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ABSTRACT

This thesis presents a method for including the final state radiation (FSR)
photon in the reconstruction of Z bosons decaying into pairs of muons
(Z — ppy). An algorithm for the reconstruction of FSR photons has
been developed. The FSR photon candidates with Ep, >1.3 GeV are
reconstructed within a AR,, < 0.15 cone about the axis defined by
the muon momentum direction at the interaction point, using the lig-
uid argon calorimeter of ATLAS and a special clustering efficient at low
energies. Based on an integrated luminosity of 164 pb~!, the cross-
section of the Z — pupvy events with at least one FSR photon within
fiducial region (Er, >1.3 GeV and AR, , <0.15) is measured: Uéiimw
= 0.073£0.001(stat) £0.006(sys) £0.002(lum) nb. This is consistent with
the expectation from a NNLO QCD calculation including QED FSR. Pho-
tons within the fiducial region are reconstructed with a 70% average effi-
ciency which increases to 85% for Er > 4 GeV. Inclusion of these photons
in the dimuon invariant mass calculation was shown to lead to improved
Z-boson invariant mass resolution and scale: a Gaussian fit shows that
the peak of the distribution moves from 89 GeV to 91.314+0.06 GeV with
a standard deviation of 2.54+0.07 GeV. A ~20% of all inclusive Z — ppu
events are corrected in the tail of the invariant mass (M <80 GeV). More-
over, based on a test with simulated Higgs — ZZ(*) — 4u samples, more
than 20% of the events are expected to find a reconstructed FSR pho-
ton around. The improvement of the Higgs invariant mass resolution and
scale by adding the reconstructed FSR photons is presented.
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Chapter 1

Introduction

The production of electroweak (EW) gauge bosons provides a standard candle for
hadronic high-energy colliders as the Tevatron and the Large Hadron Collider (LHC).
It offers precise determinations of several Standard Model (SM) parameters, and
places stringent constraints on many forms of new physics. At the LHC, an enormous
number of W and Z bosons is collected. Good control of the radiative corrections
becomes vital not only for the assessment of the overall experimental error of the
physics measurments, but also for the shapes of the distributions [1].

The measurement of the QED Final State Photon Radiation (FSR) from Z and
W boson leptonic decays is necessary for controlling QED radiative corrections in
W/Z boson cross-section predictions. Experimental control of QED radiation from
weak-boson lines is also important for reducing the systematic uncertainties in the
measurement of the W mass and width. Currently in ATLAS, in the process of the
muon pair production, the Z line shape is obtained from measuring the invariant mass
distribution of the " p~ pair, which is distorted due to the missing FSR [2].

A method for including the FSR photons in the reconstruction of Z bosons
decaying into pairs of muons (Z[[| — upy) is provided in this thesis. An algorithm
for the reconstruction of FSR photons has been developed using a special clustering
algorithm. The main application of FSR analysis is the improvement of the Z invariant
mass. QED FSR photons emitted from the Z — pu lines can be reconstructed
with the liquid argon (LAr) calorimeter of ATLAS: one searches for electromagnetic
(EM) clusters within a narrow cone about the axis defined by the muon momentum
direction at the interaction point (neutral line). The longitudinal segmentation of

n this thesis, Z means always Z/v*.
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the LAr calorimeter can be exploited to reduce the background. A special clustering
algorithm is employed in this analysis for the photon reconstruction because of its high
efficiency in identifying low-energy EM deposition patterns in the LAr calorimeter.
An advantage of this analysis is the ability to verify the signal purity by comparing
the improvement of the Z — o invariant mass resolution with the expectation from
Monte Carlo (MC). The correction for QED FSR contributions leads to a significant
improvement on the Z-boson invariant mass resolution and scale.

The method is generally available in identifying low-energy deposition patterns
in the EM calorimeter. One important application is to validate the pile-up reweight-
ing performance by checking the EM energy deposition around the Z-decay p, which
is based on the method of FSR reconstruction and the special clustering algorithm.

Furthermore, in the Standard Model Higgs boson search, the decay channel
Higgs — Z7Z(*) — 4l(l = e, u) provides the cleanest experimental signature for the
Higgs boson discovery, in the Higgs mass range between 130 GeV and 600 GeV [3].
However, in the high mass region large tails have been observed in the 4-lepton
invariant mass. One of the most important contribution to these tails is the omission
of FSR photons. The inner bremsstrahlung contribution is potentially larger in the
electron channel, but the overall effect is in fact somewhat less than for the muon
channel, since the nearby photons are automatically included in the electron cluster
in most cases [4][5]. Currently in the Higgs mass reconstruction, only four leptons are
considered as the final state of Higgs — ZZ(*) — 4l. The QED FSR photons from
the Z leptonic decay can lead to a non-negligible FSR-induced distortion on the Higgs
invariant mass. Also, in the high Higgs mass region, the outgoing radiated photon
can carry an even larger energy since the Z’s can be boosted. By reconstructing and
adding back the FSR photons to the invariant mass of Higgs, the mass resolution and
scale of the Higgs boson can be significantly improved.

In this thesis, Chapter [2 reviews the Standard Model. Chapter [3|introduces the
Drell-Yan process. Chapter [4] presents an overview of the ATLAS detector and the
ATLAS software. Chapter [5| discusses the event reconstruction in ATLAS, including
the muon reconstruction and the electromagnetic cluster reconstruction. Chapter [0]
presents the reconstruction performance studies of the Z — puy decay, by using the
LAr calorimeter and a special clustering with the ATLAS detector in LHC proton-
proton collisions at /s =7 TeV. A measurement of the cross-section for Z — puy
events with at least one FSR photon within fiducial region (Er, >1.3 GeV and
AR, , <0.15) is also presented in this chapter. Chapter [7|applies the FSR method to
the Higgs — ZZ(*) — 4lepton channel. The contribution of the FSR photons leads to
a dramatic improvement in the energy resolution and scale of the Higgs mass, which
is crucial to the Higgs search. Tables for various Monte Carlo generators are provided
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in Appendix [A] A dedicated tool to obtain FSR photons around a given muon is
introduced in Appendix [B]



Chapter 2

The Standard Model

2.1  Particles and Interactions

The Standard Model of elementary particle physics comprises the unified theory of
the electroweak interaction and quantum chromodynamics. It is a quantum field
theory based on the gauge symmetry SU(3)c x SU(2), x U(1)y .

Present evidence indicates that matter is built from two types of fundamental
fermions with half-integer spin, called quarks and leptons, which are structureless and
pointlike [6]. They are grouped, according to their masses, into three “families”, or
“generations”. From the measured width of the Z resonance, one can deduce that no
further (fourth) massless neutrino exists. Thus, the existence of a fourth generation
of fermions (at least one with a massless neutrino) can be excluded [7]. Table
presents an overview of all fermions in the Standard Model [§]. Each fermion has an
associated antifermion. It has the same mass as the fermion, but opposite electric
charge, colour and third component of weak isospin.

e Quarks carry fractional electric charges, of +2|e| and —z|e|. They occur in
six flavours, distinguished by the assignment of internal quantum numbers,
and are labelled u,d,s,c,b,t. The u— and d— quarks are the lightest and
have approximately the same mass (within 1 MeV or so). They are grouped

as an isospin doublet (I = %, with the third component I3 = —|—% for u and

I3 = —% for d). The s— quark is assigned an internal quantum number called

strangeness, with value S = —1, the c—quark a charm quantum number C' =

+1, the b—quark a bottom quantum number B = —1, and the t—quark a
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Leptons Quarks
Flavor Elec. charge Flavor Elec. charge
Ve 0 u %
e -1 d — %
Uy 0 ¢ %
W -1 S - %
Uy 0 t §
T -1 b — %

Table 2.1: Fermions of the Standard Model (taken from Ref. [6]).

top quantum number 7' = +1. Correspondingly, each antiquark is assigned an
opposite charge, strangeness, etc.

e The leptons carry integral electric charges, 0 or +|e|. The neutral leptons are
called neutrinos, and have very small rest mass. The leptons appear in doublets,
the neutrinos being assigned a subscript corresponding to the charged member.
A lepton number L., L,, L, of +1 is given to each type of lepton and —1 to each
antilepton. Neutrinos are longitudinally spin-polarized with J, = —% (“left-
handed”), where z is the direction of the velocity vector, while antineutrinos
have J, = 43 (“right-handed”).

In quantum field theory, all the forces of nature occur as a result of the exchange
of specific quanta associated with the particular type of interaction. The conservation
laws can be satisfied only if the quantum carriers live for a time limited by the
Uncertainty Principle (At < (h/AE)), that is, they are “virtual” particles. The
intermediate particles or force carriers, are gauge bosons with integer spin of s = 1.
Their interaction with particles is a direct consequence of gauge symmetries. Table
lists the gauge bosons with their associated interactions [§].

Interaction Charge Exchange particle(s) Mass(GeV) Range
strong colour 8 gluons(g) 0 1fm
electromagnetic electric charge photon() 0 00
weak weak charge W=*.2Z ~ 102 1073 fm

Table 2.2: Gauge interactions in Standard Model (taken from Ref. [6]).

The photon, -y, is the exchange particle in electromagnetic interactions. The
range of the electromagnetic interaction is infinite since photons are massless. Pho-
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tons couple to charged particles with a coupling constant of a = % where e is the

electromagnetic charge. At low energies, in the Thomson limit, « has the value

of the fine structure constant ~ % The field theory employed to compute the

cross-sections for such electromagnetic processes is called quantum electrodynamics

(QED).

The weak bosons, W* and Z, mediate the weak force. The weak interac-
tions take place between all quark and lepton constituents, changing quark and lep-
ton “flavour”. This interaction is so feeble however that it is usually swamped by
the much stronger electromagnetic and strong interactions, unless these are forbid-
den by conservation rules. The observable weak interactions therefore either involve
neutrinos (which have no electric or strong charges) or quarks with a flavor change
(forbidden for strong or electromagnetic interactions). Because of the large mass of
the exchange bosons of the weak interaction, its range is limited to 1073 fm. The
coupling constant of the weak bosons is ay = % which, at energies much lower
than the mass of its intermediate particles, is ~ %. The electromagnetic interaction
and the weak interaction can be interpreted as two aspects of a single interaction:
the electroweak interaction. The corresponding charges are related by the Weinberg
angle [7].

The gluons, g, carry the strong force and couple to the colour charge. Quarks
are the only fermions which carry colour charge, and are therefore the only fermions
interacting via the strong force. Gluons themselves also carry colour and therefore
interact with each other. This effect leads to the principle of confinement. Gluons have
zero rest mass. The effective range of the strong interaction is limited by the mutual
interaction of the gluons. The energy of the colour field increases with increasing
distance. At distances > 1fm, it is sufficiently large to produce real quark-antiquark
pairs. “Free” particles always have to be colour neutral. At low energies at about
the mass of light hadrons the strong force has a large coupling constant given by
95° ~ 1 but a nearly vanishing value at large energies. The theory of the strong

A7
interaction is described by quantum chromodynamics (QCD) [1J.

ag =

Different conservation laws correspond to the different interactions [7]:

e The following physical quantities are conserved in all three interactions: en-
ergy (E), momentum (p), angular momentum (L), charge (@), colour, baryon
number (B) and the three lepton numbers (L., L,, L,).

e The P and C parities are conserved in the strong and in the electromagnetic
interaction; but not in the weak interaction. Parity violation is maximal in the
charged current of the weak interaction. The charged current only couples to
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left-handed fermions and right-handed antifermions. For the neutral current
of the weak interaction, it is partly parity violating. It couples to left-handed
and right-handed fermions and antifermions, but with different strengths. The
well-known case is that the combined CP parity is not conserved.

e Quarks and leptons have their flavour transformed only in the charged currents
of the weak interaction. Therefore, the quantum numbers determining the quark
flavour (third component of isospin (I3), strangeness (S), charm (C) etc.) are
conserved in all other interactions.

e The magnitude of the isospin (I) is conserved in strong interactions.

In summary, experiments are in astoundingly good quantitative agreement with
the assumptions of the standard model.

2.2 The Electroweak Theory

The unification of the electromagnetic and weak force was accomplished by GSW
(S.L.Glashow [9], A.Salam [I0] and S.Weinberg [I1]). An important step for this
procedure was that the weak neutral and charged currents taken together form the
symmetry group SU(2), x U(1)y. The subscript L indicates that the weak isospin
current only couples to left-handed fermions and right-handed antifermions. It origi-
nates from the “vector minus axial” (V-A) nature of the charged currents [6]. A weak
isospin singlet, was called weak hypercharge current. The hypercharge Y is defined
by the Gell-Mann-Nishijima-Formula. Thus the symmetry group SU(2);, x U(1)y
contains the electromagnetic and weak interaction. The GSW-theory is very suc-
cessful, as it relates the masses of the weak gauge bosons to the gauge couplings.
Invariance under gauge transformations of the Lagrangian which describes particle
states is considered a basic principle to describe also their interactions. A Lagrangian
is a function that summarizes the dynamics of the system. Gauge transformations,
also known as local transformations, are the ones under which parameters are space-
time dependent. A Lagrangian density, .2, itself cannot be derived from underlying
principles, but has to be found and validated using the basic principle of physics and
nature: the principle of least action. It states, that the action S during transition
of a physical system between two states has to be minimal. In case of quantum field
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theories S is a functional of the Lagrangian density .Z:

s=3/”Qd%&«mwwxaﬁum¢w»&w», (2.1)

tatey

With the Lagrangian of a relativistic massive fermion and the Euler-Lagrange
formalism, the Dirac equation can be derived. It describes the propagation of a
fermion through spacetime.

L = ()i, — m)b(e), (2.2)

(i0,7" —m)ip(x) = 0, (2.4)

where 1(z) is a Dirac spinor field. It has to be noted, that the field itself is not
an observable, but only |¢(x)|?. Applying a global phase « at all spacetime points
r, the gauge transformation on ¢(r) — e“(x) does not change the associated
Lagrangian £ . However when using a gauge transformation, with «(z) varying at
each point of spacetime ¢(x) — e®)(z) does change the Lagrangian ., and breaks
gauge invariance. To make the Lagrangian invariant under gauge transformations a
method called minimal coupling is applied. The derivative 0, is replaced by the so
called covariant derivative D,,. This introduces a new field, in this case a vector field,
A, (z):

0, — D, =0, —ieA,(z). (2.5)

The modified Lagrangian £’ is invariant under the gauge transformation, as terms
of the covariant derivative, compensate the troublesome terms. The A, (z) field is
interpreted as the field of the photon, ~. It must be massless because mass term,
sM2A, (z)A*(x), would destroy the just restored local gauge symmetry. The QED
Lagrangian for fermions and massless photons is thus given by:

ZLorp = (@) (107" —m)y(x) — 1FW(ﬂ?)W”(fE) +eQ(z)y" A (z)e(z),  (2.6)

4

with F),, the “field strength tensor” defined as [12]

F.(x) =0,A,(x) — 0,A,(z). (2.7)
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Fermion masses are added by hand to the Lagrangian ZHgp. The electroweak

Lagrangian Zgw must be extended by the gauge fields IT/# and B, of the SU(2)y, x
U(1)y group. It is rather troublesome that the requirement for local gauge invariance

H
of Zpw does also not allow any mass terms, neither for the W ,—field and B,— field
nor the fermions, as the weak interaction couples differently to left and right chiral
particles.

l— = 1
ZLew = XtV Duxr + vry* Dyvr + ery* Dyer — ZWWWW - ZB“”BW’ (2.8)

where
ﬁ
TW,— ¢ =B, (2.9)

o= ( ‘ ) (2.10)

and

— — — — —
W = 0,W,, —0,W,, — gW, x W,, (2.11)
By (x) = 8,B, — 8,B,. (2.12)

These gauge fields cannot be directly associated with a physical field or particle.
The physical neutral current fields, A, and Z,, identified with the gauge bosons ~y

and Z°, are linear combinations of the third component of the Wu_ field and the
B,—field. This mixing of fields is given by the weak mixing angle Oy :

A\ _ cosfy  sinby B,
( Zy, ) B ( —sinfy cos Oy ) ' ( w3 (2.13)

The weak mixing angle fy has an experimentally determined value of sin?(fy,) ~
0.23. The physical W* bosons are a linear combination of the remaining first and
second component of the W,— field:

1

W+ =—(W, FW). (2.14)

S
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The masses for the gauge bosons Z° and W¥, as well for fermions, should
be zero according to the GSM-theory, in contradiction to experimental evidence.
Therefore, a mechanism to reconcile theory and experiment had to be introduced.

2.3 The Higgs Mechanism

As described in Section the requirement of gauge invariance forbids to have mass
terms for gauge bosons and fermions in the Lagrange density although they indeed
are massive. This issue is solved by the idea of Spontaneous Symmetry Breaking [13].
A good example can be given by looking at a point mass in a potential:

V(@) =w'¢ -G+ N7 - ¥), (2.15)

which is symmetric under rotations and A is assumed to be above zero (otherwise
there would be no stable ground state). For py? > 0 the potential has a minimum
at ¢ = 0, thus the point mass will simply fall to this point. The situation is more
interesting if u? < 0. For two dimensions the potential is shown in Figure 2.1} If the
point mass sits at @ = 0 the system is not in the ground state but the situation is
completely symmetric. In order to reach the ground state, the symmetry has to be
broken. This is exactly what spontaneous symmetry breaking means. The Lagrangian
(here the potential) is symmetric (here under rotations around the z-axis) but the
ground state (here the position of the point mass once it rolled down) is not.

In the Standard Model, it will be a non-Abelian gauge theory that is sponta-
neously broken. The Higgs doublet Lagrangian containing a “spontaneous symmetry
breaking” potential is introduced:

Lrtiges = (D, @) (D'®) — V (P), (2.16)

with
V(®) = p2®" - & + \(D - )2, (2.17)

where D,, is the same as in Zgw . The Higgs potential, V(®), is relevant for mass

generation when p% < 0 and A > 0. Only then it acquires a minimum at (®T. @) =-
2

iy The ground state can be chosen as

2
@0:i<0), (2.18)
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V(9)

.............

- -
___________

Figure 2.1: A potential that leads to spontaneous symmetry breaking.

2
resulting in a vacuum expectation value of v (v? = —'MT) Expanding ®(x) around

the chosen minimum, @, yields:

() % < ) +0h(x) > | (2.19)

The field h(z) is the field of the Higgs boson. Interactions of particles with the
Higgs field generate their masses. Substituting ®(z) into the Lagrange density .Z;gqs
and comparison with mass terms of the form m?B,B* for bosons and of mff for
fermions leads to the following masses [6]:

Ms = %, (2.20)

v
mz =5V 9"+ 9% (2.21)

my = vV2A\, (2.22)

11
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my=uv—=. (2.23)

Tevatron Run Il Preliminary, L=2.0-5.4 fb’
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Figure 2.2: Exclusion regions for the mass of the Higgs, updated with results from
the Tevatron (taken from Ref. [14]).

The Higgs boson is the last undiscovered particle of the Standard Model. The
Higgs mass is a free parameter in the Standard Model. Theoretical upper bounds
of its mass are given at around 1 TeV, where the scattering of longitudinally polar-
ized W¥ bosons would violate unitarity without another particle appearing in the
interaction [I5]. Direct searches at the CERN LEP ete™ collider excluded the pro-
duction of a SM Higgs boson with mass below 114.4 GeV at the 95% confidence level
(C.L.) [T6][1I7]. The combined searches at the Fermilab Tevatron pp collider have ex-
cluded the production of a Higgs boson with mass between 156 GeV and 177 GeV at
the 95% CL [14]. The observed and expected limits are shown in Figure[2.2] In 2011,
a dataset of up to 4.9 fb! recorded has been used to search for the SM Higgs boson
with the ATLAS experiment at the LHC. The experimental limits from ATLAS on
SM Higgs production are shown in Figure Higgs boson masses between 124 GeV

12
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and 519 GeV are expected to be excluded at the 95% CL. The observed exclusion at
the 95% CL ranges from 112.9 GeV to 115.5 GeV, 131 GeV to 238 GeV and 251 GeV

to 466 GeV [18].

ATLAS 2011 _[ Ldt~1.04-49fb"
L — Observed
s=7 TeV ---- Bkg. Expected

B+ 1o

—
o

95% CL Limit on p

o (@ CL, Limits _
110 150 200 300 400 500 600

m,, [GeV]

Figure 2.3: Experimental limits from ATLAS on Standard Model (SM) Higgs pro-
duction in the mass range 110-600 GeV. The solid curve reflects the observed exper-
imental limits, expressed in terms of the ratio (u) of the observed cross-section to
the cross-section predicted by the SM (vertical axis), for the production of Higgs for
each possible mass value (horizontal axis). The region for which the solid curve dips
below the horizontal line at the value of 1 is excluded with a 95% confidence level
(CL). The dashed curve shows the expected limit in the absence of the Higgs boson,
based on simulations. The green and yellow bands correspond (respectively) to 68%,
and 95% confidence level regions from the expected limits (taken from Ref. [1§]).

13



Chapter 3

The Drell-Yan Process

Drell-Yan production [19] (Figure of lepton pairs through electroweak (EW)
gauge bosons at hadron colliders occupies a special place in elementary particle
physics. Historically, the Drell-Yan mechanism was the first application of parton
model ideas beyond deep inelastic scattering, and was later the route to the discov-
ery of the W and Z bosons. Currently, it provides a standard candle for hadronic
high-energy colliders such as the LHC, and offers an important testing ground for
Quantum Chromodynamics (QCD) [I]. An overview of cross-sections of some bench-
mark processes at Tevatron and the LHC as a function of the centre-of-mass energy is
shown in Figure [3.2| [20]. At LHC energies, the electroweak W and Z bosons will be
produced in millions but their production rate will be swamped by that from QCD
events.

3.1  The leading order Drell-Yan model

3.1.1 Parton Distribution Functions

The calculation of the production cross sections at hadron colliders for both interesting
physics processes and their backgrounds relies upon a knowledge of the distribution
of the momentum fraction of partons (quarks and gluons) in the proton in the rele-
vant kinematic range. The Parton Distribution Functions (PDF) give the probability
of finding a quark ¢; of type i or a gluon ¢ carrying a momentum fraction = (the
Bjorken z) of the hadron, when it is probed with four-momentum-transfer-squared

14
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Figure 3.1: Illustration of Drell-Yan process in case of v*/Z.

Q? [1]. PDFs are non-perturbative objects, thus they cannot be predicted by pertur-
bative QCD. Their functional form as a function of Bjorken z, f(x), for a particular
squared momentum transfer Q? >> 1GeV? is normally given by a parametrization.
The parameters entering the functional form are determined from data (typically dif-
ferential cross sections) obtained for bins of z and Q*. Given a measurement (e.g.
deep-inelastic scattering data) of the PDF distributions f(z) at one particular value
of Q% >> 1GeV?, they can be extrapolated using perturbative QCD to any other
Q?, provided that Q? is large enough so that non-perturbative physics has no impact.
The standard procedure is to choose some input PDF parametrisation, normally at
low 2, and evolve it to larger Q%s applying the DGLAP QCD evolution equations
which involve the branching processes ¢ — qg, g — g9, g — qq [21].The predictions
of measured quantities (e.g. structure functions) are obtained and then fitted to the
measured datasets, thus constraining the parameters of the parametrisation. There
are also constraints from sum rules, e.g. since a proton has two u, and one d, valence
quarks, it must have:

/01 wo(2)dz = 2 (3.1)

and

/1 dy(x)dx = 1. (3.2)

15
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There is also a momentum sum rule, integrating over all parton types:

1
/ [2q(2) + 2q(x) + 2g(x))dz = 1. (3.3)
o
proton - (anti)proton cross sections
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Figure 3.2: Standard Model cross-sections at the Tevatron and the LHC as function
of the centre-of-mass energy (taken from Ref. [20]).

Fits to the available data leading to updates of the PDF sets have been per-
formed and determined by various of groups. For example, to NLO QCD by the
CTEQ [22][23] group, and to NNLO by the MSTW [24], ABKM [25], JR [26], HER-
APDF [27][28] and NNPDF [29][30] groups. The CTEQ group extracts new parton
distribution functions of proton by global analysis of hard scattering data using a
general mass heavy flavour scheme. One example of CT10 PDF sets evaluated at
1(Q)=2 GeV scale by the CTEQ group, is shown in Figure [3.3]

In the cross-section measurement, the uncertainties arising from PDF's are nor-
mally estimated using PDF eigenvector error sets following the calculation of a sym-
metric/asymmetric prescription (details can be found in Ref. [31]).

16
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Figure 3.3: Parton distribution functions as determined for the CT10 PDF set eval-
uated at p(Q)=2 GeV (taken from Ref. [23]).

3.1.2  The dynamics of the Drell-Yan process

Drell and Yan (1970) proposed a simple process to account for the production of
dilepton pairs in high energy hadron-hadron collisions [32][19]:

hadron + hadron — 11~ + anything. (3.4)

It is essential in this process that, a single antiquark from one hardron annihilates on
a single quark from the other hadron to produce a virtual photon or Z boson, which
then decays into a pair of oppositely-charged leptons. If the mass M of the dilepton is
large compared to the nucleon mass, then the Heisenberg uncertainty principle tells us
that the time of interaction is short on the nuclear scale. Thus there is no opportunity
for the annihilating quark-antiquark pair to interact with other components of the
parent hadrons. The other partons can be treated purely as spectators. Subsequently,
on a time scale that is long compared to the annihilation, the spectators rearrange
themselves into outgoing hadrons.

The dilepton kinematic variables 7 and xp are directly related to the Bjoken x
values of the parent quark and antiquark. Suppose the active quark/antiquark in the
beam particles has a Bjorken = of z7 /x5, which can be described by the following

equations:
x1 =\/T€Y, 29 = \/TEY, (3.5)

17
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M2
T = T = T1T9, (36)

Tp = 1 — 2. (37)

The s = 4E§ is the centre-of-momentum system (cms) energy squared. The rapidity
y is another important variable, the original definition of which is:

y = tanh™'3 (3.8)

In relativity, rapidity y [I] is an alternative to the particle’s velocity component
along the beam axis, but transformed in such a way that while for a small values
it is identical to the usual speed B¢ = v, at large values it does not “saturate” but
keeps going (as # — 1.000, y — o0). Unlike speeds at relativistic velocity, the
values of rapidity are simply additive. Rapidity follows the law of addition of speeds:
Y13 = Y12+7Y23. The difference in the rapidity of two particles is independent of Lorentz
boosts along the beam axis. Although in general the three-dimensional rapidity can
be used, in a hadron collider one axis has special significance. In hadron-hadron
collisions, the beam-beam axis z is choosen as the axis to define a one-dimensional
(longitudinal) rapidity, and measure transverse momenta py, and transverse energies
Er, with respect to this axis.

In elementary relativity, the law for addition of speeds is:

_ B2 + Pa3
1+ B1afas’

which is identical to the formular when applying hyperbolic tangent function:

Bis (3.9)

tanh(A + B) = fTfoZ &;“;}2@). (3.10)

so if:
B = tanh(y), (3.11)
ie.,
y = tanh™'3, (3.12)
The solution is then: L 145
= Zln—=2 1
y=glni—5 (3.13)

18
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as 3 = p/E, the above can be rewritten:

y==ln

. 3.14
"5, (3.14)

When the mass of the particle is small compared to pr, the pseudorapidity n [1]
is frequently used as a good approximation to y, defined as:

n= —ln(tcmg), (3.15)

where 6 is the polar angle between the particle momentum p and the beam axis.

3.1.3  Cross-section formalism

The leading order process of the Drell-Yan model of lepton pair production for the
neutral current reaction pp — (Z/7)X — [T1~X, shown in Figure [3.1 The cross
section consists of three terms: the pure photon exchange, the pure Z exchange
and the interference term [33]. In the case of photon exchange, the annihilation of
point fermions resembles the electron-positron annihilation to dileptons. Quantum
electrodynamics yields the cross section [32]:

o= 47?04%2/3@2 (3.16)

where « is the fine structure constant, e, is the quark charge and Q? is the four
momentum of the virtual photon. The factor Q=2 comes from the photon propagator
term in the amplitude. Here Q? is just the dilepton mass squared M?. Therefore

o = 4ma’el /3M*. (3.17)

This expression has to be multiplied by the probability ¢(x;)dx; that a quark in the
beam carries a momentum faction x;, and the probability g(xs)dzs that an antiquark
in the beam carries a momentum faction x5. Each quark flavour can contribute, so
all flavors are summed over. Also, the quark and antiquark colour must match, which
reduces the cross section by a factor of 3. All these ingredients are put together,
leading to the differential cross section:

d?o B Ao’

e = o1z D Cila(@)alz:) + ala)a(w:)]. (3.18)
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Re-expressing this in terms of rapidity, the cross section for the pure photon exchange
part is:
d*o B 8ma? 1
dMdy 9 M3

> e2mas[q(z1)q(ws) + 1) q(w2)]. (3.19)

A general cross section formula, representing the contribution from photon and
Z exchange as well as their interference, can be written as [33]:

d*o 8ma*(M)
dMdy 9

MP(M)®(z1, 25). (3.20)

The propagator term P and the parton distribution term & are given for the pure
photon part, the interference part and the pure Z part, respectively:

1
P,y = W’ (I),y = E €§qu, (321)
q

v(M? = M32) o ) - (322
= eV, F. - )
2= (4sin® © cos? O)M2[(M? — M2 + (T My 72 Zq Yataq

(Vl2 + alz) ) )
Py = O, = F.. (323
77 (4sin® O cos? ©)2[(M? — M2)? + (T My)? 7 ;(Vq +ag)lyg (3.23)

where

Fog = w122[q(21)q(22) + q(21)q(22)], (3.24)

the polar-vector and axial-vector couplings are

vy =1 —ersin®0©,a; = I[f =1,q],cos© = —~. (3.25)

The leading order neutral current (NC) Drell-Yan cross section is shown in Fig-
ure [33]. The top plot shows the cross section as a function of the mass of the
ete™ pair integrated over the boson rapidity y. In the small M region the pure
photon contribution determines the cross section. Around M = 70 GeV the photon
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3.2. High order QCD corrections The Drell-Yan Process

and Z contributions are equal. The resonance region is dominated by the Z part.
At large M, the photon and Z unify. The relative fraction of the interference cross
section to the total Born cross section is shown in the bottom plot. The interference
contribution changes sign from positive to negative as the mass increases and passed
MZ .

3.2 High order QCD corrections

The above naive Drell-Yan model fails to predict real measurements because it ne-
glects higher order QCD effects such as QCD radiation and parton-parton interac-
tions. The emission of a hard gluon by a quark provides the immediate mechanism
by which a quark can obtain a transverse momentum kick. Also, virtual gluons may
be exchanged. All possible processes at all orders have to be considered into the cal-
culation. However, it is not possible to perform a calculation of the Drell-Yan cross
section at all orders of perturbation theory. Only an approximate prediction can be
obtained by expanding the cross section in a perturbative power series in the coupling
constant. Current theoretical calculations extend to next-to-leading order (NLO) and
next-to-next-to leading order (NNLO) corrections in perturbative QCD.

3.2.1  Feynman diagrams

The NLO QCD correction Feynman diagrams for the Drell-Yan process are shown
in Figure 3.5] Figure [3.5(a) is a vertex correction diagram, Figures [3.5(b) and (c)
involve gluon emission, together called annihilation diagrams. Figures [3.5(d) and (e)
show a quark from one hadron scattering off a gluon from the other hadron, known as
Compton diagrams. The amplitudes for the annihilation and Compton diagrams are
copies of the QED amplitudes with colour factors added. The annihilation diagrams
(b) and (c) are infrared divergent and must be considered together with the virtual
gluon diagram (a). This is similar to the divergence in the cross section in QED for
small photon energies (soft photons). Cross sections for physically indistinguishable
states are finite, because the divergences arising from one or more soft gluons in the
final state cancel with divergences from having one or more soft gluons exchanged
as in diagram (a). Moreover, the annihilation and Compton processes both present
mass singularities due to collinear gluons. A single quark with energy E can be
replaced by a quark plus collinear gluon with total energy FE, and the numbers of
such replacements are infinite. These mass singularities can be absorbed into structure
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Figure 3.4: Neutral current Drell-Yan scattering cross section (top plot), as a function
of the mass M of the eTe™ pair integrated over the boson rapidity y. At small M the
cross section is dominated by the pure photon contribution. The Z part determines
the resonance region. The photon and Z unify at large M. The vZ interference
contribution is shown in absolute value. The relative fraction of the interference
cross section to the total Born cross section is shown in the bottom plot. The vZ
interference changes sign at M = My (taken from Ref. [33]).
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functions, as proposed by Politzer (1977) [34]. The idea was shown to work by
Sachrajda (1978) [35] using the leading log approximation (LLA) [36][37].

Figure 3.5: The Feynman diagram for the first-order Drell-Yan process in QCD: (a)
the annihilation graph with the vertex correction; (b) and (c) are the annihilation
digrams involving gluon emission in the final state; (d) and (e) are Compton diagrams
(taken from Ref. [32]).

3.2.2  Theoretical calculations

The Z/v* and W? production cross section at LHC have been estimated up to
NNLO in QCD perturbative expansion. A variety of programs have implemented
these calculations: e.g. up to NLO in MC@QNLO [38] and MCFM [39], up to NNLO
in FEWZ [40], ZWPROD [41], gg2WW [42] and gg2ZZ [43]. The FEWZ program
includes leptonic decays of vector bosons with full spin correlations and finite width
effects and Z/~* interference. It also allows selections based on final-state kinematics.
The result of the Z/+* — [l and Z — [l cross sections with QCD corrections up to
NNLO calculated by the FEWZ programs using the MSTW2008NNLO PDF, is listed
in Table [31]. The cross section at LO and NLO is also included. It is shown that
the cross section increases by ~ 24% from LO to NLO and by ~ 3% from NLO to
NNLO, suggesting that the series is converging.

The above calculations are performed using the G, electroweak parameter
scheme and the values of the strong coupling constant «; are taken from the PDF set
used. The standard model input parameter values are summarized in Table 3.2l In
the G, scheme, the Fermi constant GG, and all particle masses define the basic input.
The electromagnetic coupling constant and weak mixing angle are derived from the
V2G, M}, a M3,

M2

z Z

standard model predictions for the total and partial widths of the W and Z vector

bosons are required as inputs here, which also account for higher order electroweak
and QCD corrections [44].

M2
effective coupling ag, = ) and sin® Oy = 1 — M—Vg Note that the
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Process M [GeV] QCD Order K-factor
LO NLO NNLO NLO/LO NNLO/NLO

Z/y* >60 778 962 989 1.24 1.029
60-120 770 952 978 1.24 1.030

66-116 758 938 964 1.24 1.029

70-110 748 926 952 1.24 1.030

80-100 710 879 904 1.24 1.029

A - 766 943 969 1.23 1.028

Table 3.1: Z/v* — Il and Z — Il cross sections in pb up to LO, NLO and NNLO in
QCD corrections calculated from FEWZ using the MSTW2008NNLO PDF set. Note
the difference between the notations Z/v* and Z, the former includes v* contribution
while the latter does not (taken from Ref. [31]).

My, 80.403 GeV 'y 2.0910 GeV | T'(W — lv) 0.22629 GeV

Mz  91.1876 GeV Iy 2.4952 GeV | T'(Z — Ul) 0.08398 GeV
1/ac 132.34 sin2fy,  0.22255 Gr 1.16637 x 1075 GeV—2
N 5 Myud 0.32 GeV My 0.50 GeV

me 1.29 GeV my 4.2 GeV my 172.5 GeV

Vi 0.9738 Vis 0.2272 Vb 0.0040

Vea 0.2271 Vi 0.9730 Vi 0.0422

Vid 0.0081 Vi 0.0416 Vi 0.9991

Table 3.2: Input parameters used for the cross section calculations (taken from
Ref. [31]).

The cross section predictions are usually dependent on the renormalisation (pg)
and factorisation (up) scales. The scale dependences are due to the missing higher
order QCD corrections and can be reduced when higher order corrections are taken
into account. The central value of a cross section is obtained by setting both scales
to the natural energy scale of a process (e.g. pur = pp = Mz for the Drell-
Yan production). The scale uncertainty is then estimated by varying both scales
independently up-and-down around their central values, with the constraint 0.5 <
pr/pr < 2. The scale uncertainty is found to be ~ £(2.5-3.5)% at NLO and ~ +
0.6% at NNLO [3I]. In addition to the scale uncertainty, the uncertainties arising
from PDFs and the variation on «, are also taken into account in the estimation of
the cross section uncertainties.
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3.3 High order electroweak corrections

3.3.1  Feynman diagrams

The DY process cross section has sizable electroweak (EW) radiative corrections [45].
The high order (HO) EW radiative corrections can be distinguished into pure weak
(PW) and photonic corrections. The diagrams of weak O(«) corrections, e.g. the
vertex and box corrections with light incoming quarks are shown in Figure [3.6] The
photonic corrections consist of real and virtual corrections induced by the emission
and exchange of additional photons. The virtual photonic O(«) corrections are com-
posed of the one-loop photon exchange diagrams (shown in Figure [3.7(a)) and the
corresponding counterterm contributions. The real photonic O(«a) corrections con-
sist of processes with single-photon emission ¢ — v*/Z — [1l~ + v, delivering a
correction to the LO process q7 — [T1~. The diagrams are shown in Figure (b)
Since only electrically neutral gauge bosons are involved in the NC Drell-Yan process,
the gauge-invariant separation of the photonic and weak corrections is possible. This
classification is discussed in Ref. [46]. The photonic corrections can be further classi-
fied into separately gauge-invariant subsets: initial-state radiation (ISR), final-state
radiation (FSR) and initial-final state interference (INT) term.

The HO EW corrections to the DY single boson production are dominated by
multiple photon emissions from the final state lepton. Photon radiation off the final-
state charged lepton can considerably distort kinematic distributions, e.g. shift the
invariant mass distribution of the dilepton pair. The emission of photons collinear to
the outgoing charged lepton leads to corrections enhanced by mass singular logarithms
of the form alog(Q?/m7?) with @ denoting the characteristic scale of the process.
These mass singularities cancel if photons collinear to the lepton are treated fully in-
clusively, as guaranteed by the Kinoshita-Lee-Nauenberg (KLN) theorem [47][48][49].
However, in realistic experimental environments, a phase-space cut on the momentum
applied on the outgoing lepton, can enhance the contributions of these logarithms, if,
e.g. the momentum of the bare lepton is considered and no photon recombination is
performed. The more inclusive treatment of the emitted photons results in a signifi-
cant reduction of the final-state QED effects. Phenomenologically, the term of a bare
lepton is more relevant for muon final states than electrons.
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Figure 3.6: Vertex and box diagrams for weak O(«) corrections with light incoming
quarks ¢ = u,d, ¢, s,b (taken from Ref. [45]).

(b) Diagrams for real-photon emission.

Figure 3.7: Diagrams for photonic O(«a) corrections (taken from Ref. [45]).
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3.3.2  Theoretical predictions

The electroweak radiative corrections have been studied in detail, see e.g. Ref. [50].
The reported results for the cross section of pp — Z/v* — ptp~ at LO and EW
NLO and the corresponding relative corrections (6 = doyro/doro — 1 ) at the LHC
(v/s =14 TeV) are provided in Table [3.3] The PDF set of MRST2004QED was
used here. It was shown that the predictions of three different Monte Carlo programs
(HORACE [51], SANC [52][53] and ZGRAD?2 [54]) have a good agreement. The effect
of the EW NLO corrections, differs for the three codes at most by two per mille and
in general by few tenths of per mille.

LO[pb]  NLO[ph] 5%
HORACE 739.33(3)  762.20(3)  3.09(1)
SANC  739.3355(3) 762.645(3) 3.1527(4)
ZGRAD2  740(1) 764(1) 3.2(2)

Table 3.3: Tunned comparison of LO and EW NLO predictions for pp — Z/4* —
ptp~ at LHC (/s =14 TeV) (taken from Ref. [50]).

The performance of different components in the electroweak corrections has been
discussed in Ref. [45] for the NC Drell-Yan process. Figure shows the relative
NLO EW corrections (photonic and weak corrections), with respect to the dilepton
invariant-mass distribution. For the experimental identification of the process, phase-
space cuts are imposed for the calculation. As discussed, the cuts are not collinear
safe, since photons within a small collinear cone around the leptons are not treated
inclusively. In order to get closer to the experimental situation, the photon recom-
bination procedure is applied. Therefore in Figure [3.8] for the photonic corrections,

results are shown for both the bare muons (55; I’)ﬁ;t) and the ones recombined with

photons (0;¢%,,,;) when AR« (= /Ay? + Ad2) <0.1. The My distribution shows
the famous large corrections from the final-state photon bremsstrahlung which signif-
icantly affect the shape of the resonance peak, due to the fact that events belonging
to the Z pole are shifted to the low mass region. The corrections are smaller us-
ing the photon recombination procedure. The pure weak NLO corrections 0,z weak
amount to few per cent in the resonance region and tend to be negative for higher
mass, due to the EW Sudakov logarithms [55]. Figure also shows the electroweak
corrections beyond O(«) to the dilepton invariant-mass distribution. The effect of
higher-order final-state radiation beyond O(«), 55;7;77, is generally not exceeding
the 0.1% level. However, it becomes relevant for the mass distribution around the

resonance, by reducing the bremsstrahlung effect. The universal weak corrections
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beyond O(«), Op.oweak, are quite small over the whole mass range.
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(a) Resonance region. (b) High-invariant-mass region.

Figure 3.8: Dilepton invariant mass distribution and the relative EW NLO correction
factors at the LHC in the resonance region and the high-invariant-mass region (taken
from Ref. [45]).
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Figure 3.9: Dilepton invariant mass distribution and the relative EW correction fac-
tors beyond O(«a) at the LHC in the resonance region and the high-invariant-mass
region (taken from Ref. [45]).

For the Drell-Yan process, the pure weak corrections, as well as the interference
effects between initial and final state radiation, have been recently calculated in G,
scheme using the SANC program. The interference effects are below 0.1% and the
pure weak effects may change the predicted cross section by ~0.5% [44].

28



3.4. Monte-Carlo Event Generation The Drell-Yan Process

3.4  Monte-Carlo Event Generation

In contemporary collider experiments, event generators are indispensable tools for the
modelling of the complex physics processes that lead to the production of hundreds
of particles per event. Generators are used to set detector requirements, to formulate
analysis strategies, or to calculate acceptance corrections. They also illustrate uncer-
tainties in the physics modelling. Generators model the physics of hard processes,
initial- and final-state radiation, hadronization and decays, multiple interactions and
beam remnants, and how these pieces come together. The detailed description of
those processes are listed in this section. Additionally, an introduction to the various
Monte-Carlo event generators in ATLAS is given at the end of the section.

3.4.1  Hard process

At sufficiently short distances, which can be probed at sufficiently large energies, the
quarks and gluons (partons) can be regarded as free particles interacting with each
other. In this regime the calculations of the scattering cross sections between quarks
and gluons (partonic hard cross section) can be performed in perturbation theory,
because the running coupling «; is sufficiently small.

The cross section for a hard scattering process of hardrons A and B leading to
the final state C' can be given by [56]:

OAB—C = Z/dxadxbfa/A(xa;MQ)fb/B<mb>N2)oA'ab—>C' (3.26)
ab

Here 6 denotes the cross section for the hard partonic process for a specific
partonic initial state (ab). All parton combinations that can produced the final state
C should be taken into account. For processes with many particles in the final state
it would be further replaced by an integral over the allowed final-state phase space.
The PDF fo/a(za, i) ( foy5(xs, 1?)) describes the probability of finding a parton a(b)
with energy fraction z,(z;) in the beam hadron A( B), which is renormalised at scale
p?. The differential cross section dé is given by [6]:

| M*
F

where M is the parton-level matrix element or the probability amplitude of the tran-
sition between initial and final state. The factor F' and d® are the Lorentz-invariant

do =

o, (3.27)
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flux and phase space factor, respectively. Various techniques exist to calculate the
matrix-element at leading order. For 2 — 2 processes it is straightforward to draw all
tree-level Feynman dlagrams and apply the Feyman rules. The 2 — 2 QCD parton

scattering processes are ¢¢ — qq, ¢4 — ¢4, 9@ — 99, 49 — q9, 99 — qq and
99 — g9 [56].

According to the number of final-state objects, the hard processes can be: 2 —
1 processes, 2 — 2, 2 — 3, etc. From a programming point of view: the more
particles in the final state, the more complicated the phase space and the whole
generation procedure. Moreover, the hard process can be distinguished according
to the physics scenario. For example: Hard QCD process (e.g. g9 — qg), W/Z
production (e.g. q¢ — ~*/Z), Deep Inelastic Scattering (e.g. ¢ql — ql), etc. One
example of hadronic hard-scattering process is illustrated in Figure [3.1, The hard
interaction of the two partons (¢g) gives the production of a vector boson (v*/7),
which decays into a di-lepton pair. The hadron remnants break up and lead to
additional activity in the event, which is an important component of the Underlying
Event (UE). UE is “everything except for the leading order process of interest”,
including initial state radiation (ISR), final state radiation (FSR), beam remnants,
multiple parton interactions (MPI), multiple proton-proton interactions (pile-up) and
cavern background noise. Pile-up measures multiple proton-proton (more than one
primary vertex) interactions within the same bunch crossings. UE is there even if
there is only one primary vertex (one hard interaction of interest) and arises mainly
from multiple parton interactions except the hard interaction of interest.

3.4.2  Initial- and final-state radiation

In processes that contain coloured and/or charged objects in the initial or final state,
gluon and/or photon radiation may give large corrections to the overall topology
of events. In this kind of corrections, a basic 2 — 2 process, can be transformed
into 2 — 3, 2 — 4, and so on, final-state topologies. As the available energies are
increased, hard emission of this kind is increasingly significant in determining the
event structure [57].

There are two traditional approaches for the modelling of perturbative cor-
rections: the matrix-element method and the parton-shower one [57]. The matrix-
element method calculates the Feynman diagrams at a certain order, taking into
account the exact kinematics, the full interference, and the helicity structure. How-
ever, this method becomes increasingly difficult in terms of higher order calculations,
in particular for the loop diagrams. Also, the fact that the emission of multiple soft
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gluons plays a significant role in the event structure building, sets a limit to the
applicability of matrix elements. Since the available phase space for gluon emission
increases with the available energy, the matrix-element method becomes less relevant
for the full event structure for higher energies.

Higher order perturbative calculations predict infrared divergences for both real
and virtual radiative contributions. According to the KLN-theorem [47][48][49], these
divergences can mutually cancel for an inclusive cross section measurement. However,
the divergences turn into a finite logarithmic contribution if the predictions are made
exclusively at a certain resolution scale, e.g. the hadronisation scale. Such poten-
tially large logarithms appear to each order in perturbation theory and they must be
resummed to all orders. The resummation is done by the parton-shower approach.
Given a parton that was produced at a scale t', a new scale t < t is determined at
which it should branch into two daughter partons and select the flavours and kine-
matics. The branchings are applied recursively to the daughter partons and only
stopped at a cutoff scale in the order of the hadronisation scale, resulting in a par-
ton branching cascade. The parton shower therefore takes charge of the evolution of
partons from the scale of the hard scattering to the hadronisation scale [50].

The parton-shower approach is commonly used because of its simplicity and
flexibility. Still, it has some shortcomings due to its approximate nature. The sep-
aration of initial and final state parton emission implies the neglect of interference
terms between the two, and is not gauge invariant. The use of the leading logarithm
approximation means that the emission of soft or collinear partons should be well
described, while the emission of hard partons at large angles could be mistreated.
Thus, the rate of well-separated multijet events, need not be well accounted for. The
use of matrix-element is preferable for o, determinations, angular distribution of jets,
and other specialized studies.

3.4.3  Hadronisation and hadron decays

After the parton shower has terminated, a configuration of coloured partons at some
low scale of the order of a few GeV emerges. Asymptotic freedom implies that the
effective coupling becomes stronger at larger distances (equivalent to lower ener-
gies/momentum scales). QCD becomes strongly interacting and perturbation theory
breaks down at the hadronisation scale. In this confinement regime, the coloured par-
tons are transformed into the colourless hadrons, a process known as hadronization
or fragmentation.
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The best known hadronisation models are the Lund string model and the cluster-
hadronisation model [56]. The Lund string model is the default for all PYTHIA
applications [57][58]. It treats all but the highest-energy gluons as field lines, which
are attracted to each other due to the gluon self-interaction and so form a narrow
tube (string) of strong colour field. The model also predicts that in addition to
the particle jets formed along the original paths of two separating quarks, there will
be a spray of hadrons produced between the jets by the string itself. The cluster-
hadronisation model is used in HERWIG [59][60]. In this model, quarks are combined
with their nearest neighbours to form colour singlet clusters. The formed clusters are
then fragmented into hadrons according to several prescriptions. If a cluster is too
light to further decay, it is considered as the lightest single hadron of its flavour. If
a cluster is massive enough, it decays isotropically into pairs of hadrons, following
some rules that bring to the formation of an unbiased selection of decay products
conserving flavour. A small faction of the supermassive clusters are fragmented using
an iterative fission model, untill the masses of the products are below the fission
threshold. This mechanism gives rise to clusters with the quantum numbers and
provides a dynamic separation of the regimes of clusters and hadrons according to
their masses and flavours.

Most of the particles produced by fragmentation are unstable and subsequently
decay into the observable stable ones. The Monte Carlo therefore is required to
include all particles with their proper mass distributions and decay properties. The
normal treatment for the decay process is to choose the decay channel for individual
particles according to their branching ratios.

3.4.4  Multiple parton interactions (MPI)

Due to the composite nature of hadrons, it is possible to have multiple parton hard
scatterings, e.g. the hardest (primary) partonic interactions in hadronic collisions
may be accompanied by the softer (secondary) ones among the beam remnants. The
multiplicity of simultaneous partonic scatterings is naturally related to the scale.
Large hadronic activity is observed in the soft regime, typically characterized by small
transverse momenta (pr) of the outgoing particles. In the case of relatively large pr
values, the observation of MPI will mostly focus on two simultaneous scatterings [61].
The original MPI model, first introduced in earlier versions of PYTHIA, featured
pr ordering, perturbative QCD cross sections dampened in the pr —0 limit, and
a variable impact parameter formalism. The above features remain in the latest
PYTHIA 8 [58] and the newer model also introduced the pr-ordered parton showers,
sharing a common pr evolution scale for the initial-/final- state radiation and MPI.
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This is especially important for ISR and MPI, both of which directly compete for
momentum from the beams. Additionally, HERWIG [59][60] itself implemented a
simple colour reconnection model in order to complete the hadronization of events
with MPIL.

3.4.5  MC generators for ATLAS

Monte Carlo generators provide the four-vectors describing the results of LHC colli-
sions. They are run from within Athena (ATLAS software framework) [62] and the
generated event output is put into a transient store (named Storegate) in HepMC
format [63]. A common interface, implemented via inheritance of a GeneratorModule
class, guarantees common functionality for the basic generation steps. The genera-
tor information can be accessed and manipulated by the helper package like Truth-
Helper [64].

A long list of generators are used in Athena and they can be grouped into three
categories. The first group of generators, the full generators, include parton shower
and fragmentation. The ones belonging to this group are PYTHIA 6/8 [57][58], HER-
WIG(++) [59][60] and SHERPA [65]. The second group includes the specific purpose
add-on packages to generators, e.g. PHOTOS [66], TAUOLA [67] and PHOJET [68§].
The add-on packages retrieve the HepMC container from Storegate, modify the events
and finally rewrite the HepMC events back into Storegate. The last group, the parton
level generators, requires an interface to the full generator like PYTHIA and HER-
WIG to perform the parton shower and the fragmentation. Such generators are like
MC@NLO [38], POWHEG [69] and ALPGEN [70]. More details on the above MC
generators are listed in tables in Appendix [A]

Simulation samples used in the study of this thesis are modelled using the
PYTHIA generator. The package PHOTOS is interfaced to the standard QCD MC
generators to simulate the effect of final state QED radiation. Therefore, some fea-
tures about PYTHIA and PHOTOS are introduced.

PYTHIA

The PYTHIA MC generator is used as the main general-purpose event generator in
ATLAS [57][58]. The default parton distribution in PYTHIA is CTEQ5L [23], but
other PDFs found in the LHAPDF library [71] can easily be linked. It is possible
to use separate PDF sets for the hard interaction, for the subsequent showers, and
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for the multiple interactions. The initial- and final-state evolution and the multiple
interactions are interleaved into one common decreasing pr sequence since PYTHIA
6.3. Hadronisation is based solely on the Lund string fragmentation framework and
particle data have been updated in agreement with the 2006 PDG tables [72].

The standard PYTHIA event generation machinery does not contain any full
higher-order matrix elements. Starting from the hard interaction, initial- and final-
state radiation corrections are normally added by making use of the parton-shower
language. The only process for which PYTHIA offers a matrix-element option is
ete” — v*/Z° — ¢, where higher-order QCD corrections can be obtained either
with parton-shower or with second-order matrix elements (available for ¢g + qgg +
9499 + qaq q production). Purely weak effects are not included in PYTHIA. There
are several cases where higher-order matrix elements are included at the Born level.
For instance, in the case of W production at a hadron collider, except the lowest
order process ¢q§ — W, the other two first-order processes qg — W¢q and ¢§ — Wy
are included. The 2—2 matrix elements are divergent when pr —0 and should not
be used down to the low pr region. A correct treatment in this region would need to
take into account loop corrections to cancel the singularities, which are not avaiable in
PYTHIA. Depending on the physics application, PYTHIA could be used differently.
In an inclusive description, which is dominated by the small py region, the preferred
solution is to combine the lowest-order matrix elements with parton showers. For the
process where the large-pr tail might be of interest, the shower approach may be
inefficient. The matrix-element alternative allows reasonable cuts to be inserted from
the beginning of the generation procedure and should give a more precise prediction
of the high-p; event rate than the approximate shower procedure. Therefore it is
recommended to start from the 2—2 matrix elements and add showers, thus giving
a decent description over the whole p; range.

The MC generator parameter sets, so-called “tunes”, can provide an optimal
description of the ATLAS data for the use in LHC physics studies. The tunes have
been constructed for the PYTHIA 6 in the ATLAS 2011 MC simulation production
campaign (MC11) [73]. The tunes are performed in four stages, using the MRST
LO** PDF [74]:

1 Flavour parameters tuned to hadron multiplicities and their ratios, measured
in ete™ collisions;

2 Final state radiation and hadronisation parameters, tuned to event shapes and
jet rates measured in eTe™ collisions;

3 Initial state shower parameters and primordial k7, tuned to Tevatron and LHC
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data;

4 Multiple-parton interactions, tuned to Tevatron and LHC data.

The parameters used for the tuning of PYTHIA 6 for MC11 can be found in Ref. [73].
Moreover, an extension of the tuning study for the PYTHIA family, including the
C+-+ PYTHIA 8, is presented in Ref. [75]. The primary changes in PYTHIA 6 are
driven by concerns with the parton shower configuration and by a desire to construct
equivalent and systematic variation tunes for a variety of PDFs.

PHOTOS

As an “after-burner” algorithm, PHOTOS adds bremsstrahlung photons to already
existing events, which is filled in by a host generator (with the QED FSR brem off)
and transmitted by means of a standard HEPEVT event record (the information
about four-vectors of particles taking part in the process and the topology of the pro-
cess). PHOTOS intervenes at every event decay branching. With certain probability
extra photons may be added and the kinematics of other particles can be adjusted.
PHOTOS has a unique double interative algorithm: an internal loop is over emitters;
an external one is over consecutive emission. In the iterative algorithm for multi-
photon emission, the number of photons to be generated is based on a Poissonian
distribution. The QED ISR-FSR interference is implemented in PHOTOS as the
a Carlo interference weight. Pure weak corrections are not included in the current
PHOTOS interfaces [66].

Instead of the order-by-order perturbative calculations, the most popular method
in QED to include the bremsstrahlung effects and improve the convergence of the per-
turbative expansion, is exponentiation. In the leading-log approximation, partially
inclusive formulae exhibit factorization properties of QED. A matrix element formula
for particle decay accompanied by bremsstrahlung photon emission can be factorized
to Born-level terms times the bremsstrahlung factor. This approximation, taking
into account both real and virtual corrections, converges to an exact expression in
the soft-photon region of phase space. Within PHOTOS, the infrared divergences
that originate from the emission of real and virtual photons may be regularised and
cancelled out order-by-order: a technical parameter of the minimum photon energy
is defined, and integration over the directions of photons with energies lower than the
cut-off is performed. The collinear region of the phase space can be treated properly
as well: the singularities are regulated by the masses of the charged particles. In the
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exponentiated version of PHOTOS (multi-photon emission mode), the value of the in-
frared cut-off parameter EZY’“'” /M can be lowered down to ~10~7. The multi-photon
emission mode is used in ATLAS.

PHOTOS can be used for simulation chains at LHC aiming at 0.2 % precision
tag in single Z or W production and at their common studies [76] [77]. Tests have been
performed with KKMC [78] to confirm the physics precision of FSR. KKMC is the
program used at LEP for the precision measurements of Z. It is based on exclusive
exponentiation and features second order matrix elements for FSR. Agreement better
than 0.2 % in experimental cuts (ATLAS, CDF) between PHOTOS and KKMC was
found. The recent comparisons performed between PHOTOS and SANC [52][53],
with first order matrix element, decays of Z and W, also multi-photon emission, are
still in progress.

The interface of PHOTOS to PYTHIA is available provided that the param-
eter of PARJ(90) is set as 20000 in the latter [79]. This parameter represents the
threshold in GeV below which leptons do not radiate, thus preventing the lepton
radiation in PYTHIA and reducing double counting. Since no lepton QED radiation
is implemented in HERWIG, the inclusion of PHOTOS is simple and possibly also
rather necessary. The standard switches and configuration parameters can be set in
the PhotosCommand in the JobOption file [79]:

e photos pmode(Default=1): Radiation mode of photons;

e photos xphcut(Default=0.01): Infrared cutoff for photon radiation;

e photos alpha( <0 leave Default=0.00729735039): agrp value used in PHOTOS;
e photos interf(Default=1): Photon interference weight switch;

e photos isec(Default=1): Double bremsstrahlung switch;

e photos itre(Default=1): Higher bremsstrahlung switch;

e photos iexp(Default=1): Exponential bremsstrahlung switch;

e photos iftop(Default=0): Switch for gg(qq) — tt process radiation.

Notice that if the exponential mode (iexp=1) is set, the original xphcut value can be
overruled by the default Infrared cutoff (10~7) in the exponential mode.
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Chapter 4

The ATLAS Experiment at the
Large Hadron Collider

4.1  Large Hadron Collider

The Large Hadron Collider (LHC) [80], the world’s largest particle accelerator, is
located at the European Organization for Nuclear Research (CERN) near Geneva,
Switzerland. It reuses the 27 km circumference tunnel that was built for the previous
big accelerator, LEP [81]. The LHC is designed to accelerate two beams of particles of
the same kind, either protons or lead ions, which will travel in the opposite directions
and finally collide once they reach the desired energy. ALICE [82], ATLAS [83],
CMS [84] and LHCD [85] are installed in four huge underground caverns built around
the four collision points of the LHC beams.

The acceleration is achieved by a chain of accelerators, as illustrated in Fig-
ure [£.1} The brief story of a proton accelerated through the accelerator complex at
CERN is as follows: protons are accelerated in a linear accelerator (LINAC) at the
first step. Then they are injected into the Proton Synchrotron Booster (PSB) at an
energy of 50 MeV. The booster accelerates them to 1.4 GeV. The beam is then fed
to the Proton Synchrotron (PS) where it is accelerated to 25 GeV. Protons are then
sent to the Super Proton Synchrotron (SPS) where they are accelerated to 450 GeV.
They are finally transferred to the LHC (both in a clockwise and an anticlockwise
direction, the filling time is 4’20” per LHC ring) where they are accelerated for 20
minutes to their nominal energy of 7 TeV. Beams will circulate for many hours inside
the LHC beam pipes under normal operating conditions.
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Figure 4.1: Schematic layout of the LHC injector chain.

LHC started its first proton-proton collision at /s = 0.9 TeV and later at
Vs = 2.76 TeV in late 2009. The first collision at /s = 7 TeV has been taken
since March 2010, which led to about eight months of data taking before a few weeks
of heavy ion collisions and the winter shutdown. Since March 2011, proton run has
restarted at /s = 7 TeV till now, still with a few weeks of heavy ion collisions and
the winter shutdown. The current LHC run is scheduled to continue till the end of
2012, which will provide the experiments enough data to fully explore the energy
range accessible with 3.5 TeV per beam collisions for new physics before preparing
the LHC for higher energy running. A long shutdown will then start in the year 2013
to prepare for an increase of the total energy towards the LHC design /s = 14 TeV.

The peak luminosity was 2.1 x 1032 cm ~2s~! in 2010 and 3.65 x 1033 cm ~2s~! in
2011. The recorded luminosity at /s = 7 TeV delivered to the ATLAS experiment
was 45 pb~! in 2010 and reached 5.25 fb~! in 2011 [86]. Figure shows the
total integrated luminosity versus day delivered to (green), and recorded by ATLAS
(yellow) during the stable beams for proton-proton collision at /s = 7 TeV. The
delivered luminosity accounts for the luminosity delivered from the start of stable
beams until the LHC requests ATLAS to turn the sensitive detector off to allow
a beam dump or beam studies. The luminosity is determined from counting rates
measured by the luminosity detectors.
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Figure 4.2: Cumulative luminosity versus day delivered to (green), and recorded by
ATLAS (yellow) during stable beams for pp collisions at /s = 7 TeV in 2010(left)
and 2011 (right) (taken from Ref. [86]). The left plot is shown in logarithmic scale.

4.2  ATLAS Detector

ATLAS (A Toroidal LHC ApparatuS) is a general-purpose detector designed to cover
the widest possible range of physics at the LHC, searching for new discoveries in the
head-on collisions of protons of extraordinarily high energy. The main feature of the
ATLAS detector is its enormous doughnut-shaped magnet system. This consists of
eight 25 m long superconducting magnet coils, arranged to form a cylinder around the
beam pipe through the centre of the detector. It is the largest-volume detector ever
constructed, with 25 m height, 44 m length and weights 7000 tonnes (Figure .

The coordinate system of the ATLAS detector is defined in cartesian coordinates
with the z axis running along the beam pipe, the x axis pointing to the outside of
the LHC ring, and the y axis pointing up. The origin of the coordinate system is
located at the centre of the detector. However, often spherical coordinates are used
to describe the subdetector and physics processes. The azimuthal angle ¢ = [0, 27]
is the angle formed with the x — y plane. The polar angle § = [0, 7] is the angle
formed with the z axis. 6 is often replaced by the pseudorapidity n defined as
n = —In(tan(d/2)). This is equal to the rapidity y in the limit of massless objects
(see Section . The difference in rapidity of two particles is invariant under Lorentz
boost along the beam axis. In ATLAS the high pr electrons, muons and light quark
jets can be approximately considered as massless particles.

39



4.2. ATLAS Detector The ATLAS Experiment at the Large Hadron Collider

LAr hadrenic end-cap and
forward calorimeters

Pixel detector ™,

LAr electromagnetic calorimeters

Muon chambers Solenoid magnet | Transition radiation tracker

Semiconductor fracker

Figure 4.3: Cut-away view of the ATLAS detector (taken from Ref. [83]). The di-
mensions of the detector are 25 m in height and 44 m in length. The overall weight
is approximately 7000 tonnes.

4.2.1  Inner Detector

At design luminosity thousands of particles will emerge from the collision point every
25 ns within |n| < 2.5, creating a large track density in the detector. To achieve
the high-precision measurements required by the physics processes, it is necessary to
have a fine granularity. The inner detector is therefore composed of three subsystems,
Pixel, SemiConductor Tracker (SCT) and Transition Radiation Tracker (TRT), to
offer these features. The charge, momentum, track direction and impact parameter
(shortest distance to the z axis) are measured in the inner detector. It can also
identify the origin of the particle (vertexing), and determine if the track originated
from the interaction point or at some distance from this (secondary vertex), as is
the case for B-mesons and converted photons. The plan view of a quarter-section of
the ATLAS inner detector is given in Figure [4.4] showing each of the major detector
elements with its active dimensions and envelopes. It is immersed in a 2 T magnetic
field, extending 7 m in length and 1.15 m in radius, covering pseudorapidities up to
In| < 2.5.
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Pixel Detector

The pixel detector is located closest to the beam pipe. It consists of three cylindrical
barrel layers and three discs in each endcap, covering a range in pseudorapidity of
In| < 2.5. A charged particle traversing the detector produces electron/hole pairs
in the semiconductor sensors. The free charge is collected applying a bias voltage.
If the collected charge is above 0.5 fC (&~ 3000 electrons), the readout electronics
write out both the pixel address and the time over threshold (ToT). Later, the ToT
is used to recover the amount of charge that was deposited in the sensor, resulting
in a measurable current. The intrinsic accuracies are of 10 ym x 115 pm in the
(Ry) x z direction for barrel and 10 gm x 115 pm in the (Ry) x R direction for
end-cap disk. Altogether the pixel detector has approximately 80.4 million readout
channels.
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Figure 4.4: Plan view of a quarter-section of the ATLAS inner detector showing each
of the major detector elements with its active dimensions and envelopes (taken from
Ref. [83)]).
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SCT Detector

The SCT detector surrounds the pixel detector. It consists of one cylindrical barrel
and two endcaps. The SCT measurements are very important for the final tracking
resolution, impact parameter calculation and the positioning of the z-coordinate of
the vertex. Its main purpose is the momentum and impact parameter measurement of
charged particles as well as vertex position determination. Good pattern recognition
is also needed. Precise points in Rp- and z- direction are provided by the silicon
microstrip detectors, using small angle stereo layers to supply the z measurement. All
modules are built on four single-sided p-on-n semiconducting silicon detectors. Those
follow the same working principle like the pixels. Here, the p-layer is segmented into
strips whereas each strip is read out by an individual channel resulting in a spatial
information. It provides a spatial resolution of 17 pm x 580 pm in (Ryp) X z direction
for barrel and 17 pm x 580 pm in (Ry) x R direction for end-cap disk. In total the
SCT offers about 6.3 million readout channels.

TRT Detector

To measure tracks within || < 2.0, the TRT was installed as the outermost layer
of the inner detector. It provides Ry- information only, with an intrinsic accuracy
of 130 pm per straw. It is central to the track momentum estimation. Additionally,
the transistion radiation properties of the TRT material allow electron identification.
The TRT modules are made of polyimide drift tubes called straws. The straw tube
wall is made of multi-layer films with a thickness of 35 pum bonded together back-
to-back. The design guarantees that the straws have good electrical and mechanical
properties. The tubes are filled with a non-flammable xenon-based gas mixture of
70% Xe, 27% CO4 and 3% O, [87]. When a charged particle crosses the straw
tube, the gas is ionised and the charge produced is collected in the anode. Measuring
the time it takes to collect the charge, the distance of the track to the anode can
be estimated. This distance is known as the drift radius. The total number of TRT
readout channels is approximately 351,000.

Tracks with a transverse momentum above 0.5 GeV typically pass through at
least 36 straws, except in the barrel-endcap transition where a minimum of 22 straws
are crossed. The layers of straws are interleaved with polypropylene radiators which
emit transition radiation photons when charged particles traverse them. The electrons
produce significally more photons than pions. The mixture of gas filling the straws is
sensitive to these transition photons, which can be used to identify tracks as electrons.
Efficiencies up to 90% with a pion rejection of 100:1 can be achieved for energies
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above 1 GeV. Due to the length of the straws, the mean hit occupancy is much
higher than for the SCT or pixel detectors. This makes pattern recognition in the
TRT challenging.

4.2.2  Calorimeters

The calorimetric system is located between the inner detector and the muon spec-
trometer, covering the pseudorapidity range |n| < 4.9. Over the n region matched to
the inner detector, the fine granularity of the EM calorimeter is ideally suited for pre-
cision measurements of electrons and photons. The coarser granularity of the rest of
the calorimeter is sufficient to satisfy the physics requirements for jet reconstruction
and missing transverse energy measurements.

The calorimeters require good electromagnetic and hadronic shower contain-
ment. The technology is to force the incoming particle to interact with the nuclei
in the media producing showers of particles by using dense material. The showers
are initiated in the absorber material and extend into the active material where the
energy of the shower produced is measured. The total signal collected is used to
recover the energy of the incoming particle. There are two different kinds of active
materials used in ATLAS, liquid argon (LAr) and tiles of scintillating plastic. LAr
is a radiation hard material which can provide an intrinsic linear behaviour, stability
of the response in time and radiation tolerance at an affordable price. LAr detectors
are used in the electromagnetic (EM) calorimeters, the Hadronic Calorimeter End-
caps (HEC) and the Forward Calorimeter (FCal). Plastic scintillators are used in
the hadronic barrel Tile Calorimeter (Tile). The calorimeters use different absorbing
materials such as lead, iron, copper or tungsten.

An additional function of the calorimeters is to limit the amount of punch-
through particles escaping to the muon spectrometer (MS). Hence, calorimeter depth
is an important design consideration. The total thickness of the EM calorimeter
exceeds 22 radiation lengths (Xj) in the barrel and 24 Xj in the end-caps. The
hadronic part comprises 9.7 interaction lengths (\) in the barrel and 10\ in the end-
caps. The total thickness, including 1.3 A from the outer support, is 11 A at n =0
and has been shown both by measurements and simulations to be sufficient to reduce
punch-through into the MS well below the irreducible level of prompt muons or the
ones from pion and kaon decays. Together with the large n- coverage, this thickness
also ensures a good missing transverse energy measurements. The material budget of
the calorimeters as a function of pseudo-rapidity is presented in Figure [83].
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Figure 4.5: Cumulative amount of material, in units of interaction length, as a
function of |n|, in front of the electromagnetic calorimeters, in the electromagnetic
calorimeters, in each hadronic layer, and the total amount at the end of the active
calorimetry (taken from Ref. [83]).

LAr Electromagnetic Calorimeter

The EM calorimeter is divided into a barrel, situated within |n| <1.475, and two
end-caps found within 1.375< |n| <3.2. The barrel shares the cryostat with the
central solenoid, eliminating two vacuum walls. The end-caps are hosted in their own
cryostats. The granularity of the EM calorimeter is especially fine in the region closest
to the inner detector, making it possible to distinguish between showers originating
near to each other. The barrel and end-cap modules are divided into three longitudinal
compartments also called samplings. The first sampling has the finest granularity
which allows precise cell clustering. The second sampling is thicker and is where
the electrons and photons deposit the largest amount of energy. The last sampling is
used to recover high energetic showers that extend beyond the second sampling, which
allows to discriminate between electromagnetic and hadronic showers. In the central
region of |n| <1.8, a presampler is located. The energy measured in the presampler is
used to correct for the energy lost by electrons upstream of the calorimeter. A sketch
of a barrel module of the EM calorimeter is shown in Figure [83]. The different
layers are clearly visible with the ganging of electrodes in ¢. The granularity in 7
and ¢ of the cells of each of the three layers and of the trigger towers is also shown.
The EM calorimeters use lead plates as absorbers, sanwiched between two stainless
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steel sheets. LAr is the active material filling the space between electrodes, which
have an accordion-shape structure. The electrodes consist of three conductive copper
layers separated by insulating polyimide sheets. They are separeted from the lead tiles
using plastic honeycomb meshes. The accordion geometry guarantees full azimuthal
coverage without cracks, allows fast signal extraction and segmentation of the active
layers in depth. The lead thickness in the absorber plates has been optimised as a
function of 7 in terms of EM calorimeter performance in energy resolution.
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Figure 4.6: A sketch of a barrel module of the EM calorimeter (taken from Ref. [83]).

The detection principle of the EM calorimeter is based on showering of electro-
magnetic particles. High energy electrons penetrating the detector volume radiate
photons by bremsstrahlung. High energy photons entering the detector will directly
interact via pair production. The electron-positron pairs produce bremsstrahlung
again, thus an electromagnetic shower is formed. Below the critical energy threshold
for pair production, electrons dominantly interact via ionisation and the photons by
Compton scattering or photoelectric effect. The charged shower particles then tra-
verses the active medium ionising the LAr. The produced charges travel, due to an
electrical field, to the electrodes, where a signal is registered. Muons are so called
minimum ionizing particles (MIP), a particle whose mean energy loss rate through
matter is close to the minimum. Based on the analysis of cosmic muons, the muon en-
ergy depositions in the LAr calorimeter follow a Landau distribution [88]. Figure
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displays the measured energy distribution for clusters of An x Ay =3 x 3 cells in the
range 0.3< |n| <0.4 in the LAr calorimeter.
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Figure 4.7: Measured 3 x 3 cluster energy distributions in the range 0.3< || <0.4 in
the LAr EM calorimeter, using cosmic muons (taken from Ref. [88]).

Hadronic Calorimeters

The hadronic calorimeter is built around the EM calorimeter. It is designed to mea-
sure the energy deposited by jets of particles formed by the hadronisation of gluons
and quarks. Since hadrons are much heavier than electrons, hadronic showers are
much longer and wider than their EM counterparts. Therefore the hadronic calorime-
ter requires a higher density and an absorber material with higher Z. The material
thickness of hadronic calorimeter is enough to stop almost all kinds of particles origi-
nating in the proton collisions, except the muons and the weakly interacting neutrinos.
However, the hadronic interaction of high energetic particles in the calorimeter ab-
sorbers, produce a large number of slow neutrons and low energy photons that form
a dense cavern background in the muon detector.

Tile The tile calorimeter is placed directly outside the EM calorimeter envelope.
It consists of a central barrel covering up to || <1.0 and two extended barrels on
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each side covering the range 0.8< |n| <1.7. It is a sampling calorimeter using steel
as absorber and scintillator tiles as active medium. Steel has a shorter interaction
length than lead and is therefore more suitable for a hadronic calorimeter. A hadron
entering the Tile calorimeter interacts inelastically with the steel plates, producing
secondary particles resulting in a hadronic cascade (hadronic shower). Those excite
the scintillator tiles, the two sides of which are connected to wavelength-shifting fibres.
Wavelength-shifting fibres collect the scintillation light produced in the scintillators
and bring it to photo-multipliers (PMT’s). The orientation of the scintillator tiles
radially and normal to the beam line, in combination with wavelength-shifting fibre
readout on the tile edges, allows for almost seamless azimuthal calorimeter coverage.

LAr Hadronic End-cap Calorimeter (HEC) The hadronic end-cap calorimeter,
consists of two independent wheels per end-cap, located behind the end-cap EM
calorimeter and sharing the same LAr cryostats. To reduce the drop in material
density at the transition between the end-cap and the forward calorimeter, the HEC
extends out to || =3.2, thereby overlapping with the forward calorimeter (see below).
Similarly, the HEC 7 range also slightly overlaps with that of the tile calorimeter by
extending to |n| =1.5. To reach the required A, copper is used as absorber, which
has a shorter A than steel. The wheels closest to the interaction point are built from
15 mm parallel copper plates, while those further away use 50 mm copper plates. The
copper plates are interleaved with 8.5 mm LAr gaps, providing the active medium for
the HEC.

LAr Forward Calorimeter (FCal) The task of the forward calorimeter is mainly
to complete the 47 sphere coverage as hermetically as possible. This is necessary for
a good missing energy measurement. It is integrated into the end-cap cryostats, as
this provides clear benefits i