 0.5–2.7 0.5–1.4 0.5–1.9 0.5–2.1 0.5–2.3 0.5–0.7 0.5–1.8 0.5–1.3
Pileup reweighting 0.5–1.8 0.5–4.3 0.5–0.8 0.5–2.7 0.5–0.8 0.5–1.7 0.5–1.7 0.5–1.1 0.5–1.3
Electron selection 0.5 0.5–0.7 0.5 0.5 0.5–0.6 0.5–1.0 0.5 0.5 0.5
Muon selection 0.5 0.5 0.9–2.3 0.5 0.5 0.5 0.5 0.5 0.5
Pileup jet identification 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
μR and μF scales 0.5–2.9 0.6–4.6 1.4–3.9 1.4–3.8 1.3–5.0 1.1–4.8 1.7–4.6 2.0–4.7 1.3–4.9
PDF 0.5–0.6 0.7–1.3 0.5–0.6 0.5–1.0 0.5–2.1 2.6–3.2 0.5–0.9 0.5–0.8 0.5–0.8
αS 0.5 0.5 0.5 0.5 0.5–1.3 0.5–0.6 0.5 0.5 0.5

TABLE VII. Measured and predicted cross sections (in pb) for the Zþ ≥ 1 b jet and Zþ ≥ 2 b jets final states. The cross section ratios
between the Zþ ≥ 2 b jets and Zþ ≥ 1 b jet are shown in the last three rows for the dielectron, dimuon, and combined channels. In the
measured results the first, second, and third uncertainties correspond to the statistical, systematic, and theoretical sources, respectively.
The MG5_aMC (NLO) predictions include theoretical uncertainties (PDF, and renormalization and factorization scales).

Channel Measured

MG5_aMC LO
NNPDF 3.0
CUETP8M1

MG5_aMC LO
NNPDF 3.1

CP5

MG5_aMC NLO
NNPDF 3.0
CUETP8M1

MG5_aMC NLO
NNPDF 3.1

CP5 SHERPA

Zþ ≥ 1 b jet ee 6.45# 0.06# 0.49# 0.17 6.25 6.33 7.86# 0.52 7.05# 0.48 8.05
μμ 6.55# 0.05# 0.39# 0.19 6.26 6.34 7.86# 0.51 7.02# 0.47 7.98
ll 6.52# 0.04# 0.40# 0.14 6.25 6.34 7.86# 0.51 7.03# 0.47 8.02

Zþ ≥ 2 b jets ee 0.66# 0.05# 0.07# 0.02 0.62 0.72 0.89# 0.08 0.77# 0.07 0.84
μμ 0.65# 0.04# 0.06# 0.02 0.64 0.71 0.91# 0.09 0.77# 0.07 0.84
ll 0.65# 0.03# 0.07# 0.02 0.63 0.71 0.90# 0.09 0.77# 0.07 0.84

Ratio ee 0.102# 0.008# 0.008# 0.004 0.100 0.113 0.113# 0.016 0.110# 0.013 0.104
μμ 0.100# 0.006# 0.006# 0.004 0.103 0.112 0.116# 0.016 0.110# 0.013 0.105
ll 0.100# 0.005# 0.007# 0.003 0.102 0.112 0.114# 0.016 0.110# 0.013 0.105
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measured cross section values by 29, 38, and 21%,
respectively. The measured value of the cross section ratio
of the Zþ ≥ 2 b jets and Zþ ≥ 1 b jet for the combined
channel is 0.100#0.005ðstatÞ#0.007ðsystÞ#0.003ðtheoÞ
and, as expected, has smaller uncertainties. This measure-
ment is in agreement with the MG5_aMC (LO, NNPDF 3.0,
CUETP8M1) and SHERPA values given the large uncertain-
ties associated with the predictions. Table VII summarizes
the measured and predicted cross sections for the Zþ ≥
1 b jet and Zþ ≥ 2 b jets processes.
The measured differential cross section distributions and

the corresponding ones normalized by the integrated
fiducial cross sections compared with different MC pre-
dictions in the combined channel are shown in Figs. 2–16.
In general, the differential cross section distributions
predicted by SHERPA tend to overestimate data by 20%–
30%, depending on the kinematic variables.
The differential and normalized differential cross section

distributions as functions of the pZ
T in the selected Zþ ≥

1 b jet events are shown in Fig. 2. The shapes of these
distributions are described best by MG5_aMC (LO, NNPDF
3.1, CP5), while MG5_aMC (NLO) and SHERPA predictions
vary up to 30% depending on pZ

T. The pb jet
T and jηb jetj

differential and normalized differential cross section

distributions are shown in Figs. 3 and 4, respectively. The
shapes of distributions are well described by all simulations,
except for the MG5_aMC (LO, NNPDF 3.1, CP5) pb jet

T
spectrum, which deviates up to 25% in the higher pT region.
The differential and normalized differential cross section
distributions ofΔϕðZ;bjetÞ,ΔyðZ;b jetÞ, andΔRðZ;b jetÞ are shown
in Figs. 5–7. The shapes of these distributions are best
described by the SHERPA predictions. The MG5_aMC (LO)
predictions show the largest deviation from data in the high
ΔyðZ;b jetÞ and ΔRðZ;b jetÞ regions, which is significantly
improved with the MG5_aMC (NLO) prediction. In summary,
SHERPA simulations provide a good description of different
kinematic observables except for the higher pZ

T region for the
normalized differential distributions. The MG5_aMC LO and
NLO simulations provide varying levels of agreement for the
observables.
For the Zþ ≥ 2 b jets final states, differential and the

normalized differential cross sections as functions of the
leading b jet pT and jηj, subleading b jet pT, and Z boson
transverse momentum are shown in Figs. 8–11. The shapes
of distributions in data are well-described by predictions
from MG5_aMC (LO and NLO; with both PDFs) and
SHERPA, except for a couple of bins in the high-pT and
high-jηj regions. In the differential cross sections MG5_aMC

FIG. 2. (left) Differential cross section and the (right) normalized differential cross section distributions as a function of Z transverse
momenta for Zþ ≥ 1 b jet events. The uncertainties in the predictions are shown as colored bands in the bottom panel around the
theoretical predictions including statistical, PDF, scale, and αS uncertainties for the MG5_aMC (NLO, NNPDF 3.1, CP5), MG5_aMC

(NLO, NNPDF 3.0, CUETP8M1) and the statistical and PDF uncertainties for the SHERPA predictions. The statistical, theoretical, and
total uncertainties in data are indicated by the vertical bars, yellow, and hatched bands centered at 1, respectively. The same description
applies to all of the remaining figures.
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FIG. 3. (left) Differential cross section and the (right) normalized differential cross section distributions as a function of b jet transverse
momenta for Zþ ≥ 1 b jet events.

FIG. 4. (left) Differential cross section and the (right) normalized differential cross section distributions as functions of b jet absolute
pseudorapidity for Zþ ≥ 1 b jet events.
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FIG. 5. (left) Differential cross section and the (right) normalized differential cross section distributions as functions of ΔϕðZ;b jetÞ

between the Z boson and the leading b jet for Zþ ≥ 1 b jet events.

FIG. 6. (left) Differential cross section and the (right) normalized differential cross section distributions as functions of ΔyðZ;b jetÞ
between the Z boson and the leading b jet for the Zþ ≥ 1 b jet events.
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FIG. 7. (left) Differential cross section and the (right) normalized differential cross section distributions as functions of ΔRðZ;b jetÞ

between the Z boson and the leading b jet for the Zþ ≥ 1 b jet events.

FIG. 8. (left) Differential cross section and the (right) normalized differential cross section distributions as functions of the leading b
jet transverse momentum for the Zþ ≥ 2 b jets events.
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FIG. 9. (left) Differential cross section and the (right) normalized differential cross section distributions as functions of the leading b
jet absolute pseudorapidity for the Zþ ≥ 2 b jets events.

FIG. 10. (left) Differential cross section and the (right) normalized differential cross section distributions as functions of the
subleading b jet transverse momentum for the Zþ ≥ 2 b jets events.
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FIG. 11. (left) Differential cross section and the (right) normalized differential cross section distributions as functions of the Z boson
transverse momentum for the Zþ ≥ 2 b jets events.

FIG. 12. (left) Differential cross section and the (right) normalized differential cross section distributions as functions of the angular
separation between two b jets, ΔRbb for the Zþ ≥ 2 bjets events.
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FIG. 13. (left) Differential cross section and the (right) normalized differential cross section distributions as functions of the minimum
angular separation between the Z boson and two b jets, ΔRmin

Zbb for the Zþ ≥ 2 b jets events.

FIG. 14. (left) Differential cross section and the (right) normalized differential cross section distributions as functions of the
asymmetry of the Zþ ≥ 2 b jets system, AZbb.
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FIG. 15. (left) Differential cross section and the (right) normalized differential cross section distributions as functions of the invariant
mass of the two b jets.

FIG. 16. (left) Differential cross section and the (right) normalized differential cross section distributions as functions of the invariant
mass of the Z boson and two b jets.
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(NLO, NNPDF 3.1, CP5), MG5_aMC (NLO, NNPDF 3.0,
CUETP8M1), and SHERPA overestimate data by 20–30%,
30–50%, and 20–30%, respectively, whereas the MG5_aMC

(LO) predictions are in good agreement with data. The
angular correlations and asymmetry distributions of the
Zþ ≥ 2 b jets system are presented in Figs. 12–14.
Although MG5_aMC (NLO) predictions are consistent with
data in the normalized differential cross section distribu-
tions, except for theΔRbb, AZbb regions of 0.5–1.5 and 0.8–
1, respectively, they are generally higher than the measured
differential cross sections by 20%–30% and 30%–50% for
MG5_aMC (NLO, NNPDF 3.1, CP5) and MG5_aMC (NLO,
NNPDF 3.0, CUETP8M1), respectively. The MG5_aMC

(LO) predictions show large deviations from data in the
ΔRbb distributions above 3.4, as can be seen in Fig. 12. In
the ΔRmin

Zbb distribution, Fig. 13, the MG5_aMC (LO) pre-
dictions are consistent with data, although they are higher
than data in the last bin of the AZbb distribution (0.8–1) in
Fig. 14, similar to the MG5_aMC (NLO, NNPDF 3.1, CP5)
case. The MG5_aMC (NLO, NNPDF 3.0, CUETP8M1)
simulation overestimates data in the differential ΔRmin

Zbb
distribution. The SHERPA predictions describe well the
shape of the measured ΔRbb differential cross sections
but they significantly overestimate data in the low (<1.2)
and high (>0.5) regions of the ΔRmin

Zbb and AZbb distribu-
tions, respectively. Figure 15 shows invariant mass for two
b jets events, and Fig. 16 shows the invariant mass for the
Zþ ≥ 2 b jets events. The shapes of these distributions are

described better by the MG5_aMC (NLO) and SHERPA

predictions than the MG5_aMC (LO) ones. As for the rates,
the data are described best by the MG5_aMC (NLO, NNPDF
3.1, CP5) predictions.
The σðZþ ≥ 2 b jetsÞ=σðZþ ≥ 1 b jetÞ cross section

ratio distributions as functions of the leading b jet trans-
verse momentum and absolute pseudorapidity are shown in
Fig. 17. The ratio gradually increases (from 0.05 to 0.25)
with the leading b jet pT (ranging from 30 to 200 GeV), but
is nearly independent of the pseudorapidity of the leading b
jet. The increase in the ratio is due to a kinematic effect; at
larger pT of the leading jet, the kinematic acceptance for the
subleading jet would increase. Predictions from MG5_aMC

(LO), MG5_aMC (NLO), and SHERPA describe the measured
ratios within uncertainties.

VII. SUMMARY

A measurement of fiducial cross sections of the Zþ ≥
1 b jet and Zþ ≥ 2 b jets processes, along with the differ-
ential and normalized differential cross section distribu-
tions of different kinematic observables, is performed using
proton-proton collisions data at

ffiffiffi
s

p
¼ 13 TeV collected by

the CMS experiment at the CERN LHC. This is the first
measurement of these processes based on data collected
during the 2016–2018 LHC running period. The fiducial
cross sections are measured to be 6.52# 0.04ðstatÞ #
0.40ðsystÞ # 0.14ðtheoÞ pb for the Zþ ≥ 1 b jet and

FIG. 17. Distributions of the cross section ratios, σðZþ ≥ 2 b jetsÞ=σðZþ ≥ 1 b jetÞ, as functions of the (left) leading b jet transverse
momentum and (right) absolute pseudorapidity.
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0.65# 0.03ðstatÞ # 0.07ðsystÞ # 0.02ðtheoÞ pb for the
Zþ≥2bjets, which are better described by the MG5_aMC

leading order (LO) simulation but overestimated by
MG5_aMC next-to-LO (NLO) and SHERPA predictions.
Since all predictions are normalized to the inclusive
Z þ jets next-to-NLO cross section, differences between
MG5_aMC (NLO) and MG5_aMC (LO) results could be
attributable to variations in shapes of observables and
settings (parton distribution functions, Monte Carlo tunes,
matching schemes) used in those simulations. The SHERPA

simulation overestimates the measured integrated cross
section; however, it provides a good description of the
shapes of various kinematic observables. TheMG5_aMC (LO)
and MG5_aMC (NLO) generators interfaced with PYTHIA

describe the fiducial cross section better but do not com-
pletely describe the shapes of the kinematic observables.
Present measurements can be used as an input for the further
optimization of the simulation parameters. The measured
value of the cross section ratio of the Zþ ≥ 2 b jets to Zþ ≥
1 b jet is 0.100# 0.005ðstatÞ # 0.007ðsystÞ # 0.003ðtheoÞ,
which is well described by the MG5_aMC (LO, NNPDF 3.0,
CUETP8M1) and SHERPA calculations but overestimated by
MG5_aMC (NLO) prediction.
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Científica y Técnica de Excelencia María de Maeztu,
grant No. MDM-2017-0765 and Programa Severo
Ochoa del Principado de Asturias (Spain); the Stavros
Niarchos Foundation (Greece); the Rachadapisek Sompot
Fund for Postdoctoral Fellowship, Chulalongkorn
University and the Chulalongkorn Academic into Its
2nd Century Project Advancement Project (Thailand);
the Kavli Foundation; the Nvidia Corporation; the
SuperMicro Corporation; the Welch Foundation,
Contract NO. C-1845; and the Weston Havens
Foundation (USA).

A. TUMASYAN et al. PHYS. REV. D 105, 092014 (2022)

092014-20



[1] S. J. Brodsky, A. Kusina, F. Lyonnet, I. Schienbein, H.
Spiesberger, and R. Vogt, A review of the intrinsic heavy
quark content of the nucleon, Adv. High Energy Phys. 2015,
231547 (2015).

[2] G. Bozzi, J. Rojo, and A. Vicini, Impact of the parton
distribution function uncertainties on the measurement of
the W boson mass at the Tevatron and the LHC, Phys.
Rev. D 83, 113008 (2011).

[3] F. Maltoni, G. Ridolfi, andM. Ubiali, b-initiated processes at
the LHC: A reappraisal, J. High Energy Phys. 07 (2012) 022.

[4] T. Aaltonen et al. (CDF Collaboration), Measurement of
cross sections for b jet production in events with a Z boson
in pp̄ collisions at

ffiffiffi
s

p
¼ 1.96 TeV, Phys. Rev. D 79, 052008

(2009).
[5] V. M. Abazov et al. (D0 Collaboration), A measurement

of the ratio of inclusive cross sections of the ratio of
inclusive cross sections σðpp̄→ZþbjetÞ=σðpp̄→Zþ jetÞ
at

ffiffiffi
s

p
¼ 1.96 TeV, Phys. Rev. D 83, 031105 (2011).

[6] CMS Collaboration, Measurement of the production cross
sections for a Z boson and one or more b jets in pp collisions
at

ffiffiffi
s

p
¼ 7 TeV, J. High Energy Phys. 06 (2014) 120.

[7] ATLAS Collaboration, Measurement of differential produc-
tion cross-sections for a Z boson in association with b-jets in
7 TeV proton-proton collisions with the ATLAS detector,
J. High Energy Phys. 10 (2014) 141.

[8] CMS Collaboration, Measurements of the associated pro-
duction of a Z boson and b jets in pp collisions atffiffiffi
s

p
¼ 8 TeV, Eur. Phys. J. C 77, 751 (2017).

[9] ATLAS Collaboration, Measurements of the production
cross-section for a Z boson in association with b-jets in
proton-proton collisions at

ffiffiffi
s

p
¼ 13 TeV with the ATLAS

detector, J. High Energy Phys. 07 (2020) 044.
[10] P. A. Zyla et al. (Particle Data Group), Review of particle

physics, Prog. Theor. Exp. Phys. 2020, 083C01 (2020).
[11] HEPData record for this analysis (2021).
[12] W. Adam, T. Bergauer, D. Blöch, and M. D. anothers (CMS

Tracker Group), The CMS phase-1 pixel detector upgrade,
J. Instrum. 16, P02027 (2021).

[13] CMS Collaboration, The CMS trigger system, J. Instrum.
12, P01020 (2017).

[14] CMSCollaboration, Performance of the CMSLevel-1 trigger
in proton-proton collisions at

ffiffiffi
s

p
¼ 13 TeV, J. Instrum. 15,

P10017 (2020).
[15] CMS Collaboration, The CMS experiment at the CERN

LHC, J. Instrum. 3, S08004 (2008).
[16] J. Alwall, R. Frederix, S. Frixione, V. Hirschi, F. Maltoni, O.

Mattelaer, H. S. Shao, T. Stelzer, P. Torrielli, and M. Zaro,
The automated computation of tree-level and next-to-leading
order differential cross sections, and their matching to parton
shower simulations, J. High Energy Phys. 07 (2014) 079.

[17] R. Frederix and S. Frixione, Merging meets matching in
MC@NLO, J. High Energy Phys. 12 (2012) 061.

[18] R. D. Ball et al. (NNPDF Collaboration), Parton distribu-
tions for the LHC Run II, J. High Energy Phys. 04 (2015)
040.

[19] J. Alwall, M. Herquet, F. Maltoni, O. Mattelaer, and T.
Stelzer, MadGraph5: Going beyond, J. High Energy Phys. 06
(2011) 128.

[20] T. Sjöstrand, S. A. Ask, J. R. Christiansen, R. Corke, N.
Desai, P. Ilten, S. Mrenna, S. Prestel, C. O. Rasmussen, and

P. Z. Skands, An introduction to PYTHIA8.2, Comput. Phys.
Commun. 191, 159 (2015).

[21] CMS Collaboration, Event generator tunes obtained from
underlying event and multiparton scattering measurements,
Eur. Phys. J. C 76, 155 (2016).

[22] CMS Collaboration, Extraction and validation of a new set
of CMS PYTHIA8 tunes from underlying-event measure-
ments, Eur. Phys. J. C 80, 4 (2020).

[23] E. Bothmann, G. Singh Chahal, S. Höche, J. Krause, F.
Krauss, S. Kuttimalai, S. Liebschner, D. Napoletano, M.
Schönherr, H. Schulz, S. Schumann, and F. Siegert, Event
generation with SHERPA2.2, SciPost Phys. 7, 034 (2019).

[24] S. Höeche, F. Krauss, M. Schönherr, and F. Siegert, QCD
matrix elementsþ parton showers: The NLO case, J. High
Energy Phys. 04 (2013) 027.

[25] T. Gehrmann, S. Hoche, F. Krauss, M. Schönherr, and F.
Siegert, NLO QCD matrix elementsþ parton showers in
eþe− → hadrons, J. High Energy Phys. 01 (2013) 144.

[26] S. Höche, F. Krauss, M. Schönherr, J. M. Thompson, S.
Pozzorini, and K. C. Zapp, Triple vector boson production
through Higgs-strahlung with NLO multijet merging, Phys.
Rev. D 89, 093015 (2014).

[27] Y. Li and F. Petriello, Combining QCD and electroweak
corrections to dilepton production in FEWZ, Phys. Rev. D
86, 094034 (2012).

[28] P. Nason, A new method for combining NLO QCD with
shower Monte Carlo algorithms, J. High Energy Phys. 11
(2004) 040.

[29] S. Frixione, P. Nason, and C. Oleari, Matching NLO QCD
computations with parton shower simulations: The POW-
HEG method, J. High Energy Phys. 11 (2007) 070.

[30] S. Alioli, P. Nason, C. Oleari, and E. Re, A general
framework for implementing NLO calculations in shower
Monte Carlo programs: the POWHEG BOX, J. High Energy
Phys. 06 (2010) 043.

[31] CMS Collaboration, Investigations of the impact of the
parton shower tuning in PYTHIA 8 in the modelling of tt̄ atffiffiffi
s

p
¼ 8 and 13 TeV, CMS Physics Analysis Summary,

Report No. CMS-PAS-TOP-16-021, 2016, https://cds.cern
.ch/record/2235192.

[32] R. D. Ball et al. (NNPDF Collaboration), Parton distribu-
tions with LHC data, Nucl. Phys. B867, 244 (2013).

[33] M. Grazzini, S. Kallweit, and M. Wiesemann, Fully differ-
ential NNLO computations with MATRIX, Eur. Phys. J. C
78, 537 (2018).

[34] N. Kidonakis, Top quark production, in Proceedings of the
Helmholtz International Summer School on Physics of
Heavy Quarks and Hadrons (HQ 2013): JINR, Dubna,
Russia, 2013 (DESY, Hamburg, Germany, 2014), p. 139,
10.3204/DESY-PROC-2013-03/Kidonakis.

[35] M. Czakon, P. Fiedler, and A. Mitov, Total Top-Quark Pair-
Production Cross Section at Hadron Colliders Through
Oðα4SÞ, Phys. Rev. Lett. 110, 252004 (2013).

[36] P. Bärnreuther, M. Czakon, and A. Mitov, Percent Level
Precision Physics at the Tevatron: First Genuine NNLO
QCD Corrections to qq̄ → tt̄þ X, Phys. Rev. Lett. 109,
132001 (2012).

[37] M. Beneke, P. Falgari, S. Klein, and C. Schwinn, Hadronic
top-quark pair production with NNLL threshold resumma-
tion, Nucl. Phys. B855, 695 (2012).

MEASUREMENT OF THE PRODUCTION CROSS SECTION FOR … PHYS. REV. D 105, 092014 (2022)

092014-21



[38] M. Cacciari, M. Czakon, M. Mangano, A. Mitov, and P.
Nason, Top-pair production at hadron colliders with next-to-
next-to-leading logarithmic soft-gluon resummation, Phys.
Lett. B 710, 612 (2012).

[39] M. Czakon and A. Mitov, NNLO corrections to top-pair
production at hadron colliders: The all-fermionic scattering
channels, J. High Energy Phys. 12 (2012) 054.

[40] M. Czakon and A. Mitov, NNLO corrections to top pair
production at hadron colliders: The quark-gluon reaction,
J. High Energy Phys. 01 (2013) 080.

[41] M. Czakon and A. Mitov, Top++: A program for the
calculation of the top-pair cross-section at hadron colliders,
Comput. Phys. Commun. 185, 2930 (2014).

[42] S. Agostinelli et al. (GEANT4 Collaboration), GEANT4—a
simulation toolkit, Nucl. Instrum. Methods Phys. Res.,
Sect. A 506, 250 (2003).

[43] CMS Collaboration, Particle-flow reconstruction and global
event description with the CMS detector, J. Instrum. 12,
P10003 (2017).

[44] M. Cacciari, G. P. Salam, and G. Soyez, The anti-kT jet
clustering algorithm, J. High Energy Phys. 04 (2008) 063.

[45] CMS Collaboration, Performance of electron reconstruction
and selection with the CMS detector in proton-proton
collisions at

ffiffiffi
s

p
¼ 8 TeV, J. Instrum. 10, P06005 (2015).

[46] CMS Collaboration, Performance of the CMS muon de-
tector and muon reconstruction with proton-proton colli-
sions at

ffiffiffi
s

p
¼ 13 TeV, J. Instrum. 13, P06015 (2018).

[47] A. Bodek, A. van Dyne, J. Y. Han, W. Sakumoto, and A.
Strelnikov, Extracting muon momentum scale corrections
for hadron collider experiments, Eur. Phys. J. C 72, 2194
(2012).

[48] M. Cacciari and G. P. Salam, Pileup subtraction using jet
areas, Phys. Lett. B 659, 119 (2008).

[49] CMS Collaboration, Electron and photon reconstruction and
identification with the CMS experiment at the CERN LHC,
J. Instrum. 16, P05014 (2021).

[50] CMS Collaboration, Measurement of the inclusive W and Z
production cross sections in pp collisions at

ffiffiffi
s

p
¼ 7 TeV

with the CMS experiment, J. High Energy Phys. 10 (2011)
132.

[51] M. Cacciari, G. P. Salam, and G. Soyez, FastJet user manual,
Eur. Phys. J. C 72, 1896 (2012).

[52] CMS Collaboration, Jet energy scale and resolution in the
CMS experiment in pp collisions at 8 TeV, J. Instrum. 12,
P02014 (2017).

[53] CMS Collaboration, Jet algorithms performance in
13 TeV data, CMS Physics Analysis Summary, Report
No. CMS-PAS-JME-16-003, 2017, https://cds.cern.ch/
record/2256875.

[54] CMS Collaboration, Pileup mitigation at CMS in 13 TeV
data, J. Instrum. 15, P09018 (2020).

[55] CMS Collaboration, Pileup jet identification, CMS Physics
Analysis Summary, Report No. CMS-PAS-JME-13-005,
2013, https://cds.cern.ch/record/1581583.

[56] CMS Collaboration, Performance of missing transverse
momentum reconstruction in proton-proton collisions atffiffiffi
s

p
¼ 13 TeV using the CMS detector, J. Instrum. 14,

P07004 (2019).
[57] CMS Collaboration, Identification of heavy-flavour jets

with the CMS detector in pp collisions at 13 TeV, J. Instrum.
13, P05011 (2018).

[58] S. Schmitt, TUnfold: An algorithm for correcting migration
effects in high energy physics, J. Instrum. 7, T10003 (2012).

[59] A. N. Tikhonov, Solution of incorrectly formulated prob-
lems and the regularization method, Sov. Math. Dokl. 4,
1035 (1963).

[60] CMS Collaboration, Precision luminosity measurement in
proton-proton collisions at

ffiffiffi
s

p
¼ 13 TeV in 2015 and 2016

at CMS, Eur. Phys. J. C 81, 800 (2021).
[61] CMS Collaboration, CMS luminosity measurement for the

2017 data-taking period at
ffiffiffi
s

p
¼ 13 TeV, CMS Physics

Analysis Summary, Report No. CMS-PAS-LUM-17-004,
2018, https://cds.cern.ch/record/2621960.

[62] CMS Collaboration, CMS luminosity measurement for the
2018 data-taking period at

ffiffiffi
s

p
¼ 13 TeV, CMS Physics

Analysis Summary, Report No. CMS-PAS-LUM-18-002,
2019, https://cds.cern.ch/record/2676164.

[63] CMS Collaboration, Measurement of the inelastic proton-
proton cross section at

ffiffiffi
s

p
¼ 13 TeV, J. High Energy Phys.

07 (2018) 161.
[64] D. Bourilkov, R. C. Group, and M. R. Whalley, LHAPDF:

PDF use from the Tevatron to the LHC, in TeV4LHC
Workshop—4th meeting Batavia, Illinois, 2005 (Fermilab,
2006).

A. Tumasyan,1 W. Adam,2 J. W. Andrejkovic,2 T. Bergauer,2 S. Chatterjee,2 K. Damanakis,2 M. Dragicevic,2

A. Escalante Del Valle,2 R. Frühwirth,2,b M. Jeitler,2,b N. Krammer,2 L. Lechner,2 D. Liko,2 I. Mikulec,2 P. Paulitsch,2

F. M. Pitters,2 J. Schieck,2,b R. Schöfbeck,2 D. Schwarz,2 S. Templ,2 W. Waltenberger,2 C.-E. Wulz,2,b V. Chekhovsky,3

A. Litomin,3 V. Makarenko,3 M. R. Darwish,4,c E. A. De Wolf,4 T. Janssen,4 T. Kello,4,d A. Lelek,4 H. Rejeb Sfar,4

P. Van Mechelen,4 S. Van Putte,4 N. Van Remortel,4 F. Blekman,5 E. S. Bols,5 J. D’Hondt,5 M. Delcourt,5 H. El Faham,5

S. Lowette,5 S. Moortgat,5 A. Morton,5 D. Müller,5 A. R. Sahasransu,5 S. Tavernier,5 W. Van Doninck,5 D. Beghin,6

B. Bilin,6 B. Clerbaux,6 G. De Lentdecker,6 L. Favart,6 A. Grebenyuk,6 A. K. Kalsi,6 K. Lee,6 M. Mahdavikhorrami,6
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83bUniversità di Trieste, Trieste, Italy

A. TUMASYAN et al. PHYS. REV. D 105, 092014 (2022)

092014-30





J
H
E
P
1
0
(
2
0
2
1
)
1
7
6

Published for SISSA by Springer

Received: May 30, 2021
Accepted: September 28, 2021

Published: October 21, 2021

Study of Z boson plus jets events using variables
sensitive to double-parton scattering in pp collisions
at 13 TeV

The CMS collaboration
E-mail: cms-publication-committee-chair@cern.ch

Abstract: Double-parton scattering is investigated using events with a Z boson and jets.
The Z boson is reconstructed using only the dimuon channel. The measurements are per-
formed with proton-proton collision data recorded by the CMS experiment at the LHC
at �s = 13TeV, corresponding to an integrated luminosity of 35.9 fb�1 collected in the
year 2016. Di�erential cross sections of Z+ �1 jet and Z+ �2 jets are measured with
transverse momentum of the jets above 20GeV and pseudorapidity |�| < 2.4. Several dis-
tributions with sensitivity to double-parton scattering e�ects are measured as functions of
the angle and the transverse momentum imbalance between the Z boson and the jets. The
measured distributions are compared with predictions from several event generators with
di�erent hadronization models and di�erent parameter settings for multiparton interac-
tions. The measured distributions show a dependence on the hadronization and multipar-
ton interaction simulation parameters, and are important input for future improvements
of the simulations.

Keywords: Hadron-Hadron scattering (experiments), Jets

ArXiv ePrint: 2105.14511

Open Access, Copyright CERN,
for the benefit of the CMS Collaboration.
Article funded by SCOAP3.

https://doi.org/10.1007/JHEP10(2021)176



J
H
E
P
1
0
(
2
0
2
1
)
1
7
6

Contents

1 Introduction 1

2 The CMS detector 3

3 Simulated event samples 3

4 Event selection 5

5 Observables and the unfolding 7

6 Systematic uncertainties 9

7 Results 10

8 Summary 14

The CMS collaboration 23

1 Introduction

Proton-proton (pp) collisions at high energies result in many events with a Z boson pro-
duced in association with jets at large transverse momentum pT. The Z+jets process
is an important background for many standard model (SM) measurements and searches
for physics beyond the SM. Measurements of di�erential cross sections for Z boson pro-
duction in association with jets can be used to test models of initial-state radiation, and
multiparton interactions (MPI). Monte Carlo (MC) models are used to simulate collision
processes and play a crucial role in understanding background for the new physics searches.
The description of MPI is an important part of these simulations. However, MPI can not
be completely described by perturbative quantum chromodynamics (QCD), so this re-
quires a phenomenological description involving parameters that must be tuned with the
help of data.

The ATLAS, CMS, and LHCb experiments have reported various measurements of
Z+jets processes at centre-of-mass energies of 7 TeV [1–6], 8TeV [7–9], and 13TeV [10, 11].
Z boson production in association with jets is a process with a clean experimental signa-
ture and is well understood theoretically. In this paper, measurements of Z+jets events are
performed to explore observables sensitive to the presence of MPI. A possible contribution
could come from the simultaneous occurrence of two parton-parton interactions and is usu-
ally, when the involved scale is large, called double-parton scattering (DPS). This analysis
explores new signatures sensitive to DPS in events with a Z boson and one or more jets,

– 1 –
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1. Introduction

In this document, an overview of recent results on heavy flavors (HF) and jet productions and
their comparison with various theoretical predictions are presented in the proton-proton collision
with the ALICE [1], ATLAS [2], CMS [3], and LHCb [4] experiments.

2. Measurement of the HF dijet and Z + HF jets cross section at the center-of-mass

energy (
p

s) of 13 TeV

The first di�erential and integrated cross section measurements of inclusive bb̄- and cc̄-dijet [5]
production are performed with the LHCb detector. The phase space regions are defined by requiring
the two jets originating from the two b or c quarks with transverse momentum (pT ) greater than 20
GeV, pseudorapidity (⌘) in the range 2.2 < ⌘ < 4.2, and with a di�erence in the azimuthal angle
between the two jets greater than 1.5. The integrated bb̄- and cc̄-dijet cross sections are measured
to be 53.0 ±  0.1 (stat) ± 9.5 (stat+syst) ± 2.1 (lumi) nb, and 73 ±  0.1 (stat) ± 16.1 (stat+syst)
± 2.9 (lumi) nb and the ratio between cc̄- and bb̄-dijet cross section is 1.37 ±  0.01 (stat) ± 0.27
(stat+syst). The di�erential cross section as a function of leading jet pT is shown in Figure 1 (left).

The di�erential and integrated cross section measurements of Z(! ll) + � 1 c jet [6], where
ll = e+e�orµ�µ+ and cross section ratios of Z+b jet and Z+c jet w.r.t Z + jet (R (b/j), R (c/j)) and
Z+c jet w.r.t Z+b jet (R(c/b)) [7] are performed with the CMS detector. The fiducial phase space
regions are defined by selecting Z boson with at least one inclusive or b jet or c jet selected with
pT > 30 GeV and |⌘ | < 2.4. The total fiducial measured cross section of Z+c jet to be 405.4 ± 5.6
(stat) ± 24.3 (exp) ± 3.7 (theo) pb. The measured integrated cross section ratio values are R (c/j)
= 0.102 ± 0.002 (stat) ± 0.009 (syst), R (b/j) = 0.0633 ± 0.0004 (stat) ± 0.0015 (syst), and R (c/b)
= 1.62 ± 0.03 (stat) ± 0.15 (syst). The predictions for Z+b and Z+c jet production can be derived
in either a 4-flavor number scheme (4FNS) or a 5-flavor number scheme (5FNS). In 5FNS, b quark
density is allowed in the initial state via a b quark parton distribution functions (PDFs) of proton
but not in 4FNS. The measured integrated cross section of Z+c jet, R (c/j), and R (b/j), bb̄- and
cc̄-dijet are overestimated by MG5_aMC next-to-leading order (NLO) 5FNS, except R (c/b). The
Z+c jet, R (c/j), and R (b/j) are well described by the MG5_aMC LO 5FNS and bb̄- and cc̄-dijet by
PYTHIA8 LO but Z+c jet overestimated by the SHERPA NLO 5FNS. The R (c/j) and R (c/b) are
underestimated and R (b/j) is overestimated by the MCFM predictions at NLO and LO.

A measurement of the inclusive and di�erential production cross sections of a Z(! ll) + �
1 b jet and Z(! ll) + � 2 b jets [8] are performed with the ATLAS detector. The measured
inclusive cross sections for Z + � 1 b jet and Z + � 2 b jets for jet pT > 20 GeV and rapidity
|y | < 2.5 as shown in Figure 1 (middle and right), are 10.90 ± 0.03 (stat) ± 1.08 (syst) ± 0.25
(lumi) pb and 1.32 ± 0.01 (stat) ± 0.21 (syst) ± 0.04 (lumi) pb, respectively. The 5FNS simulations
adequately predict the inclusive cross sections for both Z + � 1 b jet & Z + � 2 b jets. All 4FNS
MC predictions are systematically lower than data for Z + � 1 b jet but agree well for Z + � 2 b jets
except Alpgen+Py6 LO 4FNS which underestimates the data. The use of the NNPDF3.0lo PDF
set in Alpgen predictions gives better agreement with data because of a higher acceptance in the
fiducial region. The SHERPA fusing 4FNS+5FNS at NLO simulation agrees with Sherpa 5FNS
NLO, showing that the e�ects of merging are minor.
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Figure 1: Di�erential bb̄- and cc̄-dijet cross section as a function of leading jet pT and error bars represent
the total uncertainties [5] (left). The integrated cross sections for Z + � 1 b jet (middle) and Z + � 2 b jets
(right) [8].

3. Study of J/ and  (2s) meson production inside jets

The first study of prompt J/ ! µ+µ� mesons contained in jets produced in the gluon
fragmentation dominated central rapidity region (|⌘(jet) | < 1) with pT (jet) > 25 GeV, is performed
based on the fragmenting jet function (FJF) approach with the CMS detector at

p
s = 8 TeV [9]. The

FJF analysis uses the non-relativistic quantum chromodynamics (NRQCD) approach to compute
the cross section for the formation of a J/ meson from the cc̄ system. The shape of measured
di�erential cross section for J/ meson production as a jet constituent (z) is compared to the FJF
prediction, using three di�erent long-distance matrix element (LDME) parameter sets the Bodwin,
Chung, Kim, and Lee (BCKL), Butenschoen, and Kniehl (BK), and Chao. The data agree best with
FJF BCKL calculation that use an LDME parameter set in which prompt J/ mesons are predicted
to be unpolarized for all three z ranges (0.40–0.45, 0.50–0.55, and 0.60–0.65). In contrast, the FJF
BK and Chao predictions disagree with the data for all three z ranges. The FJF BCKL not only
describes the production of high-pT J/ mesons as constituents of jets but also predicts small J/ 
meson polarization.

The first measurement J/ ! µ+µ� mesons produced in jets promptly and in b-hadron decay
is studied in the forward region (2.5 < ⌘(jet) < 4.0) with pT (jet) > 20 GeV with the LHCb
detector at

p
s = 13 TeV [10]. Fraction of J/ mesons produced in b-hadron decays is in the range

20–60%, depending on z(J/ ) and jet pT . The observed normalized cross section distribution
forJ/ mesons produced in b-hadron decays is consistent with the PYTHIA8 prediction; however,
the prompt-J/ results do not agree with the LO NRQCD-based predictions as implemented in
PYTHIA8 as shown in Figure 2 (left). At small z(J/ ), PYTHIA8 predicts that most of the jet
arises from a parton-parton scatter other than the one that produced the J/ meson.

The measurements of the prompt and non-prompt double di�erential cross sections of J/ and
 (2s) mesons with jet pT between 60 and 360 GeV for J/ and 60 and 140 GeV for  (2s) and
|y | < 2 are performed using data recorded by the ATLAS detector at

p
s = 13 TeV between 2015

and 2018 [11]. Furthermore, the measurements of the non-prompt fractions of  (2s) and J/ , and
prompt and non-prompt production ratios of  (2s) to J/ are presented. In J/ and  (2s) both
cases, pT range goes well beyond the values reached so far, which may help discriminate various
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theoretical models. The results show similar pT -dependence for prompt and non-prompt double
di�erential cross sections, with non-prompt fractions close to constant ⇠70% for both J/ and
 (2s). The prediction with the FONLL model is consistent with data for non-prompt production
at the low end of the pT range but exceeds the experimental values at large pT as shown in Figure 2
(middle).

4. Groomed jet substructure measurements of charm jets tagged with D
0

mesons

This is the first measurement of groomed jet substructure observables for jets containing a fully
reconstructed D0 meson at

p
s = 13 TeV performed with the charged jet in 15  pT < 30 GeV range

with the ALICE detector. The Soft Drop grooming procedure is used to unwound the reclustered
jets, starting from the final step until a fully reconstructed D0 meson candidate is found or all
splittings have been exhausted. The momentum fraction of groomed two-prong jet substructure
(zg), the aperture angle between these prongs (Rg), and the number of splittings satisfying the
grooming condition (nSD) are the jet substructure observables. In particular, nSD shifted to a
smaller value for the D0-tagged jets shows significant sensitivity to di�erences in the D0-tagged and
inclusive-jets samples as shown in Figure 2 (right). This indicates that the fragmentation of the c
quark is hard throughout the showering procedure. The PYTHIA8 simulations with Monash tune
calculation describing the data qualitatively well for all measured observables.
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Figure 2: Normalized z(J/ ) distributions for J/ mesons produced in b-hadron decay [10] (left). The
ratios of the FONLL prediction to the measured di�erential cross sections are shown for non-prompt  (2s)
mesons [11] (middle). The measured nSD distributions, corrected to particle level, of prompt D0-tagged and
inclusive jets are shown (right) [12] (right).

5. Summary

The ALICE, ATLAS, CMS, and LHCb experiments have a rich program on the measurements
related to heavy flavors and jet. Here, we presented an overview of many recent measurements
which are sensitive to di�erent theoretical approaches based on perturbative and non-perturbative
methods and b and c quark PDFs in di�erent kinematic regimes of jets production.

4



PoS(LHCP2021)087
Experimental measurement of Heavy Flavors and jets

References

[1] ALICE Collaboration, The ALICE experiment at the CERN LHC, JINST 3 (2008) S08002.

[2] ATLAS Collaboration, The ATLAS Experiment at the CERN Large Hadron Collider, JINST
3 (2008) S08003

[3] CMS Collaboration, The CMS Experiment at the CERN LHC, JINST 3 (2008) S08004

[4] LHCb Collaboration, The LHCb Detector at the LHC, JINST 3 (2008) S08005

[5] LHCb Collaboration, Measurement of di�erential bb- and cc-dijet cross-sections in the for-
ward region of pp collisions at

p
s = 13 TeV, JHEP 02 (2021) 023

[6] CMS Collaboration, Measurement of di�erential cross sections for Z bosons produced in
association with charm jets in pp collisions at

p
s = 13 TeV, JHEP 04 (2021)

[7] CMS Collaboration, Measurement of the associated production of a Z boson with charm or
bottom quark jets in proton-proton collisions at

p
s= 13 TeV, Phys. Rev. D 102 (2020)

[8] ATLAS Collaboration, Measurements of the production cross-section for a Z boson in asso-
ciation with b-jets in proton-proton collisions at

p
s = 13 TeV with the ATLAS detector, JHEP

07 (2020) 044

[9] CMS Collaboration, Study of J/ meson production inside jets in pp collisions at
p

s= 8 TeV,
Phys. Lett. B 804 (2020) 135409

[10] LHCb Collaboration, Study of J/ production in jets, Phys. Rev. Lett. 118 (2017) 19

[11] ATLAS Collaboration, Measurement of the production cross-section of J/ and (2S) mesons
at high transverse momentum in pp collisions at

p
s = 13 TeV with the ATLAS detector, ATLAS-

CONF-2019-047

[12] ALICE Collaboration, Groomed jet substructure measurements of charm jets tagged with D0

mesons in pp collisions at
p

s = 13 TeV, ALICE-PUBLIC-2020-002

5





Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.

Published under licence by IOP Publishing Ltd

ICIIIE 2020

IOP Conf. Series: Materials Science and Engineering 1033  (2021) 012055

IOP Publishing

doi:10.1088/1757-899X/1033/1/012055

1

Fabrication and Characterization of Gaseous

Detector for the identification of High Energy

Particles.

J.Babbar
1
, S.Bansal

2
, S.B.Beri

1
, V.Bhatnagar

1
, S.Chauhan

1
,

R.Gupta
1
, A.Kaur

1
, H.kaur

1
, S.Kumar

1
, P.Kumari

1
, M.Meena

1
,

J.B.Singh
1
, A.K.Virdi

1

1 Department of Physics, Panjab University, Chandigarh, India
2 UIET, Panjab University Chandigarh, India

E-mail: meenaluhach91@gmail.com

Abstract. There is a vast range of gases which get ionized, produce electron-ion pairs, on the
passage of high energy charged particles. Such gases are extensively used in experiments such
as LHC, Belle-II, RHIC, DAFNE, etc which produce high energy particles. Panjab University
established a detector assembly and characterization laboratory dedicated to gaseous detectors
such as Resistive Plate Chamber (RPC) and Gas Electron Multiplier (GEM) for the LHC
experiment. Here, we present the recent work on the fabrication and characterizations of the
GEM detector at Panjab University.

1. Introduction

Gaseous detectors generally have two electrodes separated by the gas medium in which primary
charged particles interact and produced electron-ion pairs. The GEM detector is one of the most
important Micro-Pattern Gaseous Detector (MPGD) first introduced in 1997 by F. Sauli [1] at
the European Organization for Nuclear Research (CERN). It records the ionization produced
by charged particles in the gaseous medium consists of three GEM foils embedded between the
drift board (acting as the cathode) and the readout board (acting as the anode) [2]. The GEM
detector abundantly used in High-Energy Physics (HEP) experiments like CMS [3], LHCb [4],
TOTEM [5], COMPASS [6] at Large Hadron Collider (LHC), Belle II [7], etc, and in medical
diagnostics [8] as well as in astronomy due to their high rate detection [9] capability up to 100
MHz/cm2 with e�ciency above 97%, an excellent spatial resolution of ⇠ 340 µm, an excellent
time resolutions [10] of ⇠ 8 ns. In most of the experiments to achieve high gain a high voltage
supposed to apply across the detector which leads to an electrical breakdown problem. This
problem can be avoided by using multi-layer GEM foils placed at a relative distance of a few mm
in a suitable gas mixture. In this case, amplification is shared over di↵erent gem foils [11], with
a relatively low voltage on each GEM foil. Panjab University has been collaborated with CMS
[12] and build high-energy physics laboratory to assemble and test [13] triple-GEM detectors
(referred to GE1/1 detector) that are installed in the 1st ring in 1st muon station in both end-
caps of the CMS detector. The GEM foils and other components of production chambers are
delivered from CERN.
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2. Description and working principle the GEM detector

The GEM detector works in a gas medium in which gas ionization takes place due to the
acceleration of electrons under the influence of the electric field. Since among noble gas Argon
(Ar) is having high specific ionization and is less expensive. It can cause avalanche creation
beyond the limits which leads to sparks and cause permanent damage to the detector. There is
a need for a small amount of quenching gas which can be used to reduce the spark probability
and to stop fake avalanche due to the emission of UV photons. The Carbon-dioxide (CO2)
has the properties of electro-negativity, it attracts electrons and attached to its molecules. A
lot of studies have been performed on the selection of gas mixture to be used for this detector
[14]. The gas mixtures of Ar and CO2 are used in proportions of 70:30. Basically, a triple
GEM gaseous detector is made by a drift cathode, three GEM foils, and the Printed Circuit
Board (PCB) anode (or readout board). Readout board has two gas connectors located at
two diagonal corners, one for gas inlet and another one for gas outlet. GEM foils are made
of Kapton of 50 µm each coated with a copper layer of 5 µm on each side. The Kapton is a
good insulator which remains stable in a very wide range of temperature. Each foil has equally
spaced small holes perforated by chemical etching in a hexagonal pattern with 50 µm internal
and 70 µm outer diameter and a pitch of 140 µm as shown in Figure 1 (Left) where the signal
gets amplified as shown in Figure 1 (right). The cms triple GEM production chamber has
a 3/1/2/1 mm (drift/transfer1/transfer2/induction) gas gap configuration as shown in Figure
2 which is enclosed between two electrodes with an electric field applied between them. The
primary electrons produced ionization in the gap between the cathode and the first GEM foil
(drift gap). In transfer region electron-ion pairs are attracted by electric filed applied on GEM
foil where they get multiplied in the hole. After crossing the last GEM foil they drift to the
anode in the induction gap where the signal is registered by the readout strips.

Figure 1. Left: Scanning Electron Microscope
(SEM) picture of a GEM foil
Right : schematic view of the electric field lines
(white), electron flow (blue), and ion flow (purple)
through a bi-conical GEM hole

Figure 2. Sketch of a Triple-
GEM chamber. Free electrons
coming from ionization pro-
cesses undergo three stages of
amplifications.

3. Assembly and quality control testing

After receiving a kit of the di↵erent parts of the production chamber from CERN, they inspected
very carefully for any possible damages that happened during transport. After that next step is
the assembly of the di↵erent parts of the GE1/1 detector. Many quality control(QC) test have
been perfomed during and after the assembly such as current leakage in foil, gas leak rate of the
detector, noise, e↵ective gas gain, etc.
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3.1. Pre-assembly and assembly

3.1.1. Pre-assembly : The drift board and readout are cleaned using a vacuum cleaner. All
the screws and pull-outs are cleaned with an ultrasonic bath to remove any dust. Then the drift
board is prepared by placing high voltage pins as shown in Figure 3 (Left), mounting resistor and
capacitor as shown in Figure 3 (Middle), and pull-outs as shown in Figure 3 (Right). Spacers
are prepared by fixing the brass-inserts using pressure and are used for creating gap between
the foils. Readout board screwed gently with the gas connector on the readout board as shown
in Figure 4 (Left).

Figure 3. Left: Soldering of the HV pins, Middle : Soldering of the SMD components,
Right:Mounting of the pull-outs

3.1.2. Assembly: A class 100 clean room is built at PU site for the assembly. All foils are
stretched in the frames and cleaned gently by using an anti-static sticky roller over the foils
on both sides in order to remove the dust particles as shown in Figure 4 (middle). Then foils
are tested with the MegaOhm/insulation meter by applying 550V voltage to foil by putting
a negative pin on the top and positive pin on bottom high voltage (HV) pads of the foils for
several minutes. The foil is accepted if the resistance of foil reaches 10 G⌦ after few seconds
with relative humidity less than 40%. During assembly first cleaned plexiglass is placed then
3 mm clean spacer is inserted on the guiding pins. After that GEM1 foil is placed then 1 mm
spacer as shown in Figure 4 (Right). Then in a similar way, GEM2 foil, 2 mm spacer, GEM
foil3, 1 mm spacer are placed to form a stack called GEM foil stack as shown in Figure 5 (Left).
Plexiglass is placed on the top of the GEM foil stack using guiding pins and then uses screws
to the protect GEM stack. Then the excess amounts of Kapton foils are removed using a sharp
blade and detached stack from bottom plexiglass and placed it on the drift board. The chamber
moved to the assembly jig and clamp the drift board to the assembly table using aluminum
bars as shown in Figure 5 (Middle). After placing all the screws in place, the plexiglass and
aluminum bar is removed. After that, the GEM foils and all gaps are tested at 550V and the
foils are discharged after the test. To test the induction gap, the Panasonic-to-Lemo adapters
are connected to one of the readout sectors and 550 V applied between GEM3 bottom and signal
pad of the Panasonic-to-Lemo adapter, keeping the chamber in a vertical position as shown in
Figure 5 (Right). The impedance should immediately reach 100 G⌦. All QCs results reported in
this paper are obtained from a GEM detector having the ID “GE1/1 X S INDIA-00YY”(where
‘YY’ stand for ‘02’, ‘07’, ‘08’, ‘09’, ‘10’, ‘15’, ‘16’, ‘17’).



ICIIIE 2020

IOP Conf. Series: Materials Science and Engineering 1033  (2021) 012055

IOP Publishing

doi:10.1088/1757-899X/1033/1/012055

4

Figure 4. Left: Fixing the gas connector onto the readout board, Middle : Cleaning of the
GEM foil with the anti-static roller, Right : Placing the internal frame after testing.

Figure 5. Left : Assembled GEM stack, Middle : Finalizing the stretching of the stack, Right
: Assemble detector and testing the induction gap

3.2. Quality control testing

3.2.1. Post-assembly QC2 test: To check again GEM foils after assembly if they are clean
or not by measuring the leakage current of the GEM foils and gas gap. The leakage current
is that current which flows from the top surface of the foil to the bottom due to the surface
conductivity. Due to deposition of some contaminants on the surface of foil in the form of
moisture or dust particles will increase this leakage. The detector is accepted if the impedance
of each foil and gap is above 10 G⌦ and 100 G⌦ respectively and the number of sparks are zero
after every minute over a period of 10 minutes. Similarly, an impedance also measured over all
24 Panasonic connectors and it should be greater than 100 G⌦. If impedance does not fulfill
these criteria then there are might be some short circuit and in that case, the detectors have to
be reopened and fixed the issue in the clean-room. All the 8 detectors assembled at the Panjab
University site qualified the QC2-Leakage current test.

3.2.2. QC3 (Gas leak) test: If the first test goes fine, then we proceed for the QC3 test which is
Gas leak test to identify the gas leak rate of the detector by monitoring the drop of the internal
over-pressure as a function of the time. A typical QC3 system has 2 flow-meters, a micro-
controller based Arduino chip having 3 sensors for atmospheric pressure, internal gas pressure,
and temperature measurements stand prepared at the Panjab University is shown in Figure 6
(Left). The detector is connected in between the inlet and outlet of the calibrated gas system
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and filled with CO2 at the rate of 5 L/h. The chambers cannot sustain internal over-pressure
higher than 40-50 hPa. All chambers, except our first production chamber, were tested with an
initial over-pressure of 25 hPa, and its internal pressure is monitored for 1 hour. The internal
gas pressure is parametrized by P (t)=P0exp(-t/⌧), where P0 is the initial internal over-pressure
[15]. The QC3 acceptance limit is ⌧ � 3.04 hour, corresponding to a maximum acceptable gas
leak rate of about 7 hPa/hr. All the detectors successfully passed the QC3 gas leak test because
gas leak reduction rate is less than 7 hPa/hr as shown in Figure 6 (Right).

Time [Minutes]
0 10 20 30 40 50 60

Int
ern

al 
pre

ssu
re 

[hP
a]

0

5

10

15

20

25

30

35

40

45

GE1/1_X_S_INDIA_0002
GE1/1_X_S_INDIA_0007
GE1/1_X_S_INDIA_0008
GE1/1_X_S_INDIA_0009
GE1/1_X_S_INDIA_0010
GE1/1_X_S_INDIA_0015
GE1/1_X_S_INDIA_0016
GE1/1_X_S_INDIA_0017

GE1/1 Production Chambers
Quality Control: QC3 Gas Leak Test
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Figure 6. Left : Front view of QC3 Gas Leak Test Stand, Right : Results from the QC3 Gas
Leak Test on the GE1/1 detectors assembled at Panjab University.

3.2.3. QC4 (High Voltage) test: After the QC3 test, the QC4 test is performed which is a high
voltage test to determine the voltage vs. current curve of the detector and to identify possible
malfunctions, defects in the HV circuit, and intrinsic noise rate in GEM detector. The detector
is shielded from the background noise with a ground shielding placed on the top of the readout
board. The GE1/1 detector under this test is first flushed with pure CO2 gas at least for 5 hours
at the rate of 5 L/h. The high voltage (VSET) is provided by programmable HV power supply
(CAEN SY5527) which allows the user to control the current limit (ISET), the steps to ramp up
and down the voltage, the maximum voltage, and the trip time. A high voltage low pass filter
was placed between the power supply and detector to reduce the electronics noise (by rejecting
the high frequency noise from the power supply) so that a stable voltage can be provided to
the electrodes [16]. The signal generated at the anode is processed using charged sensitive pre-
amplifier connected to the bottom electrode of the third GEM foil through a decoupling RC
circuit. Further to amplify and record the signal obtained from readout strips signal sent to
timing filter amplifier (TFA). The output of TFA is fed into the discriminator to convert it into
a rectangular digital pulse which further passes through a dual timer which generates a veto
signal to avoid the fake counts. Finally, the resulting digital pulse sent to a scaler and counter
unit for the rate measurement.

The discriminator threshold and the scaler clock are set to -140 mV and 60 s respectively.
The total resistance (R multimeter) of the HV circuit (divider plus HV filters) is measured using
a multimeter and is used to calculate the current in the divider for every high voltage points.
The current limit ISET of the power supply is set according to the expected target value plus 5
µA, and the corresponding high voltage VSET is switched on. After the operating current and
voltage get stable, the values of actual voltage Vmon, the current Imon, and the intrinsic noise
rate of the detector are recorded. The intrinsic noise rate is defined as the rate of signals not
arising due to ionization of the gas. The number of counts are measured using the scaler unit
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Figure 7. QC4 HV test experimental setup.

for interval of 60 s. These steps are repeated until the voltage reaches 4900 V on the detector.
The detector is ramped up to 3000 V in the step of 200 V and up to 4900 V in the step of 100
V. The I-V curve is plotted, which must be a linear, and is fitted by a straight line to determine
a resistance (“fitted resistance”). The reciprocal of its slope gives the resistance (R IV) of the
HV distribution system. This calculated resistance R IV is then compared with the value of
measured resistance R multimeter. The detector is said to pass the test if the deviation in
the resistance between R multimeter and R IV is  2% because the deviation greater than 2%
indicates a loss of linearity. The maximum intrinsic noise rate should be  100 Hz at the value
of current ⇠ 999 µA and this rate is below 10�2 Hz/cm2, which is a negligible value with respect
to the 4.5 kHz/cm2 background rate expected in CMS in standard operating conditions. Table
1 shows the value of measured resistance (R multimeter) by multimeter, resistance (R IV) by
IV curve, and the maximum intrinsic noise rate (at the value of current ⇠ 999 µA) for all the
detectors assembled at Panjab University. Figure 8 (Left) shows the monitored voltage (Vmon)
as a function of the monitored current (Imon) and Figure 8 (Right) shows intrinsic noise rate as
a function of monitored current for di↵erent GE1/1 production chambers assembled at Panjab
University site. All the detectors successfully passed the QC4 HV test as deviation in resistance
is < 2% and maximum intrinsic noise rate is 11.88 Hz which is very less than 100 Hz . Some
data points of 8 chambers are overlapped, as the I-V relation of each chamber is similar to each
other.
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monitored current for di↵erent assembled GE1/1 production chambers.
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Table 1. Results from QC4 HV test showing the value of measured resistance (R multimeter)
by multimeter, resistance (R IV) by IV curve, and the maximum intrinsic noise rate (at the
value of current ⇠ 999 µA) for all the detectors assembled at Panjab University.

Detector ID Resistance by Multimeter Resistance by I-V curve Intrinsic Noise
(R IV)(M⌦) (R multimeter) (M⌦) Rate(HZ)

GE1/1 X S INDIA 0002 4.67 4.69 11.88
GE1/1 X S INDIA 0007 5.00 5.01 3.50
GE1/1 X S INDIA 0008 5.00 5.02 6.57
GE1/1 X S INDIA 0009 5.00 5.01 5.62
GE1/1 X S INDIA 0010 4.97 5.02 5.72
GE1/1 X S INDIA 0015 4.96 5.01 11.30
GE1/1 X S INDIA 0016 4.97 5.02 8.58
GE1/1 X S INDIA 0017 5.00 5.02 8.25

4. Conclusion

All the QCs test have been performed at Panjab University and the results are consistent as
recommended by the CMS GEM collaboration. In total, 8 production chambers have been
assembled and tested at PU site and shipped to CERN, Geneva and successfully installed in the
CMS detector. In future, Panjab university group will be receiving more kits of GEM detector
for assembly and testing.
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