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Abstract:

This thesis presents the development of a new technique for the jet mass
reconstruction with the ATLAS detector, designed for an improvement
of the resolution at very high transverse momenta. The track-assisted

4. is a mass variable able to achieve a better resolution of the jet

mass, m?’
mass measurement; it is combines the information coming from the tracker
system and the calorimeter on a jet-by-jet basis. The track-assisted mass

TAS is the variable developed and presented in this thesis.

for the sub-jets, m
It combines the information of the two sub-detectors using substructure
technique. The results and achievements of this variable are presented and

compared to the traditional calorimeter-based jet mass definition.

Zusammenfassung:

Diese Masterarbeit stellt die Entwicklung einer neuen Technik zur
verbesserten Rekonstruktion der Jet-Masse bei extrem hohen Longitudi-
nalimpulsen mit dem ATLAS Detektor vor. Die bereits entwickelte spuras-
sistierte Masse m”4 ist eine neue Variable, die zu einer Verbesserung der
Auflésung fiihrt; sie kombiniert fiir jeden Jet die Informationen der Spurde-
tektorsysteme und der Kalorimetersysteme. In dieser Masterarbeit wird die
Variable m749, die spurassistierte Subjet-Masse, entwickelt. Sie kombiniert
die Informationen der zwei genannten Subdetektoren mit Substruktur-
Techniken fiir Jets. Die Ergebnisse dieser neuen Variable werden in dieser
Arbeit prasentiert und mit der traditionellen Definition der Kalorimeter-

masse verglichen.



Beauty s truth, truth beauty, - that is all

Ye know on earth, and all ye need to know.
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1. Theoretical Background

1.1. The Standard Model

The Standard Model of particle physics (SM) is a quantum field theory which de-
scribes the behavior of particles. It was developed throughout the last 50 years to
model the phenomena that were discovered experimentally those years. The first
step was the formulation of the electroweak theory in 1961 from Sheldon Glashow, in
which he managed to combine the electromagnetic and the weak force. Years later,
in 1967, Steven Weinberg and Abdus Salam incorporated the Higgs mechanism in
the electroweak theory. The SM acquired then its modern form in the early ’70s,
when the theory was unified with the strong interaction. Its main predictions were
the discovery of the neutral current caused by Z boson exchange in 1973, which lead
to the Nobel Prize in Physics for Glashow, Salam and Weinberg in 1979 and the
discovery of the W¥ and the Z in 1983. After the discovery of the Higgs boson in
2012, which was the last missing piece of the SM, the theory is now complete.

Although being one of the most successful models in the history of science, the SM
leaves some questions open, but overall the theory provides a good starting point

for the physical processes in particle physics so far understood.

1.2. Fundamental Particles and Forces

The SM is a relativistic quantum field theory which describes the strong, weak and
electromagnetic interactions (which are all the known forces with the exception of
gravity). It tells that all the matter is made out of bosons, which are the mediators
of interactions, and fermions, with their corresponding anti-particle (in some cases
the two are the same). Fermions are elementary particles with half integer spin
and obey the Fermi-Dirac statistics, while bosons have integer spin and obey the

Bose-Einstein statistic. Those particles are summarized in Figure 1.1.
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CHAPTER 1. THEORETICAL BACKGROUND

mass - =2.3 MeV/c? ~1.275 GeV/c? ~173.07 GeV/c? 0 =126 GeV/c?
charge - 2/3 u 2/3 C 2/3 t 0 0 H
spin - 1/2 12 1/2 1 9 0
Higgs
up charm top gluon boson
~4.8 MeV/c? ~95 MeV/c? ~4.18 GeV/c? 0
-1/3 d -1/3 S 113 b 0
112 12 1/2 1 »
down strange bottom photon
0.511 MeV/c? 105.7 MeV/c? 1.777 GeV/c? 91.2 GeV/c?
-1 = -1 0
12 e 12 ]‘1 12 T 1 ;
electron muon tau Z boson
<2.2 eVic? <0.17 MeV/c? <15.5 MeV/c? 80.4 GeV/c?
0 0 0 +1
12 ])e 1/2 -I)]’l 1/2 .I)T 1 W
electron muon tau
neutrino neutrino neutrino W boson
Figure 1.1: Particles in the Standard Model
Bosons

Five bosons are considered in the SM. Four of them are so called gauge bosons with
spin 1 which act as carriers of the strong, weak and electromagnetic forces. The

gauge bosons are described below:

e The photon (7). It is the mediator of the electromagnetic force. It interacts
with all the particles which have electric charge different from zero. It has
no electric charge and no mass. As a consequence of the latter, the electro-
magnetic interaction is a long range interaction. It was the first one to be

discovered.

e The two W= bosons and the Z boson. They mediate the weak interaction.
Both the W and the Z bosons have large mass with respect to most of the other
particles (80.385 + 0.015 GeV [1] and 91.1876 4+ 0.0021 GeV [1] correspond-
ingly). As a consequence, the weak interaction is a short range interaction.
The W* have also an electromagnetic charge of 1. The W* and Z bosons

interact not only with quarks and leptons, but also with themselves.

e The gluon (g). It mediates the strong interaction. Gluons are mass-less and

have no electric charge, carry color charge and can interact with all fermions
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CHAPTER 1. THEORETICAL BACKGROUND

carrying color charge and also with other gluons. Eight type of gluons exist

with different color charge combinations.

The fifth boson is the Higgs boson. It has a mass of 125.7 4 0.4 GeV [1], zero electric
charge and spin (first fundamental scalar particle to be discovered and it gives
mass to the other elementary particles); it results from the spontaneous electroweak

symmetry breaking, discussed further in Section 1.3.3. Its discovery was announced
in 2012.

Fermions

Fermions are the fundamental building blocks of the visible matter. They are divided
in two different types: quarks and leptons, both having spin of 1/2. They are further
divided into three generations with increasing masses and decreasing lifetimes (as

again shown in 1.1), while keeping the other properties the same.

e Leptons are either electrically charged and sensitive to weak and electromag-
netic interactions (e*, u* and 7%) or electrically neutral and sensitive to

(;)u and (;)T). The charged lepton masses are

weak interaction only ((;)e ,
0.510998928 + 0.000000011 MeV (e), 105.6583715 £ 0.0000035 MeV (u) and
1776.82 + 0.16 MeV (7) [1]. Neutrino masses are assigned to be zero in the SM,
but experimental observations of neutrino oscillation show that the neutrinos

have a non-zero mass.

e Quarks are subdivided again in up-type and down-type, which differ in electric
charge: 2/3 and -1/3 correspondingly, while anti-quarks have opposite electric
charge. Their masses are very different from generation to generation: 2.3J_r8:57,
MeV (up), 1.275 £ 0.025 GeV (charm) and 173.21 4+ 0.51(stat) + 0.71(syst)
GeV (top) for the up-type quarks and 4.870% MeV (down) to 95 + 5 MeV
(strange) to 4.18 £+ 0.03 GeV (bottom) for the down-type quarks [1].

1.3. Gauge Symmetries and Interactions

In the SM the interaction between particles originates from the invariance of the

Lagrangian of the free fermions with respect to local gauge symmetries.

Electromagnetism

If we consider as a simple example a free electron, its Lagrangian is given by:
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L= Z.@E'Yuauw - m@W
where v is the spinor field, a 4-component objects, which is defined by means of the

y-matrices. The vy-matrices fulfill the anti-commutation relation {v,, v} = 2g,...

In the Weyl representation (sometimes called chiral) they are defined by the Pauli

(0 1, (0 o
Y0 ]12 0 Yi —O'i 0

The adjoint spinor ¢ is defined as 1) = ¥T7°. This Lagrangian is invariant under the

matrices:

constant phase transformation:
Vo —eny, o = ey
This kind of symmetry is referred to global “gauge” U(1) symmetry. If we assume a
symmetry transformation where phase « is no longer constant, but instead is a(x),
ie.
¢ N @Z)/ _ eioz(a:)w

the Lagrangian is no longer invariant. In fact, there is an additional derivative term:
o — ew‘(x)ﬁud) + em(m)@bauoz(x)

To restore the invariance of the Lagrangian under local transformations, we need to
use a special derivative which transforms like the field 9. Let’s call this D, such
that:

Db — @D 1

The way to restore the invariance of the Lagrange is to introduce another field,
which has a gauge transformation like the electromagnetic four-vector potential,
AF = (o, ff) where ¢ and A are the scalar and vector potentials. The transformation
is in fact:

At (z) — A¥(x) — éﬁua(x)

with this relation we can now define D,,:
D, = (0, +ieAu )Y

It is called “covariant” derivative because the derivated field D, transforms the
same way as .

Writing explicitly in the Lagrangian, one obtains:

L= il/_}’VuD;ﬂ/} - m1/_}¢

_ _ (1.1)
= Y(i7,0, — m) + ey, At
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CHAPTER 1. THEORETICAL BACKGROUND

where the last term describes the coupling of the electron with the electromagnetic
field, with coupling constant e. Adding the kinetic term for the gauge field, the

Lagrangian reads:

_ B 1
L = (17,0, — m)Y + ey, A1) — ZF“ F..

where the kinetic term is
FH = grAY — gV A

This is the well known Lagrangian of the Quantum Electrodynamics. We can notice
that the mass term for the gauge field, %mA“AH breaks the gauge invariance and is

then forbidden, making the (photon) gauge field massless.

1.3.1. Gauge Theories

As the SM is a gauge theory, the corresponding gauge invariant Lagrangian should
be introduced. The symmetry groups of the SM are SU(3),_x SU(2), x U(1),,, where
SU(n) is the group of unitary n x n matrices with determinant 1. Any M € SU(n)
can be specified by n? — 1 real generators.

The SU(3), group determines the QCD (Quantum Chromodynamics) sector and
has 8 generators, which are the eight gluons. The SU(2), x U(1),, group determines
the electroweak sector and has 3 + 1 generators, which represent the electroweak
bosons W=, Z% and the photon v which is massless. However, in a similar manner
to the QED considered above, as mass terms are forbidden since they break the
symmetry, the resulting generators of the groups are then massless at this stage.
The electroweak symmetry breaking is the process which will introduce mass terms
and is discussed in details in Section 1.3.3.

Fermion fields in the SM are divided into left and right chiral components, which

are treated by the gauge interaction in a different way:

b= g(l-W, =g

142~3 and anti-commutes with all the other ~-

where 7° is defined as v° = 7%y
matrices.

The left-handed fermions are doublets in the SU(2), representation and the right-
handed fermions are singlets. There are then three fermion doublets and three
fermion singlets representing the three generations; moreover, there is no right-
handed neutrino and no left-handed anti-neutrino present in the theory. They are

represented as:
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<V6> (V“> <VT>

y €r MR TR
e ol T
L L L

for the leptons, and

U c t)
, UR dr cr sr tr bgr
(d/)L <SI>L (b/ L

for the quarks. However the primed (’) quarks are here weak eigenstates rather than

mass eigenstates, being in fact superposition of mass eigenstates. The Cabibbo-

Kobayashi-Maskawa (CKM) matrix describes the transition from weak to mass

eigenstates:
d’ d Ve Vus Vp 0.974 0.255 0.004
s =Voxkm | s |, Verm = | Vea Ves Va | = 10255 0.973 0.041
b b Via Vis Vi 0.009 0.040 0.999

In the same way as used in the electromagnetism (Section 1.3.1), one can write the
covariant derivative, which will be different for right- and left-handed particles (the

right-handed do not participate in the weak interactions):
Dytoy, = (0 +i8Wjo' +i%B, ) v

Dyton = (8, +i%B,) U (1.2)

where g and ¢ are the coupling constants of SU(2), and U(1),- correspondingly (Y
is the weak hypercharge defined via Q) = I3 + % with ) being the electric charge
and I3 third component of the weak isospin) and with B,, and W/j the gauge fields
of the electroweak theory. The Lagrangian of the electroweak theory can then be

written as:

7 n 1 i 4 1 v
Lew = Yiy" Dy + Ypy* Dytbr — ZWWWZH - ZBWB“

where the kinetic term —%Wﬁyﬂ/ﬂ ¥ contains a self interaction of the gauge fields aris-

ing from the non-abelian structure of the SU(2): W, = 9,W. =0, W}, — geiuWIW,.,

(€5 is the anti-symmetric tensor and also the structure constant of the SU(2)).

1.3.2.  Quantum Chromodynamics (QCD)

As stated in the previous section, QCD is based on the non-abelian symmetry group

SU(3),, which has eight generators, associated with the gluons, the carriers of the
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strong interaction. They carry color and anti-color. The Lagrangian which describes

the strong interaction is given by:

1 a v
ZG;WGZ

Laocp = %i(i(1"Dy)ij — méyj )by —
where, Dj; = 0"d;; + gst§;Al, with i, = 1,...,3 being the color indices (red, green
and blue), A* with a = 1, ...8 the eight gluon fields, 1; the (colored) quark field and
t¢; the generators of SU(3) group. In the Lagrangian, the field strength tensor, G,
is defined as

a a a abc pb Apc
G, = 0,A] — 0, AY, + g [ AL A}
It is important to note again the self-interaction term arising, as in the electroweak
case, from the non abelianity (here f¢ is the structure constant).

An important difference with the electroweak theory is that no free quarks have
been observed yet, leading to the assumption that bound states only exist as color
singlet states. Inside the protons and neutrons, quarks and gluons act as free-like
particles. The first effect is known as confinement, the second one as asymptotic

2
freedom and both are described in terms of running coupling constant ag = 2%. The

4
running coupling constant obeys the renormalization group equation:

_ (k)
1 — Boa(py) In(Q?/ 13,

Qg

where pg is an unphysical renormalization scale, () is the momentum transfer of
the process and fy is a constant known as 1-loop beta function and depends on
the number of quarks Ny: 5y = (2N, — 33)/1271. [, is therefore negative, meaning
that at higher energy scale the theory is weakly coupled. The dependence of ag
as a function of @) is shown in Figure 1.2. The behavior of the coupling constant
leads two regimes: as long as the coupling is sufficiently small (O(0.1)), perturbation
theory can be used, but if the coupling becomes larger at lower momentum transfer,

phenomenological models are used to describe quarks and gluons.

1.3.3. Electroweak Symmetry Breaking

The electroweak symmetry breaking (sometimes just ESB or Brout-Englert-Higgs
mechanism) is the way by how the massless weak bosons and the fermions acquire
masses. In fact, simply adding a mass term to the Lagrangian, i.e. something like
mp = m(Pribg +Yriby) will violate the gauge invariance of the SU(2), group. In-

stead, if we introduce an additional scalar field, ¢, as complex scalar SU(2), doublet
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—~ 0.25 ——— —rrr ——————r
S - —4@— CMS R;; ratio —>— HERA
o | —#— CMS {i prod. —+— LEP
0.20} —&— CMSincl. jet —A— PETRA
I —&— CMS 3-jet mass —/— SPS _
—(— Tevatron |

0.15}

0.10}

I ag(Mz) = 0.11714+585:5 (3-jet mass)
0.05 _- | Q'S{le') = .0.1.1 85:t .0..[.]006 (V.Vorlfi a?fe.ralgrel)l |

10 100 1000
Q[GeV]

Figure 1.2: Comparison of the ag(Q) evolution as determined in a three-jet mass
CMS analysis with (solid curve with light grey uncertainty band; color
version: red curve with yellow uncertainty band) to the world average
(dashed curve with dark grey uncertainty band). An overview of mea-
surements of the running of the strong coupling ag(Q) from electron-
positron, electron-proton, and proton—(anti)proton collider experiments
is also presented. The results cover a range in values of the scale Q) up
to 1.4 TeV [13].

and with an ad-hoc choice of the scalar potential, it will give rise to the spontaneous
breaking of the SU(2); x U(1),, symmetry. Writing down the Lagrangian for the
Higgs sector and the potential:

Ly = (Du)'(D'¢) =V(¢), V() = —p*0'o+ A(¢'0)’

with the usual definition of the covariant derivative, and with p?, A > 0.
Now the minimum of the potential is at |¢g] = 1/ %, since the potential has
the shape of a Mexican Hat or double well. Choosing any particular ground state

breaks the symmetry SU(2), x U(1),- while the Lagrangian remains invariant. In

1 (0
«w()

fact, taking the minimum as

Page 8



CHAPTER 1. THEORETICAL BACKGROUND

with v = \/pu?/X and considering a small perturbation around that,

1 0
(bzﬁ <1/+H>

Inserting in the Lagrangian of the Higgs sector, mass terms will rise for the Higgs

field and, because of the covariant derivative, for the W= and Z°, while the photon

2

will stay massless. The weak bosons masses are: my = £ and my =

2
The mass of the Higgs will be my = vV2\v.

V.

1.4. Beyond the SM: W', Z' Bosons and Extra Di-

mensions

During the research performed which is presented in this thesis, particles of theories
beyond the Standard Model, such as W’ and Z’ were used for performance studies.
This section briefly describes these models, since they are not only sources of final
states with extreme relativistic regimes, but they are also subject of searches in high

energy particle physics, and specifically in ATLAS [4] and CMS experiments [5].

1.4.1. W'-boson

The W’ boson is a massive, hypothetical particle of charge 1 and spin 1, predicted
in several extended gauge models and other extensions of the SM. The Lagrangian
describing the interaction of a W'* with fermions has the form:

I+

" [u;(Cf Pr+ Cp PL)y"dy + 0i(Cf Pr+ CL PL)]

V2

where u, d, v and e are SM fermions in the mass eigenstate; 7,5 = 1,2,3 are the

fermion generations and Ppg; are the projection operators. The coefficients C’s
are complex dimension-less parameters. This Lagrangian reduces to the SM when
C'qL = gVoxm, CF = g and C’f = C' = 0. On the other hand, the W'WZ, WW'Z
and the W’ coupling to the Higgs or the Z’ are model dependent.

The simplest extension of the electroweak gauge group which includes W’ is
SU(2), x SU(2), x U(1). A generic property of theses gauge theories is that they
often include the Z’ boson.

Other important models are e.g. “left-right symmetric gauge group” SU(2), x
SU(2),xU(1) 5_;, with the SM fermions that couple to the W boson transforming as
doublets under SU(2),, and the other ones transforming as doublets under SU(2) .
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In this model the W’ boson couples primarily to right-handed fermions and its
coupling to left-handed fermions arises solely due to W’ — W mixing.

Constrains to these models can be put because of the W/ — W mixing which would
shift the SM values of W — Z mass ratio and the couplings of SM W.

There are many more models based on SU(2), x SU(2), x U(1) gauge symmetries,
and gauge groups that embed the electroweak symmetry, such as SU(3),;, x U(1) or
SU(4)y, x U(1) also include one or more W' [6].

Figure 1.3: Example of Feynman diagrams considered in this thesis, with a W’ de-
caying to a pair of electroweak bosons on the left, and a Z’ decaying to
a top and an anti-top quark. In both cases the final state considered is
the fully hadronic.

1.4.2. Z'-boson

The Z’ boson is a massive, hypothetical particle of charge 0 and spin 1, and as the
W', predicted in several extension of the SM.

The coupling of a Z’ to fermions is given by these terms in the Lagrangian:
ZL(gfﬂLVMUL + ghdytdy + gfupytug + gidpydr+

+9b vy vL + gheryter + gleryer)
Where u, d, v and e are SM fermions in the mass eigenstate; ¢,j = 1,2,3 are the
fermion generations and the coefficients ¢g’s are complex dimension-less parameters.
They are promoted to matrices if the coupling of the Z’ depends on the fermion
generation.
Here the simplest extension of the SM which introduces a Z’ boson is a new U(1)’
symmetry. Many different charges are possible, even with a free parameter; e.g. the

U(1)5_,; has a charge proportional to the barion number minus « times the lepton
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number. In the particular case z = 0 or z > 1 we would have a leptophobic or quak-

phobic A
The Z' may also arise from larger groups,
as in SU(2), x U(1)y x SU(2)" or may be
embedded in the electroweak group, e.g. in
SU(3),,, x U(1). If the electroweak gauge
bosons propagate in extra dimensions, then
their Kaluza-Klein (KK) excitations include
a series of Z’ boson pairs. Other main mod-
els are Fg models, topcolor and Little Higgs
[7].

1.4.3. Extra Dimensions and

the Graviton

The idea to add additional dimensions
was already introduced in the 20’s mainly
through the work of Kaluza and Klein, in
attempt to unifying the forces of nature. Al-
ready here, the extra dimensions were sup-
posed to be compactified at a scale close to
the Planck scale.

In 1999, Randall and Sundrum found a

new possibility using a warped geometry,

respectively.

—2krced

TeV

0

Figure 1.4: Schematics of the RS
model: on the left the hid-
den warped dimension in
which the gravity propa-
gates at the Planck scale,
on the right the SM 3-
brane, where the grav-
itational redshift factor
brings it back to the TeV

scale.

with a five-dimensional Anti-de Sitter (AdS) space-time

ds® = e_%“‘z’nwdx“dx” + r2de?

where k is a scale of the order of Planck scale, z# are the usual coordinates for the

four-dimensional space, but now 0 < ¢ < 7 is the coordinate for the additional

extra dimension, whose size is set by r.. Randall and Sundrum showed that this

metric is a solution to Einstein’s equation in a simple set-up with two 3-branes and

appropriate cosmological terms [8].

In the warped dimension, only gravity is assumed to propagate and the origin of

the smallness of the electroweak scale versus the Planck scale (hierarchy) is explained

by the gravitational redshift factor e 2"<?, as also depicted in Figure 1.4. The model

predicts a tower of Kaluza Klein graviton states with a TeV scale masses 9], which

couples to the standard model particles; the decay of a graviton to two Higgs bosons

Page 11

¢



CHAPTER 1. THEORETICAL BACKGROUND

is in particular considered in this thesis.
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2. The ATLAS Experiment at the LHC

This chapter provides a description of the ATLAS experiment, located at the Large
Hadron Collider (LHC). The first section gives an overview of the accelerator and the
following ones of the experiment itself. More details can be found in the technical
design reports for ATLAS [10] and for LHC [11].

2.1. The Large Hadron Collider

The Large Hadron Collider is the world’s most powerful particle accelerator, de-
signed to accelerate protons and heavy ions; it brings protons to a center-of-mass
energy /s of 13 TeV, and will reach its maximum operational energy of 14 TeV
over the coming years. The maximum peak luminosity delivered to the experiment
for Run 2 was 103**cm~=2s7!. It was built in the tunnel of the former Large Elec-
tron Positron Collider (LEP), located at the European Organization for Nuclear
Research (CERN) near Geneva. The tunnel was built between 1984 and 1989, it
has a total length of 26.7 km and is located underground at a depth between 45 and
170 m. There are two additional tunnels, linking the LHC with the Super Proton
Synchrotron (SPS), which delivers protons at the energy of 450 GeV.

The acceleration chain starts with a bottle of hydrogen: protons are separated
from the electrons through an electric field, bringing them to 92 KeV. Throughout
a linear accelerator (LINAC) they achieve the energy of 50 MeV and are injected in
the Proton Synchrotron BOOSTER, which increases the energy further to 1.8 GeV.
Each beam goes then into the Proton Synchrotron (PS), getting a bunch space of
25ns, and then into the SPS. The 450 GeV beams are then delivered to the LHC.

The LHC tunnel consists of eight straight lines connected by section of arcs; the
tunnels host the superconducting Nb-Ti magnets cooled down at 1.9K with super-
fluid helium. The strength of the magnetic field is 8.3 T, needed to achieve the
operational energy per beam of 6.5 TeV at Run 2. There are 1232 dipole magnets
of 14.3 m length each. The operations of the accelerator started in 2008 with the
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Figure 2.1: Accelerator chain at CERN.

Run 1, but it was interrupted few days later due to a major fault on one electrical
connection. It started again after reparations and checks in 2009, operating until
2012 with a yield of 23.3 fb~*. After the long shut-down 1, it was brought again to
operational status in 2015, starting then the Run 2. It is currently fully operational;
online luminosity is shown in 2.2. There are eight access points to the tunnel, in four
of them are located the experiments: ATLAS at point 1, ALICE at point 2, CMS at
point 5 and LHCb at point 8. ATLAS and CMS are two general-purpose detectors,
designed to be competitive over all the main particle physics research lines; ALICE
and LHCb are dedicated experiments, the former optimized for heavy-ions collisions
and the latter for precision measurements in the forward region of CP violation and

rare B and C hadrons decays.

2.2. The ATLAS Experiment

ATLAS (A Toroidal ApparatuS) is a multi-purpose particle detector with nearly 47
coverage in solid angle. A lead/liquid-argon sampling electromagnetic calorime-
ter is split into barrel (|n| < 1.5) and end-cap (1.5 < || < 3.2) sections. A
steel/scintillating-tile hadronic calorimeter covers the barrel region (|n| < 1.7) and
two end-cap copper/liquid-argon sections extend to higher pseudo-rapidity (1.5 <
In| < 3.2). Finally, the forward region (3.1 < |n| < 4.9) is covered by a liquid-argon
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Figure 2.2: Delivered and recorded integrated luminosity as of 5th October 2016 for
Run 2 since April 2016. The number of 30 b compares to the 33.2
fb~! produced between 2010 and 2015. The final luminosity for 2016 will
be 36 fb~! with an overall data taking efficiency of 92.4%.

calorimeter with Cu (W), absorber in the electromagnetic (hadronic) section. Inside
the calorimeters there is a 2 T solenoid that surrounds an inner tracking detector
which measures charged particle trajectories covering a pseudo-rapidity range |n| <
2.5 with pixel and silicon micro-strip detectors (SCT) and additionally which covers
the region |n| < 2.0 with a straw-tube transition radiation tracker (TRT). Outside
the calorimeter there is a muon spectrometer: a system of detectors for triggering
up to |n| < 2.4 and precision tracking chambers up to |n| < 2.7 inside a magnetic
field supplied by three large superconducting toroid magnets.
A breakdown of the ATLAS sub-detector performance is shown in Table 2.1.

ATLAS Coordinate System

The Interaction Point (IP) of the proton-proton collisions is the center of a right-
handed Cartesian coordinate system; the positive z-axis is pointing towards the
center of the LHC ring in direction north-northeast, the positive y-axis points up-
wards and the z-axis lies in the direction of the beam-pipe, pointing east. The half
of the detector on positive values of the z-axis is referred to as “A-side” and the

negative one “C-side”. Other important variables often used in particle physics are
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Figure 2.3: Overview of the ATLAS detector.

the azimuthal angle ¢, measured from the z-axis, and the polar angle 6, measured

from the z-axis. The pseudo-rapidity, 7 is defined as
n=—Intan6/2

which is useful since it is invariant under boosts in the z-axis. The distance between

two points in the (1,4) space is defined as

AR = \/An? 4+ A¢?

2.2.1. Magnets

The ATLAS superconducting magnet system is composed of a central solenoid (CS),
which provides the inner detector with a 2 T with peak of 2.6 T magnetic field, and
three large toroids. Two of them occupy the end-caps of the detector (ECT) and
are inserted inside the barrel toroid (BT). They provide magnetic field of a strength
of 3.9 and 4.1 T, respectively, to the muon spectrometers. Being the CS in front
of the electromagnetic calorimeter, a careful material optimization was required to
avoid a reduction of the performance: in fact they share the same vacuum vessel.
Moreover, the coil was designed to be as thin as possible. They are made of 20.5
kA aluminium-stabilized Nb-Ti superconductors. All the magnets are cooled down

to assure the superconductivity and a forced flow of helium at 4.5 K assure this
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condition; in addition the ECT and the BT have cold helium pumps to guarantee

appropriate cooling.

2.2.2. Inner Detector

The Inner Detector (ID), also called Tracker, is mainly designed to: reconstruct the
trajectories, measure momenta of charged particles with high precision, reconstruct
and distinguish the interaction vertices from the secondary vertices of decaying par-
ticles. It has a coverage of |n| < 2.5 and it is fully contained in the CS. To fulfill
its task and to cope with the dense environment at the LHC, both from the recon-
struction and radiation point of view, detectors with fine granularity were needed,
especially near the interaction point. Pixel technologies and silicon micro-strips
(SCT) offer these features. The number of layers of these detectors is low, because
of the high cost and the material budget; they provide a few number of hits. The
Transition Radiation Tracker (TRT), based on gaseous straw tubes, on the other
hand, provides a continuous of hits, with less material and at a cheaper cost; it
provides hence a complementary and robust detector for the outer part of the ID.
An overview of the Inner Detector is given in Figure 2.4 and in Figure 2.5 for the

barrel.

LU
1

]

21m

: End-cap semiconductor tracker

Figure 2.4: The ATLAS Inner Detector and its sub-detectors.

Page 17



CHAPTER 2. THE ATLAS EXPERIMENT AT THE LHC

((R=1082mm

TRT

TRT<
LR =554 mm

(R =514 mm

R =443 mm

SCT %
R =371 mm

L R =299 mm
SCT

Pixels

R =50.5mm

R=122.5 mm
Pixels { R =88.5 mm
R=Omm‘

Figure 2.5: The ATLAS Inner Detector barrel view.

Pixel

The Pixel detector is the closest of the ID subsystem to the interaction point. It
consists of high-granularity, semiconductor sensors; their area is 50 x 400 pum? and
50 x 600 um? in the front-ends. They are organized in 1744 modules, each containing
47232 pixels. The modules are disposed in three layers in the barrel with radii of 50.5
mm, 88.5 mm, and 122.5 mm and three end-cap disks, distant 495 mm, 580 mm, and
650 mm from the IP. A fourth layer in the barrel, called Insertable B-Layer (IBL)
was installed with radius of 25.7mm in the ID during the long shut-down between
2013 and 2015 to fulfill the requirements imposed from the increased luminosity in
Run 2. The Pixel detector offers a resolution of 115 pym on the z-axis and 10 pum
in the transverse plane, since on this plane the measurement of the momentum of

the charged particle is achieved throughout the reconstruction of the trajectories

Page 18



CHAPTER 2. THE ATLAS EXPERIMENT AT THE LHC

bended in the magnetic field. Given the small distance from the IP, the pixels were
designed to withstand 10 years of operations and the voltage applied will go from

150 V to 600 V to compensate for the radiation damage to the silicon structure.

Semiconductor Tracker

The Semiconductor tracker (STC) detector is designed to provide eight precision po-
sition measurement per track, improving the momentum and vertices reconstruction;
it is located just outside the Pixel detector. The STC consists of silicon micro-strips
organized in 780 readout strips of 80 pum pitch and arranged in four layers in the
barrel with radii of 299 mm, 371 mm, 443 mm and 5541 mm and nine disk layers
in the end-cap, at a distance of 853 mm, 934 mm, 1091 mm, 1299 mm, 1399 mm,
1771 mm, 2115 mm, 2505 mm, and 2720 mm on the z-axis.

Transition Radiation Tracker

The Transition Radiation Tracker (TRT) is the outer of the ID systems; its main
difference with the previous ones is that it is not based any more on silicon sensors,
but on gaseous drift tubes (“Straw Tubes”), a cheap technology which is radiation
resistant and provides a large number of hits per single track (typically 30). The
barrel region is occupied, in radii from 55 to 108 cm, by 50000 straws; the end-caps,
from 64 to 103 cm, by 320000 radial straws organized in 14 wheels. Each Straw tube
has a diameter of 4 mm, containing at the center a gold-plated tungsten wire of 31
pm diameter. The gas used is a mixture of 70% Xe, 27%CO5 and 3%0;. The wire
and walls are subjected to a 1.5 kV potential difference, in order to operate each
tube as a proportional-mode counter. The TRT provides a spatial resolution of 120
pum for charged particles with |n| < 2 and pr > 0.5 GeV, which is worse than the
silicon-based tracker, but is compensated through the higher number of hits.

Moreover, the space between the straw tubes is filled with a polymer, designed to
create a transition radiation, which is emitted by relativistic charged particles as
they traverse a material boundary. The effect depends on v, and allows particle

identification, in particular for the discrimination between pions and electrons.

2.2.3. Calorimeters

Proceeding outwards from the interaction point, after the central solenoid, there
is the location of the calorimeters. They are designed to measure the energy and
direction of the particles emerging from the interaction, not any more measuring

the curvature of tracks like in the ID, but resolving the energy they dissipate within
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the detector itself. The electromagnetic calorimeter (EM) is studied to stop and
measure energies of particles that interact electromagnetically, primarily photons
and electrons. These particles interact with nuclei and electrons, converting photon
to electron-positron pairs or producing bremsstrahlung photons. The basic unit of
distance in the EM calorimeter is the radiation length X, defined as the mean
distance through which a charged particles loses energy such that it only has 1/e of
the original amount; number of radiation lengths is shown e.g. in Figure 2.7. The
hadronic calorimeter (HAD) is meant to stop and measure hadrons energies. The
energy loss is quantified by the interaction length A;, which is the distance traveled
by hadrons before undergoing inelastic collisions with the detector material, usually

much larger than the radiation length (up to 30 times more); X, and \; are expressed

in g/cm?.
Tile barrel Tile extended barrel
LAr hadronic
end-cap (HEC)
LAr electromagnetic

LAr electromagnetic
barrel
LAr forward (FCal)

Figure 2.6: ATLAS overview of the calorimeter setup.

Both of them are sampling calorimeters, meaning that they are composed of a
passive material, which has the purpose of stimulating the production of further
particles into a cascade called shower, and an active material, which is meant to
measure the ionization produced by the particles in the shower. Only neutrinos and
Minimally Ionizing Particles (MIP) such as muons pass through the calorimeters
almost unaffected. An overview of the ATLAS calorimeter set-up is given in Figure
2.6
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Electromagnetic Calorimeter

The electromagnetic calorimeter makes use of liquid Argon (LAr) as active material,
chosen because of its uniform nature, stability and radiation-hardness; the tempera-
ture of the LAr is between 88.5 K and 88.6 K. As passive material was chosen lead,
because it is a cheap material and has a short radiation length of (X, = 0.561 cm)
thus enhancing the containment of the shower inside the given detector geometry.
The lead is arranged in accordion sheets, shape chosen to assure the full coverage
in ¢ and enable fast signal extraction in the electrodes. The sheets have a thickness
of 1.53 mm (1.13 mm) for |n| < 0.8 (|n| > 0.8) and in the end-caps of 1.7 mm (2.2
mm) for 0.8 < || < 2.5 (|n] > 2.5), those differences are introduced to prevent a

decrease in the sampling fraction for varying |n)|.

Interaction lengths

1 1 1
02 04 06 08 1 12 14

Pseudorapidity Pseudorapidity

Figure 2.7: The number of interaction lengths for the whole calorimeters (left) and

radiation lengths for the EM calorimeter in the barrel region (right).

The electrodes of the readout electronics are arranged in three conductive copper
layers insulated with polyamide sheets. The two outer electrodes in the barrel are
kept at 2000 V, while the signal is read out from the middle electrode. In the
end-caps, the voltages vary by |n| between 1000 V and 2500 V.

As particles pass through the calorimeters, they ionize the LAr. A high voltage is
applied to the plates enclosing the LAr, causing the electrons to drift to the copper
electrodes within a time of approximately 450 ns. The uniformity of the LAr results
in a clean triangular signal shape, where the majority of the signal arrives within a
short period before decreasing to zero linearly. In order to match the LHC bunch
spacing of 25 ns, a signal shaper is applied to the triangular signal.

The EM calorimeter is divided into the electromagnetic barrel (EMB), the elec-
tromagnetic end-cap (EMEC) and the electromagnetic pre-sampler.

The EMB has three layers of different granularities and depth, as shown in Figure:
2.8, covering |n| < 1.475. The first layer has cells of 0.0031 x 0.098 (7, ¢) designed
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Figure 2.8: Section of the EM calorimeter in the barrel region. The accordion struc-
ture is visible on the side; the granularity and depth in radiation lengths

is shown.

to help discriminating photons from neutral pions decay. The second layer is the
thickest (16 radiation lengths) as intended to collect the most of the shower’s ener-
gies, but with a much coarse granularity (0.025 x 0.0245). The third layer is again
coarser than the other two in 7 (0.05 x 0.0245) and is shorter.

The EMEC is disposed into two wheels of radii 330 mm to 2098 mm in the A-
and C-side, covering from 1.375 to 3.2 in |n| with the same structure of EMB. The
transition region between EMEC and EMB is referred to as crack region and contains

several radiation lengths of material budget (mainly services to the inner detector).

The EM pre-sampler is meant to correct for the energy loss in the Inner Detector,
solenoid and cryostat wall; it is placed only in the barrel region, since there is less
material budget in the end-caps. A single thin layer of argon but no lead absorber

is placed in front.
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Hadronic Calorimeter

The hadronic calorimeters are located just outside the EM calorimeters and are
designed to stop and measure the energies of strongly interacting particles. As
the EM calorimeter, they are sampling calorimeter, made out of active materials,
plastic scintillating tiles (for the barrel and extended barrel shown schematically in
Figure 2.9) and LAr (for the hadronic end-caps); the passive material is steel and
copper, respectively. The number of interaction lengths varies again throughout the
calorimeter from 7 to 16 A;. Steel was chosen for its moderate nuclear interaction
length of 16.8 cm and its low cost considering the geometrical extension of the
calorimeter. The hadronic barrel is known as Tile calorimeter and the hadronic
end-cap is called HEC.

Wavelength Shifting Fiber

Steel

Scintillator

Figure 2.9: Schematic view of a tile module in the ATLAS hadronic Tile calorimeter.

As charged particles from the hadronic shower go through the scintillating tiles,
photons are produced in proportion to the amount of energy deposited, which are
then collected by means of wavelenght shifter fibers and read out through photo
multiplier tubes (PMT) to convert the photo-electrons from photoelectric effect
into an analog signal. The fibers are grouped together with a supporting girder
that is radially oriented to the calorimeter, each subtending a ¢ and 7 such that
a granularity of 0.1x0.1 is achieved for the first two layers, while in the third the
granularity in 7 is 0.2.

The HEC is placed just outside the EMEC, and they share the same detector
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technology, LAr as active medium, but copper as passive one rather than lead. It
is made out of two wheels, covering 1.5 < |n| < 3.2 with cells of roughly 0.1x0.1 in
n, ¢ for n < 2.5, but 0.2x0.2 for the rest.

Forward Calorimeter

The outermost calorimeters systems are the forward calorimeters (FCAL) which
cover pseudo-rapidity ranges from 3.1 to 4.9. They are placed dovetailed between the
other calorimeters end-caps, thus providing a coverage of the sub-detectors transition
regions. They are made out of three layers, with again LAr as active medium and
copper and tungsten for first and the last two, respectively. The inner module is
for EM calorimetry and the last two for hadronic measurements. Being close to the
beam pipe, it experiences extreme particles flux, requiring special material choices
and radiation-hard components. Copper was chosen instead of lead for the EM
layer because of a higher heat conductivity, hence dispersing energy and reducing
the cooling infrastructure needed, while tungsten was taken because of its very
short A\;=9.94 c¢m, which allows the containment of the hadronic shower within the
calorimeter. Additional precautions were chosen in the LAr gaps geometry, to avoid

ions accumulation.

2.2.4. Muon Spectrometer

The muon spectrometer, or also muon system (MS) is composed of the outermost
detectors in ATLAS and is designed to measure the momenta of MIP particles
which still emerge from the calorimeters and which, at the energy provided from the
LHC, are muons. The calorimeters depths strongly limit the punch-through of other
particles. In order to provide the curvature of the muons, the MS are immersed
into the magnetic field generated by the toroid magnet system. Since the toroid
field is oriented in the transverse plane, entering muons bend in the 7 direction.
The MS is then comprised of four sub-detectors, two in the barrel region and two
in the end-caps. Each of those have a subregion which provides fast measurements,
integrated in the trigger system, which is discussed later. The sub-detectors are: the
Resistive Plate Chambers (RPC) and Thin Gap Chambers (TGC) which are the ones
providing this kind of fast measurements; the Monitored Drift Tubes (MDT) and
the Cathode Strip Chambers (CSC) instead are providing slower but more accurate
muons momenta.

The schematic diagram of the MS is shown in Figure 2.10. Details of the four

subsystems are given in the Appendix.
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Figure 2.10: Disposition of the muon system sub-detectors and geometry arrange-
ment in ATLAS. Here BIL,BML and BOL are the MDS’s barrel layers
and EIL, EML and EOL end-cap layers.

2.2.5. Trigger System

The size of digitized event, containing all the information from tracks 4-momenta,
calorimeter energy deposit, muons and so on, is approximately above the scale of 1
MB. At the rate of LHC of 40 MHz, the expected data read out and recorded would
be in the order of tens of PB/s, hence making the recording of such an amount of
data impossible. This makes a priority the presence of a trigger system to select
only the most interesting events, also taking care that it will not affecting physical
analyses and cover all the possible topologies. From Figure 2.11, SM processes are
shown, which range from the total inelastic cross section oy, (around 100 mb), to
rarer processes like Higgs production. Here it is important to note the logarithmic
scale: the amount of “interesting” events, i.e. the ones through which one could probe
New Physics, are overwhelmed by known processes like e.g. QCD di-jet events. The
typical observables used in the trigger system are high-p electrons, muons, taus,

photos, jets, missing transverse momenta (E7*).

Because of the complexity of the read-out of the entire detector and the time
needed to build up the event from raw signals, a sophisticate multiple-step trigger

have to be used, allowing a stepwise trigger decision also using storage buffers.
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The ATLAS trigger system is com-
prised of Level 1 (L1) and High Level
Trigger (the last before Run 2 upgrade
was comprised of Level 2 (I.2) and Event
Filter (EF)), which allows the reduction
of the rates from ~40 MHz to ~75 kHz
(L1) and to ~200 Hz (HLT). Further de-
tails on the L1 and HLT are given in the
Appendix.

2.2.6. Luminosity Measure-

ment

All the physics programs at ATLAS
share a common key component: the ne-
cessity of an accurate measurement of
the delivered luminosity. In particular,
for cross-sections measurement, the un-
certainty on the delivered luminosity is
often one of the dominant sources of sys-
tematics. In addition to that, searches
for physics beyond the SM also rely on
accurate information about the deliv-
ered luminosity to evaluate background

levels and determine sensitivity to the
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Figure 2.11: Cross sections of various SM

processes as a function of the
center-of-mass energy, from
Tevatron to LHC measure-

ments.

signature of new phenomena [14]|. Further details are given in the Appendix.

The most important sub-detectors deputed to luminosity measurement are: the

Luminosity measurements Using Cherenkov Integrating Detector (LUCID, rebuilt

for Run 2 to cope with the increase luminosity and 25 ns bunch spacing) and
Absolute Luminosity for ATLAS (ALFA), a system which is designed to measure

the elastically scattered protons (in particular in the Coulomb-Nuclear interference

regime) and hence extrapolates the absolute luminosity. It is worth noting that also

non-dedicated sub-detectors can perform luminosity measurements, like e.g. Tile

Calorimeter.
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ATLAS

Description and performance

Magnetic field

Tracker

EM calorimeter

Hadronic calorimeter

Muons

Trigger

2 T solenoid; 0.5 T toroid barrel and 1 T toroid end-cap

Inner detector: IBL, Silicon pixel and strips, TRT
Ope /D1 = 5 X 1071pr © 1%

EMB, EMEC and pre-sampler (Liquid Argon and lead)
op/F ~10%/vVE ® 0.7%

Tile (Fe and scintillating tiles) and HEC (Cu and LAr)
op/E ~ 50%/vVE ® 3%

Inner detector and muon spectrometers
Opr/Pr = 2% at 50 GeV
Opr/pr = 10% at 1 TeV

L1 and HLT (L2 and EF)
Rates from ~40 MHz to ~75 kHz (L1) and to ~200 Hz (HLT)

Table 2.1: Recap of ATLAS and performances of the sub-detectors, values in GeV

for energies and momenta (where not stated differently).
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3. Monte Carlo Simulation

The performance study presented in this thesis makes use of Monte Carlo generators;
this section introduces the concept and specify the dataset used. The purposes of
a Monte Carlo simulation are different, from signal to background separation in
physical analyses to comparison between data and theoretical prediction and to
calibration and performance studies. The general use in high energy physics can be

divided in event generation and detector simulation.

3.1. Event Generation

The first step for a MC simulation is the event generation, where the hard-scatter
process is simulated using the matrix elements and the phase space integration
(this step can be done analytically for simple topologies, but in general is done
numerically with Monte Carlo methods). Afterwards the parton showers and the
phenomenological models for the hadronization are applied (described in details in
section 4.1). The relevant input to this simulation step is the information from
the Parton Distribution Functions (PDFs) set which models the parton distribution
inside the colliding protons; they are particularly important when it comes to precise
simulation of high energy processes. An additional output of the event generation is
the underlying event, which comprises the particles coming from the remnant of the
proton after the collision; those particles undergo then the process of parton shower
and hadronization as the ones coming from the hard-scattering (discussed also in

the next chapter).

3.2. Detector Simulation

After the event generation, the interaction between the detector and the particles
is simulated. This process includes then the electromagnetic and hadronic shower

evolution in the calorimeter. A complete model of the ATLAS detector is provided
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Figure 3.1: Kinematic distributions for the jet of the W’ sample.

by GEANT4 [22]; it simulates the hits in the tracker system, the energy deposit
in the calorimeter and all the other sub-detectors (digitization); moreover it runs
the tracks, muons and jets reconstruction algorithms based on the simulation, to

emulate a real-life detector-like output for the studies.

3.2.1. MC Sample

The samples used are divided into two main groups: SM background and beyond
SM signal. The SM background includes the QCD multijet samples, produced with
a falling pr spectrum. The beyond SM signals are W' — W Z — ¢q'qq, Z' — tt (top
quarks considered in the full hadronic channel (t — W(— ¢¢')b)) and RS-Graviton
— hh — bbbb, i.e. final states have only jets in all the samples. The details of the
samples are given in Table 3.1; the masses considered span from 0.5 to 5 TeV to
improve and diversify the kinematic space covered.

A set of kinematic distributions for the W’ is shown in Figure 3.1: on the left the pr
distribution where the kinks correspond to the Jacobian peak of the mass considered
and the n distribution on the right. The green dots represent the distribution before
the selection, which is pr > 250 GeV and |n| < 2.0 and the red dots after this
selection. This selection typical for many searches for BSM physics. All the other
samples and the background can be found in the Appendix. In what follows, it will
also be used the nomenclature boosted W/Z for the W’ sample, boosted tops for the
Z' sample, boosted Higgs for the Grg sample and massive W for the W' — WIW

with my, = my.
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Process ME Generator ME PDFs UE Tune Resonance Masses
& Fragmentation

QCD multijet Pythia 8 NNPDF23LO Al4 N/A
W' —WZ Pythia 8 NNPDF23LO Al4 1.5, 2.5, 3, 4, 5 TeV
7' — tt Pythia 8 NNPDF23LO Al4 1.5, 1.75, 2.5, 3, 4, 5 TeV
Grs — hh(— bb) | Pythia 8 NNPDF23LO Al4 0.5, 1, 1.5, 2, 2.5, 3 TeV
W — WWwW Pythia 8 NNPDF23LO Al4 1.5, 25,3, 4,5 TeV
with my, = my

Table 3.1: Overview of the Monte Carlo Samples used. The first line shows QCD
standard model process, the second, the third and the forth the beyond

SM samples considered; the last line the “massive W/Z” sample.
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4. Jet Reconstruction

This chapter provides an introduction to basic concepts of jets, from parton shower,

to hadronization and to the algorithms used to build the jets from calorimeter input.

4.1. Jet Phenomenology

Figure 4.1: 3-jet in the final state with
gluon bremssstrahlung off a
quark in ete™ annihilation in

ete™ — qdg — 3-jets.

Given a quark or a gluon present in the
final state, e.g. coming from a W or
7, decay, in the perfect case one would
aim at reconstructing as precise as pos-
sible the 4-momentum of those quarks
or gluons, which means measuring the
energy, direction and the mass or trans-
verse momentum. Unlike electrons or
muons, those particles are subjected to
Quantum Chromodynamics, the theory
of strong interaction already described
in Section 1.3.2.

4.1.1. Parton Showering

Quarks, which were produced in a hard
interaction will radiate a gluon (gluon
Bremsstrahlung) at the scale of 1/F <

1 fm, mostly collinearly in the direction

of the quark, dN/d©?* ~ 1/6? [16]. An historical example of this process is given
from the event in the TASSO detector [15] depicted in Figure 4.1. Subsequently,

the gluon will split into two gluons or quark-antiquark pair which will split again in

quarks and gluons, so that the original quark fragmented into quark/gluon cascade

within a narrow cone. These two processes are referred together as fragmentation,
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which results in the parton shower.

Further details on fragmentation, DGLAP equations and Sudakov factor can be
found in the Appendix.

Due to the asymptotic freedom, quarks and gluons resulting from the fragmen-
tation behave as quasi-free particles called partons, only at short distances (order
of 1072 fm). On the distance of the order of >1 fm, color confinement takes place,
where colored partons form colorless hadronic final states. This process is referred to
as hadronization, which is a stochastic process involving a large number of particles,
also described in the next section. The hadronization proceeds, in fact, through the

formation of jet in high energy processes.

4.1.2. Hadronization

When the colored partons are sepa-
rated more than 1 fm, a gluonic flux \€/
tube of narrow transverse dimensions \<
builds up which fragments into ordinary
hadrons (similar mechanisms lead to the
hadronization of gluons). As a result of
this, instead of partons one can see jets
of colorless hadrons which are clustered
together. Due to the limited sensitivity
of the detector, the properties of parti-
cles inside the jet cannot be individually
measured in a precise manner, but the Figure 4.2: Schematic representation of
the string model, used in
PYTHIA.

properties of the initial parton from the
hard scatter can be reconstructed.

Because of its non-perturbative na-
ture, the process of hadronization is described phenomenologically through various
models including: independent jet fragmentation, Lund string model and cluster
hadronization.

All of these models are described in the Appendix.

These hadronization schemes are implemented in different MC QCD event genera-
tors: string model in PYTHIA and the cluster model in HERWIG. Events generated
using PYTHIA are also studied and used for the evaluation of the performance study
presented in this thesis.

The only thing that defines a jet is the method which is used for its reconstruction.
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4.1.3. Jet Reconstruction

After initial quarks and gluons from the hard-scattering have passed the process of
parton showering and hadronization, the resulting jets of particles, mainly hadrons
(pions followed by kaons and protons), enter the detector, interacting first with the
Inner Detector, where tracks from charged particles are reconstructed, and then with
the calorimeter system. Here the further evolution of showers, originating from the
hadrons or leptons, is stimulated by the passive material as shown in Figure D.1.
The energy of the incoming particle populates the cells (both in lateral and longi-

tudinal way) along the original direction and is then detected and register from the

N
/

Figure 4.3: The behavior of well defined

jet algorithms is shown. Infra-

readout electronics.

The cells are then grouped together
in order to find the energy deposited
Addition-

ally, a local calibration is used to re-

from hard-scatter activity.

duce noise contribution. Those steps are
called Topo-clustering and Local Cali-
bration Weighting (LCW) and described
in the Appendix. These 3-dimensional

object, the topo-clusters, are used as in-

put to the Jet Reclustering Algorithms.

Jet Reclustering Algorithms

There are three main algorithms used to red safety: emission of soft

reconstruct a jet in ATLAS. Although particles should not change

they may look very different in the way
they associated objects in the calorime-
ter (topo-cluster) or e.g. the tracker sys-
tem (tracks), they share the same fun-
damental properties.

Well-behaved jet algorithms should
be infra-red (IR) safe and collinear safe,
meaning that adding a soft particle or
the collinear splitting of a hard particle

should not change the number of recon-

the configuration (top from
left to right). Collinear safety:
substituting one particle with
should

again not change the config-

two collinear ones,

uration (bottom from left to
right).

structed hard jets in the event. An intuitive understanding of the IR and collinear

safety is depicted in Figure 4.3.
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The sequential recombination jet algorithms discussed here are parametrized by
the power of the energy scale in the distance measure. The most used algorithms
are: anti-ky, k; and Cambridge/Aachen (C/A). The algorithm SISCone will not
be considered in this introduction, since is rarely used within ATLAS. The only
difference between them is the definition of the distance d;; between inputs ¢ and j
and the distance d;p between the input ¢ and the beam B, but it can be written in

the same way for all the three:

oy op A2

i ij

divj _mln(ktf’ klt]p)ﬁ (41)
dip =k}

where A% = (y; — y;)* + (¢ — ¢;)°, ki, yi and ¢; are transverse momentum,
rapidity and azimuth of particle ¢. The algorithms starts by identifying the smallest
of distance d;j;; if it is smaller than d; the inputs 7 and j are combined together and
if it is instead bigger than d;g, then the entity ¢ is called jet and removed from the
list of inputs.

The radius parameter R defines how big the final jet would be (for large R the
distance d;; is smaller, hence increasing the inputs which will be added to the jet,
since d;p is fixed). The standard jet size in ATLAS is 0.4, while in this thesis focus
will be held especially in jets of radius 1.0. The parameter p governs the relative
power of the energy versus geometrical (A;;) scales.

For different choice of p we recover the different algorithms:

e For p = 1 we have the k; algorithm; it starts adding together the low pr inputs

at large angle (this way d;; is smaller).

e For p = 0 we have the C//A algorithm; here only the geometrical measure is

considered, since the momenta are set to 1.

e For p = —1 we have the anti-k; algorithm; it starts adding high pr inputs,

since the inverse of high transverse momenta will have a low value.

Another important concept is the ghost association, which can be defined together
with the jet area.
Jet Area and Ghost Association

The jet area is a quantity related to the jet’s susceptibility to diffuse radiation. It

is calculated by means of ghost particles: a large quantity of unphysical particles is
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o Cam/Aachen, R=1

Figure 4.4: Overview of the various reclustering algorithms. SISCone is not de-

scribed.

added randomly to the set of inputs of the jet. Those particles are created with a
transverse momentum and a mass very close to zero, in order to reproduce the limit
of soft infrared radiation. After the reclustering, a subset of ghosts will be taken
inside the jet; the 7, ¢ region in which those particles are is called the (active) jet
area. The geometry and topology of the areas depends on the algorithm used: for
the anti-k; the shape is circular, while the area is independent of the jet pr. For the
C/A and k¢, the shapes are irregular and the area also depends on the jet pr. The

areas are also shown in Figure 4.4.

The concept of Ghost Association comes with a general problem of associating an
object (e.g. tracks or truth particles) to the corresponding jet, for example to study
the properties and explore correlations in quantities coming from the calorimeter
and the tracker system. The most naive, but still powerful approach is to use AR to
associate them: the distances in 7,¢ are calculated, and the objects whose distances
are below a certain threshold (e.g. for anti-k; jets of radius 1.0 this value would
define the threshold) are (univocally) assigned to one jet. While this method is
relatively simple and easy to implement, it has some disadvantages with k;, or C/A
jets: their irregular shapes compromise the correctness of the assignment since not

always the closest object is also the one taken by the reclustering.
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The alternative and more sophisticated approach is then the Ghost Association:
the given objects (again tracks or truth particles) are reduced to ghosts, scaling
down their mass and transverse momenta to values near zero, yet preserving the
directions. After running the jet algorithm, the ghosts will be inside one of the jets
or none of them, not necessarily the closest but inside the area of the one to which it
is associated. Intuitively one can think as follows: if the particle momentum points
toward the area of a jet, it will be univocally associated to that jet (the unambiguity
is inherited form the jet algorithm itself). The Ghost Association is an important

tool also used in the work presented in this thesis.

4.2. Basics of Calibration and Uncertainties

There are two main and important procedure when it comes to jets in high-energy

particle physics: calibration and uncertainty.

4.2.1. Responses Jet Energy Scale and Resolution

Two important tools which are used within these procedures are the Jet Energy Scale
(JES) and Jet Energy Resolution (JER). They are based on Responses: given any
observable X, which we have in the form “estimated” (X"®°) and “reference” (X"¢/),
from example a reconstructed quantity and a measurement which is trusted more
because the underlying physical process is well known and described, the response

if built from their ratio:
XT@CO

Rx = e
The JES and JER are then the mean and standard deviation of the energy re-
sponse. Other important tools are the Jet Mass Scale (JMS) and Jet Mass Res-
olution (JMR), important for large-R jets discussed later and built upon mass re-

sponses.

4.2.2. Calibration

The calibration accounts for various effects which affect the measurements of jet’s

properties:

e (Calorimeter non compensation: different energies scales of hadronic and elec-
tromagnetic showers, often shown as the ratio e/h, is caused mainly by decay
of nuclei during the interaction of the shower with the calorimeter, which re-

mains undetectable;
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Dead material: energy lost in areas of the calorimeter which are not sensitive;

Leakage: showers which reach the end of the calorimeter system and are there-

fore not contained and fully measured;

Out of calorimeter jets: all those particle jets which are not reconstructed as

calorimeter jets;

Energy deposits below the noise threshold;

e Pile-up contamination.

All these effects require a dedicated chain of procedures, both involving Monte

Carlo simulation and measurements, which is shown in Figure 4.5.

EM or LCW

constituent scale jets

Jet area based pile-
up correction

Residual pile-up
correction

Origin Correction

Jet finding applied to . e Function of p and NPV Changes the jet direction
topological clusters at Egg:ctr%r;:;f v:z;‘qgf;_‘z 2 applied to the jet at to point to the primary
EM or LCW scale oy 4 J constituent scale vertex. Does not affect E.

Global sequential Residual in-situ
Absolute EtaJES  seav ao
calibration calibration

Corrects the jet 4-vector Based on tracking and A final residual calibration

to the particle level scale. muon activity behind jets. is derived using in-situ
Both the energy and Reduces flavour dependence measurements and is

direction are calibrated. and energy leakage effects. applied only to data

Figure 4.5: Overview of the current calibration procedure in ATLAS.

The procedure includes the following steps [23]:

e EM or LCW constituent scale jets: they are the input to the jet calibration:
Local Cluster Weighting is described in the Appendix;

e Origin Correction: the momentum of the jets is corrected to point to the

primary vertex, improving 7 resolution;

e Jet area based pile-up correction: the pile-up (described in Section 4.3.2) can
be parametrized both by the number of primary vertices Npy and by the
average number of interactions (1) per bunch crossing; Monte Carlo is used to
simulate this effect both from the same (in-time pile-up) and in others (out-
of-time pile-up) bunch-crossings. The correction depends on the ghost area

and a parameter evaluated event-by-event as a function of Npy;

e Residual pile-up correction: removes the additional, non linear dependencies

both from Npy and from (u);
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e Absolute EtaJES: corrects the JES and the n of the jet using the information

from MC truth, such that the energies and n are as close as as possible to the
MC truth;

e Global Sequential Calibration: big step which takes into account the differ-
ences between quark- and gluon-initiated jets, jets which are not fully con-
tained, and the non-compensation. It is comprised of five stages, using the
energy deposit information, the tracker system, and the muon segment; the

correction is parametrized in 7 and pr;

e Residual in-situ calibration: is the final step which uses a data driven method,
exploiting processes in which a well measured reference object is recoiling

against a jet (the processes are e.g. Z/v + jet and di-jet).

4.2.3. Uncertainties

The JES calibration chain discussed above could introduce systematic biases across
its various steps; dedicated in-situ analyses measure the uncertainties with respect to
transverse momentum and pseudo-rapidity of the jet, as differences in the responses
between data and simulation in well known SM processes. Additionally, systematic
uncertainties account also for the MC simulation used, pile-up suppression modeling

and flavor dependencies. The JES uncertainties are constructed from:

e O(20) systematic in-situ;
e O(30) statistical from in-situ;

e O(20) from jet flavor, pile-up, single hadron response, read-out settings and

event reconstruction changes, IBL effects.

The largest contributions come from the flavor composition, since quark-initiated
jets have a different response than gluon-initiated, and in-situ systematics.

The JES uncertainties are evolving and improving together with the calibration
chain for the JES.

The JER uncertainties are related to the width of the response (the mean is the
JES), which should be as small as possible (since it quantifies the spread of the
energies around the correct value); it is parametrized in terms of the jet transverse
momentum with a noise, stochastic and constant term. They are calculated usually

using in-situ methods.
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4.3. Jets in the Boosted Regime

The Beyond the Standard Model processes considered are characterize by a high
resonance mass, from 0.5 to 5 TeV, since for those models the masses below that
value are excluded at 95% confidence level from both ATLAS [26] and CMS [27]
analyses. (For further information, the ATLAS Conference Notes for the Z — tt
[28], the W’ — W Z included in the diboson resonance [29], and the RS-Graviton to
hh — bbbb [30]).

Therefore, huge efforts are currently going on to extend these limits further and
exclude higher and higher masses. However, probing more massive resonances means
probing more extreme kinematic regimes, or boosted regimes as referred to within
ATLAS, of its decay products.

As an example for the W/ — WZ, taking e.g. my~» = 3 TeV, the transverse
momentum distribution of the W or Z will have the maximum at the jacobian
peak, i.e. pr ~ my/2 ~ 1.5 TeV, as shown in Figure H.4, in the Appendix.

The main issue of this extreme kinematics regime is not the py of the electroweak
bosons, but follows the angular separation of the quarks, as pictorially depicted and
shown in Figure 4.6. For a generic decay a — b, ¢ the separation AR in 7,¢ space,

neglecting the b, ¢ masses, from simple kinematics reads:

2my,

ARb’c ~

P1a

This is a crucial point: as the pr goes higher, the angular separation decreases.
Since the resonance masses of physical interest are very large, following the jacobian
distribution, the transverse momentum of the intermediate decay product (here
considered W/Z, tt, hh) also is large, but conversely the angular separation AR
between the final-state quarks which give rise to two (or three for the tops) distinct
jets will be small.

An extreme situation is in Figure 4.6 on the right, the two once separated jets
(left) whose reconstruction could be done without additional complications with jet
reconstruction algorithm of standard ATLAS radius of 0.4, approach each other at
the level that the two jets touch or even merge to one.

This is quantitatively shown in Figure 4.7: the angular separation follows the
relation given above and shows the hyperbolic shape. The green line shows the con-
stant AR=1.0. For the standard jet algorithm anti-k; with radius 0.4, considerably
many top quark’s decay product, and a huge amount of quarks from W/Z would

be reconstructed together. At this point, the standard reconstruction techniques
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High boost
low boost

No boost

Figure 4.6: Impact of the extreme kinematic regime on the decay products, with

(91 >92 >93.

become to fail, and the jets are not anymore individually resolved by standard jet
algorithms. This poses a serious problem and a challenge of extreme priority, being
the precise reconstruction of these object’s properties a crucial issue in searches for
beyond SM physics and limit setting.

The simple idea is then to extend the jet radius to 1.0 or more, such that all the
decay products fall inside it, and start looking into the substructure, developing a
series of new technologies in order to assure a better reconstruction. The jets which
are built with such a large radius, are called large-R jets or sometimes in papers,
fat jets.

4.3.1. Large-R jets

Large-R jets are jets constructed with a radius parameter of the reclustering algo-
rithm much bigger than the standard 0.4; within ATLAS the size of large-R jets is
1.0 for anti-k; and 1.2 for C/A (the area of C/A is ~20% smaller than anti-k;).

It is worth noting that, for a standard anti-k; 0.4 jet the active area [17] is
Aanti—r, = TR? ~ 0.5, while it is ~ 3.14 for 1.0 jet, i.e. around six times bigger.

Already from this “geometrical” point of view, the necessity of further techniques
can be understood: the effect of soft radiation contamination from Pile-Up (PU) and
Underlying Event (UE) will be in this case six times bigger and spoil the efficiency

of the jet mass measurements.
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Figure 4.7: Angular separation AR on the left between W and b quark from top
quarks decay and on the right AR between the quarks from W/Z
hadronic decay. In the first case the samples were obtained with a Z’
and in the second with a W’. Masses were 1.6 and 1.5 TeV. Left picture
from [31].

4.3.2. Pile-Up and Underlying Event

The pile-up is a term used to describe the jets coming from another interaction in
the same bunch-crossing (in-time pile-up), i.e. coming from an interaction at low-
pr, which happens together with the hard-scattering, or in another bunch-crossing
(out-of-time pile-up), before or after the hard-scattering. The Underlying Event
(UE) describes all the hadronic activities of soft parton-parton scattering in the
single proton-proton interaction, which accompany hard-scattering process. Further

details in the Appendix.

4.4. Substructure: Grooming Techniques

This section is based on the 7 TeV article on jet Substructure [31]. In order to
use large-R jets, it is necessary to gain additional information on the interior of
these objects, i.e. using techniques that exploit its substructure allowing a jet-by-
jet discrimination of the energy deposit most likely coming from the hard-scattering
to other soft radiation.

A common feature in substructure is the use of sub-jet, i.e. jets obtained from a
parent jet (e.g. the large-R jet), using its constituent but running the jet reclustering
algorithm with a smaller radius parameter; in one large-R jet, typically there are

two or more sub-jets depending on the originating process and its pr.
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Techniques have been developed, both using sub-jets or directly constituents of a
jet, which are referred to as grooming algorithms.

Grooming algorithms are designed to retain the characteristic substructure within
such a large-R jet while reducing the impact of the fluctuations of the parton shower
and the UE, thereby improving the mass resolution and mitigating the influence of
pile-up.

The grooming algorithms presented here are the most important ones in ATLAS:
the Trimming; other used as well, the Split-Filtering and the Pruning can be found
in the Appendix.

4.4.1. Trimming

The trimming algorithm is the most important in ATLAS and the one mainly used
in the work presented in this thesis. It takes advantage of the fact that contami-
nation from soft radiation has a much lower py with respect to the hard-scattering
component. Therefore uses a transverse momentum balance to distinguish among
those. The algorithm works on a two-dimensional parameter space: Ry, and feu.

The steps are as follows:

e k; algorithm (but of course other choices are also possible) is used to create
sub-jets with a smaller radius R,,;, aiming at separating the soft radiation
from the hard one in different sub-jets. Typical choices are 0.2 and 0.3 (0.2 is

used as standard);

e for each sub-jet, the ratio f., of its pr with the parent jet pJ;t is calculated:
if then this ratio is below a certain value, the sub-jet is removed. Standard

choice is for = £5=0.05;
P

e the sub-jets which survived this procedure are the only one which compose the

trimmed jet.

The trimming procedure is also explained in Figure 4.8, an example of performance

in simulation with standard parameters is shown in Appendix (Figure E.2).
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Initial jet

Figure 4.8: Schematic of the trimming algorithm.
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5. Optimization of Large-R Jet Mass

Reconstruction

In this chapter the main outcome of the work of this thesis is presented. The variable

T45) will be then defined and its performance will be

TA

track-assisted sub-jet mass (m

presented and confronted with two standard definitions, the track-assisted mass m

calo TAS

and the calorimeter mass m®°. A further development, the combined mass of m

and m°° that is called m$7%, is shown. It is presented and also confronted with

its counterpart used in ATLAS m®™ the combined mass of m”4 and mc°.

5.1. Calorimeter Mass

Once the collection of constituents from the large-R jet is groomed, it is possible to
use them for the measure of physical related properties such as the jet mass, since
the possible sources of soft radiation from PU and UE have been reduced.

calo

The calorimeter mass or m® is a widely used variable which takes as input the

topo-cluster information. Given that each topo-cluster ¢ has a 3D information on

the energy deposit, F;, the mass can be simply calculated from 4-vector properties:

2 2
mcalo _ (Z Ez) . (Z pT,i)
ieJ e

where J labels the Large-R jet.

5.2. Track Mass

This section briefly presents the tracks and their relation with the large-R jet’s
properties. There are significant advantages and few disadvantages of their usage
for precise jet mass reconstruction, which are inherited both from the detector ex-

perimental properties and from the underlying physical processes.
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First of all the excellent performance of track reconstruction and angular separa-
tion at low pr is intrinsically better than the calorimeter one (see the Chapter 2.
and Table 2.1). The second main advantage is that tracks can be associated with
the primary vertex, thus simply excluding those from PU or other beam-induced
soft radiation background (this is not the case for the UE).

The requirement made on tracks to achieve optimal performance are grouped
into two categories, the quality of the track, i.e. if it was fully reconstructed from
the detector and separated from others with no ambiguities, and the association

conditions with the primary vertex:

o pirack > 400 MeV;

o |n| < 2.5;

e Maximum 7 hits in the Pixel and STC sub-detectors;

e Maximum 1 Pixel hole;

e Maximum 2 silicon holes;

e Less than 3 shared modules;

e Maximum 2 mm of displacement along beam axis (zy) from the primary vertex;

e Maximum 2.5 mm of distance in x-y plane from the primary vertex and point

of closest approach (dp).

Given the set of tracks which pass this selection, the mass m!"** is calculated sum-

ming up the 4-momenta of those tracks which are ghost associated to the groomed
jet.

Apart from this benefits which derive from the tracker system, there is also an
important disadvantage which comes from the underlying physics: it is completely
blind to the electrically neutral component (mostly 7°) of the jet. As seen in Figure
5.1, the track mass (red distribution) is not only shifted towards lower values than
the calorimeter mass (green distribution), but its width also degrades.

Tracks could be used either for independent mass reconstruction (and in this
section is shown how this is not the case), or, most importantly, as an ulterior

information to the calorimeter measurement.
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Figure 5.1: Mass distribution boosted W/Z: in green the m®® and in red the m .

5.3. Performance Figure of Merit (FoM)

Since we already introduced the calorimeter and track mass, a concrete, quantitative
feature has to be defined in order to understand which observable is “better”, in the
sense that we would prefer one or the other according to this criterion. This is often
referred to as Figure of Merit or simply FoM.

There are few ways to look at the FoM: one can e.g. naively think about the mean
of the mass distribution, since closer values of the mean to the e.g. W or Z mass
(if we are speaking about W/Z decays), indicate a more correct mass reconstruc-
tion. However, this does not take into account the width of this distribution, as a
large width spoils the reconstruction in terms of percentage of jets misreconstructed.
Moreover, the mean is not as important since it can be rescaled to the desired value

in a calibration procedure.

5.3.1. Gaussian Fit

The important feature to keep in mind, in fact, is the underlying physics which
brings us to calculate the mass of a jet. In figure 5.2 this is made clear: if the
width of the invariant mass distribution of the jet is smaller (highlighted), it allows
a bigger background rejection, here shown as the QCD dijet, and a higher signal
efficiency, by means of a simple mass requirement.

The width o of the distribution, which can be obtained from a fit to the Gaussian
core, is already a valid FoM, which has an underlying physical feature. Moreover, in

order to be independent from the mean of the distribution, the width can be divided
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Figure 5.2: Mass distributions: in red the QCD dijet background rescaled, in green
the W/Z from the W’ sample. Highlighted the width of the W/Z distri-

bution.

by the mean itself. This was in fact the FoM which was used at the beginning of the
work for this thesis, since it provided a simple and fast solution. However, special
care must be used both in the procedure of fitting Gaussian cores of responses, since

they are asymmetric, and to how the tails are treated.
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Figure 5.3: Mass Response distributions for the QCD multijet for various pr ranges:

on the right the failure of the Gaussian fit shows the limitation of this

approach to evaluate the Figure of Merit. On the plot the fit parameters

and transverse momentum ranges.

The situation is depicted e.g. in Figure 5.3, where a mass response is shown
for calorimeter mass for QCD multijet: here the presence of a right-handed tail
which enhances going from low to high transverse momenta makes the Gaussian

fit clearly not the tool which provides the stability needed. The ideal tool should
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take care of managing the presence of at least tails outside the Gaussian core and
should converge to the intuition of the standard deviation for a perfect Gaussian
distribution. The closest tool to this idea was found to be the InterQuantile Range,

which was therefore preferred and presented in the next section.

5.3.2. InterQuantile-Range

Another way to look at the mass FoM is half of the 68% of the InterQuantile range
(IQnR) (here defined such as it corresponds to a sigma of a “perfect” Gaussian
distribution: ¢84% — q16% where ¢84% is the 84" percentile and ¢16% is the 16,
not to be confused with the InterQuartile Range (IQR) which is the ¢75%—¢25% and
does not correspond to the sigma) divided by the Median (5 x 68% IQnR/median).
It provides stability and high sensitivity to left-hand-side and right-hand-side tails.

Another important FoM, used for the work in this thesis, is the response distri-
bution: given the reconstructed mass (calorimeter, track or whichever method) one

truth )

can compare it to its truth mass (m , computed from the particle at MC level

before the interaction with the detector:

reco
m

R, =

mtruth

Standard descriptor of the FoM e.g. in [24] and here is the IQuR of the R,,.

In Figure 5.4 a mass response for a single range of transverse momentum is shown,
for the calorimeter mass. On the plot the contours of a standard deviation and of
q16% and ¢84% are drawn with dashed and solid lines, respectively, showing the
difference induced by the tail. This sort of plot is the key when looking quantitatively
to the observable performance and can be found in the Appendix for each of the
process studied in every pr range considered. In this chapter will be shown, however,
the quantity which describes this FOM, the IQnR, as a function of p, in order to
get an understanding of the behavior in the entire spectrum and assure the exclusion

of local sub-optimalities.

5.4. Track-Assisted Mass (m’%)

The main limitation of the calorimeter mass comes from the angular resolution of the
topo-clusters, which, for extreme kinematic regimes, start approaching each other
at the point that they hit the granularity of the detector. The main advantage is

that on the contrary the relative energy resolution increases at higher energies.
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Figure 5.4: Calorimeter mass response plot for boosted W/Z. One the plot, right,
are shown: the number of entries, the mean and the width of the fit to
the Gaussian core, the integral from 0 to y — o and the one from pu + o
to +00, the values 3 x 68%IQnR/median and o/u. On the distribution
the dashed vertical lines represent the points ;4 — o and p + o and the
solid lines represent the ¢16% and ¢84%.

The tracks instead have a very good angular resolution, but pr relative resolution
degrades linearly with the transverse momentum.
One could then think about creating a variable which exploits the advantages

of both and minimizes the disadvantages. As seen, the track mass is missing the

neutral+charged

neutral component, i.e. each measurement is missing the fraction
’ charged ’

but it could be corrected on a jet-by-jet basis: this leads to the definition of the
track-assisted mass (m*4):
calo

p rac
mT4 = pg‘wk x mtrack (5.1)

It can be intuitively understood as follows: the term m!"* has the superior angu-

lar resolution, but misses the neutral component; the ratio psde /pirack

, representing
exactly the (neutral + charged)/charged ratio, “restores” the correct value of the
mass back to charged + neutral.

From Figure 5.5 the comparison of the track-assisted mass and the calorimeter
mass; the width of the distribution is smaller, making this observable a good candi-
date for usage.

The track-assisted mass was first proposed to correct the angular information

measurement in the finely segmented electromagnetic calorimeter by the energy
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Figure 5.5: Track-assisted mass response plot for boosted W/Z: in green the
calorimeter mass, in red the track-assisted mass. On the right are shown
properties of the fit to the Gaussian core; it can be seen than the width
of the mT4 distribution is smaller, and the mean is slightly below the

calorimeter mass.

measurement in the hadronic calorimeter that is typically coars [35][36]. Succes-
sively, the concept was extended to charged particle tracks, in the context of the
top-quark tagging [37], using the HEPTopTagger [38|[39]; moreover there have been
phenomenological studies using the track-assisted jet mass for boson and top quark

jets in the extreme boosted regime [40][41].

5.4.1. Advantages and Limitation of m”4

The m* has a good handle on boosted W/Z, looking at all the transverse momen-
tum spectrum for these results.

Another big advantage which supports the use of the track-assisted mass is the
relatively small uncertainties: in Figure 5.6 the comparison of m® (left) and m”™4
(right) fractional uncertainties on the JMS, shows how the tracking uncertainties
are much smaller because of the ratio m!e* /plra* - On the right plot the black line
indicates the JMS fractional uncertainty for the m°, and is always above the m74.
Of course this introduces another argument in the development of new techniques,
which is to look for a good balance between performance and small uncertainties: a
perfect observable in terms of behavior which has very big uncertainties is not really

useful.
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Figure 5.6: Comparison of the uncertainties for m°°, on the left, and m”*, on the

right the rise on the high jet pr is due to statistics. From the [24].

When looking in the extreme kinematic regime, at very high pr, as in the top
plot in Figure 5.7, the m™4 shows its real strength, achieving much smaller value
of the IQnR. However, there are some severe limitations which are worth noting,
especially looking at the performance in different regions of transverse momentum:
this is shown in the bottom plot of Figure 5.7, where at a low pr it exhibits a much

worse behavior.

Performance in W — ¢'q Decays

The performance in all the bins of py can be studied looking at Figure 5.8; these
plots have as horizontal axis the transverse momentum and as vertical one the value
of the % x 68% IQnR /median calculated from the correspondingly response. For
W /Z jets, there is a crossing point around pr ~1 TeV, which can be understood as
the point in which the two sub-jet present start merging (sub-jet multiplicity shown

in Figure H.5 in Appendix).

Performance in t — ¢'gb Decays

For top quarks the situation is much different: with respect to W/Z jets, in fact,
there are two main disparities: on one side, the mass of the top quark is much higher
than the one of the electroweak bosons, hence making the separation AR = i—’;l
bigger; on the other side, the decay is not anymore two-prong (two-sub-jet-like) but
rather a three-prong (three-sub-jet-like) decay, one from the b-jet and the other two
from the W decay. m”4 is here never performing better than mc°, as can be seen

e.g. in Figure 5.8, right.
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Figure 5.8: The comparison between the performance of m® and m™* for W/Z
jets (left) and top jets (right); on the x-axis the transverse momentum
and on the y-axes the % x 68% IQnR /median of the mass distribution,

from [24]. A better observable has lower values on the y-axis.

Performance in h — bb Decays

A

calo in the spectrum of transverse

For boosted Higgs the m®° outperforms the m”
momentum. Although the decay is two-pronged, the mass of the Higgs is higher than
the electroweak bosons, moreover another difference lays in light quarks initiated jets

and heavy quarks initiated ones, like the b-quarks from Higgs decay.

5.5. The Track-Assisted Sub-jet Mass (m’47)

In this section the main outcome of the work of this thesis is presented: the track-
assisted sub-jet mass (mT4%). The main idea takes inspiration from the track-
assisted mass: if one can use the tracks to exploit the better angular resolution and
correct the missing neutral component jet-by-jet, there is an additional information
that can be used. The neutral fraction, in fact, varies stochastically not only per-jet
basis, but even per-sub-jet basis, since each sub-jet is originated from a different
quark. Correcting the missed neutral component per-sub-jet, it should perform bet-
ter already at an intuitive level, as it accesses information from the jet substructure.
There are few question in the definition of this mass observable, whose answers are

in the next section:

e Regarding the inputs:
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Figure 5.9: Performance of the m”# with the boosted Higgs sample; the m”4 is the

comb

blue line, the m will be described later in this chapter. From [25].

The FoM here is the resolution of the Response.

— How to select the set of tracks to be used?

— Which kind of sub-jet should be used?

e Regarding the procedure
— How to associate the tracks to a sub-jet?
— How to correct for the missed neutrals on a sub-jet basis?

— How to add everything back together?

Those details are given in the next subsection.

5.5.1. Observable Definition: Inputs

There are two inputs to the m”49: the tracks and the sub-jets. The definition of the

standard inputs are give here; alternative approaches are given in subsection 5.7.3.

Tracks

Only the tracks that satisfy the quality criteria and primary vertex association,
described in the previous section 5.2, are used. The tracks taken additionally are
required to be ghost associated to the sub-jets of the groomed jet; namely only

the sub-jets which survived the trimming procedure and are described in the next
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subsection. Ghost association provides a one-to-one correspondence to the sub-jets

set, and was therefore chosen and preferred to other kind of assignments.

Sub-jets

The choice of sub-jets must follow a simple requirement: of course we want to take
those which most likely come from the hard-scattering. This means that the choice
of taking them after grooming is forced.

As grooming technique used, the trimming was preferred as being the standard
in ATLAS and the most flexible one for optimization studies.

The standard version of the trimming uses the k; reclustering algorithm with
radius of 0.2, with the transverse momentum ratio f.,; at 5%.

As shown later, this is also the optimal configuration for sub-jets.

5.5.2. Observable Definition: Procedure

Having tracks and sub-jets now well defined, we can describe the recipe to produce
the m™49. For brevity we will call the sub-jets SJ in the formulae below.

As said, the tracks are the one ghost-associated to the sub-jets; however, tracks
which fall inside the area of the large-R jet, but not inside the sub-jets area, are still
much probably coming from the hard-scattering. They are then associated again to
the closest sub-jets via AR association.

Each sub-jet will have at this point some tracks associated via ghost-association
and some other via AR (which are maximally 5%). We call this set of tracks, a
“custom” Track-Jet or TJ.

At this point, the one-to-one correspondence is still preserved (for each SJ there
is one and only one TJ), and we can move on correcting the neutral fraction.

Getting inspired from the formula mT4 = pgato /ptrack x mireck  wwe would like to

replicate this at sub-jet level, i.e.

pSJ
mTAS _» E /‘77 ;J % mTJ
p
sg T

Since now we are working inside the sub-jets we need to change the sub-jet’s 4-

vector itself and not only the mass: if we call pZJ the Lorentz vector of the track-jet,

TJ SJ
m mTJ % P;J
TJ SJ Pr
pTJ _ | Pr _ pTA _ pr
K TJ 14
n UTJ
¢TJ ¢TJ
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where pl:fA is the track-assisted sub-jet’s 4-vector. If we label i the i-th track-jet

of the N ones present in the large-R jet,

i

Figure 5.10: Pictorial event display showing the 1 ¢ region of a large-R jet, (in blue
the catchment area of the anti-k;) showing the different k; sub-jets:
they are highlighted in green, fuchsia and yellow. The associated track-
jets (here as arrows pointing the calorimeter area) are colored with
the same color of the correspondent sub-jet. Some tracks associated
with AR procedure can be seen in the fuchsia sub-jet. The transverse

momenta and mass values are also shown for the sub-jets.

An important remark is that, in the case of a large-R jet with only one sub-jet, the
m”4% has exactly the same definition of the m”4. This implies, since the angular
separation of the decay product scales inversely with pr, that the performance should
approach the one of the m” in the extreme kinematic regime. However, the space

for improvement is precisely in the low-middle py regime, as seen in the m”* section.

5.5.3. Performance in W — ¢'q Decays

The boosted W/Z was the first one looked at, and with which the mT4% was de-
signed. The m®° shows a fast deterioration of the performance at high pr, and, as
shown in the previous section, the m” prevents this deterioration but suffers at low
transverse momenta (pr < 1 TeV). The m?49 has the same behavior in the extreme

A

transverse momentum regime as the m?“, since the sub-jet multiplicity peaks at one,
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where there are no differences between the two observables. In the low-pr regime,
on the contrary, it exploits the different charged to neutral fluctuation, achieving a
better performance. This is shown in Figure 5.11 as a function of pr: below ~ 1
TeV ic achieves lower values of the IQnR converging from below to the m”* as the

number of sub-jets decreases to one.

Selection: pt > 250 GeV, |eta|<2.0
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Figure 5.11: Performance of the m”4% versus the m® and m”4 for the boosted

W/Z sample.

5.5.4. Performance in t — ¢'qgb Decays

S is comparable yet slightly

The boosted tops are shown on Figure 5.12; the m™
worse than the m®° in the low-middle pr regime, while degrades at higher pr
approaching the m™4, which is far beyond the track-assisted sub-jet mass in perfor-
mance. As already noted, the worse performance can be ascribed both to the higher

top-quark mass, and to its different and more complex decay topology.

5.5.5. Performance in h — bb Decays

In the Randall-Sundrum graviton to di-Higgs to four b-quark, the performance is

again problematic for the m”4 with respect to m°, which is far beyond the latter,

TAS is partially similar to the boosted top-quark

sample, but degrades much more in the extreme pr regime, following the m”4.

while the performance of the m

Shown in Figure 5.13.
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Figure 5.13: Performance of the m”4% versus the m®° and m”™ for the boosted

Higgs sample.

5.5.6. Performance in QCD Multijet Events

The behavior of the QCD multijet sample is similar to the boosted W/Z sample,
where the m”™ exhibits a crossing point in the middle-low regime pr ~ 900 GeV
and proceeds with a better performance at high transverse momenta. Again the
mTA4% follows this similarity showing no crossing point and an optimal overall be-

havior, both with respect to calorimeter- and track-assisted-based mass definition.
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Figure 5.14: Performance of the m”4% versus the m® and m”4 for the QCD mul-

tijet. Here shown IQR/Med not 3 x 68% IQnR/median.

5.5.7. Performance in Massive W — ¢’ Decays with My = My

The massive W sample is a special sample which was used to understand the be-
havior of the boosted tops, whether its worse resolution was coming from the higher
mass of the top quark or from the more complex decay topology (three-pronged
instead of two-pronged decay and b-quark presence). The sample is almost identical
to the boosted W/Z one (W' — W Z) but in this case the SM electroweak boson are
set to have the mass of the top quark my;, = m,. In fact, from the rule AR = 2m/pr,
a bigger separation is expected between the quark from the hadronic decay. The

calo

comparison with m® is shown in Figure 5.15, together with the boosted top-quark
for comparison. As seen here, the performance of the latter is clearly worse than
the former, the trend is yet very similar. This difference is interpreted in terms of
different and more complex topology and hence higher sub-jet multiplicity: in the

three sub-jet structure, resolving accurately the components is more challenging.

5.6. Other Stability Quantifiers

The stability of the m”4% was checked, although the IQnR is already a good quan-
tifier of stability, explicitly for the mean of the mass response distribution and for

the left-hand-side tail, as a function of the transverse momentum. This was an
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Figure 5.15: Performance of the m”
and green); shown on the same plot also the boosted top sample (in

blue and light blue).

important check to assure the overall gaussianity of the final distribution in the
whole spectrum of pr, and suitability in regards of the calibration step, which is not
discussed in this thesis.

The mean of the response distribution is shown for boosted W/Z decays in Figure
5.16, left; as seen here, despite being the mean constantly below the unity, its
behavior is much more flat and independent of pr, especially in the low-middle
regime. This is surprising since the m® is already shown after the calibration step,
which is not taken instead for the m”4°. Conversely the left-hand-side tail of the
mass response which is shown in the same figure, right, shows a more enhanced
behavior than the mc, but still never reaches the 10%. Of course an enhancement
of the tail causes a loss of gaussianity and a number of jets which are reconstructed
with a lower mass than they should, but it is still comparable with the calorimeter
mass.

Those quantifiers show analogous behavior for the other samples considered and

those figures can be found in the Appendix.

5.7. Sub-jet Calibration

An additional attempt of calibrating the sub-jet was also tried and, although the

results were not substantially improved, it is presented in this section. This study
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Figure 5.16: Stability quantifiers which were checked for the m”45:

mean, on the
left, and normalized left-hand side integral, on the right, of the mass
response distribution. The mean is calculated from a Gaussian fit and

the integral goes from 0 to 0.6.

was performed using only boosted W/Z samples.

5.7.1. Preliminary Studies on Sub-jet Calibration

The first attempt in calibrating the sub-jets had as start a “perfect calibration”, which
means using the truth-level information from the MC sample before the interaction
with the calorimeter. Truth-level tracks are the particles in the jet which have
an electric charge and are stable, truth-level sub-jets are all the particles, charged
and not, which are ghost associated to the calorimeter sub-jets. There are few

possibilities in doing so, here some nomenclature for this study will be introduced:

o mT45 using truth-level sub-jets and tracks; normal tracks (with all detector

effects) are used to assist the truth-level sub-jets;

e m”45 using truth-level tracks and truth-level sub-jets; the truth-level tracks

are used to assist the truth-level sub-jets;

e m° truth, calculated using only the truth sub-jets.

Perfect Calibration

The perfect calibration refers to the procedure of using m”*¥ with truth-level sub-
jets and track, i.e. looking at the best possible scenario with an ideal detector. The
performance is of course expected to be optimal, because of the use of the truth-level.
This step was necessary as feasibility study, to understand whether ulterior efforts in

this direction were meaningful. The perfect calibration is shown in Figure 5.17; since
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the performance exhibits room for big improvement below ~ 1 TeV and moderate
to small improvement above this value, the second step of a simple calibration was

tried.

Selection: pt > 250 GeV, |eta|<2.0
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Figure 5.17: Performance of the perfect calibration. It shows room for improvement

especially at low-middle pr.

Simple Sub-jet Calibration

Following the example of calibration of jets in general, a simple approach to emulate
this procedure was tried, constructing in various bins of transverse momenta the
responses of the sub-jet’s energy to derive the weights factors to be applied. The

detailed procedure is as follows:

1. Responses in energy Rp = E"°/E" " were built in several bins of pr, span-

ning to the whole transverse momentum range;
2. The mean ug of this response was calculated via a fit to the Gaussian core;

3. Those values (scale factors) were stored and applied again to the sub-jets

A% via 4-momentum correction E' = E/ug;

AS

before the computation of the m”
the pr (the value which only enters the m™4¥ variable) was changed then

correspondingly to keep the sub-jet’s mass constant.

This procedure was called poor man’s calibration or PM calibration or simple

calibration. A check on the pr response before and after calibration together with
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the mean of the entire Large-R jet response is shown in Figure H.11 and H.12 in
Appendix.

The results are on Figure 5.18; there are only marginal improvements in few ranges
of low transverse momentum where the scale factors are further away from unity,
and the overall observable is not performing better than the standard m”4S. This
is interpreted both in terms of a missing calibration as a function of the 1 variables
(having hence a befit from the crack region) and because the correction done on
average does not provide the sufficient handle in a jet-by-jet basis, especially when
all the sub-jets are rescaled by similar factors (which translates into a similarity
of prs of the sub-jets, often the case for e.g. boosted W/Z, less for boosted tops

entirely contained in the large-R jet).
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Figure 5.18: Performance of the poor man’s calibration. The improvement is

marginal throughout the entire transverse momentum space.

5.7.2. Limitation of mT4%

The final effort to understand the various and competing effects, which take place
in the m”% and which was inspired by the perfect calibration procedure, brought
to a final study on the variable to understand the reason for the worsening of the
resolution at high transverse momenta, using again the truth MC information.
The preliminary investigation in this direction was then the study on the track-
resolution: since the track relative resolution of the transverse momentum is ex-
pected to worsen linearly with this variable, a response of the mass of the tracks

was constructed, using the truth-level tracks.

Page 63



CHAPTER 5. OPTIMIZATION OF LARGE-R JET MASS
RECONSTRUCTION

The result is shown on Figure 5.19: for the samples considered, it shows a linear
degradation of the mass of the tracks, both for massive and SM W/Z.

Selection: pt > 250 GeV, |eta|<2.0
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Figure 5.19: The performance of the track mass in blue and red for massive W sam-
ple and boosted W/Z respectively; for reference in green the calorimeter

mass of the large-R jet.

The hypothesis of the degradation of the m”4% driven by the tracks is also sup-
ported by the Figure H.13 in Appendix, where the truth-level tracks are used instead
of real tracks to compute the variable; it can be seen the flat behavior at high pr,
hence ascribing the worsening of the resolution to tracks at higher transverse mo-
menta.

A complete breakdown of the variable in terms of truth-level particles is given
in Figure 5.20, where all the different components are separated. In particular the
black dots show the mT4% using truth-level sub-jets but real tracks for the track
assistance procedure. Even combining this truth-level information, in fact, it shows
a large worsening of the performance (truth-level sub-jets only are shown as blue
dots).

Other results using truth-level information on boosted tops are shown and de-

scribed in the Appendix.

5.7.3. Alternative Observable Definitions

There are quite a few ways to modify the track-assisted sub-jet mass; however, all
the alternative approaches showed worse performance, and they are mentioned here

for completeness only.
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Selection: pt > 250 GeV, |eta|<2.0
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Figure 5.20: Breakdown of the m”4® in its component using truth-level information

for boosted W/Z decays.

Alternatives considered were:

e for the tracks:

— use of tracks not as input directly, but only taking those belonging to

anti-k; reclustered track-jet with radius of 0.3 or 0.2;

— tighter or looser quality conditions were explored;

— tighter or looser primary vertex association requirement were explored.

e for the sub-jets:

— the trimming procedure was modified: various radii Ry, of the sub-jets

were tested;

— the sub-jets were reclustered using not only the standard k;, but also

anti-k, and C/A.

e for the procedure: different 4-momentum correction scheme was also explored.

The different reclustering algorithm choice has a deep impact and was studied

in details, since it changes the topo-cluster added to the sub-jets and the tracks

associated to them. The situation is depicted in the event-display in Figure 5.21;

the display on the left shows the standard choice of k;, the one on the right shows

the modified approach anti-k;.

In the Appendix, figure H.6 H.7 H.8 the performance for boosted W/Z, tops

and Higgs are shown, respectively. It can be seen that the k; algorithm provides
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the best observable definition, in all the samples considered. However, the anti-k;
algorithm provides similar performances; this was an important check as the jet
calibration procedure currently going on in ATLAS, the R-Scan procedures includes
the anti-k; algorithm with radius of R=0.2 and aims at providing the calibration

and uncertainties that could be used directly in the computation of the m”45.

Figure 5.21: An example of event-display shows the differences in the reclustering
algorithm used for the sub-jets: on the right k; and on the left anti-k;.

Highlighted some constituents trimmed away with the second choice.

5.8. Combined Track and Calorimeter Mass

Since the calorimeter large-R jet mass is not explicitly used in the track-assisted
(sub-jet) mass, it may be possible to improve the performance creating a new ob-

servable which combines both mass definitions.

This is true for both the m”™ and the m”49; they are introduced in the next
subsections. Provided that the two observables are nearly independent (correlation
coefficient are ~ 10%, see Figure H.9 in the Appendix), due to the Gaussian nature
of the pr and mass response, the optimal combination of the two is linear!. An

example is provided in Figure 5.22.

If the joint distribution of the responses is Gaussian, then one can write their probability distri-
bution function as f(z,y) = h(z,y) x exp[A(p) + T(z,y)p], where z is the calorimeter-based
jet mass response, y is the track-assisted jet mass response, p is the common average response,
and h, A, T are real-valued functions. This form shows that the distribution is from the ex-
ponential family and therefore T' is a sufficient statistic. Since the natural parameter space is
one-dimensional, 7" is also complete. Therefore, the unique minimal variance unbiased estima-
tor of y is the unique unbiased function of T'(x,y) = x/02 X +y/o7. See e.g. Ref. [34] and [24]

for details.
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Figure 5.22: A toy example of the combination of two independent Gaussian observ-
ables, in red and green, and their combination, in blue. It can be seen

that the combination has a smaller width.

5.8.1. Combination m™4 — mee

For the m™ —mc@° combination the observable are considered nearly independent,
then

mcomb —a X mcalo + b x 7nTA7
92 —2 5.2
q = Jcalo _ 1A (5:2)
T o2 152 T o2 1 g2
O calo Ora O calo OraA
where 04, and o4 are the m’s and m”4’s resolution functions. The m™ then

is the mT4 — meao combination.

5.8.2. Combination m74% — mealo

There is a main difference between the m?4S and m*4 when it comes to combination:

45 is using sub-jet level information but mT4 not, the correlation with

since the m”
the me° is expected to be higher. This can be seen e.g. in the plots in Figure
5.23 (additional plots shown in Figure H.10 in Appendix), where the correlation is
not only higher for the simple W/Z and Higgs jets, but above 50% for tops. The

assumption of independent variables here falls, forcing a more complete approach.
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The Ansatz is to take into account the correlation via the formulas:

M = w x m 4 (1 —w) x m™9,

2
w = O0T7As — POcalo0TAS (53)
2 2
Ocato T OTA5 — 200 calo0T AS
where now m$7% is the new m?4% — mT4 combination. This expression reduces
then to the form:
msrE = a x me° 4+ b x m™AY
2 2

a = 9748 — POcaloTTAS b= Ocalo — POcalo0TAS (54)

42 2 - 2 D)

Oalo T OTa5 — 2pO-TASO-calo 0o T 0Tag — QPUTASUcalo

which reduces to equation (5.2) after simple algebra for the case when p = 0. Of
course, this value can be set to the value of the specific sample considered, or to
an average of 0.3 if one wants to give a definition generally valid for all the cases

considered; in this case, the performance would be slightly sub-optimal.

Procedure

The procedure of producing the m$7% is defined as follows:

A

calo

1. For the given sample, the m”4% and m®° are produced;

2. The mass responses are also produced for the given ranges of pr;

3. For each of these responses, the value of the IQnR as defined previously is

calculated and stored;
4. The average correlation factor of 0.3 is assumed;

5. With the formula 5.3, m$27% is calculated using the mT4%, m<e° and the values

stored from before.

A remark on the procedure: the step 3. uses values of the IQnR because this was
showed to be a more robust way to look at the response and fit-independent. For step
4. the correlation factor was decided to be and average of the samples considered.
Additionally, the IQnR weights are produced for each sample specifically. In order
to give a sample-independent definition of the m$72, following also the procedure
adopted for the m®™, these weights could be taken from a QCD multijet sample
and applied indiscriminately to the particular case. Here of course the performance

would be again sub-optimal, since the variable was not developed in an ad-hoc way.
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Throughout the results presented in the following sections, both observables were
calculated with ad-hoc weights. Quantitative statements between them would still
hold in the case of QCD weights. However, when confronting e.g. m”4¥ with them
it has to be kept in mind that in this case their performance is overestimated, since

this choice, although being more general, would perform slightly worse.
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Figure 5.23: The calorimeter based jet mass mass response versus the track-assisted

sub-jet mass response, on the left for boosted W/Z on the right for
boosted tops.

5.8.3. Performance in W — ¢'¢ Decays

On the boosted W/Zs sample, the performance of the msy

other definitions throughout all the transverse momentum space; on Figure 5.24 they

outperforms all the

are shown for reference together with the m”4%. It can be noted here that the track-
assisted sub-jet mass, although being sub-optimal, has comparable performance, yet

presenting fewer complications due to the combination procedure.

5.8.4. Performance in t — ¢'gb Decays

The boosted top sample remains the most challenging one also with the combined
mass; as seen on Figure 5.25, the m®™ performs quite similarly to the calorimeter
based mass definition, yet behaving considerably better than the m”4% especially
at high transverse momentum. The m$7%, however, outperforms all the other def-
initions, and shows its optimal observable strength at middle pr i.e. in the range

1< pr < 1.6 TeV.
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Selection: pt > 250 GeV, |eta|<2.0

Figure 5.24:

Figure 5.25:

5.8.5.

o [ATLAS Work'In'Pfogress = "~ * ~ 7 T 7 7 =511
& 0.25F ]
a - -
) - -
o - .
5 0.2 -
° - -
2 - = ]
— 0.15 —_ ]
’({l\ s — —
0 - — ]
g 0. 1? == —= T ]
g : + (IQR68/2) / Med m,, Comb :
- + (IQR68/2) /Med m__Comb  —

005 j (IQR68/2) / Med m_ calib i

B (IQR68/2) /Med m_ 7

O L I I | I I | I I | I I | I I | T

500 1000 1500 2000 2500

truth
P [GeV]

Performance of the combined mass on W/Z samples; here shown the

comb

comb
and m¥yy,

two definitions of the combined mass, m together with

the calorimeter mass and the track-assisted sub-jet mass.

o 0_145)1:!:!__,49 Work In'Pfogress ~ ' ST

5 - .

& 012 ——

o N ]
== —¢

5 01 e T ]

8 ; =% ———a——— " E

E 0.08— T -]

) B ]

2 0.06— —

x - y

g 004 j _+_ (IQR88/2) | Med m_, Comb _,

- + (I0R68/2) I Med m__ Comb _|

002 :_ (IR63/2) { Med m_ calib _:

r (IQR8812)  Med m__ 7]

0_| 1 1 I 1 1 1 1 I 1 1 L 1 I 1 1 L 1 I L 1 L 1 I _l

500 1000 1500 2000 2500

el (€

Performance of the combined mass on the top sample; here shown the

comb

comb
and m$yy,

two definitions of the combined mass, m together with
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Performance in h — bb Decays

Again, for the Higgs decay there are similarities as for the top sample; on Figure 5.26

the two definitions of the combined mass, together with the simpler m”45. Although

this variable is lightly sub-optimal yet still comparable in the low to intermediate

Page 70



CHAPTER 5. OPTIMIZATION OF LARGE-R JET MASS

RECONSTRUCTION

range in transverse momenta, where the tracks are driving a decrease in performance

for the high to very-high pr. The m&%7% uses this advantage to achieve optimal

behavior in the entire transverse momentum spectrum, outperforming both m

and m

comb

almost everywhere.

Selection: pt > 250 GeV, |eta|<2.0
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Figure 5.26: Performance of the combined mass on the Higgs decay; here shown the

two definitions of the combined mass, m

comb and m$Te, together with

the calorimeter mass and the track-assisted sub-jet mass.
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6. Conclusion and Outlook

The mT4% was demonstrated to a simple, robust and powerful observable; this
chapter draws a few lines of conclusion to this thesis and the outlook for these

studies.

6.1. Conclusion

The mT4% variable was developed for the large-R jet mass; it combines the infor-
mation of the tracker- and calorimeter-system to achieve an higher precision in the
jet mass reconstruction, correcting the missed neutral fraction which is absent in
the tracker but not in the calorimeter. With respect to the m”4, it applies this
correction at sub-jet by sub-jet level and not at jet by jet level, therefore providing
a more accurate reconstruction. It was shown in Monte Carlo simulation to be a
very good observable confronting quantitatively with the other definitions which are
either standard or in preparation, m°, m”™ and m™®. In fact, it behaves better
in terms of % x 68% IQnR/median and all the other ways to look at the figure of
merit, the mass response, for the boosted W/Z and QCD sample; is always better

calo

than the m™™ and similar to the m“¥° for the boosted tops and Higgs. Moreover,

comb

it is a slightly worse observable than the m®™”, yet being comparable, and avoiding

S is shown

the development of ad-hoc weights. The optimal configuration of m”4
and confronted with different approaches, in particular in terms of different trim-
ming procedure of the large-R jet to be used as an input. All the components of the
observable have been studied with the use of truth Monte Carlo information with-
out detector effect, in order to evaluate quantitatively its limits and strengths; the
track pr measure degradation was found to be the cause of the variable decreasing
performance at higher transverse momenta.

43 which improves by construction

The m$27% is the logical extension of the m™
the results beyond the m° and the m”4%, combining these two variables on the

same way of the m®™, but taking into account the higher correlation factor which
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is inherited from the sub-jet usage. Weights for its construction can be in both cases
either derived specifically for the sample considered, or constructed on average with
the QCD sample, in this case getting a sub-optimal performance. In all the cases

studied, it has a better behavior than the m®™® mec° and mT4.

For the very conclusion, both the variables constructed in the work of this thesis,m”4%

and m&7%, exhibit a better performance of their counterparts, m”* and mm®,
which are now ready to be use or in preparation within the ATLAS collaboration,
and share the same advantages -and disadvantages. Further steps are necessary to

get this observables to usage: calibration and uncertainties.

6.2. Outlook

The outlook of the mT4% and m$?7% variables follows two main scenarios, concern-
ing the calibration and uncertainties determination which are necessary to get this
observables ready to be used. The procedure involved are already fully understood,

since the the same was applied or is being applied for the m™4 and mc™®.

6.2.1. Calibration

For the simple scenario here the procedure that would take place is the direct Monte

Carlo calibration of the m%4S

, aiming at correcting the reconstructed jet mass to
the particle-level jet mass by applying the calibration factors derived from QCD
multijet events, an analogous procedure to the one described in Section 4.2 for the
jet energy scale.

The more complex scenario considers an additional calibration to the sub-jets with
R=0.2, which is already at an advanced stage within ATLAS for anti-k; reclustering

algorithm (it has a slightly worse performance than k;, as presented previously).

6.2.2. Uncertainties

The uncertainties are expected to be similar to the one which were derived for the

calo on Figure 5.6; the tracking uncertainties

mT4 and which are compared to the m
are smaller for the track-assisted mass because of the ratio m!e* /prac* and will be

smaller as well for the track-assisted sub-jet mass since it uses the same ratio.

In-situ uncertainties were derived for the m” with a sample of enriched top-quark;

the same technology used here can be applied to the m”45.

Page 73



CHAPTER 6. CONCLUSION AND OUTLOOK

In the more complex scenario, the uncertainties could be derived for the sub-jets
R=0.2 reclustered with anti-k;.
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B. ATLAS Detector: Further Details

Further details here about the ATLAS detector are given.

B.1. Muon subdetectors

B.1.1. RPC

The RPCs offer fast triggering of the muons, providing track information in 15 to 25
ns. They are utilized in the barrel region (|| < 1.05) and made out of electrically
resistive parallel plates with a 2mm distance filled with a gas mixture, arranged in
three layers. The plates are kept at 9800 V potential difference to assure avalanche
from the gas ionization caused by charged particles, which is then read out by
metallic strips. The spatial resolution of this sub-detector is rather coarse, 10 mm

in n, ¢ plane, which is the price to pay for the fast response.

B.1.2. TGC

The TGC is again offering fast track information, but they are placed in the end-
caps (1.05 < |n| < 2.4) and with four layers. The technology adopted here is the
Multi Wire Proportional Chamber (MWPC). Typical readout happens in 25 ns.

B.1.3. MDT

The MDTs consist of pressurized drift tubes and, oppositely to the RPC and TGC,
provides a high precision muon momentum measurement with a slower response. It
is placed in |n| < 2.7 and provides average spatial resolution of 80 pm, resulting in a
total resolution of 35 um, at the cost of charge collection time of 700 ns. Tubes are
arranged in three to eight layers within each chamber, enhancing the performance

of tracking pattern recognition software.
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B.1.4. CSC

The CSCs, like the TGC, are made out of MWPCs, covering the innermost end-cap
(2 < |n|] < 2.7), with resolution of 40 pum and a time resolution of 7 ns per plane,
making them able to accommodate the higher particle flux due to the beam vicinity

up to 1000 Hz/cm?, making drift tubes technology infeasible to use in this region.

B.2. L1

The L1 exploits a raw information form the calorimeters and muons system, making
use of algorithms to determine the Bunch Crossing Identification (BCID) associated
to those raw measurements. It then uses a custom-made electronics to take a decision
in ~ 25 us on an event-by-event basis. The raw information are simplified e.g.
geometrically grouping together the calorimeter cells in so called towers, while the
muon system makes use of dedicated sub-detectors (RPC and TGC) as described
above. The trigger information for the calorimeter (L1Calo) and the muon system
(L1Muon) are then merged together. After that positive decision is made, the L1
defines one or more Region of Interest (Rol) which contains the measurements from

the raw information and transmits those to the HLT.

B.3. HLT

At this step, in Run 1, the L2 trigger matched the inner detector data to the Rol,
and made a successive trigger decision based on ID also, having ~ 40 ms for this
operation. The selected events were then passed to the EF, which performed a full-
granularity event reconstruction in the Rol, using hence all the sub-detector and not
anymore raw data only, including calibrations, alignment corrections etc. The EF
had here 4 s for the final decision. The computer resources were allocated separately
to L2 and EF; in Run 2 instead this two step were reduced to 1 in the HLT, which is
now a unique computer farm with merged processing nodes, for simplification and
dynamic resources sharing. If the event is again positive, it is registered on disk

(here the final rate is 200 Hz) and will be then used for offline analyses.
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B.4. Luminosity Measurement

The delivered luminosity can be written as a function of the accelerator parameters

as:
. npfrning

273,20,
where nq o are the numbers of protons per beam (1,2), X, , characterize the hori-
zontal and vertical convoluted beam width (measured through Van der Meer scans)
and f, is the revolution frequency and npg is the number of bunches traveling at fre-
quency f,.. There are also alternative parametrizations, where delivered luminosity
is written as a function of the visible total inelastic cross section 0,;5 and the average
number of inelastic interactions per bunch crossing f,;s. A fundamental ingredient
of the ATLAS strategy to assess and control the systematic uncertainties affecting
the absolute luminosity determination is to compare the measurements of several
luminosity detectors, most of which use more than one algorithm to assess the lu-
minosity. These multiple detectors and algorithms are characterized by a significant
different acceptance, response to pile-up, and sensitivity to instrumental effects and

to beam-induced backgrounds.
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C. Parton Shower and Hadronization
Details

C.1. Parton Shower

To perform a quantative study of the parton shower, one can start from the simple
2 — 2 process with the further splitting in into quarks and gluons, e.g. ¢ — qg,
g — qq and g — gg. Parton shower can originate from initial state radiation (ISR)
or final state radiation (FSR) like in Figure C.1. For details on this section, see [19].

The resulting process can now be depicted as
2 - 2®ISR®FSR

For the simplest 2 — 2 process, the production cross section is given by:
rrA 2\ B 2 Cwi,j
o=y dzidzadt f{(z1, Q) [} (22, Q )7
i?j

where i,j are the incoming partons and ffj’B(xl,g, QQ?) are the parton distribution
functions of partons in the incoming protons, A and B and Q? being the momentum
transfer squared. The parton distribution function (PDFs) of gluons and sea quarks
are strongly peaked at small momentum fractions z1 ~ E;/E4, x5 ~ E;/Ep. The
first step is to study the particular case of 2 — 3 e.g. with and additional gluon
radiated from a quark in the final state. Here the cross section can be written in

the form [18]:
d02_>3 asﬁ 33% + :IZ%

Oasy 213 (1 —x1)(1 — 22)

neglecting the quark masses. Now rewriting the energy fractions z; as 1 — x5 =

de‘lde‘Q (Cl)

Q?*/E? |z ~ z, 13 ~1— z, equation C.1 looks as follows:

dog_s agdQ*41 4+ 22
= ~ dz

d ~
P 09239 2 Q231—Z

Page 84



APPENDIX C. PARTON SHOWER AND HADRONIZATION DETAILS

which is collinear singular (Q* ~ 1 —
cos) — 0if 6 — 0).

To generalize the probability for the
process a — be, which could be then
gluon radiation (¢ — ¢g) gluon split-
ting (9 — gg) or quark-antiquark split-
ting (¢ — ¢q), the Dokshitzer-Gribov-
Lipatov-Altarelli-Parisi (DGLAP) equa-

tions are used:

APyspe = %LQ;  ve(2)dz Figure C.1: Example of factorization of
2r @ 2— n process.

where P, ;. are fragmentation functions:

41+ 22
= 3T

(1—2(1—2))°
Pysgg =3 21— 2)

Pygg = 9 (Z +(1-2)%
and with n; being the number of quark flavors.
To describe now a cascade of successive branchings, like e.g. the one depicted in
Figure C.2, one has to evolve the DGLAP equation above in smaller and smaller

Q? using the so-called Sudakov factor which describes the probability that the first

emission happens at time T’

T dPn(t
dPfirst(T') = dPun(T') exp <—/ d;z’;()dt>
0

where Py, is the probability of branching.
Thereby, the DGLAP equations become then

agd maz (]
dpa—)bc<T) - 2_;: 522 Pa—>bc dz €xXp ( Z /2 Q Wpaﬁbc(zl)dzl)

where the exponential term is called the Sudakov form factor and intuitively repre-
sents the probability of not having already radiated a particle with higher momentum
transfer. Sudakov formulation provides by definition the orderign in Q? (from larger
as Q% of

to smaller) or in “times” from smaller to larger. By introducing the Q? .

the hard-process one can regulate the collinear singularities.
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Parton showers form ISR are de-
scribed in similar way, but with the ad-
ditional complication of taking into ac-
count the parton distribution functions.

Due to the asymptotic freedom,

quarks and gluons resulting from the

fragmentation described above, behave
as quasi-free particles called partons,

Fi C2:E le of de of -
1BHIe HAMPIC Of cascade of sueees only at short distances (order of 1072

sive branchings. fm); when these colored objects sepa-
rate more than the order of 1 fm, the
confinement forces become effective, which have the effect of binding the quarks and
gluons in hadrons. This process is referred to as hadronization, which is a stochastic
process involving a large number of particles, also described in the next section. The

hadronization proceeds in fact through the formation of jet in high energy processes.

C.2. Hadronization

Being non-perturbative, the process of hadronization is described with phenomeno-
logical models, the most important ones being: independent jet fragmentation, Lund

string model and cluster hadronization.

In the first one, which is first one also historically in PETRA and PEP, gluonic flux
tubes appear when colored objects separate and can then split to quark-antiquark
pairs balancing they energy fraction and forming then primary mesons; the process
lasts with the un-hadronized quarks and until the energy decreases to a cut-off. The
problem of the model was an overall unsatisfactory implementation of the energy-
momentum conservation, but had the advantage of a small number of parameters
and simplicity.

In the (Lund) string model, which is similar to the independent fragmentation,
qq interaction is described as string interaction with V(r) ~ kr, with r being the

dp= :|d_E — |9pz
dz dt dt

interaction. When tension reaches the critical values, the string breaks, forming new

distance, k = |4£| = |

and neglecting the Coulomb part of the

qq pair. See Figure 4.2 for a schematic representation.
In the cluster model, hadronization mechanism is based on color pre-confinement;
in fact gluons split to quark-antiquark pairs and nearby partons in cascade arrange

themselves in color-neutral clusters, preferably at small invariant mass, down to the
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QCD scale, O(200 MeV). With respect to the string model, it has the advantage
of having a simple flavor composition with fewer parameters, but a less predictive

energy-momentum description with more parameters.
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D. Topo-Clustering and Local Cali-
bration Weighting

Topo-Clusters

Topological cell clustering or topo-clustering, is the process where the calorimeter
cells are grouped together in order to find energy deposited from the hard-scattering
process. The result of topo-clustering is the formation of topo-cluster, in a way that
suppresses calorimeter contribution from noise related effects, but still maintaining
the activity from the underlying physical process. The topo-clustering works as
follow: first a seed cell is defined, and then other neighboring cells are added to the
seed if their energy is above a noise threshold. It is efficient at suppressing noise in
clusters with large numbers of cells [20].

An additional step is taken to further reduce noise contribution, enhance the
performance of topo-clusters and ensure that no bias is introduced in data: a local
calibration scheme (Local Calibration Weighting, LCW) [21] is also applied, based
on Monte Carlo.

The calibration weights are determined from simulations of charged and neutral
pions according to the cluster topology measured in the calorimeter. The clus-
ter properties used are the energy density in the cells forming them, the fraction of
their energy deposited in the different calorimeter layers, the cluster isolation and its
depth in the calorimeter. The natural requirement which has to be satisfied at this
point is that the calorimeters cells should be then (three-dimensionally) “grouped”
together, in order to reconstruct the energy of the hard-scattered particle. This is
done in ATLAS in two steps: first the collection of calorimeter energy deposit rep-
resented as topo-clusters is created; then those objects are used as input for the jet
reconstruction algorithm (here we are speaking of topo-clusters for the reconstruc-
tion of calorimeter jets; however other input can be tracks for track-jets and truth
particles for truth-jets). Corrections are applied to the cluster energy to account for

the energy deposited in the calorimeter, but outside of clusters and energy deposited
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WEIGHTING

in material before and in between the calorimeters. Jets are formed from calibrated
clusters by using dedicated reclustering algorithms, described in the body of the
thesis.

>

A
e
A

<2
4

.

§

Figure D.1: Shower development in the
accordion calorimeter, Monte

Carlo simulation.
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E. Pile-Up and Underlying Event

The pile-up is a term used to describe the jets coming from another interaction in the
same bunch-crossing (in-time pile-up), i.e. coming form another interaction at low-
pr which happens together with the hard-scattering, or in another bunch-crossing
(out-of-time pile-up), before or after the hard-scattering. When sub-detectors are
sensitive to several bunch-crossing or their electronics integrate over more than 25
ns, these collisions can affect the signal in the collision of interest.

In case of the in-time pile-up, this ef-

fect can be directly parametrized by the

(%2} R R R R A L LR AR s
. . £ 0251 ATLAS Simulation Preliminary 7
number of primary vertices Npy recon- & [ antik LOWjetswith R=10 -0 ]
8 0 2; No jet grooming, no pileup correction - =80
. . N L \s=14TeV, 25 ns bunch spacing -= =140
structed, which is around 15 for Run 2, S [ e smei e i
. c L Pythiag Z' - {f (m =2 TeV) -+ =300
and by the average number of interac- 2 015¢ §

tions per bunch-crossing (u) (which is a 0.1

function of the instantaneous luminosity . 05;

L) by the total inelastic cross section oy, e
0 -'.ﬂ.'n (ot .

and by the average frequency of bunch- 0 50 100 150 200 250 300 350 400 450 500
Leading jet mass [GeV]

crossing at the LHC Nyynen X fruc:

Figure E.1: Effect of pile-up contamina-

L X in tion in large-R jets: here

(1)

- N, X
bunch X fLHC shown different PU conditions

Given the increased luminosity condi- parametrized by (u). From
tion for the Run 2, the average number [33].

of interactions is around 24, making the soft radiation contamination from PU an
issue of increasing seriousness. The Underlying Event is a term which describes, in
the single proton-proton interaction, all the phenomena, besides the hard-scattering,
of several softer parton-parton scatters and the fragmentation of QCD strings which
connects colored objects including beam remnant and initial and final state radia-
tion [32]. Coming from the primary vertex, those soft radiations survive the tracks
requirement to come from the PV (which is not the case for pile-up).

As seen in Figure E.1, where the large-R jet mass is shown with five different PU
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= 300
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Figure E.2: Left: mass reconstructed as a function of the number of primary vertices
(parameterizing PU) for different samples; after trimming procedure the
mass is pretty much independent of PU for all the samples. Right: mass
distributions for different PU conditions: after trimming the reconstruc-

tion is not degraded as much as Figure E.1.

conditions, the contamination spoils the distribution, giving rise to a misreconstruc-

tion which gets worse as it goes to worse environment conditions.

Other relatively small sources of contamination can be e.g. cavern background,

beam halo events and beam gas events.
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F. Additional Grooming Techniques

The standard grooming technique used for the optimization studies of this thesis
was described in the body; however there are two common choices which are worth

mentioning here: the split-filtering and the pruning

F.1. Split-Filtering

The split-filtering was developed and optimized using C/A in jet searches of Higgs
to b-quarks. It is made out of two stages: the Mass-drop and symmetry and the

Filtering. For the Mass-drop and symmetry these are the steps:

e the last step of C/A is undone, obtaining two sub-jets (e.g. the ones that
should contain the bottom quark from Higgs decay);

e a significant difference between the parent jet mass and the sub-jets j; is re-

quired: m7 /mI < ffrae;

e the two pr of the sub-jets are required to be relatively similar (symmetry

: o min[(p) (PR)?] 2
requirement) by the condition (70)2 X ARj s > Yeut-

If the mass-drop and symmetry criteria are not satisfied, the jet is discarded. The

second step is the filtering:

e j; and js are reclustered with the C/A algorithm with variable radius param-
eter Ry = min[0.3, AR ; /2], where Ry < AR}

J J1,J27

e the jet is then filtered: all the constituents outside the three hardest sub-jets
are discarded, in order to allow the emission of an additional radiation from

the two-body decay;
e the split-filtered jet is composed of those three sub-jets only.

This method shows powerful sensitivity to highly collimated decays.
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F.2. Pruning

The pruning algorithm is widely used in CMS; it works in a similar manner as
the trimming, removing constituents (not sub-jets) with a relatively small pr, but

additionally applying a veto on wide angle radiation. The procedure runs as follows:

e the C/A or k; reclustering algorithms is run on the constituents of the parent

jet;

e at each reclustering step, transverse momentum or an angular requirement
has to be satisfied: being j; and j, the constituents, either p]fl / pjflﬂé > Zeyt OT
AR? . < Ry X (2mj6t/p7;t);

J1,J2

e j; and j, are merged only if one or both of those criteria are met, else j, is

discarded and the algorithm continues.
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G. Limitation of the m! 49

In this Appendix, additional results on the limitation of the m”4% based on MC
studies without detector interactions are presented. In particular, the truth study
presented for boosted W/Z decay in the thesis is here extended for boosted top
quark decays.

TAS shows that, in particular for the

As seen on Figure G.1, the breakdown of the m
high transverse momenta regimes, the tracks are subjected to fast degradation which
makes their combination with the calorimeter mass not anymore an advantage.

This is a limitation which was expected and understood from the detector perfor-
mance point of view, and here shows the impossibility, with the variables which are
presented here m”4 and m”4° to reach a competitive standpoint with the mc in
the extreme kinematic regime for the top quark decay.

49 variable using tracks with detector

In black, in fact, the performance of the m”
effect and sub-jets without those effects, shows this intrinsic limit which takes place

already at 1.5 TeV.
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Figure G.1: Breakdown of the m*4% in its component using truth-level information

for boosted top quarks decays.
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H. Jet Mass Observable Distribution

Kinematic distribution for all the samples, pr n and ¢ is shown.
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Figure H.6: Performance of m”T4% with different reclustering algorithm for the sub-
jets: anti-ky, k, and C/A. Boosted W/Z sample.

Page 99



APPENDIX H. JET MASS OBSERVABLE DISTRIBUTION

Selection: pt > 250 GeV, |etal<2.0

o  [ATLAS WolkInPfogiéss T~ T T3
2 018 =
Q - .
@ 0.16F =
@ - e A
5 0.4 " =
IS = —— v .
=~ 0.1= 7 -
N - - .
§ 0.08 - E
Q 0'06 :_ + (IQR68/2) / Med mos anti-kt _:
~ C —¥ (QR68/2)/Med m__kt m
0.04 :_ —¢— (IQREBI2)/Med m__CA _:
0.02}- i

0 : 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | _I

500 1000 1500 2000 2500

truth
Py [GeV]

Figure H.7: Performance of m”T4% with different reclustering algorithm for the sub-

jets: anti-k¢, k; and C/A. Boosted top sample.
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Selection: pt > 250 GeV, |etal<2.0
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Figure H.8: Performance of m”4% with different reclustering algorithm for the sub-

jets: anti-ky, k, and C/A. Boosted higgs sample.
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Figure H.9: Calorimeter based jet mass response vs the track-assised mass response
for the three signal samples. Correlation coefficient is indicated on the

top right.
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Figure H.10: Calorimeter based jet mass response vs the track-assised sub-jet mass
response for the three signal samples. Correlation coefficient is indi-
cated on the top right and highlighted. On the left, top, the higgs
sample, bottom, the W/Z; on the right the top-quark sample.
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Figure H.11: Poor’s man calibration effect on mean of transverse momentum’s re-
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large-R jet, before, left, and after, right, the procedure.
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Figure H.13: Comparison of the m”4% and the same variable using truth-level infor-

mation for the tracks.
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H.1. m'™® distributions, boosted W/Z
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Track-jet R=0.2 and sub-
jet multiplicity for p bin
(indicated on plot)
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Figure H.33:

Track-Jet & Sub-jet multiplicity

Track-jet R=0.2 and sub-
jet multiplicity for p bin
(indicated on plot)
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Figure H.34:

Track-Jet & Sub-jet multiplicity

Track-jet R=0.2 and sub-
jet multiplicity for p7 bin
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H.2. m!'4% distributions, boosted tops
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H.3. m"49 distributions, boosted higgs
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Figure H.187: Response in bin of p7. (in- Figure H.190: Response in bin of p7. (in-
dicated on plot) dicated on plot)
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Figure H.188: Response in bin of p7. (in- Figure H.191: Response in bin of p7. (in-
dicated on plot) dicated on plot)
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Figure H.189: Response in bin of pf (in- Figure H.192: Response in bin of pJ. (in-
dicated on plot) dicated on plot)
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Figure H.193: Response in bin of p7. (in- Figure H.196: Response in bin of p7. (in-
dicated on plot) dicated on plot)
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Figure H.194: Response in bin of pJ (in- Figure H.197: Response in bin of p7. (in-
dicated on plot) dicated on plot)
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Figure H.195: Response in bin of pf (in- Figure H.198: Response in bin of p. (in-
dicated on plot) dicated on plot)
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H.4. m$7% response distributions, boosted W/Z
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Figure H.199: Response in bin of p7. (in- Figure H.202: Response in bin of p7. (in-
dicated on plot) dicated on plot)
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Figure H.200: Response in bin of pJ (in- Figure H.203: Response in bin of p7. (in-
dicated on plot) dicated on plot)
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Figure H.201: Response in bin of pf (in- Figure H.204: Response in bin of p. (in-
dicated on plot) dicated on plot)
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Figure H.205: Response in bin of p7. (in- Figure H.208: Response in bin of p7. (in-
dicated on plot) dicated on plot)
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Figure H.206: Response in bin of p7. (in- Figure H.209: Response in bin of p7. (in-
dicated on plot) dicated on plot)
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Figure H.207: Response in bin of pf (in- Figure H.210: Response in bin of pJ. (in-
dicated on plot) dicated on plot)
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H.5. m%}&é response distributions, boosted tops
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Figure H.211: Response in bin of p7. (in- Figure H.214: Response in bin of p7. (in-
dicated on plot) dicated on plot)
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Figure H.212: Response in bin of p7. (in- Figure H.215: Response in bin of p7. (in-
dicated on plot) dicated on plot)
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Figure H.213: Response in bin of pJ (in- Figure H.216: Response in bin of pJ. (in-
dicated on plot) dicated on plot)
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Figure H.217: Response in bin of p7. (in- Figure H.220: Response in bin of p7. (in-
dicated on plot) dicated on plot)
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Figure H.218: Response in bin of pJ (in- Figure H.221: Response in bin of p7. (in-
dicated on plot) dicated on plot)
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Figure H.219: Response in bin of pf (in- Figure H.222: Response in bin of p. (in-
dicated on plot) dicated on plot)
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H.6. m$% response distributions, Higgs
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Figure H.227: Response in bin of p7. (in-

dicated on plot)
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Figure H.228: Response in bin of p7. (in-

dicated on plot)
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APPENDIX H. JET MASS OBSERVABLE DISTRIBUTION

Selecton: pt = 250 Gev. letal<20 Selecion: pt= 250 Gev. letal<2.0

mTAS ( nggs calil I_003ro 8001~ mTAS_( H\ggs C mCal_003r0
% 35000 fTLAS Work Irf Prog‘ress ! % jATL)L\ S Work | In Prog‘ress ! ! E
E g D Calo Jet Mass / True Jet Mass i 700 ;7 7;
8300001~ 8 £ J
= E n E = 600F E
H C TAS Jet Mass / True Jet Mass [ =1760 (2 | 8 E § CAror g
= 25000 entries: 8648 - = £ entries: 227 7
g = 11=0.991:0.000 4 E 500 E 11=0.994£0.003 E
E 6=0.0810.000 3 E 6=0.1010.003 E
20000; 22 @22% 4 400 2 @9% —
C 8 (207%) o r 16%) 7
15000 1300 Gev i p <1500 Gev ] E 1900 < p , <2100 Gev_J
10000 E k E
5000/ E 3
E ettt rymedd f 3 R s el | e 4 B 3 = - .|
0O 02 04 06 08 1 12 14 16 18 2 0 02 O 4 06 08 1 12 14 16 18 2
Reco / Truth jet mass Reco / Truth jet mass

Figure H.229: Response in bin of p7. (in- Figure H.232: Response in bin of p7. (in-
dicated on plot) dicated on plot)
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Figure H.230: Response in bin of p7. (in- Figure H.233: Response in bin of p7. (in-
dicated on plot) dicated on plot)
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Figure H.231: Response in bin of pJ (in- Figure H.234: Response in bin of p. (in-
dicated on plot) dicated on plot)
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