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ABSTRACT

Many interesting physical processes produce non-interacting particles that could only
be measured using the missing transverse momentum. The increase of the proton
beam intensity in the Large Hadron Collider (LHC) provides sensitivity to rare physics
processes while inevitably increasing the number of simultaneous proton collisions in
each event. The missing transverse momentum (MET) is a variable of great interest,
defined as the negative sum of the transverse momentum of all visible particles. The
precision of the MET determination deteriorates as the complexity of the recorded
data escalates. Given the current complexity of data analysis, a new algorithm is de-
veloped to effectively determine the MET. Several well-understood physics processes
were used to test the effectiveness of the newly designed algorithm. The performance
of the new algorithm is also compared to that of the standard algorithm used in the
ATLAS experiment.
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Chapter 1
Introduction

The missing transverse momentum (E¥* ) which is sometimes referred to as
the MET, is a crucial variable to study elusive particles produced in the large hadron
collider. Many interesting physics processes involve invisible particles that escape the
detection system. Consequently, the measured momenta of all particles produced in
the collision will not be conserved because of the missing energy carried by elusive
particles. EXS is sensitive to the momentum imbalance of a given collision, which
allows us to determine the momentum carried by invisible particles without detecting
them directly.

The Large Hadron Collider (LHC) collides bunches of high-energy protons,
and many proton-proton scattering interactions occur in each bunch crossing. To
produce more rare physics processes of interest, the LHC is being upgraded to offer
a higher beam intensity to generate more collisions in each bunch crossing. As the
LHC elevates the beam intensity to an unprecedented level, the increased number
of collisions poses a challenge to the determination of EX . To compute ER one
needs to sum the transverse momenta of all particles produced in the same collision.
However, our ability to associate particles with their corresponding collisions is lim-
ited. This results in a significant deterioration in EM® resolution as the number of
collisions increases. The PUfit algorithm is developed to effectively determine E3ss
given the large number of collisions. Specifically, this thesis is focused on the soft term
which is a component of the E¥s made from low momentum particles. The PUfit
algorithm determines a new type of soft term using physics constraints to achieve
higher resolution.

The rest of this chapter will be dedicated to introducing interesting physics pro-

cesses that produce EXs . The experimental determination of ER® will be discussed



in Chapter 2. The ATLAS detector and the large hadron collider will be introduced
in Chapter 3. Chapter 4 mainly focuses on the selection of reconstructed physics
objects, which is the standard selection criteria developed by the ATLAS group. My
original work on the PUfit algorithm starts from Chapter 5, in which the PUfit al-
gorithm is presented with various input alternatives. Results of the implementation
of the PUfit algorithm is presented and discussed in Chapter 6. Other alternative
versions of the PUfit implementation will be briefly discussed in Chapter 7. Finally,
the performance of PUfit is summarized in Chapter 8. A glossary of terms is included

in Appendix A to help remind the readers of the nomenclatures used in the thesis.

1.1 The Standard Model

The building blocks of all matter are called fundamental particles which interact with
each other through four known forces (interactions): Gravity, Strong force, Weak
force and Electromagnetic force. The understanding of these fundamental particles
and most interactions are encoded in a theory called the Standard Model. The
Standard Model is a theory developed in the 1970s to explain three of the four forces,
excluding gravity. It has been tested by multiple experiments over the years while
agreeing with experimental results to an unprecedented level.

In the framework of the Standard Model, all matter in the universe can be de-
composed into two types of fundamental particles: quarks and leptons. There are
six different particles in each of the two types mentioned above. The six quarks are
divided into three generations each with two quarks, with the two lightest quarks com-
prising the first generation. The heavier and less stable quarks are then grouped into
the second and third generation. Similarly, leptons are also paired into three different
generations. Electron, muon and tau particles are each in one of the generations with
their corresponding neutrinos. Although electrons, muons, and tau particles have
electric charges and noticeable mass, neutrinos are neutral particles with very small
masses, which only interact through the weak force.

Three out of the four forces, excluding the gravitational force, are described by
exchanges of carrier particles. These particles are called gauge bosons. Energy is
transmitted between particles by exchanging the corresponding gauge boson of the
interaction. The strong force is carried by gluons, and the electromagnetic force is
carried by photons. There are three gauge bosons that carry the weak force: W+ and

Z. A table of the fundamental particles is shown in Table 1.1.



Particle Type Name Letter | Generation Spin charge Mass
up u I 2 2.05 MeV/c?
down d I —3 4.7 MeV/c?
Quarks charm c I % 2 1.28 GeV/c?
strange s I -3 96 MeV/c?
top t 111 2 173.1 GeV/c?
bottom b 11 —3 4.18 GeV/c?
e-neutrino Ve I 0 < 2.2eV/c?
electron e I 1 —1 0.511 MeV/c?
Leptons p-neutrino | v, I 5 0 < 0.17 MeV/c?
muon i I1 -1 105.66 MeV/c?
T-neutrino v, 111 0 < 18.2 MeV/c?
tau T 1 -1 1.7768 GeV/c?
gluons g — 0 0
S;L:)gnes photon vy — 1 0 0
Z boson Z — 0 91.19 GeV/c?
W bosons W — +1 80.39 GeV/c?
Scalar boson higgs H — 0 0 124.97 GeV/c?

Table 1.1: Fundamental particles in the Standard Model

Despite the success that the Standard Model has had over the years, it is still
considered to be incomplete since the model does not include gravity. On top of that,
the Standard Model does not include dark matter which only interacts gravitationally.
Dark matter could be made of elusive particles that have not been discovered yet.
Many hypothetical particles, in particular those that are candidates for Dark Matter,
are predicted to interact weakly with SM particles. Therefore, they would only deposit
a negligible amount of energy in the detector if they are produced by collisions in the
LHC. However, they are still subject to conservation laws. Therefore, it is fruitful
to infer the existence of such particles based on EX** which indicates the amount of

momentum imbalance in the detector



1.2 Sources of missing transverse momentum

1.2.1 Processes within the Standard Model

In the Standard Model, the neutrino is a weakly interacting particle that often leaves
no signal in detectors. According to the latest results shown in Ref.[1], the mass
of neutrino v, can not exceed 2.05 eV with a 95% confidence level. Since neutrinos
interact weakly with other SM particles, they are invisible to most detectors. Displays
of collision events involving neutrinos are shown in Figure 2.1.

Processes that procedure neutrinos in the Standard Model are major sources of the
genuine EM in events. Two major decays that involve neutrinos are W/Z bosons
decaying into leptons and neutrinos. For example, in the decay W~ — e, or
W — v, , the charged leptonic signal will be captured by the calorimeter or the
muon spectrometer while neutrinos escape from detection, leaving an imbalance of

momentum in the event to be captured by ERss .

1.2.2 Dark Matter

There is an enormous amount of astronomical evidence that suggests the existence of
hypothetical dark matter which only interact gravitationally based on observations.
Fritz Zwicky proposed the idea of dark matter to explain the observation that the
velocity dispersion of distant galaxies are larger than the estimation based on luminous
matter [2]. If dark matter is made of particles which interact with standard model
particles, we should be able to produce them in the large hadron collider.

One of the most widely known models for dark matter is weakly interacting
massive particles (WIMPs). WIMPs are particles in the mass range of myeax ~ 10
GeV/c - TeV /c that only interact through the weak and gravitational interaction [3].
Since WIMPs are assumed to couple with the weak sector of the Standard Model,
they could be produced in pp collisions in the LHC, and the coupling strength could
be experimentally determined.

The calorimeter and tracker are not able to capture signals of WIMPs due to their
elusive nature, but other Standard Model particles that emerge from the same process
will be detected. Therefore, the existence of dark matter produced in pp collisions

can only be inferred from the missing momentum in collision events.



1.2.3 Supersymmetry

Supersymmetry (SUSY) is an extension of the current Standard Model, and it is
seen as a possible solution to many physics problems. SUSY offers explanations to
many profound physics problems that we face today. It could be able to solve the
hierarchy problem of the Standard Model to explain the large observed difference
between the strength of the weak force and gravity, while providing dark matter
candidates [4]. In SUSY, the lightest stable supersymmetric particle (LSP) is a
name for the lightest SUSY particle that is stable if the R-parity is conserved. Instead
of having conservation of the baryon and lepton number, the SUSY model proposes
the conservation of the R-parity which is taken to be +1 for all SM particles and
—1 for all SUSY particles. This prevents the LSP from decaying into SM particles.
When other supersymmetric particles decay into LSP, the production of Standard
Model particles accompanying the LSP would be detected. Therefore, EM is a

crucial variable to study SUSY decays given the non-interacting nature of the LSP.



Chapter 2
Missing transverse momentum

The proton beam consists of bunches of protons spaced 25ns apart along the beam
axis. When two bunches of protons collide in the ATLAS detector, many proton-
proton collisions take place in that bunch-crossing. The reconstructed interaction
point of a recorded collision is called a primary vertex. In each proton-proton col-
lision, it is the individual constituents of protons (quarks and gluons) that collide
with each other. Since protons have internal structure, the momenta carried by the
colliding constituents within the system varies in each collision. The hard scatter
(HS) is defined as the hardest collision in the event, meaning that the colliding con-
stituents carry large momenta. The “hardness” of a collision can be thought of as a
way to measure how violent the collision is. The hard scatter is normally associated
with the hard scatter vertex which is defined as the vertex with the largest sum
of transverse momenta (pr) of tracks associated with it. The other primary vertices
are assumed to be produced by pile-up interactions which are collisions with con-
stituents carrying less momenta. The particles inferred from detector signals in the
data reduction procedure are referred to as physics objects or, for short, objects. All
objects are classified into hard scatter objects and pile-up objects based on the type
of collisions in which they are produced.

The missing transverse momentum Ejnliss is a 2-dimensional vector in the
transverse plane defined as the negative sum of transverse momenta of all hard scatter
particles. The magnitude of E%‘iss is referred to as ER . The conservation law
requires momentum of the two proton system to be conserved, resulting in a zero Ess
. Non-zero EX* suggests the possible production of particles that interact weakly
with the detector. A value incompatible with zero could be from the production of

either standard model (SM) neutrinos or new particles beyond the SM that escape



the ATLAS detector without being detected|5].

2.1 Overview of the E determination

The goal of ES determination is to quantify the momentum balance in the trans-
verse plane by considering the momenta of all particles produced in the hard scatter.
When the EX** is determined by the offline algorithm, two types of objects are used
as inputs. The first is referred to as hard objects which are a collection of re-
constructed electrons, photons, muons, 7-leptons and also jets. A jet is a spray of
hadronic particles which are loosely contained within a conical region. To be consid-
ered as a hard object, the reconstructed particle is required to pass a pr threshold
and other selection criteria depending on the type of particle. Therefore, hard ob-
jects have relatively higher momentum, and they are assumed to be produced by the
hardest interaction. The second contribution to EX is called the soft term, which
is comprised of hard scatter particles with low momenta that do not pass the hard
object selection. The detail of how the soft term is computed is given in Section 4.2.

ATLAS uses a dedicated reconstruction procedure for each kind of particle as
well as for jets, creating a particle or jet hypothesis based on the physical nature of
the detector signals[5]. Reconstructed particles are fed into the offline algorithm to
reconstruct the hard scatter EX2S. For each reconstructed object, the 2-dimensional
transverse momentum vector pr is determined by projecting the 3-dimensional mo-

mentum p onto the transverse plane:
Pe = psinf cos ¢
py = psinfsin ¢ (2.1)

—

pbr = (p$7py)
The origin of the ATLAS coordinate system is taken to be the nominal interac-

tion point while the z-axis is defined to be the direction along the beamline. Then
the transverse plane can be easily defined as the plane that is perpendicular to the
beamline with the positive x-axis pointing towards the center of the LHC ring and
the positive y-axis point upward to the surface of the earth. The azimuthal angle ¢ is
then defined as the angle in the transverse plane that measures relative to the x-axis.
The polar angle 0 is measured relative to the z-axis.

In practice, ATLAS uses a slightly different co-ordinate system in which 6 is
replaced by a variable called pseudorapidity. Pseudorapidity, n, is particularly useful



because differences in 1 are Lorentz invariant under longitudinal boosts along the

beam axis. n is defined by:
n=— lntan(g) (2.2)

The E%ﬁss of the hard scatter interaction is defined as the negative vectorial sum
of the transverse momentum of hard objects and soft signals:
Elrl%’liSS — (E)l;niss, E;’niss)

== Z ﬁT,i - Z ﬁT,j

i€{hard objects} j€{soft signals}

PN DD D DN D DR D DR DD
electrons photons T—leptons muons HS jets je{soft signals}
(2.3)
Then it is easy to construct other widely used variables based on Equation 2.3:
Ermss _ |Em1ss|

(2.4)

— \/ Emlss Emlss)

. [miss

miss _ 4 -1 Yy i 2.5
o = () 25)

The EM has a non-negative value by definition. ¢™* is the azimuthal angle that
represents the direction. The EX* is determined in both the trigger and the offline

computation.

Pr,j



H—WW7"— evuv candidate and no jets

Longitudinal view Transverse view

13 EXPERIMENT
http://atlos.ch

H— WW " evur candidate and two jets with VBF topology

Longitudinal view Projected n-¢ view

4 EXPERIMENT
http://atlos.ch

Figure 2.1: Event displays of H - WW* — evpuv candidates[6]. The dotted white line
represents the MET determined. Blue, light blue and red lines represent jets,electrons

and muons respectively
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2.2 Pile-up interactions

Additional proton-proton collisions in the same bunch crossing produce soft particles
with low energies that accompany the energy deposit of hard scatter particles. This
is referred to as in-time pile-up[5]. Other than the in-time pile-up, the calorimeter
is also sensitive to residual signals from the previous and subsequent bunch crossings
(out-of-time pile-up), as discussed in Ref.[7]. The resolution of missing transverse
momentum is dependent on pile-up, since larger recorded energies result in larger
measurement fluctuations leading to an apparent imbalance (fake EF* ). A number
of strategies for mitigating the impact of pile-up on EI* have been developed; one
of them is the subject of this thesis.

The instantaneous luminosity is defined as the ratio of the measured inter-
action rate divided by the cross-section, which is sensitive to the total number of
interactions produced. It can be calculated using the revolution frequency f, number

of bunches ny, number of particles in bunches N and the beam widths o, ,:

E . nbNQf

dro,oy

(2.6)

The integrated luminosity is the integral of the instantaneous luminosity with
respect to time. In order to increase the potential for physics discoveries, the in-
tegrated luminosity of the Large Hadron Collider was increased to a much higher
level in 2017. A comparison of 2017 ATLAS online integrated luminosity with that
of consecutive years is shown in Figure 2.2. The integrated luminosity recorded by
ATLAS during 2017 reached a new record at the time, which is around 50 fb~!. This
means that the instantaneous luminosity in 2017 is significantly higher than previ-
ous years. With higher instantaneous luminosity, the amount of pile-up interactions
also increases since the cross section of inelastic collisions is significantly higher than
hard scatter collisions as shown in Figure 2.3. A higher dose of pile-up interactions
challenges our ability to differentiate hard scatter signals from pile-up ones.

The number of interactions per bunch crossing is a Poisson-distributed quantity
with a mean value denoted by the variable p. This value changes as the beam intensity
varies and the number of interactions is a convolution over Poisson distributions
characterized by an average mean denoted by (). This average mean (u) for the
2017 ATLAS run is shown in Figure 2.4. The number of reconstructed primary

vertices is shown in Figure 2.5 with the reconstruction efficiency being around 60%.
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In Chapter 6 where E* determination is investigated with respect to different pile-
up conditions, the number of reconstructed primary vertices N, is used to reflect the
level of pile-up activity.

An easy way to investigate the missing transverse momentum in the event is to
sum all energy deposits in the transverse plane. Theoretically, this is the same as
summing up energies only from hard scatter interaction since pile-up interactions
barely produce any real missing momentum. However, due to resolution issues, a
minor deviation from zero EM is present at each pile-up vertex. Therefore this
method is less effective when the total number of vertices is high. It will be more
effective to select only hard scatter objects than summing up all the energy deposits.

Charged pile-up objects can be effectively identified by exploiting their vertex-
associations. By imposing the track selection cut discussed in Chapter 4.2.1, one can
easily pick out all tracks from the hard scatter vertex. However, since the trajectory
can only be determined within a limited resolution, the resolution is still degraded
due to the presence of pile-up. For charged particles outside the tracker’s acceptance
region and neutral signals which could not be detected by the tracking system, pile-up

discrimination is significantly harder to achieve.

2.3 EM™ proxy

2.3.1 Motivation

Since detectors can not capture neutrinos and other invisible particles, results from
MET algorithms cannot be compared and fine-tuned without the knowledge of the
actual momentum of invisible particles. One way to deal with this is to test algorithms
on Monte Carlo simulations in which the momentum of non-interacting particles can
be accessed. However, if one wants to study EX* using data obtained from the
ATLAS detector, it is desirable to come with a proxy for non-interacting particles
based on a well understood physics process.

The idea is to treat an object that is visible to the detector as invisible particles
and purposely ignore the associated energy deposits. Neglecting existing signals would
surely make the sum of momentum be non-zero if there is no other source of EX in
that event. Then the EF* computed based on this treatment could be compared to
the measured momentum values of the neglected particle to test the effectiveness of
the MET algorithms.
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ATLAS Online Luminosity
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Figure 2.2: Cumulative luminosity recorded by the ATLAS detector|8].

A suitable process that can be used as an imaginary E& source is the decay of
the Z boson into two muons (Z° — utp~). For most calorimeters, the muon is a
minimum ionizing particle (MIP) which leaves only a small fraction of its energy
in the calorimeter. The stopping power of positive muon in copper as a function of
energy and momentum is shown in Figure 2.6. We see that the stopping power barely
changes within the momentum range of 100 MeV /c to 100 GeV/c, which is a typical
range of muon momentum produced at the LHC.

A di-muon decay is then the perfect imaginary source of missing transverse mo-
mentum. The measurement of muon momentum is based on the combined tracking
system and the muon spectrometer. It is not necessary to perform any modification
on calorimeter signals since muons do not leave much energy in the calorimeter. After
all recorded objects are reconstructed, one can reconstruct the Z boson by calculat-
ing the invariant mass of the di-muon system. Then the Z boson would serve as an
imaginary EXS after neglecting signals from the muon spectrometer.

When algorithms are being tested, the estimated EX can be compared with the
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Figure 2.3: Comparison of theoretical and experimentally determined cross-

sections.[8].

transverse momentum of the reconstructed Z boson. It also allows us to compare the

estimation of the Es scale with the magnitude of the Z boson’s momentum.

2.3.2 Z'— utp selection

By treating the Z boson as an imaginary EX® source, one could easily test the

resolution and scale of the PUfit algorithm in data. Monte Carlo samples are also

used to test the precision of the Z boson momentum reconstruction. Datasets used

are listed below.

« Data:

Center of mass energy: 13 TeV

Total number of Events in the dataset: 4238896
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Figure 2.4: Mean number of interactions over the 2017 ATLAS run [8].

Average expected number of interactions per beam crossing (u): 20.9
- 58.4

e Monte Carlo:

Center of mass energy: 13 TeV
Total number of Events in the dataset: 436000

Pile-up condition: same as LHC running conditions

The two muons produced by the Z boson need to have opposite electric charge
due to the conservation of charge in the decay process. The leading muon is required
to have a pr greater than 25 GeV, while the requirement on the sub-leading muon
is pr > 20 GeV. The identification of muon is mainly achieved by applying quality
requirements which assess how likely the object is a muon based on variables such as
the x? value of the fit and the py difference between inner detector and muon spec-

trometer measurements[10]. The isolation criterion requires the muon to be isolated
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Figure 2.5: Number of reconstructed vertices as a function of the average number of
interactions per bunch crossing.[9]

from other objects such as jets. Both muons are required to be a medium quality
muon within |n| < 2.5 while passing isolation requirements[10].

From the two muons found in the events, one can construct the invariant mass of
the Z-boson by using their four momenta. First the momentum pZ (i = .y, z) of the
the Z boson along axis-i is given by:

py =P 4 (2.7)
where pf'*! and p**® are momenta of the leading and sub-leading muons along axis-i.
The momentum pf. is defined to be the transverse momentum of the muon. Then the
energy and invariant mass of the Z boson are given by:

o lead sub
Ey = El“d 4 E°

: (2.8)
mz = | (Ez)* — Z(PiZ)Z

In order for an event to be considered as a Z° — putpu~ event, the invariant mass
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calculated must fall within the Z-mass window given below:

o phiced > 25GeV

Pl > 20GeV

Charge (fead) - Charge (ptsu)=—1

Medium quality of both muons [10].

Muons must be isolated from other objects according to gradient isolation cri-
terion in Ref.[10].

e |mz —91.1876 GeV| < 25GeV

Selections listed above would select Z° — ptpu~ events, but it is convenient to
impose another selection: Nj., > 0. It will be discussed in Chapter 5 that the
current version of PUfit only makes a correction when there exists hard scatter jets.
Therefore it is efficient to test the algorithm in those events in which corrections are
non-zero. The distribution of jet multiplicity and the momentum of the Z boson in

7Z° — utp~ events are shown in Figures 2.7 and 2.8 respectively.
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Chapter 3

The ATLAS detector

3.1 LHC

The Large Hadron Collider (LHC) is the world’s largest and most powerful accel-
erator for particle physics experiments. It boosts protons to travel in a 27 kilometers
ring at a speed near the speed of light. After the upgrade in 2015, the LHC began its
Run 2 phase and achieved an unprecedented center of mass energy of 13 TeV. The
interior of the beam tube is kept at ultrahigh vacuum, allowing high energy particles
to travel without undesired interactions. The two beams of protons are set to travel
in opposite directions, and collide at four interaction locations along the ring to be
measured by four different detectors. The ATLAS detector is one of the four detec-
tors that probes interesting physics processes both within and beyond the standard
model.

The proton beam in the LHC is made of groups of protons called bunches. There
are 1.15 - 101 protons in each bunch and 2556 bunches in each beam. Inside the
collider, proton bunches are guided by a magnetic field produced by superconducting
electromagnets, enforcing protons to move in the pre-set trajectory. Bunches are
collided every 25 ns to produce collisions. The action of colliding two bunches of
protons is referred to as bunch crossing. Bunches of particles will then collide in
four interactions points, each equipped with a detector to measure different physics

interactions.
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3.2 The ATLAS detector

3.2.1 Overview

The ATLAS detector is cylindrical detector with forward-backward symmetry. It
offers nearly full coverage so that most particles produced would enter the detector
regardless of their direction of motion[5]. It was designed to test new physics models
while offering high precision measurements of QCD, electro-weak and other physical
processes. In order to obtain high momentum resolution for physical analysis while
focusing on rare events from interesting physical processes, the ATLAS detector is

designed to meet the following requirements as described in Reference [12]:

e Due to the experimental conditions at the LHC, the detectors require fast,
radiation-hard electronics and sensor elements. In addition, high detector gran-
ularity is needed to handle the particle fluxes and to reduce the influence of

overlapping events.

e Large acceptance in pseudorapidity with almost full azimuthal angle coverage

is required.

e Good charged-particle momentum resolution and reconstruction efficiency in
the inner tracker is essential. For offline tagging of 7-leptons and b-jets, ver-
tex detectors close to the interaction region are required to observe secondary

vertices.

e Very good electromagnetic (EM) calorimetry for electron and photon identifica-
tion and measurements, complemented by full-coverage hadronic calorimetry for
accurate jet and missing transverse energy measurements, are essential require-
ments, as these measurements form the basis of many of the studies mentioned

above.

e Good muon identification and momentum resolution over a wide range of mo-
menta and the ability to determine unambiguously the charge of high pr muons

are fundamental requirements.

e Highly efficient triggering on low transverse-momentum objects with sufficient
background rejection, is a prerequisite to achieve an acceptable trigger rate for

most physics processes of interest.
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A cut-away view of the ATLAS detector is shown in Figure 3.1. It is clearly shown
that inner detector resides in the innermost part of the ATLAS detector, surrounded
by calorimeters. The muon chamber is the outermost system with the wheels being

44 meters apart.

25m

Tile calorimeters

LAr hadronic end-cap and
forward calorimeters

Toroid magnets LAr electromagnetic calorimeters

Muon chambers Solenoid magnet | Transition radiation tracker
Semiconductor tracker

Figure 3.1: Cut-away view of the ATLAS detector[12].

3.2.2 Inner detector

After pp collisions take place inside the ATLAS detector, the inner detector is the first
part of ATLAS that receives signals of particles produced in the collision. The inner
detector is immersed in the strong magnetic field of 2T generated by the solenoid
magnet[13]. Since electrically charged particles experience forces which bend their
trajectories, the momentum and charge of the incoming charged particle can be de-
termined by measuring the radius of curvature and also the direction of bending.
By fitting the trajectory from detector signals, one can also determine the origin of
the track along the beam axis. Using this information, it is then possible to asso-
ciate tracks with vertices that produced them, offering better pile-up discrimination
for charged particles. Details of offline selection and vertex association are given in

Chapter 4. The transverse momentum resolution of the inner detector is designed to



23

be[12]:

T = 0.08% x pr(GeV) & 1% (3.1)
T

There are three internal components of the inner detector: the silicon pixel de-
tector that covers the radial range of 50.5 mm to 150 mm, the semiconductor tracker
(SCT) that covers from 299 mm to 560 mm and finally the outermost transition ra-
diation tracker (TRT) with a radial coverage of 563 mm to 1066 mm as shown in
Figure 3.2.

The pixel detector is the innermost part of the inner detector, made of three barrel
layers and three disks in each endcap. The barrel has 1744 modules with 46080 read-
out channels per module while the three disks have 1456 modules. Each pixel is built
to have an area of 50 x 400um?

Semiconductor trackers are made of silicon that overall span 40 m? area. They
are distributed over four cylindrical barrel layers and nine endcap disks on each side
of the detector.

The transition radiation tracker (TRT) measures the transition radiation which is
a form of radiation emitted when particles go through boundaries of two media with
different refractive indices. The TRT is made of 350000 read-out channels, with a
volume of 12m3. The detection is based on straw tubes, which are essentially drift
tubes that measure electron ionizations produced by the traversing particle. Each
straw tube has a diameter of 4 mm and contains a 0.03 mm diameter gold-plated
tungsten wire in the center. There are 50000 straws in the barrel, each 144 cm long.
Also, in endcaps, there are a total number of 250000 straws, each 39 c¢cm long. The
TRT also provides additional information on the type of the incoming particle, since
particles of different types emit transition radiation with different characteristics.

Primary vertices are found by grouping reconstructed tracks. The parameters of
vertex candidates are then determined in a fit using tracks associated with the vertex.
The z resolution of the vertex, i.e, the resolution of position along the beam axis is
shown in Figure 3.3. It is obvious that the resolution is much better for those vertices

with large numbers of tracks.

3.2.3 Calorimeter

The calorimeter measures the energy of an incoming particle by absorbing the shower
of secondary particles it produces as it interacts with the detector material. A cut-

away view of the ATLAS calorimeter system is shown in Figure 3.4. The calorimeter
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' End-cap semiconductor fracker

Figure 3.2: A cut-away view of the ATLAS inner detector [14].

system covers the range of |n| < 4.9 with different components being designed to
measure showers produced by electro-magnetic or strong interaction processes [16].

The LAr electromagnetic calorimeter is the innermost detector in the entire calorime-
ter system. It is divided into the barrel (|| < 1.475) and two end-caps (1.375 <
In| < 3.2). The barrel has a thickness of more than 22 radiation lengths so that the
calorimeter would be able to contain high energy particle showers while preventing
most particles from entering the muon system.

The barrel calorimeter is made of two half-barrels connected together with only
a small gap of 4 mm at z = 0 [16]. There are two co-axial wheels in each end-cap
calorimeter. The outer wheels cover the region 1.375 < |n| < 2.5 while the inner ones
cover 2.5 < |n| < 3.2 [16].

The hadronic calorimeter consists of a tile barrel calorimeter, two LAr endcap
calorimeters (HEC) and two LAr forward calorimeters. The tile calorimeter is placed
directly outside the EM calorimeter and covers the range of |n| < 1.0. The two

extended barrels cover the range of 0.8 < |n| < 1.7. These are sampling calorimeters
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Figure 3.3: z resolution of vertex reconstruction [15]

with steel being the absorber [16]. The HEC covers up to |n| = 3.2, and it is located
directly behind the electromagnetic endcap calorimeters. The forward calorimeter

covers the high 7 region and reduce the background in the muon system.

3.2.4 Topoclustering algorithm

In order to select desired significant signals, topologically connected calorimeter cells
are grouped into clusters called topoclusters. Topoclusters are constructed in areas

where the energy deposit is significantly higher than the expected noise fluctuation.
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Figure 3.4: A cut-away view of the ATLAS calorimeter system [16].

However, the energy of a topocluster could consist of energy deposited by different

particles from multiple vertices[17]. To construct topoclusters, the crucial variable to

EM

look at is the cell signal significance (’;

which is defined to be the ratio of the signal

EM . . . EM . . . . .
Eona i & given cell to the average noise ;5. ;- The significance is given by:
EM
CEM o Esignal (3 2)
cell — _EM .
noise,cell

The process of building topoclusters is then described by the following procedures:

1. First, seed cells are determined by placing a cut of [¢E}| > 4. Each seed cell is

called a proto-cluster.

2. Then neighbouring cells of a given proto-cluster are merged into the proto-
cluster if they satisfy [(ZM| > 2

cell

Since the absolute value |¢Z}!| is used in the procedure stated above, cells with
negative signals are also included in the construction of topoclusters. It is shown
in Figure 3.5 that the signal development takes much longer than the 25 ns interval

between consecutive bunch crossings. It takes around 450 ns for the signal to decrease
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linearly to 0. In order to shorten the signal development time, the pulse is shaped
to have a sharp peak and then quickly decreasing to negative values so that the
integral of amplitude over time is 0. The negative tail shown in Figure 3.5 balances
the residual charges that are still being collected. However, this still has impact on
consecutive bunch crossings, and the residual energy is referred to as out-of-time pile-
up. Negative signal cells are usually products of out-of-time pile-up and electronic
noise. Due to the existence of noise fluctuations in cell energies, the positive noise
brought by the cells could form a bias in the overall distribution of cell energies. The
bias introduced by only using positive cells can be partially suppressed by allowing
negative cells to enter the algorithm[17].

There are two different energy scales for topocluster, the EM-scale and the LCW
(local hadronic cell weighting) scale. The scale is determined by the LCW calibration
which corrects energy deposits based on the topocluster shape: either hadronic (HAD)
or electromagnetic (EM). The energy used in the formation procedure above (EZM )

signal
is in the EM-scale.

3.2.5 Muon Spectrometer

The muon spectrometer is the outermost detection system in the ATLAS detector. It
is based on the magnetic deflection of muon tracks in the large superconducting air-
core toroid magnets, instrumented with separate trigger and high-precision tracking
chambers.[16]

Muon tracks are bent by the magnetic field supplied by the large barrel toroid
over the range |n| < 1.4. Two endcap magnets are installed at the end of the barrel
toroid to provide magnetic bending for || between 1.6 and 2.7.

As shown in Figure 3.6, monitored drifting tubes (MDT) are implemented in the
barrel and endcap region up to |n| = 2.7 to offer precision tracking. For large n
regions where 2.0 < || < 2.7, cathode strip chambers are also used for precision
tracking. Triggering is also separated into two regions. For |n| < 1.05, resistive plate
chambers are used for triggering while thin gap chambers are used for regions of
1.05 < |n| < 2.7.

3.2.6 Trigger

Only a small subset of the proton collisions produced by LHC correspond to interest-

ing physics processes. Since the computing power and the bandwidth for digitizing
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Figure 3.5: Shapes of the LAr calorimeter pulse[18].

are limited, it is vital to select the events of interest for the analysis instead of us-
ing all produced events. The decision of whether to keep an event is made by the
two-level trigger system which drops the event rate from 40 MHz to 1 kHz[16].

The level-1 (L1) trigger determines the Regions-of-Interests (Rols) using infor-
mation from the calorimeter and the muon spectrometer[19]. The decision is made
within 25 us, and the event rate is dropped from 40 MHz to 100 kHz. If a event is
selected by the L1 trigger, it will be subsequently sent to the high level trigger (HLT)
to be analyzed by a more sophisticated trigger algorithm. The HLT further reduces
the event rate from 100 kHz to about 1 kHz. The decision of event selection in the
HLT is made within 200 ms[19]. Events selected by the HLT are then analyzed by
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Figure 3.6: A cut-away view of the muon system. [16].

the offline algorithm for physics objects reconstruction.
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Chapter 4

Offline MET reconstruction

Particles of different types are reconstructed based on signals recorded by a series
of detectors listed in Chapter 3. Hard scatter reconstructed objects are selected by
imposing momentum cuts, isolation requirements, and other criteria. The final F3Xss
is determined by the offline MetMaker algorithm which reconstructs EX'* based on

hard scatter objects and a soft term described below.

4.1 Object selection

As shown in Equation 2.3, the inputs to the E¥'S calculation are hard scatter objects
and soft signals. In typical event topologies used in this thesis (Z° — utp=, W — uv,
, tt ), the main particles of interest are muons, electrons, jets and soft particles( 7=,
K#*, p, n and photons). It is fairly rare to find other particles in these samples, and

they do not contribute significantly to the Ess .

4.1.1 Muon

Signals from the muon spectrometer and the inner detector are used to reconstruct
muons within |n| < 2.5. Muons that are outside the tracker acceptance region but
within |n| < 2.7 are reconstructed by fits using information from the muon spectrom-
eter [5]. Apart from what is listed above, muon candidates also have to pass a pr
threshold of 10 GeV while having a medium reconstruction quality. For those muon
candidates within the acceptance region of the inner detector, their tracks must be
associated with the hard scatter vertex. The track association will be discussed in
Section 4.2.1.
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4.1.2 Electron

Reconstructed electrons are selected based on their calorimeter shower shapes and the
matching between their clusters and tracks[20]. Electrons need to pass the medium
reconstruction quality selection to be considered as candidates. The calibration of
electrons is described in Ref.[20]. All electron candidates passing medium quality
selection are required to have pr > 10 GeV. In the transition region between central
and endcap calorimeters(1.37 < |n| < 1.52), the resolution is too poor for the electron
reconstruction. In order to avoid the transition region, electrons are additionally
required to have |n| < 1.37 or 1.52 < |n| < 2.47. Energy deposits by electrons within
the range of 1.37 < |n| < 1.52 could be picked up by the jet finding algorithm and thus
included in the jet collection if it meets the selection criteria mentioned in Section
4.1.3 [5].

4.1.3 Jet

Jets are collimated sets of color neutral hadrons arising from high momentum quarks
or gluons. Jets are reconstructed from electromagnetic scale topoclusters which are
discussed in Ref.[17]. To form jets, a radius parameter of 0.4 is used in the anti-
kt algorithm [21]. The EM-scale jets would then be calibrated according to steps
discussed in Ref.[22]. A schematic diagram of EM-scale jet calibration is shown in

Figure 4.1.

Jet area-based pile- Residual pile-up
Up correction correction

EM-scale jets Origin correction

Jet finding 2Fp.|'ied o Changes the jet direction Applied as a function of Removes residual pile-up
topological ciusters at to point to the hard-scatter event pile-up pr densify dependence. as a
the EM scale. vertex. Does nof affect E. and jet area. function of u and Ney

Residual in situ
calibration

Absolute MC-based
calibration

Global sequential
calibration

Corrects jet 4-momentum  Reduces flavor dependence A residual calibration
to the particle<level energy  and energy leakage effects is derived using in situ
scale. Both the energy and  using calonmeter, track, and measurements and is

direction are calibrated. muon-segment variables. applied only to data.

Figure 4.1: Calibration stages for EM-scale jets [22].

Calibrated jets will be considered for further selection involving kinematic thresh-
olds and the Jet Vertex Tagger (JVT). JVT takes all charged tracks used in the jet
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reconstruction and uses their vertex associations to output a number ranging from 0
(pile-up like) to 1 (hard-scatter like). The JVT algorithm is discussed in Ref.[23]
The selection of hard scatter jets is based on requirements on pr and JVT that

vary as a function of 7. Jets that meet any of the following criteria are selected.

e 24 < n| <45
pr > 30 GeV

o |n| <24
pr > 50 GeV

o |n| <24
20 GeV <pr < 50 GeV
JVT > 0.64

Apart from the selection criteria listed above, there are also selections based on
reconstruction quality and leptonic overlap. These technical details are discussed in
Ref.[5].

4.2 Soft term

There are two main types of soft terms to be used to reconstruct the £ according to
Equation 2.3. The first is called the track soft term(TST) which is based on selected
hard scatter tracks. TST is the standard soft term to be used in offline algorithms.
Alternatively, the cluster soft term(CST), a soft term based on topoclusters, could

be used instead to achieve better resolution in some cases.

4.2.1 Track and vertex selection

Track selection is not only crucial to the TST but also a vital part of hard object
reconstruction discussed in the last section. To correctly use tracking information,
one must determine whether the track is well reconstructed while associating the track
with a vertex in the event. Vertex association allows us to focus on tracks that belong
to the hard scatter vertex and thus enhance the performance of EX® reconstruction.

First of all, all tracks and vertices must pass quality requirements to be considered

as inputs to reconstruction. Tracks need to have their pr to be greater than 400
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MeV and |n| < 2.5 while passing quality requirements discussed in Ref.[24]. The
transverse impact parameter(dy) is defined to be the shortest distance from the
trajectory to the nearby vertex in the transverse plane and the corresponding z value
is the longitudinal impact parameter z5 . Each vertex candidate must have at least
two tracks that satisfy |do| < 1.5mm and |zpsin(f)| < 1.5mm to that candidate[5].
Then by applying the impact parameter cuts mentioned above, one can easily match
tracks with the hard scatter vertex which is defined in Chapter 2.1.

4.2.2 Track soft term

The definition of the track soft term(TST) is intuitively easy to understand. It
merely uses all tracks associated with the hard scatter vertex but not used in the
reconstruction of any hard object. In order to select unused tracks to avoid double
counting, tracks that meet the following criteria are removed as described in Ref.[5],

where AR is defined as the distance in the n—¢ plane at the surface of the calorimeter:
AR = \/Ap? + An? .

e ID tracks with AR(track,electron/photon cluster)< 0.05;

e ID tracks with AR (track,7-lepton) < 0.2;

e ID tracks associated with muons;

e ID tracks ghost-associated with jets. Ghost association is a technique that

determines whether a track belongs to a jet[22].

Hard scatter tracks that are associated with jets rejected due to their overlap
with other physics objects are used in the calculation of the soft term (ER™*°%) [5].
Moreover, tracks from jets that are likely to come from pile-up, as tagged by the JVT
procedure which assesses how pile-up like an object is, are included in the soft term
as well [5].

The TST is insensitive to pile-up since it only uses tracks associated with the hard
scatter vertex as inputs. However, since tracks do not measure neutral energy deposit,
soft neutral particles from the hard scatter vertex are neglected. Also, charged parti-
cles with |n| > 2.4 are outside the tracker’s acceptance region and thus not included
in the TST. The loss of resolution from ignoring neutral particles from the HS vertex
is compensated by the gain in excluding particles from pileup interactions once the

number of simultaneous collisions y is around 15 or higher.
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4.2.3 Cluster soft term

The cluster soft term (CST) is sometimes also referred to as the calorimeter soft term.
It uses topoclusters recorded in the calorimeter to provide a soft term that includes
signals of neutral particles.

The CST is reconstructed by using topoclusters with positive energy in the LCW
scale. Clusters in hard objects are not considered in the CST. Topoclusters formed at
the same locations of hard objects would not contribute to CST even if those signals
are not directly used in the reconstruction of the hard objects.

The CST provides neutral signals from the hard scatter vertex that are neglected
by the TST. But at the same time, since it sums up clusters produced by all vertices,
fluctuations in the measurement of the large amount of pileup energy used in the CST

makes it sensitive to pile-up and it performs worse than TST when pile-up is high.
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Chapter 5

PUfit algorithm

In this chapter, the PUfit algorithm is introduced with mathematical derivations. The
constraints behind the algorithm will be formulated, and the solution to the fit will
also be derived. The PUfit algorithm determines the MET by using our knowledge
on the pile-up energy distribution. A simpler version of the PUfit algorithm was
deployed as the default MET trigger in 2017 and 2018.

5.1 PUfit Theory

As shown in earlier chapters, both TST and CST have their own disadvantages as a
soft term. The TST does not include neutral and large-n signals, while the CST is
sensitive to pile-up activities. In PUfit, a new soft term is introduced to capture large-
1 and neutral soft signals without the severe deterioration due to pile-up increase.
The new soft term is based on a x? fit that uses pile-up distribution constraints.
The E%liss can be determined by the negative vector sum of the transverse momen-
tum (pr) of hard scatter (HS) objects. In order to avoid pileup (PU) contributions,
we select jets and leptons that satisfy certain selection cuts on pr, JVT, etc. Hard
scatter objects are labeled in blue color as shown below while pile-up objects are
labeled in red. Therefore contribution to EX from selected HS objects is given by

the following equation.

J L
= 2P =)
k k
where J and L are the number of selected jets and leptons. However, there are also

soft HS objects with lower momenta. We account for these soft contributions by
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introducing the Soft Term (ST). The ST has contributions from charged and neutral

objects and is given by

c N
E{'=-> "En—) En (5.1)
k k
where C' and N are collections of charged and neutral HS signals that are not used

in the reconstruction of any HS objects. With these definitions, the E?iss associated

with the HS interaction is

J L
Eps=—"Eg, — Y Ep +E% (5.2)
k k

5.1.1 TST/CST

Currently, we use tracks to determine the soft contribution from HS. We select tracks
which

e do not belong to HS jets and leptons
e belong to the primary vertex

These tracks make up the Track Soft Term (TST)
T(|n<2.4)

ETST = Z Er, (5.3)

where 7' is the number of HS tracks which do not belong to HS jets and leptons.
As denoted above, this covers only || < 2.4 region, where we have the tracking
system. The TST does not include neutral HS contributions and does not cover
forward regions (|n| > 2.4).

Then the offline MET (TST) is defined as:

J L
Ew}niss _ ZﬁTk _ ZETk + ETST
k k
J L T(|n|<2.4)
=2 Pu-) FBn- 3L P
k k
Alternatively, the cluster soft term (CST) can be used. The CST is made
of calorimeter clusters outside jet objects which includes both charged and neutral

contribution to the E¥s . However, the resolution of CST ER deteriorates as the

amount of pile-up becomes large. The CST is defined by the following equation:

(5.4)
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clus¢J

EST=- 3" Ep (5.5)
k

where clus ¢ J denotes the set of clusters outside jets.

5.1.2 The PUfit soft term(PST) and the Pileup-imbalance
Adjustment Term (PAT)

The objects from pileup interactions are expected to be isotropic and to have no
contribution to E}nigs. However the object detection and reconstruction of the detector
is not perfect and pileup interactions produce fake E%ﬁss. This is what causes the
cluster soft term (CST) to be sensitive to pileup. To adjust for the detector-response
related imbalance of the PU contribution, we use a fit (PUfit) based on topoclusters.
The PUfit algorithm computes the pileup-imbalance adjustment term (PAT) as a
correction to the existing TST. Then a new soft term called PUfit Soft Term (PST)
is given by the sum of the TST and PAT:
EST = EIST 4 ERAT (5.6)
To construct the PAT, one must determine the characteristics of the pile-up dis-
tribution in the event. In particular, the PUfit algorithm requires the determination
of expected pile-up energy under HS jets to construct the PAT. In order to calculate
the average pile-up energy density in the calorimeter, the transverse energy Er of all
topoclusters outside HS jets is summed into an 7 — ¢ grid of 112 equal-sized towers.
Towers that overlapped with HS jets will not be used in the determination of the
average pile-up density (p). Let the number of HS jets be denoted by n; and the
number of towers overlapping with HS jets be m. The average PU energy density of

towers is given by:

N—m E%(;Wer _ p¥]S

<p>:Nim,Z A

j=1 J

(5.7)

where EtT‘;WGY is the overall transverse energy deposit inside the tower, p%,s is the sum
of hard scatter track pr in the given tower, and A; is the area of the j-th tower. Note
that since we are only interested in the pile-up energy density, the HS energy must
be removed. While we cannot distinguish hard scatter and PU activity for neutral

clusters, we remove the HS activity for charged particles by subtracting the HS track
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pr from the tower energy. In Z° — u* i~ events, there are not many leptonic signals
other than muons, and these muons do not leave much energy in the calorimeter. So
the subtraction in Equation 5.7 only needs to consider HS soft tracks which are HS
tracks that have not been used in the reconstruction of any HS object.

Then the average PU energy under the k-th HS jet can be approximated by
< p > A, where Ay is the area of the k-th jet. Since we are using jets with a radius
of 0.4, the area Ay, is then taken to be 7 - 0.4%2. The variance is given by

—m ower 2
SR e i O .

j=1 J

The expected PU energy under the area of the k-th jet is expected to be (p) Ay if
the PU transverse energy is isotropic and balanced. The pile-up energy is isotropic
on average, but this is not necessarily true in a given event. Using a fit, we can
determine the PU energy value for the k-th Jet, &, needed to balance the overall
PU contributions in an event. We can adjust for the pileup imbalance by taking the

difference
J et

E
_ Z (€= (o)) T (5.9)

This is the fake PU contribution to E%“SS due to detector effects. Since this can not

be accounted for by any HS jets, leptons or the TST, it needs to be subtracted from

the final E;niss as an additional term to reduce fake contributions from PU. Then,
the Pileup-imbalance Adjustment Term (PAT), EPAT is given by the negative of the

above term

njy Jet
EPAT =" (& — (p)Ar) EM (5.10)
k=1

In the PUfit algorithm, only jets are used as inputs as shown in Equation 5.10.
Signals of leptons only deposit energy over a small area in the calorimeter, meaning
that the amount of pile-up energy buried under that area is negligible. Therefore,

including the leptons will not make a huge difference to the fit.

5.1.3 Pile-up Contribution

One of the constraints of PUfit is that pile-up vertices produce no real MET. Namely,
the sum of all PU energies in the calorimeter should be zero within the resolution.
The contributions to the sums of clusters and tracks are specified in the following two

equations. The pile-up objects are labeled by the red colour, and C'& /N are charged
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and neutral pile-up objects that are outside HS jets

clus¢J
Z Er, —ZET +ZET +Z“x +ZF11
kg Tol<z. y o< P (5.11)

S Y - X A

In the second equatlon above, we are assuming that the momentum measured by
the tracking system is the same as the measurement from the calorimeter.

One of the global constraints in the PUfit algorithm is that the sum of transverse
energy vectors of pile-up objects will be zero, i.e, no real E¥s is produced in pile-up
interactions. This global constraint can be formulated mathematically by summing
the expected pile-up energy under jets £ with all PU energies outside jets. For PU
energies outside jets, we first add up all clusters and then subtract HS track pr to

eliminate identifiable HS components.
clus¢J HS track¢J

> Er, - Z br, +Z‘9k =0 (5.12)
j=1

This is equivalent to :
C(lnl>2.4)

Z Er, +ZET +ZE1 +ZE1 +Z£k_o (5.13)

Notice that after the subtractlon soft neutral and charged(|n] > 2.4) HS signals
will still be present since they can not be successfully identified by the current algo-
rithm. These signals will cause the calorimeter to be unbalanced and thus mandating
& to cover the deficit after the fit. Therefore, the direction and magnitude information
of these un-identified soft signals would be captured by fit parameters £.

In PUfit, the strength of the constraint is determined by the variance associated
with it in the covariance matrix. In the global constraint shown in Equation 5.12,
each cluster in the sum contributes to the overall variance of the constraint according
to its energy. The variance on the measured transverse energy Fr, is known to be
proportional to |Er;|

o? =r?Er| + 1 (5.14)
where r is the resolution scale and rg is the resolution floor to avoid computational

problem when o; being zero. We take
r=0.5 GeVY/?

(5.15)
ro=0.05 GeV
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These parameters are not fully optimized but they are good enough to test the
algorithm. The momenta of the soft HS tracks are well measured and uncertainties

on p%_s are negligible compared to the o;.

5.1.4 Fit

The PUfit algorithm uses the following two constraints:
e Pileup vertices should not produce any real E?"'ss.
e Pileup energies under HS jets (&) are close to the average pileup (< p > Ag)

We construct a y? function:
(&1, En,) = ATVTIA (5.16)
where the variables & are the fitted parameters corresponding to n; HS jets, deter-

mined by minimizing the x? function. The (2 + nj)-dimensional vector A is given
by

clus¢J HS track¢J ngy

Z Er; cos ¢; — Z pr; COS ¢ + Z & cos ¢y,

j=1 j=1 k=1

clus¢J HS track¢J ny

Z Er sing; — Z pr; sin ¢; + Z &y sin ¢y,

A= j=1 ’ j=1 ’ k=1 (517)
& —(p) A
gnJ - <p>AnJ

and V is the associated covariance matrix. The angles ¢; (¢)) are the azimuthal
directions of their corresponding clusters. The first two lines impose constraints
corresponding to Equation 5.12. Each remaining line corresponds to the constraint of
& being close to their expected values discussed above. The average energy is given

by the product of the jet area Ay and the average Er density, (p).
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The full covariance is

Vii. Vis 0 0 0
Voo Voo 0 0 0
y 0o 0 VI o 0 18
N o o0 o VJ 0 (5.18)
o o0 o 0 ... VI

where V7 is defined in Equation 5.8 and the upper 2 x 2 submatrix is given by

Vor Vo Z;ETZJ aj CoS ¢; sin ¢; Z;ETZJ 032- sin” ¢;
Minimizing this x? function with respect to the &, provides & to be used in Equa-

tion 5.10 and the PST from Equation 5.6 can be computed accordingly.

5.1.5 Double subtraction of pile-up energy

It is vital that the PAT term has the form given in Equation 5.10 instead of only

Jet

having EPAT = Sl Ek 71 —k_ The reason for this is that offline jets had already gone
through sophisticated callforatlon with pile-up subtraction. If one merely subtracts
PU energy &, then it means that PU energies under jets would have been subtracted
twice, in both calibration and PUfit. To avoid this, one uses the definition of PAT in
Equation 5.10.

The problem of double subtraction of pile-up originates from the definition of £.
It is defined to represent the pile-up energy under HS jets, which is a feature inherited
from the trigger version of PUfit. The original PUfit algorithm was designed for the

trigger system, in which no pile-up subtraction is applied. Therefore the correction
in the trigger PUfit can be defined easily as EPAT Sl &k E;e:

Another approach, perhaps a more intuitive one, could be used to avoid the double
subtraction of pile-up. This new approach will be derived in detail, and it will be

shown to be equivalent to the approach described in earlier sections.

The intuitive approach

The most natural method to avoid double subtraction is to stop letting £ representing

the PU energy but only targeting the leftover soft signals. It would be tempting to
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revise the A function defined in Equation 5.17 so that the expectation value of £ is

set to zero starting from the third row. At the same time, one also needs to add in

ETY, the PU subtracted from jets in the offline calibration, to the first two rows.
After such revisions, the new A function and correction could be defined as the

following;:

o ng nJ

PU
E Er, cos ¢; + E ELY cos ¢y, + E Ejy cos ¢y
i=1 k=1 k=1

O nJ nJ
Z Er sin¢; + ZE,?“” sin ¢y, + Z Efg sin ¢y,
AN ] k=1 k=1 (5.20)

new
&1

Snew
ngy
where Ef Y is the amount of PU energy subtracted in the offline calibration and

the sum over O is defined as:
clus¢J  HS track¢J

i => - Z (5.21)

One can see that in A", expectation values of £ are set to be zero starting in
the third row and E7}/ is added into the global pile-up constraint. So we will still be
solving for £ to balance the calorimeter energy deposit while requiring the correction
magnitude £ to be small, i.e., the expectation of £ being zero.

It is obvious that this definition of A™" avoids the double subtraction problem
when it is used in offline framework. The correction term can then be directly bor-

rowed from trigger PUfit:

nJj Ej]:zt

E;AT = ngEJet (522)
k=1 T

Theorem of Equivalence

It is crucial for readers to understand that the PUfit algorithm was thoroughly de-
bugged and optimized when it was tested in the trigger system, with the A function
defined in the form of Equation 5.17. Although the definition of A" in Ch.5.1.5

suits the need of implementing PUfit in the offline framework, this new definition
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would significantly alter the solution matrix. To avoid a large number of changes in
the existing code, one might wonder if there is an easier way to cope with the double
subtraction problem that does not involve a completely new A function.

The answer is yes. There is an easier way to deal with this and it is described in
the following theorem:

Theorem 5.1.1 (Theorem of equivalence). The outcome of the fit using A is equiva-
]et

lent to that using A™" if (p)Ar = ETY and the correction term EPAT — S Sk Ejet

]et

is modified to be Zgzl( —{p >Ak)E]et

The theorem itself is not hard to understand intuitively. Since there is a double
subtraction problem, one must eliminate the E7} part from the final correction in
PUfit if A remains unchanged. If (p) Ay is taken to be close to Efg, then it is straight
forward to subtract it in the PAT.

However it is still important that theorem 5.1.1 can be proven to be true. So
let us first consider the assumption that (p) A, = E'f;kU Then substituting this into
Equation 5.20 yields:

Z Er, cos ¢; + Zé'”ew cos ¢y, + i(p)A COS ¢y,
k=1

Z Er sin¢g; + ZS”C“’ sin ¢y, + i(pﬂl sin ¢y,

A" = k=1 (5.23)
ginew
et
Then one can collect terms by defining new variable £
E =& + Jk =&Y 4 (p) Ay (5.24)

Substituting £’ into Equation 5.23, we have:
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@) ny
Z Er, cos ¢; + Z &} cos ¢y,
=1 k=1

O ny
Z Er, sin ¢; + Z 8,; sin ¢y
i=1 k=1

5{ - <P>A1

AT = (5.25)

g’I/”LJ - <p>AnJ
Now we have transformed A" into the same form as A defined in Equation 5.17

without adding or deleting terms but merely collecting terms with new nomenclatures.

Since Zjo:l = Z;Ei@ — Z;{:Sltr%kg‘] , we see that the two A functions are the same.
Therefore, we can set up the following relationship after acknowledging that A is

equivalent to A™Y:

E=EF" + (p) Ay = EF + ETY =&, (5.26)
This gives:

Y =& — Ef,g =& — (p) Ay (5.27)
According to Equation 5.27, if we replace & in the PAT term by & — (p) A, then
the outcome of the fit should be equivalent to that of A™" given that (p) A, = EJ}.
This is why we have to use the definition in Equation 5.10. Ideally, one would use
E; U itself instead of using (p) A;, which is computed inside PUfit. However, it is hard

to retrieve information like E7Y and one can assume (p)A; ~ ETY since the offline

calibration also mainly uses an area-density approach to determine pile-up.

5.2 PUfit with Particle Flow

In PUfit, we are concerned with the imbalance in the energy deposit inside the
calorimeter. The inputs to the algorithm described above are topoclusters and inner
detector tracks. In order to sum up all pile-up energies, hard scatter tracks pr are
subtracted manually as in Equation 5.12. This means that we are assuming the en-
ergy deposited in the calorimeter by charged particles is equal to the energy measured
by the trackers. However, this assumption is not entirely accurate, and such energy
subtractions can be greatly improved by using an algorithm called Particle Flow.

Furthermore, particle flow allows the calorimeter energy deposits within |n| < 2.4 to
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be classified as either from charged particles or from neutral particles.

Particle Flow is developed to incorporate both tracking and calorimeter signals
in object reconstruction since tracking signals have a better resolution at lower mo-
mentum, while the calorimeter signals are more precise when momentum is high, a
combination of both systems would be the optimal choice. In order to avoid double
counting the same signal in the tracker and the calorimeter during reconstruction, the
PFlow (Particle Flow) algorithm identifies energy deposited by charged particles in
topoclusters. After estimating the energy deposit of tracks, PFlow does a much more
sophisticated energy subtraction based on the location of the track in the calorimeter.
The PFlow algorithm is optimized to subtract only one particle’s energy deposit in
the calorimeter without affecting the energy deposited by other particles[25].

It is obvious that the PFlow algorithm suits the exact need of PUfit. With PFlow,
one can perform the subtraction in Equation 5.12 in a more sophisticated fashion and
use tracking signals for all charge particles with || < 2.4 for better resolution. PFlow
categorizes all objects into two types: charged PFO (PFlow Objects) and neutral
PFO. All tracks within |n| < 2.4 are classified as charged PFO and all topoclusters
after the energy subtractions are classified as neutral PFO. The following equation
gives the correspondence between charged and neutral PFOs and the notation used

previously for topoclusters in Equation 5.11.

PFOn¢J C(|n|>2.4) (n>2.4)
Z Er, = Z ET+ZET+ZET¢+ Z Erp,
PFOC,PU¢J C(|nl<2.4) (5.28)

Z = Z ETx,
j k
Then Equation 5.12 can be re-written with PFOy (neutral PFO) and PFO¢(charged
PFO):
PFON¢J PFOG,pu¢J

Z Er, + Z ET+ng_0 (5.29)

where PFOc¢ py represents charged PFO that are hnked to pile-up tracks.
Therefore, the input to PUfit was changed to PFOx and PFO¢ py. They are
summed into 112 towers as before, with the rest of fit being the same. The only

modification in the formulation is that we changed the first two rows of Equation
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5.17 according to Equation 5.29. The PFlow version of A is given by Equation 5.30

PFON&J

PFON&J

Z ETj cos ¢; +
J

Z ETj sin ¢; +
J

PFOc,puéJ ngy

Z ET], coS @4—2& COS ¢y,
J k=1

nJ
E gk sin ¢k
k=1

PFOCypUQJ

Z ET], sin ¢; +
J

& — (nA

ETLJ - <IO> AnJ

(5.30)

The covariance sub-matrix shown in Equation 5.19 would then be changed ac-
cording to the substitution: Z;gg‘] — ZJ.PFON + Z]PFOC‘PUW.

5.3 Analytical solution

In order to compute the correction, we must first derive the solution to the y?2 fit to
obtain £. The solution will be derived from Equation 5.16 and Equation 5.17. The

solution to the PFlow version of PUfit would be similar as what is shown below with

the only difference being the inputs.

Let us first define some new variables in Table 5.1 to simplify the derivation, where

Zjo is defined in Equation 5.21.

new variable meaning
d Vii1Vag — Via Vi
E., Er; cos ¢;
Eyj ETj sin ¢j
A, ZJO By 4 >0 Ekcos o
Ay Z? Ey]. + ZZJ gk sin ¢k
Ay & — (p) Ar
Vo9 oS ¢ — V7o sin @y, O V11 sin ¢ — Vi cOS @y [0)
Ok d §:j Ly, + d Ejj Ly,
By Vag cos ¢k;V12 sin @y, COS ij n Vi1 sin ¢k(_1V12 oS Py, sin ij

Table 5.1: New variables
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Let us first expand x? using variables defined above. Since we are treating every

jet in the same way, the variance V;/ on each £ is constant and denoted as V7

XQ — ATV—IA
‘/22 2 ‘/12 ‘/11 2 AQ (531)
EAL 2PN + AL+ Z
Then the solution that minimized x? is obtained by Solvmg.
x>
— =0 5.32
9E, (5.32)
Derivatives with respect to & are :
0A,
9E, = COS Oy
A
86_5‘: = sin ¢y, (5.33)
% — &
OEy, k
Then we substitute these derivatives into Equation 5.31 and Equation 5.32:
18_)(2_@ 0A, V12A 0A, —EA 0A, VH ZAkaAk
208, d "0&, d " 0& d "’ 85k Ay (%'k VI O
T . Ay . Ak
= 7(‘/22 cos ¢y, — Vigsin ¢y,) + 7(‘/11 sin ¢ — Vi cos @) + V7
Ap 1
= (o — <[3J )+ Biiér + B2 + oo + B, En, + VJg
=0
(5.34)
So for g’g = 0, we have:
A 1
(041 _ <P&J 1) (511 + VJ) Ev+ Pr2éa+ o+ B, En, =0 (5.35)

0
Similarly, we have the following for 8’5 =

A 1
(OQ - <p\iJ 2) + Ba1&1 + (ﬁ22 + VJ> Ex+ oo+ Brpyn, =0 (5.36)

We can deduce the Equation for all other £’s and then express them in the matrix

form:
B + % B2 e Bin, & % — o

5?1 a2 + v a ﬁ2jm ?2 = v B @ (5.37)

1 (p)An
BnJ,l 6@;,2 o 671],7” + vI gnJ VI L — O‘n(]



Then the solution can be easily determined by inverting a n; X n; matrix.

48
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Chapter 6

Results

Both the topocluster and PFlow version of PUfit are introduced in Chapter 5, and
they will both be tested in this chapter. The procedures used to compare different
algorithms are developed and applied to both versions of PUfit. The algorithm is
mainly tested in Z° — pp~ samples with the Z boson used as an imaginary MET
source as discussed in section 2.3.2. The two main variables used in the analysis are
the resolution and the scale difference.

In these selected Z° — ptp~ events, the transverse momentum of the Z boson
is compared to the estimates of MET produced by different algorithms. To obtain
the resolution along a given axis for the MET, one takes the difference between
components of MET and transverse momentum of the Z boson (pr (Z)) along the
given axis to get a distribution. The standard deviation of the obtained distribution

is used as resolution. The resolution along the x-axis is defined as:

Resolution Fx =0, =0 [(EITmSS —pl) -2 (6.1)
where the O operator represents the action of taking the standard deviation of the
given distribution and p;% is the transverse momentum vector of the Z boson. Since

the resolution is defined by the standard deviation, the uncertainty of the resolution

is then:
Og

V2N =2

where NN is the number of events used in the calculation.

0(0,) = (6.2)

Aside from resolution, it is also fruitful to look at the scale of the MET compared
to that of the Z transverse momentum. One could simply take the difference between

magnitudes to check the scale difference but it is often useful to look at the parallel
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scale difference(PSD). The parallel scale difference is defined as:
PSD = ™ - pft — |7f |
= |EF™| - cos 0 — ||

where pZ is the unit vector in the direction of the Z transverse momentum and 6 is

(6.3)

the angle between E%‘iss and pZ. Then cosf can be easily computed using
E%liss . ﬁIZ

[ miss =7 (64)
| B3| - |pf]

cosf =

6.1 Topocluster based PUfit

For topocluster based PUfit, the A function used is shown in Equation 5.17 in which
all inputs are either from topoclusters or ID tracks. After computing the solutions of
& using Equation 5.37, the PAT is obtained by Equation 5.10 and then substituted
into Equation 5.6 to get the PST.

The magnitudes of PAT and PST are compared with TST in Figure 6.1. All events
have non-zero PAT since they are required to have at least one jet in the selection
criterion. It is evident that the mean value of the new soft term PST is much higher
than TST after adding the correction (PAT) from PUfit. The tail of PST appears
to be much higher than TST. This is an indication that PUfit offered significant
corrections in many events. However, CST is still the one with the largest mean and
variance. This is simply due to the fact that each pile-up vertex contributes its own
variance in the calculation of CST. Occasionally, extremely imbalanced calorimeter
energy deposit would yield PAT of extremely large magnitude. In order to focus on
events without outliers, a cut is placed at 100 GeV for the PAT.

Components of TST MET and PST MET are shown in Figure 6.2 and 6.3 respec-
tively. It is evident that the jet term is much larger compared to the soft terms, and
the tail of MET is mostly dominated by the jet term. Since Z° — putp~ is mostly
dominated by single jets events as shown in Figure 2.7, these peaks are results of the
jet selection criteria discussed in Chapter 4.1.3. The first peak has a sharp edge at
exactly 20 GeV which is the pr cut of jet selections in the central region. The second
peak is at 30 GeV which corresponds to the cut in the forward region.

Components of CST MET are shown in Figure 6.4. It is clear that the CST is of
comparable magnitude to the jet term. As a result, the CST MET is of higher mean
and also has a higher tail.

All three MET are plotted in Figure 6.5 to be compared with the magnitude of Z
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Distribution of PST and its components
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Figure 6.1: Distribution of different soft terms and topocluster based PUfit corrections
in Z° — ptpu~ events.

boson’s pr. All three MET appear to have larger magnitudes compared to Z pr due to
the resolution of MET reconstruction. The MET reconstruction involves more objects
and it is subject to a larger resolution influence. Therefore the MET distribution
could be thought of as the distribution of the 2-dimensional Z pr vector convolved
with gaussian noise, and thus resulting in a larger magnitude. The distribution of
PST MET magnitude is similar to that of the TST MET, especially at higher energies.
This is expected since the two only differ in the soft term while the high energy tail is
dominated by the jet term. The major difference between PST MET and TST MET
is in the region of 0 Gev to 20 GeV, in which the PST MET has a higher overall
number of entries. This resulted in a lower average for the PST MET. Since the scale
of Z pr is quite low compared to MET, the CST MET distribution showed the worst
results among all three algorithms with a significantly higher mean value. CST MET
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Distribution of TST MET components
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Figure 6.2: Distribution of TST MET components in Z° — p+pu~ events.

is similar to the other two MET in the low energy region (0 GeV to 20 GeV), but it
quickly begins to differ after 20 GeV due to the large magnitude of CST. Since CST
has a tail that is comparable to the jet term as shown in Figure 6.4, the tail of CST
MET is much higher than that of the other two. This results in a worse resolution
which will be shown later.

The resolution against Z pr is shown in Figure 6.6 and the Z pp distribution
is shown in Figure 6.5. It is clear that the resolution decreased at first as the Z pr
increases, and increases back up when Z pr is high. This behavior is explained by two
separate factors. First, the reconstructed MET could be viewed as the convolution
of the ZPT and noises along each axis in the transverse plane. This means that the
mean value of the distribution is enlarged for the reconstructed MET distribution.
Therefore, it is very rare for the reconstructed MET to be under 20 GeV while that
is common for the Z py . This explains the worse resolution of MET in the low Z pr

region. The other factor is the increase in jet multiplicity as Z pr increases. A larger



23

Distribution of PUfit MET components
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Figure 6.3: Distribution of topocluster based PUfit MET components in Z° — ptpu~
events.

Distribution of CST MET components
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Figure 6.4: Distribution of CST MET components in Z° — p+pu~ events.

jet multiplicity results in the worse resolution in the high Z pr region.

Resolutions of all three MET algorithms against pile-up activities are shown in
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Comparision of different MET magnitudes and Zpr
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Figure 6.5: Comparison of magnitude of different MET in Z° — p*p~ events.

Figure 6.7. The x-axis of the plot is the number of primary vertices in the events,
which measures the amount of pile-up. Since these three MET measures only differ
in their soft terms, they are labeled by the soft terms used. The resolution and its
standard deviation along the x-axis are defined in Equations 6.1 and 6.2. From Figure
6.7, one can clearly see that the Ex resolution of PST MET is similar to that of the
TST MET throughout the entire domain of N, which ranges from 10 to 39. The
resolution of CST MET starts at around 20 GeV when the pile-up is low. This is
about the same resolution compared to the other two MET, but the resolution of
CST MET quickly deteriorates as pile-up increases. This is expected since we have
seen that the scale of CST MET is significantly larger than that of the Z pr. Since
each pile-up vertex brings its own variance into the calculation, it makes sense that
the resolution of CST MET gradually gets worse as IV, increases.

Despite adding a new PAT term to the soft term, PST showed no clear improve-
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Figure 6.6: Comparison of magnitude of different MET in Z° — p*p~ events.

ment in Ex resolution. One could point out that PST showed slight improvements
in Figure 6.7 when N,, is between 15 and 25. But these improvements are mostly
within 1 GeV along the x-axis. Then one could argue the difference in the soft term
is not reflected in the resolution but on the scale of the MET. The angular difference
between MET & Z pr and the parallel scale difference can be computed using Equa-
tion 6.3 and Equation 6.4. These two variables are shown in Figure 6.8 and Figure 6.9
respectively. The x-axis in Figure 6.8 and Figure 6.9 is Z pr instead of N,,. This is
because the main difference between PST and TST is shown to be in the magnitude
of MET as in Figure 6.1. By plotting these scale variables against Z pr, one could
examine scale results with different truth scale (Z pr magnitudes).

In Figure 6.8, the angular difference between MET and pr (Z) is shown to be
similar for TST and PST based MET. The Z pr distribution is shown in Figure 6.5.
The CST based MET is significantly worse, as expected. As pr (Z) increases to be
above 80 GeV, the TST and PST MET are mostly dominated by jets so that the
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Figure 6.7: Comparison of Ex Resolution in Z° — p*pu~ events. The topocluster
based PST MET is shown in red. The x-axis of the plot (N,,) is the number of
primary vertices which measures the amount of pile-up.

angular difference becomes similar at larger pr (Z).

In Figure 6.9, the parallel scale difference for TST MET is higher than that of
the PST MET for all Z py intervals, especially when Z pr is high. This is consistent
with Figure 6.5 which indicates that the magnitude of PST MET is indeed lower on
average. Note that the CST MET has the lowest scale, which can be explained by
the larger angular difference shown in Figure 6.8. Since the angle is on average larger,
there are more events in which the CST MET is in the opposite direction of the Z pr

and thus could result in a negative scale difference.

6.2 PFlow PUfit

PFlow based PUfit is constructed from PFlow objects using the A function defined
in Equation 5.30. In addition to the magnitude and resolution analysis, the angular

correlation between each pair of components is also investigated for PFlow based
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6.2.1 Magnitudes and resolution

The PFlow algorithm provides its own jet collection found by using PFlow objects. So
the number of jets in each event could be slightly different from that of EM-topo jets
which are used in topocluster based PUfit. The new distribution is shown in Figure
6.10. Note that zero jet events are not used in the following results as discussed in
Chapter 2.3.2.

Number of Jets in Z — > u + u Events (PFlow version)
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Figure 6.10: Distribution of the number of PFlow jets in Z° — pu*u~ events.

Magnitudes of soft terms are shown in Figure 6.11. One can see that by using
PFlow inputs, all three MET varied in their magnitude.

By comparing Figure 6.11 to Figure 6.1, it is obvious that the magnitude of CST
dropped drastically. In the PFlow version, CST is of comparable magnitude to other
soft terms. The mean value of CST dropped 12.5 GeV to around 22.6 GeV while the
standard deviation also dropped to 13.8 GeV. The impact of this new CST on the
resolution will be shown later. TST appears to be more concentrated, and the mean
value and standard deviation both decreased compared to previous results. However,
the mean value and standard deviation of PAT did not decrease like the other two
but increased instead. The PST, which is the vectorial combination of PAT and TST,
stayed at the same mean value with a slightly increased standard deviation. A direct
comparison of EM topocluster based MET, and PFlow MET is shown in Figure 6.12.
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Figure 6.11: Distribution of PFlow based soft terms in Z° — u*u~ events.

In general, the PAT correction made by PUfit is much higher than the previously
obtained results. However, the overall structure of the MET is not changed as shown
in Figure 6.13. The composition is similar to what was shown in Figure 6.3, only
differing slightly in individual terms.

Resolution of PFlow based MET is shown in Figure 6.14. PST MET still shows
similar results compared to TST MET. Improvements in the resolution are still mostly
in the NV, range of 15 GeV to 25 GeV, and improve the resolution by at most 1 GeV.

All three PFlow based MET are compared to those produced by topocluster inputs
in Figure 6.15. The three PFLow based MET showed improvements in the entire
domain of N,,. CST benefits the most from adopting PFlow, the resolution dropped
to the same level of other MET. This is to be expected since the magnitude of CST is
shown to be more reasonable in Figure 6.13. TST and PST with PFlow inputs showed
slight improvements of around 1 GeV in most cases while the relative difference
between the two with the same inputs has not changed much.

In Figure 6.16, the resolution of all three MET measures are shown in two different
cases. As expected, the resolution in events with more than one jet is much worse
than that in events with only one jet due to the increased energy deposition in these

events.
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Figure 6.12: Comparison between EM-topo and PFlow based MET distribution in
7° — utp~ events.
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Figure 6.13: Distribution of different components of PFlow MET in Z° — utpu
events.
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Figure 6.14: PFlow based TST/CST/PST MET Ex resolution against N, in Z° —
w T events.

In Figure 6.17, resolutions of all three MET measures are plotted against pr (Z)
instead of N,,. The resolution of all three algorithms is the best when Z pr is about
40 GeV, similar to what is previously shown in Figure 6.6.

The angular deviation and parallel scale difference are shown in Figure 6.18 and
Figure 6.19. The angular difference did not change very much except for the better
angular resolution of CST MET. This also true for the parallel scale difference. The
PST MET is shown to have the lowest scale in the PFlow version of PUfit.

6.2.2 Angular correlation between MET components

Angles between different MET components could be calculated similarly to what is
defined in Equation 6.4. By observing the distribution of angular differences be-
tween components, one could investigate correlations between these components. All
angular differences between MET components are shown in Figure 6.20, C.1 and C.2.

In the first plot in Figure 6.20, the PAT showed a strong correlation with the jet

term. The angular differences between the two components are mostly 0 or 7. This
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Figure 6.15: Comparison of topocluster based MET and PFlow based MET resolution
in Z° — ptp~ events.

indicates that PAT is mostly parallel to the jet term. This is consistent with how
PUfit is designed. In PUfit, £ parameters are only assigned to hard scatter Jets and
the construction of PAT in Equation 5.10 uses the direction of HS jets in the n — ¢
plane. This means that if there is only one HS jet in the event, the PAT will be in
either the same or the opposite direction of that jet. This is exactly what is being
shown in the first plot in Figure 6.20. Since we have only selected events with non-
zero HS jets, the dominating event topology would be single HS jet. This is shown in
Figure 2.7. If one sums all events that have PAT parallel to the jet term and compares
the overall number to single jet events entries in Figure 2.7, one can see that those
two numbers agree with each other. This indicates that the PUfit algorithm is indeed
executed as designed. There are still a large number of events between 0 and 7 in
the first plot in Figure 6.20. These are events with multiple HS jets in which PAT is
allowed to be not parallel to the jet term. This is because that the PAT direction is a

vector that is obtained by summing directions over multiple jets. Another interesting
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Figure 6.16: PFlow based Resolution in Z° — putpu~ events with different jet multi-
plicity.

aspect of the first plot is that there are more events in which PAT is in the opposite
direction of the jet term than in the same direction. In the second plot in Figure
6.20, we see that the jet term is mostly positively correlated with MET which makes
sense since the jet term is the most dominating term in the MET composition as
shown in Figure 6.13. Then by having more events in which PAT is opposite to the
jet term, the overall scale of MET would be lowered by the PAT. This agrees with
what is shown in Figure 6.19 that the PST MET has a lower scale compared to the
TST MET.

As shown in the 4th plot in Figure 6.20, TST showed limited correlation with the
jet term. However, there is a slightly increasing trend of increasing entries as the
angle gets larger. PST showed correlation with the jet term since entries are high at
both ends, but it also has quite a lot of uncorrelated entries in angles between 0 and
7. This is simply because that the PST is defined to be the vectorial sum of PAT and
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Figure 6.17: PFlow based Resolution vs Zpy in Z° — p* ™ events.

TST, so it is expected to inherit correlation characteristics from both PAT and TST.

6.3 Z'— uTu~ Monte Carlo

To check results shown in section 6.2, Z° — ptp~ MC samples are used for the same
analysis. The PFlow algorithm was applied in the same fashion, and the estimated
MET is then compared to the pr of the truth Z boson retrieved from the generated
particles container.

The reconstructed pr (Z) is calculated in the same way mentioned before, and it
is compared to the truth pr (Z) in Figure 6.21. One can see that the reconstructed pr
(Z) using recorded detector signals agrees well with the truth pr . The MET response
is also similar to what we had previously using data. The PST MET showed smaller
mean compared to the TST MET. The difference between the two MET is slightly
larger than what is shown in Figure 6.12. Since the scale of PST MET is slightly
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Angular deviation as a function of zpt (PFlow version)
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Figure 6.18: Comparisons of angular deviation for PFlow based MET in Z° — ptpu~
events.

30
T T % PST MET
2o TEE oL ¥ TST MET
TTTTIT t# CST MET
10
2 Ol & 4
(L] vy Y v hd v | [ - 8
= L ] § ] . [ - L4 [ ] » L ]
a -10 1 T T . S )
o
=20
-30 ==L :::J_" T + 7T
= 1T
—40. - -
0 50 40 60 80 100

Zpt (GeV)

Figure 6.19: Comparisons of parallel scale difference for PFlow based MET in Z° —
w T events.

lower compared to that of the TST MET and thus closer to the truth pr (Z), PST
MET is expected to perform well in terms of resolution which is shown in Figure 6.22.

Unlike previous resolution results, the PST MET showed consistent improvement of



66

angular difference between Jet term and PAT angular difference between Jet Term and MET
20000
6000
2 ]
5 15000 5 5000
e o
% = 4000
5 10000 5 3000
E E
2000
3 5000 3
1000
0 - : el 0 : ;
0 1 2 3 2 3
radians radians
angular difference between Jet Term and PST angular difference between Jet Term and TST
1250 600
vy (L]
1= =
o 1000 [}
o o
%S 750 “ 400
—_ —_
3 500 8
£ E 200
< 250 c
0 0 2 0 0] 1 2 3
radians radians
angular difference between Jet Term and 2, angular difference between PAT and MET
2500
2500
. £ 2000
@ 2000 3
o o
%5 1500 5 1500
) i
o] £ 1000
c 1000 £
> 3
€ s00 € 500
0 0 2 0 0 1 2 3
radians radians
angular difference between PAT and PST angular difference between PAT and TST
600
" 2500 "
:l:: 2000 E >0
> 3 400
Y= Y
=]
o 1500 2 300
a 3
£ 1000 E 200
2 2
500 100
o] o]
2 3 ] 1 2 3

radians radians

Figure 6.20: Angular difference between each MET term in Z° — pu*pu~ events. (1)
(PFlow version)



67

350 MET distributions in Zmumu MC samples

[ Truth Z pT
[ Reco ZpT

[ TST MET
300 [ [ 1 PSTMET ||

Entries

b 20 40 60
MET (GeV)

Figure 6.21: Magnitudes of PFlow-based MET distributions in Z° — putpu~ MC
samples

around 1 GeV. The parallel scale difference is shown in Figure 6.23 and it is slightly
different compared to the PSD plot shown previously. The mean values of PSD in MC
samples are shown to be mostly negative and stayed nearly constant in intermediate

pr ranges.

6.4 W boson decay

The PUfit algorithm is tested in the Z° — p*pu~ samples so far. Alternatively, it
could also be tested in different event topologies. An interesting topology to look
at is W — pv, in which the neutrino signal is the main MET source. Unlike in
7" — ptp~ , muon signals are no longer considered to be MET sources, i.e. the
measured muon pr is used as a hard object in the MET calculation. The W — uv,

samples used for the analysis are:

Center of mass energy: 13 TeV
Total number of Events in the dataset: 20000

Pile-up condition: Same as the LHC running condition.

The transverse momentum of neutrino could be estimated by the offline or PUfit



68

“Resolution vs Npv in Zmumu MC samples

¥ % TSTMET
¥ ¥ PSTMET
CST MET

ul
o

(O8] ey H
Ul o wu

w
o
2
Had
pe
-
ou .
(AR i
T
L e
e

Ex resolution (GeV)

N

Ul
oo
foled
o b

b
T
o

. [
ol o

-
< e
ol
ot fo

N
o

1615 20 25 30 35 40
Number of primary vertices

Figure 6.22: resolution of PFlow-based MET in Z° — p*p~ MC samples
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Figure 6.23: PSD of PFlow-based MET in Z° — pp~ MC samples

MET and consequently used in the reconstruction of the W boson. The PFlow version
of PUfit is tested in W — pwv, in which pr (W) < 70 GeV. The first thing one needs

to look at is the number of jets in each event. Similar to the previous selection, we
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will be only looking at events with HS jets since they are the only ones with non-zero
PAT corrections. There are also many events in the dataset that have truth MET
very close to zero. These events are filtered out by a cut of 5 GeV on the truth MET.
Since we are mainly interested in W — uv, events, all events are required to have
exactly one selected muon. The distribution of numbers of HS jets in these events
are shown in Figure 6.24. Notice that only events with non-zero jets are entering
this histogram and the overall distribution is similar to what Z° — putu~ offers. The

distribution of truth neutrino momentum is shown in Figure 6.25.

2500 mean=1.56

2000 c=0.904
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Figure 6.24: PFlow Jet multiplicity in events with at least one HS jet in W — pnv,
events.

Magnitudes of different soft terms are shown in Figure 6.26. One can see that
the general form of distributions is similar to what is shown in Figure 6.11. The
distribution of MET is shown in Figure 6.25. All three MET have similar distributions
that are of much higher mean value than that of the truth neutrino pr , which is
mainly due to the resolution on the reconstructed MET.

An useful variable in W' — puv,, events is the transverse mass of the W boson myy,
defined in Equation 6.5:

m5 = 2Er,Er,, (1 — cos). (6.5)
where FEr, and Er,, . are the transverse momentum of the muon and neutrino

produced by the decaying W boson. The angle 6 is the angle between the muon and

the neutrino in the transverse plane.
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Figure 6.25: Magnitudes of PFlow-based MET in W — puv,, events
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Figure 6.26: Magnitudes of PFlow-based soft terms in W — puv, events
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Different MET calculations are used to reconstruct the W boson’s transverse mass
with the recorded muon signal. The truth transverse mass is also computed using
truth MET and truth muon information and plotted in Figure 6.27. The reconstruc-
tions using truth neutrinos and recorded muons are similar to those using full truth
information. Therefore, it is clear that the MET resolution is the dominant factor in

the transverse mass resolution.

Reconstruction of W transverse mass in W — >+ v Events
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Figure 6.27: Distribution of W boson transverse mass in W — puv,, events.(PFlow-
based)

The resolution of all three MET measures are plotted against IV, in Figure 6.28.
The difference in resolution between the CST MET and the other two is about 2
GeV as N, increases up to 25. TST MET and PST MET are shown to have similar

resolutions with minor differences that are statistically insignificant.

6.5 ¢t Monte Carlo samples

The PUfit algorithm has been primarily tested in Z° — p*p~ samples for the moment.
The PUfit algorithm is mainly dependent on the number of hard scatter jets which
has a similar distribution for both Z° — p*u~ and W — uv, events as shown in
Figures 2.7 and 6.24. It is worthwhile to check the performance of PUfit in event
topologies that are significantly different from Z° — p*p~ , especially those with
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Figure 6.28: Resolution of PFlow-based offfine MET and PUfit MET vs N, in W —
v, events.

larger jet multiplicities. Given this motivation, the ¢¢ sample is a good choice. The

tt MC sample used for the analysis is:

Center of mass energy: 13 TeV
Total number of Events in the dataset:159696000
Number of events used:36281

Pile-up condition: Same as the LHC running condition.

The hard object multiplicities in ¢ events are shown in Figure 6.29. The jet
multiplicity in ¢f samples is much higher than that in Z° — ptp~ or W — i
samples. As a result, PUfit will have more fit parameters £ in tf events. Note that
some tt events contain high-pr electrons or muons. Recall that we used the PFLow
algorithm for energy substraction as discussed in Chapter 6.2. The PFlow algorithm
used in PUfit does not include corrections for leptons since it is designed for use with
hadrons. Muon signals can be neglected in the PUfit algorithm since they do not
leave a significant amount of energy in the calorimeter to affect the fit. However,
electrons deposit non-negligible energy and their energy will not be subtracted by the
PFlow algorithm. It is shown in Figure 6.30 that electrons have many entries that
contribute significant energies. In order to deal with this, all events with electrons

are neglected and do not enter the following plots. Distributions of soft terms and
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Figure 6.29: Hard object multiplicity in ¢ events. (PFlow version)
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Figure 6.30: PFlow-based MET components in tf events.

MET are shown in Figure 6.31 and Figure 6.32 respectively. The PST is shown to be

on the same scale as

CST after adding the correction term PAT. But the scale of soft

terms are much lower than the overall MET so the scale of the MET appears to not
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Figure 6.32: PFlow-based MET distributions in ¢f events.

be heavily influenced by the soft term. The large magnitude of PST is not expected
based on the previous results in other event topologies. It is worthwhile to check
parameters in the fit to see if the fit is working properly. The covariance terms and

jet variance are shown in Figure 6.33. Both V}; and Va9 are defined with the second
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power of a trigonometric function as shown in Equation 5.19, so they turn out to be
non-negative. V5 is defined as the multiplication of sine and cosine function which
allows it to be negative. It is clear that the two diagonal covariance terms are about

the same magnitudes, as expected.
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Figure 6.33: Covariance matrix components in ¢t events

Resolutions of different algorithms against N, and truth MET in ¢ events are
shown in Figures 6.34 and 6.35. One can see that the CST MET is performing much
better than its resolution performance in Z° — p+u~ events. This could be due to the
increased hard scatter activities in ¢t events. As the proportion of hard scatter energy
outside HS jets increases, the resolution gain of using CST could be maintained up to
a higher Ny, value. The resolution of PST MET is actually closer to the CST MET
in tt events as shown in Figure 6.34. Also, the PSD scale plot is shown in Figure 6.36

with similar responses from all three algorithms.
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40, PSD vs Truth MET in ttbar MC samples
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Chapter 7

Alternative PUfit designs

Other than the two PUfit versions described in Chapter 5, several other versions
with new features were also designed, and preliminary test results were obtained.
These new features will be briefly introduced and discussed in this section. Most of
these versions still need revisions and validations to investigate the potential gain of

adopting these new features.

7.1 Scale factor

The scale factor is a dynamically determined variable which scales the track soft
term. The assumption is that neutral soft activity is highly correlated with charged
soft objects in terms of the position in the n — ¢ plane.

Let the energy ratio between neutral and charged soft objects in a given event be
denoted by f. Given the TST which describes charged soft objects, the scale factor

w is inserted to account for neural soft signals.
3T = (1 + f)EFST = wEFST (7.1)
This omega factor is designed to include all soft object signals except for those
outside the track’s acceptance region since these are not in the original TST. Then it
is easy to merge this with the PUfit algorithm described in Chapter 5 so that w could

also be determined based on constraints in the fit. Specifically, the global constraint

would include omega as shown below.

clus C 7
> B —wd g+ Y &=0 (7.2)
j j k

Similarly, one could add the constraint that the expectation value of w is wy = 1.5
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given by the isospin symmetry. The x? is then defined as the following.

clus C m
(Z ETj cos ¢; — w Zﬁ%s cos ¢;) + Z E cOS D
Y j k=1
clus C m
(Z Er,;sin¢g; —w Zﬁ%s sin ¢;) + Z &y, sin ¢y,
‘ j k=1
a=| ] (7.3)
()AL — &
(P) Ay —E&;
Wy — W

Since the amount of energy deposited by charged particles could be 0 due to
statistical fluctuation while it is half of the neutral on average, the standard deviation
of w is about 0.5 and the variance is 0.25. The covariance matrix will also add one

more entry in the diagonal with the magnitude of V, = 0.25.

8000

6000

4000

Entries

2000
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w

Figure 7.1: Distribution of w determined by the fit

However, the implementation of w did not achieve any noticeable improvement
in terms of resolution. The reason is that the isospin expectation is regarding the
charged to neutral ratio of the scalar energy deposition, while the soft term is a vector
sum whose magnitude is a small fraction of the scalar sum due to cancellations. The
distribution of w is shown in 7.1. It is clear that the distribution has values that differ

substantially from 1.5 which means our assumption is questionable.
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It would be ideal to investigate the truth soft energy distribution in Monte Carlo
samples so that the w implementation could be fine-tuned. This involves using the
Digi-truth algorithm which outputs the energy composition of a given cluster so that
one could easily determine the percentage of HS energy in that cluster. Digi-truth is

not yet available, but it would be a good starting point for work in the future.

7.2 17 re-scaling

The overall pile-up energy deposit is not uniform in 7, so the expected pile-up energy
deposit would be dependent on that 7 values of the given jet. A pre-defined function
f(n) that encodes n dependence is used to describe the shape of PU energy deposit in
a given event. Since the overall PU energy scale varies event by event, f(n) is scaled
as described below to obtain optimal results.

The (N —m) non-overlapping towers are further grouped based on their 7 values,
and the average PU deposits are calculated for each 7 slice. Then we compare each
tower’s PU energy with the expected PU energy to obtain the normalization factor
G:

N—m Eggwer _ wp%s

1
¢= N —m Z f(nj) (74)

J
Then G f (n)% would describe the PU deposition in the event, and the esti-

mated PU energy under HS jets can be computed accordingly based their n values.

The variance of the estimated PU energy is computed from averaging the vari-
ance of each tower that does not overlap with jets with respect to its corresponding
Gf(n). Note that the variance also has 1 dependence which is encoded in the pre-
defined function f,y , so the same procedure can be used again to describe the variance

analytically. The normalization factor GV is determined by:

: Nf (B — wpS — Gf(m)”

GV = 75
N—m 7V ) )
So for a jet at ng, the expected PU energy and its variance is given by:
Ase

BV = Gf ()
Atower

A (7.6)
Vi = GV 1Y (m)
Atower

Using the fit, we can determine the PU value for this jet, &, to balance the

overall PU contributions in a event. Details of the numerical solution are shown in
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the appendix D. We can adjust the pileup imbalance term by taking the difference

J A
-3 (- ) (7.7
k=1 tower

This is the fake PU contribution to E%liss. Since this cannot be accounted for by any

HS jets, leptons or the soft term, it needs to be subtracted from the final E{,,“iss as
an extra term to avoid the fake contribution from PU. Then the Pileup-imbalance

Adjustment Term (PAT), EFAT is given by the negative of the above term
J

EpAT =" (& G f () i ) (7.8)

k=1 Atower
The shape of pile-up energy deposit in 7 is shown in Figure 7.2. The average

energy deposit in a given 7 slice is computed in all events, and the figure displays
the overall accumulated energy. The energy deposit drops sharply as 7 increases up
to around 2. This sudden drop is the result of several factors: non-linearity of 7,
topocluster sizes and also the overlap of the barrel and endcap calorimeters.
Including a n-dependence feature should improve resolution since it provides a
more accurate description of the pile-up energy. But as Figure 7.3 shows, the resolu-
tion deteriorates significantly after the n - dependence is implemented. This was also
the case when 7 dependence was being implemented in the trigger version previous
to this study. A possible reason for this behavior is that even though the expected
shape is considered, the energy deposit in a given event fluctuates severely so that
the scaling breaks down. Also, a flat eta-dependence function will not emphasize the

measurements at large 1 where the detector response is less precise.
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PU Energy distribution in Eta (Zmumu events with hard jets)
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Figure 7.2: Distribution of PU energy deposit in 7. The distribution is obtained by
accumulating entries from all events.
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Figure 7.3: Resolution against Ny, of eta-dependent PUfit in 7Z° — ptpu~ events
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Chapter 8
Conclusion

The performance of the PUfit algorithm in the offline framework is tested and dis-
cussed in this thesis. Different versions of the PUfit algorithm with various input
types were put to test, and their resolutions are compared. Overall, three event
topologies were used in the testing. Z° — pp~ is the main topology with the Z
boson being the imaginary E** source. Monte Carlo samples of t¢ and W — uv,
are also used.

The magnitude of the PAT correction term offered by the PUfit algorithm is shown
to be of similar scale to the track soft term in the offline ER . However, the overall
scale of PST EX* does not increase on average after vectorially adding the PAT.
The scale is lowered in most datasets, meaning that the PAT is mostly negatively
correlated with the offline Emiss .

The two different offline £ with TST and CST are both compared to the PST
EXss determined by the PUfit. PST EXS with topocluster inputs showed limited
resolution improvement and a slightly lower scale in the region of 15 < N,, < 25 in
7° — utp~ events. The resolution of the PFlow PST ER exhibit similar resolution
behavior compared to the topocluster one. In the Z° — pu~ Monte Carlo sample,
the PST ERs showed consistent improvement of about 1 GeV over most of the N,
domain. However, no such clear improvements were obtained in W — puv, and ¢t
samples.

The PUfit algorithm adds neutral energy to the soft term without the severe pile-
up dependence observed in CST. But the PUfit soft term does not yield significant
improvements compared to the TST, and its behavior in the ¢t sample needs further
investigation. The PUfit algorithm is expected to offer improvements in events with
relatively lower truth MET. In these events, the MET would not be dominated by
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the jet term and thus leaving room for the corrections on the soft term to make a
larger impact.

In the future, it will be interesting to check if the large jet multiplicities will
cause are associated with the performance degradation seen in the ¢ sample. Also,
the 1 dependence of pile-up energy distribution could be the reason why the gain in
resolution is limited. A more sophisticated method of dealing with 17 dependence needs
to be proposed and tested. And finally, the PUfit algorithm in the trigger system had
shown great improvement in events with extremely large pile-up activities(N,, ~ 200).
It will be worthwhile to check the performance of PUfit in offline computation when

the high pile-up simulation is available.
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Appendix A

Glossary of terms

Many terminologies have been introduced in this thesis to discuss the performance
of E¥s algorithm. In order to help readers understand the nomenclature, a brief

glossary of terms is given below.

« Transverse momentum (pr):

The transverse momentum is defined as the projection of the three-dimensional
momentum in the transverse plane perpendicular to the beam axis in the AT-
LAS detector. pr is a 2-dimensional vector in the transverse plane and pr is

the magnitude of this 2-d vector.

o Primary vertex:

A primary vertex is the location of a reconstructed proton-proton collision.

« Hard scatter:

The hardest interaction of all recorded in a given event, meaning that it exhibits
the largest momentum transfer within the two proton system. The primary
vertex associated with hard scatter is referred to as the hard scatter vertex.
The hard-scatter vertex is defined as the one with the largest sum of p3 of

tracks associated with it.

« Pile up:
Pile-up interactions are low momentum transfer proton-proton collisions that
accompany the hard scatter. All vertices other than the hard scatter vertex

are assumed to be pile-up vertices. Objects produced in the pile-up vertex are

referred to as pile-up objects.
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Missing transverse momentum (E¥*® ; MET):

The missing transverse momentum, often referred to as EF or the MET, is
defined as the negative vectorial sum of pr of all hard scatter objects. Ej@iss is
the 2-dimensional vector in the transverse plane and ER* is the magnitude of

that vector.

Hard objects:

Reconstructed objects that pass offline object selection. These objects are
mostly of high transverse momentum and thus assumed to be originating from

the hard scatter vertex.

Soft term:

The soft term is a component of the E¥ss | Tt is defined as the vectorial sum
of pr of objects produced in the hard scatter collision but not classified as hard

objects.

Track:

Tracks are signals of charged particles recorded by the inner detector tracking
system. They offer information on the trajectory and also a precise measure-
ment of momentum, especially when the momentum is low. Given the trajec-

tory, it is also possible to associate a track with one of the primary vertices.

TOpOClLlStGI‘: A cluster of topologically connected calorimeter cell sig-
nals. It represents the full or large fraction of a given particle’s energy deposit
in the calorimeter. Both charged and neutral particles are reconstructed using
topoclusters. They offer better measurements of momentum than the tracker

for high energy particles.



90

Appendix B

Datasets details

7" — utp~ data:

e Name: datal7_13TeV.00339435.physics_Main.merge. DAOD_ZMUMU.
f904_m1831_f913.m1920

Run number: 339435

Center of mass energy: 13 TeV

Total number of Events in the dataset: 4238896

Instantaneous luminosity range: 5488 - 15330 (103%em=2s71)

e average expected number of interactions per beam crossing(y): 20.9 -
58.4

7" — uty~ Monte Carlo sample:

e Name: datal7_13TeV.00339435.physics_Main.merge. DAOD_ZMUMU.
f904_m1831_f913.m1920

Run number: 339435

Center of mass energy: 13 TeV

Total number of Events in the dataset: 4238896

Instantaneous luminosity range: 5488 - 15330 (103%cm=2s71)
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e average expected number of interactions per beam crossing(u): 20.9 -
58.4

W — pv, Monte Carlo sample:

e Name: mcl16.13TeV.363436.Sherpa NNPDF30NNLO_Wmunu_Pt0_70
_CVetoBVeto.merge. AOD.e4715_e5984 s3126_r10724_r10726

e Center of mass energy: 13 TeV

e Total number of Events in the dataset: 20000

e Pile-up condition: Same as the LHC running condition.
e Cross section:19.984 nb

tt Monte Carlo sample:

e Name: mcl16_.13TeV.410470.PhPySEG_A14_ttbar_hdamp258p75_
nonallhad.merge. AOD.e6337_e5984 s3126_r10724 r10726

Center of mass energy: 13 TeV

Total number of Events in the dataset:159696000

e Number of events used:36281

Pile-up condition: Same as the LHC running condition.

e Cross section:729.770 pb
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Additional angular correlation

plots
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Appendix D

n - dependent PUfit solution

D.0.1 Formulation

We construct a x? function:
(&L, .. Enw) = ATV IA (D.1)
where the variables &, are the fitted parameters corresponding to the m high pr

towers and w is the HS soft contribution coefficient, determined by minimizing the

x? function. The (2 + J + 1)-dimensional vector A is given by

clus

c J
Z Er, cos ¢j —w Zp}{js CcOoS @ + Z Ex €os Py,
J J k
clus C J
Z B, sing; —w Zp}{js sin ¢; + Z & sin ¢y,
A=|’ ’ ’ (D.2)
Gfim)—&
Gfns) =&
Wo—w

and V is the associated covariance matrix. The angles ¢; (¢)) are the azimuthal
directions of the corresponding low pr tower. The first two lines impose constraints
corresponding to Equation 5.12. Each remaining line corresponds to the & and w are
close to their expected values discussed above. The average energy is given by the

product of the jet area Ay and the average Er density, (p).
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The full covariance is

Vi Vio 0 0 0 0
Vor Voo 0 0 0 0
0o 0 Vi 0 0 O
V= 0 0 O 0 0 (D.3)
o 0 o0 0 ...V, O
o 0 0 0 ... 0 V,
where the upper 2 x 2 submatrix is given by

Vii Via _ ZJO 0]2- cos? ¢; ZJO 032. oS ¢; sin ¢; (D)
Va1 Vg ZE) 07 cos ¢; sin ¢; Z? o2 sin” ¢; ’
where ZJO = Z;lus — Z;

Minimizing this x? function with respect to the &, and w provides the PST from
Equation 5.6.

D.0.2 Minimization

The minimization is done analytically rather than numerically using

o>
o8, =0 (D.5)
ox?
- 0 (D.6)
The inverse of the covariance matrix is
V22/d —V12/d 0 0 0 0
—Vaor/d - Vi /d 0 0 0 0
0 0 /Vi 0 0 0
Vo= 0 0 0 0 0 (D.7)
: : : : . : 0
0 0 0 0o ... 1/V; 0
0 0 0 o ... 0 1/V,
where d = V11 Vay — Vi5V51 is the determinant of the 2 by 2 part. Therefore,
J 2
X2 = %A% + %Ag — 2%A1A2 + ; AV? + %‘2: (D.8)



where
clus

=E? —wPf—l—ZSkcosgbk

clus

k=1

J
ZET COS @ —pr Cos¢j+25kcos¢k
k

ZET sin ¢; —prT sin ¢; —{—Zé’ksmgbk

:E(; —wPf—i—ZEksin@

AEk = Gf(nk

A, =wy—w

where

Differentiation gives:
aX Voo o 0L
=2—A
o5 T d ' o&

+2—A,

k=1
Ajet c
A —Ck
tower
clus
= E Er; cos ¢;
J
clus
= E Er,; sin ¢;
J
C
_ HS
= E pr,” €OS 0¥
J
c
_ HS
= E pr, sin ¢;
J

Vi o 08y Via  OA
d ~? 06, d ~208

2

p thower a Sz

‘/11 aA2 ‘/12 aAl
o T, T P

V12 AV
2N,

E,;

ZAEk OAp,

—Ag V12A18A2

Ow

2AEk 0AE, 2A 0A,,
+Z Vi Ow Ve Ow

k
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(D.9)

(D.10)

(D.11)

(D.12)
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By substituting As, the 9x?/9&; = 0 gives
Vo cos g1 — Vizsin ¢y

y (EY —wP? + & cos ¢y + Ercos g + ... + Ep €OS Ory)
PO V€O (0 P 4 £,y 4 Epsingy .+ Ensing,) (D.13)
1
—37 [0 —wil —&] =0
1
where
e 0% _ f(nk) L Ay
k ow b N—m Atower J f(nj)
N (D.14)
5 1 Ajet —m Ejt_‘;)wer
Y, = fm)
N —m Atower J f(n])
This gives
1
o1 + (511 + 7) &+ Pr2ba+ o+ BrsEr —w =0 (D.15)
1
where
Vagcos ¢y — Vigsingy, o Virsing, — Vigcos gy o UF
ap = d Ex + d y 7
k
B — Vag cos ¢ ; Vio sin ¢, cos 65 + Vi1 sin ¢y, :Z Vg cos ¢y sin ¢, (D.16)
= Vg cOS ¢y, g Via Siﬂﬁbkpa? n Vipsing, — Vig COS¢kP0 A

for k,j = 1,...,m. Similarly dx*/0& = 0 gives

1
ag + P& + (522 + 7) E+ oo+ BomEm — Yow =0
2

d ooV

(D.17)
Similarly, x?/0w = 0 gives
Voo PO — V5, P?
2w y Y (B — wPY + & cos by + Eyc08 pa + ... + Ey cos by)
Vi1 PY — Vo P?
Lty - 12 (ES—waO—{—glsingbl+5281n¢2—|—...+5Jsin¢J) (D.18)
J

k
This gives

e Loyl wp—w
+Z Vk‘co’fver (wlf —(,dl/J]}:) o 27];5;@ + -
k

=0
Vio

k+ME 4+ o+ A& — iw =0 (D.19)
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where
Voo P) = ViuP) o VP — V12 wo
K= d EZ + Z Vtower w
Voo PV — Vo PO VP—VPO P
Ap = @ y Sl cos ¢y, + el p 27 Sin qﬁk—%‘b/—k (D.20)
k

Voo PO — Vi, P? Vi P? — Vi, PV
A it
k k

Combining all equations

N:

Bi1 + Vmwcr Bi2 c Bim M & Qaq

Ba1 Bag + Vmwer Bom —Y2 & Qo

5m1 Bm2 cee ﬁmm m _’Ym gm (07°%

)\1 )\2 A >\m —l w K
(D.21)

This can be solved for &, ..., &, and w by inverting the (m + 1) by (m + 1) matrix.

Using this analytical equation, computationally expensive minimization is avoidable.
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Appendix E

Calorimeter geometry and

segmentation
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Barrel | End-cap
EM calorimeter
Number of layers and | 17| coverage
Presampler 1 n =152 (1 5= <18
Calorimeter 3 n <135 | 2 1.375< | < L5
2 1.3 <l <1.475 | 3 l5<|n| <25
2 25| =32
Granularity An = Ag versus |1
Presampler 0.025 = 0.1 n =152 | 0.025=0.1 l5<|n <18
Calorimeter 1st layer 0.025/8 = 0.1 n =140 | 0.050=0.1 1375 < | < 1.425
00250025 140 < [n| < 1475 | 0025 x0.] 1425 < In| < 1.5
0.025/8 0.1 l5<|n <18
0.025/6 % 0.1 LB =|nl =20
0.025/4 % 0.1 0<|n =24
0.025 = 0.1 24 <n| =25
0.1 = 0.1 25<|n =32
Calorimeter 2nd layer 0.025 = 0.025 n| < 140 | 0050 = 0.025 1375 < |n| < 1.425
0075= 00025 140 < [n] < 1.475 [ 0.025x0.025 1425 < [n| = 2.5
0.1 =01 25<|n =32
Calorimeter 3rd layer 0.050 = 0.025 n| = 1.35 | 0.050x0.025 15=|n <25
Number of readout channels
Presampler TEOE 1536 (both sides)
Calorimeter 101760 62208 (both sides)
LAr hadronic end-cap
1| coverage 15<|nl <32
Number of layers 4
Granularity A = Ag 0.1 =01 l5<|n| <25
02 =02 25<|n =32
Readout channels 5632 (both sides)
LAr forward calorimeter
1| coverage 3l =49
MNumber of layers 3
Granularity Ax = Ay (cm) FCall: 3.0 2.6 315 < |n| <430
FCall: ~ four times finer  3.10 < |n| < 3.15,
430 < [n| < 4.83
FCal2: 3.3 x 4.2 324 < || <450
FCal2: ~ four times finer 320 < |n| < 324,
450 < || < 4.8]
FCal3: 5.4 % 4.7 332 < | <460
FCal3: ~ four times finer  3.29 < |n| < 3.32,
460 < [n| <475
Readout channels 3524 (both sides)
Scintillator tile calorimeter
Barrel Extended barrel
1| coverage n <10 08 <l =17
Number of layers 3 3
Granularity A = Ag 0.1 =01 0.1 =01
Last layer 02 =01 0.2 =01
Readout channels 5760 4092 (both sides)

Figure E.1: Main parameters of the calorimeter system.
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