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Abstract

Physics studies of processes with 7 leptons in the final state, while challenging at
hadron colliders, are of great importance at the LHC. The 7 leptons provide important
signatures in searches for the Higgs boson as well as for new physics in a wide range
of theoretical models. Decays of Standard Model particles to T leptons, in particular
Z — 1t and W — TV, are important background processes in those searches and their
cross sections need to be measured first. This thesis reports the first observation of
W — 7v; decays and of hadronically decaying 7 leptons with the ATLAS experiment
at the LHC. The analysis is based on a data sample corresponding to an integrated
luminosity of 546 nb™!, which was recorded at a proton-proton centre-of-mass energy
of 7TeV. A total of 78 data events are selected, with an estimated background of
111423 (ggar) £ 3.2yt events from QCD processes, and of 11.8+0.4(ga1) £ 3.7 5ys1.)
events from other W and Z decays. The observed excess of data events over the total
background is compatible with the SM expectation for W — tv; decays, both in the
number of events and in the shapes of distributions of characteristic variables.






p,(t) = 29 GeV
Ems = 39 GeV
Ad(TE™) = 31

 EXPERIMENT

Run 155697, Event 6769403
Time 2010-05-24, 17:38 CEST

W-1tv candidate in
7 TeV collisions

Display of the first W — 7, v; event candidate observed in ATLAS (event collected on May 24™ 2010). The hadronically decaying single-prong

7T candidate is clearly visible. It has one well-identified track (red-orange) with a transverse momentum of 10GeV and energy deposited in

the electromagnetic and hadronic calorimeters (20GeV and 10GeV, respectively). The energy depositions in the cells of hadronic tile and

electromagnetic calorimeter form a narrow shower typical of a hadronic 7 decay. It is the only high-momentum object in the event, no other
jets, muons, electrons or photons were found. E%‘iss is indicated by a red arrow or dashed line.
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1. Introduction

The development of new accelerators and detectors in the last decades has contributed to great
advances in particle physics. Moreover, several new ideas were proposed and developed in
quantum field theories for describing strong, weak and electromagnetic interactions. In the late
1960’s these ideas were concentrated into a simple and elegant theory known as the Standard
Model (SM) which has been very successful at describing the fundamental particles that make
up all matter and their interactions. It has, for example, correctly predicted the existence of the
W and Z bosons, the gluon, the charm quark and the top quark before their discovery. The
Higgs boson is the only particle predicted by the SM which has not yet been detected.

Despite being a very successful theory of particle physics to date, the SM is also believed to
be incomplete and therefore not the ultimate theory. Gravity, for example, is not incorporated
into the SM. In addition, this theory does not explain the presence of dark matter throughout
the universe and has unsolved problems such as the large hierarchy in energy scales. Several
new theories have been proposed to address these open issues. For instance, supersymmetry

(SUSY) is an attractive way to go beyond the SM.
The ATLAS experiment at the Large Hadron Collider (LHC), the largest and most powerful

particle accelerator ever built, hopes to probe these and many other open scientific questions

at the frontier of particle physics.

The 7 lepton plays a very important role in the ATLAS physics program since it provides
a useful signature in searches for the SM Higgs boson and new phenomena, in a wide range
of theoretical models, with 7 leptons in the final state. For example, the SM H — 77 decay
mode has the cleanest signature in the low mass region (115 < mp < 140GeV) and, in SUSY
models, the observation of the charged Higgs decaying into a 7 lepton and a neutrino would
be a clear sign of new physics beyond the SM [1-4]. The 7 lepton is very similar to electrons
or muons but it is the only lepton heavy enough to decay into hadrons as well as into leptons.
The T properties, such as mass, lifetime, decay modes and polarization, have been precisely

measured in several experiments using e*e ™ collisions, namely the experiments at LEP [5, 6],

Babar [7], Belle [8], BESII [9], CLEO [10] and KEDR [11].



Decays of SM particles to 7T leptons, in particular Z — 77 and W — TV, are important
background processes in those searches and their cross sections need to be measured first. The-
oretical calculations of the W and Z boson production cross sections have been carried out in
next-to-next-leading order (NNLO). The main contribution to the calculated cross section is
from ¢g interactions followed by ¢(g7)g interactions. At NNLO, the W — TV, signal is pre-
dicted to be produced at a proton-proton center-of-mass energy of 7TeV with a cross section

times branching ratio of [12, 13]:
ow X BR(W — tv;) = 10.46nb, (1.1)

which is about ten times higher than for Z — 77 events. This prediction is in good agreement
with the ATLAS measurement for W — £v ({ = e or 1) of [14]:

6‘6{/” -BR(W — EV) = 9.96:&0.23(“%) io-so(syst.) + 1.10(1umi)nb. (1.2)

The measured ratio of the W to Z cross sections times branching ratios in ATLAS is [14]:

ow -BR(W — (v)
0z -BR(Z — 00)

= 11.72£0.9(yq0) £ 04 oyer). (1.3)

Amid a strong physics motivation for exploring data with 7 leptons in the final state, T
reconstruction and identification at hadron colliders are challenging from the experimental
point of view. Since purely leptonic T decays (referred to as 7y in this thesis) cannot be easily
distinguished from electrons or muons from W — ev, or W — uv,, decays, the 7 identification
algorithms are developed to select only hadronically decaying 7 leptons (referred to as 7, in this
thesis). The hadronic T decay modes have the largest decay branching fraction of about 65%
but their signatures in the detector are very similar to jets from QCD processes. Therefore,
an efficient and reliable identification of hadronically decaying 7s is critical for the rejection
of the huge QCD jet background. Moreover, the T’s energy cannot be measured directly as
the neutrino in the hadronic 7 decay carries off energy and gives rise to missing transverse
energy (Efrniss). It is thus crucial to have a good Efrniss resolution in the detector for channels
requiring reconstruction of the invariant mass of the object decaying to 7 leptons. Another
related challenge is providing efficient triggering for events with 7, while keeping trigger rates

at levels sustainable by the trigger system.

In this thesis, the first observation of hadronically decaying 7 leptons from W — Tv; decays
with the ATLAS experiment at the LHC is reported. This observation, documented in [15],
constitutes the first step in the ATLAS physics program with 7 leptons in the final state. It
is based on data that were recorded at a proton-proton center-of-mass energy of 7TeV from

March to mid-August and correspond to an integrated luminosity of 546 nb™!.



1. Introduction

This thesis is organized as follows. In Chapter 2, the Standard Model is briefly introduced and
the elementary particles and their interactions are described. Also the Higgs mechanism and
supersymmetry are shortly discussed. This is followed by the description of the ATLAS detector
in Chapter 3. Chapter 4 presents the Monte Carlo event generators, detector simulation and
the algorithms used for event reconstruction. The algorithms used for 7, reconstruction and
identification are presented in detail in Chapter 5. In Chapter 6, the W-boson production at
the LHC, the kinematic properties of the W — 7, V¢ decays and the main background processes
are discussed. The selection of W — 7,V events is described in Chapter 7. The method used to
estimate the QCD background contribution directly from data and several tests to validate it are
detailed in Chapter 8. The systematic uncertainties are presented in Chapter 9 and Chapter 10
summarizes the results and gives an outlook on future directions. Finally, the conclusion of this

work is presented in Chapter 11.






2. The Standard Model and Beyond

The Standard Model of particle physics is a theory that describes in detail three out of the
four known fundamental interactions as well as the elementary particles that take part in these
interactions and make up all visible matter in the universe. Despite the success of this theory,
the SM is also believed to be incomplete and therefore not the ultimate theory. There are a
number of experimental observations of Nature for which the SM does not give an adequate
explanation, for example: dark matter and gravity. Supersymmetry is one of the most attractive
ways to go beyond the SM and provide a solution to these problems.

This chapter briefly describes the elementary particles in the Standard Model and the char-
acteristic properties of their interactions. The Higgs mechanism is also presented followed by
a short introduction to supersymmetry. In addition, example of searches for the SM Higgs
boson and supersymmetric particles at the LHC are discussed, with emphasis on the searches
with T leptons in the final state. The 7 lepton properties will be described together with the T
identification algorithms in Chapter 5. The production of the W — TVv; process at the LHC, its
kinematic properties and background processes will be presented in detail in a separate chapter,
in Chapter 6. Discussions in this chapter is, in many respects, based upon the textbook on the
physics of the SM and beyond by Morii, Lim and Mukherjee [16].

2.1 The Standard Model

The Standard Model contains both the fermionic and the bosonic fundamental particles.
Fermions are particles with half-integer spin and obey the Pauli exclusion principle. On the
other hand, bosons possess integer spin and do not obey the Pauli exclusion principle.

The fundamental fermions of spin s = 1/2 form the basic constituents of matter and can be
divided into two types, leptons and quarks. Six different leptons are known (and six antileptons
with opposite quantum numbers): the electron, e, the muon, U, and the tau, 7, with electric
charge! O = —1, and the corresponding neutrinos V,, vy, and V¢ with electric charge Q = 0.
The neutrinos interact via the weak force only, while the e, 1 and 7 interact via both the weak

and the electromagnetic forces.

LAll electric charges are given in units of the elementary charge e.



2.1. The Standard Model

Similarly, there are six flavors of quarks (and six antiquarks), u, d, c, s, t and b with fractional
charge 0 =2/3, —1/3,2/3, —1/3,2/3 and —1/3, respectively. In addition to flavor, quarks
have another degree of freedom called color that can be out of three types, red, green and blue.
Quarks form hadrons, which are classified into baryons and mesons. Baryons are fermions
made of three quarks, for instance the proton p (uud) and the neutron n (ddu). Mesons are
bosons made of one quark and one antiquark, for example the pions (T ~ ud and T~ ~ du).
Since there exist no colored hadrons in Nature, it is assumed that all observed hadrons must be

colorless, i.e. color singlet states.

The interactions among the fundamental particles are mediated by the exchange of bosons
with spin s = 1. The electromagnetic, weak and strong interactions are mediated by photons

Y, weak bosons W=, 7% and eight gluons gqo, 00 = 1,...8, respectively.

The Standard Model of electroweak and strong interactions is based on the gauge group
G=SUQ3)cxSUQ2)LxU(l)y. (2.1)

The subscript L means that the fields participating in the interaction are left-handed and Y
denotes the weak hypercharge. The left-handed and right-handed fields as well as the weak

hypercharge are explained in the next section.

The SU(3)c represents the non-Abelian gauge symmetry group of the strong interaction
where the gluonic gauge fields are coupled to the color charges as formalized in Quantum Chro-
modynamics (QCD). The SU(2), x U(1)y gauge symmetry represents the symmetry group
of the electroweak interactions, which is also a non-Abelian gauge theory. The electromagnetic
interaction U (1), appears as a subgroup of SU(2); x U(1)y and is described by the Abelian
gauge theory, Quantum Electrodynamics (QED). These Abelian and non-Abelian groups have
an important feature that is gluons and weak bosons have self-couplings while the photon does
not couple to itself. Photons are massless and hence their interaction ranges are infinite. Glu-
ons are also massless, but their interaction ranges are finite because of the non-Abelian nature
of color interaction. Another consequence of the non-Abelian nature is that the strong force
between quarks increases with distance and quarks are thus confined inside hadrons. The weak
bosons W* and Z° are massive (see Table 2.1) and therefore the weak interaction range is very
short (~ 10~ ¥ m).

Since the weak gauge bosons are massive particles, SU(2)z, x U(1)y is not a symmetry of the
vacuum?. In contrast, the photon being massless reflects that U (1), is a good symmetry of
the vacuum. Therefore, the gauge group G is broken spontaneously to SU(3)¢ X U (1), by
means of the Higgs Mechanism.

’In quantum field theories, particle excitations of a field are defined as quantized fluctuations of the field about
its lowest energy state, i.e. the vacuum state [16].



2. 'The Standard Model and Beyond

In the electroweak sector of the SM, the Higgs mechanism postulates that scalar fields interact
with each other in such a way that the ground state acquires a non-zero field strength, break-
ing the electroweak symmetry of local gauge symmetries spontaneously [17]. The interaction
energies of electroweak gauge bosons, leptons and quarks with this field manifest themselves
as non-zero masses of these particles. This sector also predicts the existence of a single neutral
Higgs boson with spin-0 which has not yet been observed. Understanding this mechanism that
breaks electroweak symmetry and generates the masses of all known elementary particles is one

of the most fundamental problems in particle physics.

2.2 The Standard Model of electroweak interactions

The symmetry group SU (2)1, x U(1)y of the electroweak interaction is the basis of the Glashow-
Salam-Weinberg theory. Leptons and quarks are realized in three families of identical structure.
The members of each doublet participate in the charged current weak interaction processes to-
gether. The only difference between the families is the difference of the masses of the quarks
and leptons, depending on the family. The first family (e, Ve, u, d and their anti-particles)
is responsible for most of the macroscopic phenomena we observe. Moreover, the fermions
are organized in left-handed isospin doublets and right-handed isospin singlets. The masses of
the elementary fermions and bosons are listed in Table 2.1 and the quantum numbers of the

elementary fermions are shown in Table 2.2.

Leptons Quarks Bosons
e 511eV | u 1.7—3.3MeV
Ve <2eV|d 4.1-58MeV | v 0
g 105.7MeV | ¢ 1277597 GeV | W 80.399+0.023GeV
vy <0.19MeV | s 101737MeV | Z  91.1876£0.0021 GeV
T 1777MeV | b 4.197008GeV | g 0

ve <182MeV |t 172.0+£0.9+£1.3GeV

Table 2.1: Masses of the elementary fermions and bosons [18]. Only upper limits are given
for the masses of the neutrinos, although there is strong experimental evidence that they are
massive.

The left-handed and right-handed fields are defined by means of the chirality operator 5:

_ 1 _ _ 1 _
er :5(1—’}/5)6 5 €p :§(1+}/5>€ y (22)

where 5 is defined using /, the 4 X 4 unit matrix, as:



2.2. The Standard Model of electroweak interactions

Families Quantum Numbers
1 2 3 T T3 Y 0 C
Leptons
(), ), (62 () () () O
e ), \w ), \=) |\ ~1)2 -1 ~1 0
€Rr UR TR 0 0 -2 —1 0
Quarks
u ¢ t 1/2 1/2 1/3 2/3 rg.b
B, G, G GE) () (3) () ()
UR Cr tr 0 0 4/3 2/3 rg,b
di SR br 0 0 2/3 —1/3 r.g,b
Table 2.2: Flementary fermions and their quantum numbers. T: Weak isospin; 7>: 3" compo-

nent of weak isospin; Y': Hypercharge; Q: electric charge and C: color charge. These quantum
numbers change their sign for anti-fermions.

(o1
5=1; o)

The different isospin assignment to left-handed and right-handed fields allows for maximal
parity violation in the weak interaction [17]. The weak isospin group SU(2)r, has three gen-
erators: T; = 3}, with i = 1,2,3 and o; the Pauli matrices>. T' corresponds to the conserved

weak charges defined according to the Noether’s Theorem by:

T = /Jid3x.

where J' is the weak charged current. U(1)y has one generator, %, where the weak hypercharge

(2.3)

Y is connected with the electric charge Q and the weak isospin by the relation:

Y =2(Q-T?3). (2.4)

Defining the left-handed doublet as L and the right-handed singlet as R, the gauge invariant
Lagrangian with SU(2)1 x U(1)y symmetry is constructed as

i

2

7 2

ZLr =Liy"(dy —ig 5 Aut ¢'Bu)L+ Riy*(dy +ig'By)R, (2.5)

where AL (i =1,2,3) and By are gauge boson fields associated with SU(2); and U(1)y, re-

o (01 o (0 i o (10
=1 o 2=\ o = \o -1/

3
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spectively, and g and g’ are the corresponding gauge coupling constants.

The kinetic term of the gauge fields which should be added to ZF is given by

1 1

Lo = —4—11%1&”'“v = 4 BuvB" (2.6)

with
Fy = duA\, — dvA, + g€ HALAY, (2.7)
Buv — a‘u_Bv - avB‘u_7 (2.8)

where Fﬁv(i = 1,2,3) and Byy are field-strength tensors of gauge fields corresponding to
SU(2), and U(1)y, respectively; €% is the totally antisymmetric Levi-Civita tensor with
€'23 = 1. The mass term of the fermions and bosons appears neither in %7 nor in Z.
They are all massless at this stage and they will become massive when the Higgs mechanism

is introduced, as described in the following section.

2.2.1 Spontaneous breaking of SU(2)r, x U(1)y symmetry

Spontaneous symmetry breaking corresponds to the breaking of the symmetry of the original
Lagrangian by breaking the symmetry of the vacuum. If the Lagrangian has a global symmetry,
the Goldstone Theorem [19,20] implies that there must exist one massless boson (Goldstone
boson), scalar or pseudoscalar, associated to each generator which does not annihilate the vac-

uum and has its same quantum numbers [21].

SU(2)L, x U(1)y has four gauge bosons and since the photon is massless, the symmetry must

be broken according to:

SUQ2). x U(1)y — U(D)em. (2.9)

The electroweak symmetry breaking (EWSB) can be realized using the Higgs mechanism. Start-
ing with an SU(2) doublet of two complex scalar fields whose weak hypercharge is Yy = +1,

+
¢ = (T;)O) ; (2.10)

where @t and @ are positively charged and neutral complex scalar fields, respectively, the

Lagrangian is given by:

Zc = (Du9)"(D*9) =V (979) (2.11)
with
Dp¢ = (9 — iggA_ﬁ - %8/Bu)¢- (2.12)



2.2. The Standard Model of electroweak interactions

The potential term is gauge invariant and given by:

V(0" 9) =mo* ¢+ A(0*9)>. (2.13)

For A > 0 and m?> = —u? (u? > 0), the potential V is illustrated in Figure 2.1.

V(9)

/ —>

i VW2

(e

2

Figure 2.1: Illustration of the potential V for A > 0 and m? = —u? (u? > 0).

W)y = (2%)g = 0 and is given by

The minimum of the potential V' can be obtained by (W e

4 2 2
oTo =] ¢ |*= 5, withv =1/ ”7 Therefore, all points on the circle with radius v corresponds

to the minimum of the potential V. Then, spontaneous symmetry breaking occurs when the

scalar doublet ¢ develops a vacuum expectation value ¢p = ( ) . As a remark, T3 and Y

0
v/\/§

have non-vanishing vacuum expectation values:

T o = _71%; Y o = o,

while the electric charge does:

Q¢ =0.

Therefore, Goldstone bosons must exist associated with 7> and Y. Parameterizing now the

scalar doublet with four degrees of freedom in terms of the fields denoting the shifts from the

_ (P+ _ei5>~?/2v 0
*- <(p°> - <<v+H>/ﬁ> >

vacuum state @,

10



2. 'The Standard Model and Beyond

where &(i = 1,2,3) and H are real fields. Using the Higgs mechanism, the three massless
Goldstone bosons &; are generated, which are absorbed to give masses to the gauge bosons w*
and Z°. The remaining component of the complex doublet becomes the Higgs boson, a new
fundamental scalar particle. The W= boson is defined by:
11 A2
Wy = Au T Ay (2.15)
V2

with mass my = % gv. The Z boson can be obtained from:

zZ —si A}
Ay sinBy  cos OBy B f
where Oy is the weak mixing angle or Weinberg angle, with tan Oy = % and sin® Oy =

0.23116(13) [18] and A is associated to the photon field with mass my = 0. The fact that
the experimental value of sin® By is far away from 0 and 1 indicates a large mixing effect. It
supports thus the interpretation that the electromagnetic and the weak interactions are indeed

manifestations of a unified electroweak interaction. The neutral Z boson becomes massive with:

(2.17)

The Higgs-boson mass is given by:

my = /22 (2.18)

and cannot be predicted since it is an unknown parameter. To obtain the fermion mass, one
has to consider the interaction between fermion fields and the Higgs field of Yukawa type
% = G7ff9. Replacing the Higgs field by its ground state, ¢ — v/v/2, the fermion mass
can be obtained as my = Gpv/V/2 [21]. v = (V2Gr)~'/? ~ 246 GeV is fixed by the Fermi
coupling constant G, which is determined precisely from p1-decay measurements [18], and
sets the scale of EWSB.

Finally, the Higgs couplings to fundamental fermions is proportional to the fermion masses.
Therefore, for a high-mass fermion like the top quark, the coupling to the Higgs boson is very
large. The interaction of the Higgs boson with gauge bosons is proportional to the square of

the boson masses. The Higgs couplings to gauge bosons and fermions are given by:

2
_ my - mg
8HVV = 7 SHIF =

with V. = W= or Z.

11



2.2. The Standard Model of electroweak interactions

2.2.2 Bounds on the Higgs-boson mass

Theoretical Bounds

The theoretical upper bound can be determined from unitarity as well as from triviality. Con-
sidering the scattering of longitudinally polarized W bosons (W," W, — W,;"W,"), including W
and Higgs exchanges, and requiring the unitary condition to be satisfied, the following upper

bound on the Higgs mass is obtained [22]:
my < 860GeV.

Upper bounds on the value of the Standard Model Higgs mass can also be obtained from
what is called the triviality bound, i.e. from assumptions on the energy scale A up to which
the SM can be extended. The parameter A of the Higgs potential becomes energy dependent
when quantum fluctuations are considered and they modify the self-interactions of the Higgs
boson. Figure 2.2 shows the Feynman diagrams representing these quantum fluctuations. By

requiring A (A) to be finite, an upper bound on the Higgs mass is estimated as:

2 < 87[2‘}2
m %5 ~-
B =31nA2/v2
H H H H H H
\\\ /// \\ // \\\ //,
N\ / N e
\\ // \ H /7
: ~e
// \\ // \\
//, \\\ // \\ /,/ \\\
Ve N 7 \ s N
H H H H H H

Figure 2.2: Diagrams generating the evolution of the Higgs self-interaction A.

The top-loop correction in Figure 2.2 drives A to smaller values, which can be even negative
and, in this case, the ground state would not be stable anymore. To avoid it, the Higgs mass
must be higher than a minimum value in order to balance this negative contribution. Therefore,
a lower bound on the Higgs mass can be estimated by requiring vacuum stability. This lower
bound depends indeed on the cut-off value, A. Figure 2.3 illustrates the bounds on the Higgs
mass as a function of the cut-off value, A. If the SM is valid up the the grand unification scale
(~ 10 GeV), the Higgs mass should be between 130 and 180GeV [18]. The lower bound
on my can be reduced to about 115GeV [23], if one allows for the electroweak vacuum to be

metastable, with a lifetime greater than the age of the universe.
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Figure 2.3: Bounds on the mass of the Higgs boson in the Standard Model as a function of
A [24].

Experimental bounds on the Higgs mass

Direct searches for the Standard Model Higgs boson produced in the Higgs-strahlung process
e e — HZ atthe LEP e e collider, at center-of-mass energy up to 206 GeV, did not observe
a significant excess of events over the Standard Model expectations. The combined results of
the four LEP experiments set a lower bound on the SM Higgs-boson mass of 114.4GeV, at
95% confidence level [25].

The combined results from the CDF and DO experiments on direct searches for the Standard
Model Higgs boson in pp collisions at the Fermilab Tevatron at 1/s = 1.96 TeV excluded, at
95% C.L., a new and larger region at high mass between 158 < my < 175GeV.

Constraints on the Higgs boson mass can be inferred from precise electroweak measurements
performed at LEP and by CDF and DO. The accuracy of the measurements make them sensitive
to the Higgs mass, which depends logarithmically on mpy through loop corrections. Figure 2.4
shows the Ax? curve derived from these measurements as a function of the Higgs mass. Cur-
rently, these measurements predict that the SM Higgs boson mass is mpy = 891’%2 GeV [26].
The 95% confidence level upper limit is 158 GeV. It increases to 185GeV when the lower
limit on my of 114.4GeV shown in yellow in Figure 2.4 is included.
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Figure 2.4: (a) The comparison of the indirect constraints on my and m; based on LEP-I/SLD
data (dashed contour) and the direct measurements from the LEP-II/Tevatron experiments
(solid contour). In both cases the 68% C.L. contours are plotted. Also shown is the SM
relationship for the masses as a function of the Higgs mass in the region favored by theory
(< 1000GeV) and allowed by direct searches (114GeV to 170GeV and > 180GeV) [26].
(b) Ax* = x% — x2,, as a function of the Higgs mass my. The solid line is the result of the
fit using the precise measurements and the band represents an estimate on the theoretical error
due to the missing higher order corrections. The yellow band shows the 95% confidence level
exclusion limit on my from the direct search. The dashed curve is the result obtained using the
evaluation of Aahad(m%) [26].

2.2.3 Higgs searches at the ATLAS experiment

The search strategies for the Standard Model Higgs boson depend on its mass, which dictates
both the production and the available decay modes. Figure 2.5(a) shows the decay branching
ratios (BR) of the Standard Model Higgs boson as a function of its mass and Figure 2.5(b) the
expected discovery significance in ATLAS for the various channels as a function of the Higgs
boson mass. In the low mass region (115 < myg < 140GeV), favored by the precision elec-
troweak measurements, the H — bb decay mode dominates but the H — 77 contribution is
still sizable and offers much cleaner signatures. Figure 2.5(b) illustrates the significant contri-

bution of the H — 77 decay mode for the low-mass SM Higgs discovery.
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Figure 2.5: (a) Branching ratios for the relevant decay modes of the Standard Model Higgs
boson as a function of its mass [27]. (b) The median discovery significance for the various
channels and their combination with an integrated luminosity of 10fb~! as a function of the
Higgs boson mass [28].

2.3 Supersymmetry

The Standard Model is not considered to be a complete theory but rather an effective field
theory and has to be extended by some new physics at some higher energy scale A. One problem
originates from extrapolating the coupling strength of the fundamental forces measured at mass
scales of a few 100GeV to energies of about 101 to 10" GeV. Within the SM it does not
lead to unification of forces at very high scales. Also, the SM does not include, for instance,

the neutrino oscillations and the gravitational interaction.

Moreover, the SM has a serious problem known as the hierarchy problem. The cut-off A is
mgur if the new physics is described by Grand Unified Theories (GUT), with e.g. ~ 101> GeV
for SU(5) GUT, and m,, =~ 10! GeV (Planck mass) if the new physics is a unified theory with
gravity. The hierarchy problem is the problem of how to maintain the hierarchy of the mass
scales, i.e. my << mgur,mp;. This problem is more serious in the sector of scalar particles such
as the Higgs particle, as the Higgs mass-squared gets a huge quantum correction proportional to
m%;UT or mil. In fact, it is possible to adjust the bare mass of the Higgs, so that the renormalized
Higgs mass remains at the weak scale. However, this requires an unnatural tuning of the bare
parameter at the precision of (my /mgyr)? ~ 10720 [16]. SUSY is one of the most attractive

ways to go beyond the SM and provides a cure for the hierarchy problem of the scalar sector.
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2.3. Supersymmetry

The theory of supersymmetry hypothesizes a symmetry under the exchange of bosons and
fermions. It is not only a possible symmetry but also a unique symmetry consistent with rela-
tivistic quantum field theory, besides internal symmetries such as gauge symmetry [16].

With the exception of spin these SUSY particles (‘sparticles’) possess the same quantum num-
bers as their SM counterparts. The fact that such states have not been observed in Nature im-
plies that SUSY is broken by a mechanism which causes sparticles to acquire masses greater than
SM states. Candidates of such a mechanism include gravity-mediation (mnSUGRA models) as
well as gauge-mediation (GMSB models) and anomaly-mediation (AMSB models). A further
feature of many SUSY models is the conservation of a multiplicative quantum number known
as R parity at each SUSY vertex, which causes SUSY states to be pair-produced and forces the
lightest supersymmetric particle (LSP) to be neutral and stable [29]. If R is conserved, the Higgs
boson can decay with a large branching ratio into lightest neutralinos or gravitinos leading to
an invisible final state [30].

In the supersymmetric theory, coupling constants of a particle and its superpartners are iden-
tical, and the Feynman rule provides an additional negative sign for the diagram with a fermion
loop. The hierarchy problem of the quadratic divergence can thus be solved since the quadratic
divergences from the two diagrams in Figure 2.6 cancel with each other as long as the super-

symmetry is exact [16].
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Figure 2.6: The diagram with a fermion loop provides a negative sign and the quadratic diver-
gences from the two diagrams cancel with each other as long as the supersymmetry is exact.
In addition, introducing SUSY, the unification of the electromagnetic, weak and strong forces
at the GUT scale is predicted and consistent with a SUSY mass scale of &'(TeV'). Finally, SUSY
can accommodate gravity and, if R parity is conserved, the lightest of the new supersymmetric

particles can provide a cosmologically interesting contribution to the dark matter.

2.3.1 SUSY searches at the ATLAS experiment

The Minimal Supersymmetric Standard Model (MSSM) is the minimal extension to the Stan-
dard Model that realizes supersymmetry. In the MSSM, two Higgs doublets are required,
resulting in 5 physical states: HT, h (neutral lighter scalar), H (neutral heavier scalar) and A
(neutral pseudoscalar). At tree level their masses can be computed in terms of only two param-
eters, typically m4 and tan B (the ratio of the vacuum expectation values of the two doublets).
In addition, H — 77 and A — 77 rates are strongly enhanced compared to the SM H — 17
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2. 'The Standard Model and Beyond

case over a large region of the parameter space. However, the observation of a charged Higgs
boson would be a clear sign of new physics beyond the SM.

Figure 2.7 shows the charged Higgs boson BRs as a function of its mass for two MSSM
scenarios [28]. Below the top quark mass, the charged Higgs boson predominantly decays into
a T lepton and a neutrino, and for values of tan 3 > 5 this branching ratio is close to 100%,
as shown in Figures 2.7(a) and 2.7(b). Once above the top quark mass threshold, the H — tb
decay mode shows a rapid growth and soon becomes an important decay mode as shown in
Figure 2.7(a). However, the HT — 77V decay mode is still important and provides a cleaner
signature. Figures 2.7(c) and 2.7(d) show the calculated BRs for two different charged Higgs
boson masses, one light (130GeV) and one heavy (600 GeV), as a function of tan 3.
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Figure 2.7: Charged Higgs boson BRs as a function of its mass for the mj-max scenario, i.e. the
mass of the lightest Higgs boson R0 is maximized, for (a) tan B = 2 and (b) tan B = 35 and three
selected decay modes [28]. Expected charged Higgs boson BRs in the MSSM for scenarios (c)
A (the decay of H" into SUSY particles is suppressed) and (d) B ( m,-max scenario) for a light
(my+ = 130GeV) and a heavy (my+ = 130GeV) charged Higgs boson [28].
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3. The LHC and the ATLAS Detector

3.1 'The Large Hadron Collider

The LHC is a particle accelerator and collider designed to accelerate very intense proton beams
to energies of up to 7TeV. It is located at CERN, in the 27 km circular tunnel formerly used to
house the LEP, an electron-positron collider. At the design luminosity of 103*cm 257!, beam
bunches will cross each other every 25ns and provide, on average, 23 collisions per bunch
crossing. 'The entire accelerating chain is illustrated in Figure 3.1. The two proton beams
traveling in opposite directions require separate magnet dipole fields and vacuum chambers.
The LHC uses twin bore superconducting magnets, which consist of two sets of coils and beam
channels within the same mechanical structure and cryostat.

Six detectors have been constructed at the LHC. ATLAS and CMS are general-purpose ex-
periments intended to operate at the peak luminosity. In addition, two other experiments
are intended to run at lower luminosities. LHCb studies b-physics at a peak luminosity of
1032cm~2s~ !, TOTEM is designed for the detection of protons from elastic scattering at

25— Furthermore, the LHC machine is

small angles, at a peak luminosity of 2 x 1027 cm—
also designed to accelerate heavy-ion beams, such as lead, which will collide at energies of up
to 5.5TeV per nucleon pair. ALICE is a dedicated ion experiment operating at a peak lumi-
nosity of 1027 ¢cm—2s~!, LHCY, the smallest experiment, uses forward particles created inside
the LHC as a source to simulate cosmic rays in laboratory conditions.

The proton beams were successfully circulated at the LHC for the first time in September
2008. Due to a serious electrical fault between two magnets resulting in a large helium leak into
the tunnel, the operations were interrupted shortly after its opening and restarted in November
2009 at the injection energy of 450 GeV per beam. The first collision at a center-of-mass energy
of /s = 7TeV took place on March 301" 2010 with .Z =2 x 10>’ cm~2s~! and in October
2010 the luminosity reached 1032 cm~2s~!. At the end of the 7TeV experimental period, by
the end of 2012, the LHC will shut down for maintenance for up to two years and then it will
attempt to reach the design energy of 14TeV. The LHC has also started to collide heavy ion
beams on November 7™ 2010. The lead-ion beams could be accelerated to the full energy of
287TeV per beam.
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3.2. The ATLAS detector
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Figure 3.1: The CERN accelerator complex [31]. Prior to being injected into the LHC, the
particles are pre-accelerated through a series of systems that successively increase the particle
energy. Initially, protons are pre-accelerated to 50 MeV at the Proton Synchrotron and then ac-
celerated to 1.4 GeV in the Proton Synchrotron Booster; subsequently, the Proton Synchrotron
Ring raises the proton beam energy up to 26 GeV. Finally, the Super Proton Synchrotron in-
creases the energy of protons up to 450GeV and injects them into the LHC.

3.2 The ATLAS detector

ATLAS (A Toroidal LHC ApparatuS) is designed as a general-purpose detector. It has an
approximate cylindrical shape and it consists of a tracking system in a 2T solenoidal magnetic
field, sampling electromagnetic and hadronic calorimeters and muon chambers in a toroidal

magnetic field.

The nominal interaction point is defined as the origin of the coordinate system, see Figure 3.2.
The anti-clockwise beam direction defines the z-axis and the x —y plane perpendicular to it
defines the transverse variables such as the transverse momentum, pr, the transverse energy,
Er, and the missing transverse energy, E¥5S. The positive x-axis direction points to the center
of the LHC ring and the positive y-axis points upward. The azimuthal angle, ¢, is measured
around the beam axis and the polar angle, 0, is the angle from the beam axis. The pseudo-

rapidity is defined as 7 = —Intan(6/2). The distance AR in 1] — ¢ space is defined as AR =

VANZ + A2,
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3. The LHC and the ATLAS Detector

Figure 3.2: [llustration of the ATLAS coordinate system.

The ATLAS experiment is designed to provide excellent particle identification and precise
measurements of its position, transverse momentum and transverse energy. In addition, ef-
ficient tracking at high luminosity for high-pr physics objects is necessary in order to allow
full event reconstruction capability and thus the interpretation of the events with reference to
the different theoretical models. The presence of neutrinos (and other possible new weakly
interacting and/or neutral particles) is indirectly inferred from the missing transverse energy.
Therefore, the detector needs to completely surround the interaction point so that particles
cannot be lost. Naturally, the beam-pipe imposes some limitation and the interaction products
moving within this region will not be detected. The overall detector concept is illustrated in

Figure 3.3 and will be briefly described in the following sections based on references [32-37].

3.3 Inner detector

The inner detector (ID) provides precise information in order to allow the reconstruction of
tracks and vertices in the event. This information consists of very efficient and accurate position
measurements of the particles along their tracks thus allowing the momentum and charge sign
determination and consequently contributing to their identification.

Given the very large track density in the harsh environment of the LHC, the high-precision
measurements performed by the inner detector are made with fine-granularity detectors. These
requirements are achieved by using discrete high-resolution semiconductor pixel and strip de-
tectors at the innermost radii and continuous straw-tube tracking detectors with transition-

radiation capability in a pseudo-rapidity range matched by the precision measurements of the
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Figure 3.3: Cut-away view of the ATLAS detector [32].

electromagnetic calorimeter, see Figure 3.4. A magnetic field of 2T directed along the beam
axis is produced by a thin superconducting solenoid surrounding the inner detector cavity. The
magnetic field then deflects the charged particle paths according to their transverse momentum
permitting thus their p7 determination.

The whole ID system begins a few centimeters from the proton beam axis, extends to a
radius of 1.15m and is 7m in length, limited respectively by the EM calorimeter and the
end-cap calorimeters. It provides full tracking coverage over |17| < 2.5 and impact parameter
measurements. The track efficiency as a function of transverse momentum, averaged over all
pseudorapidities, raises from about 10% at 100MeV to about 86% at high momentum [38].
For a central track with p7 = 5GeV, the relative transverse momentum resolution is around

1.5% and the transverse impact parameter resolution is about 35 um [32].

3.3.1 Pixel detector

The task of the pixel detector is to provide high-granularity and high-precision measurements
of charged-particle tracks as near as possible to the interaction point. By measuring the impact
parameter, particles that were produced at a secondary vertex can be identified as daughters of
particles such as b-quarks. It is thus essential for heavy-flavor tagging, lifetime measurements

and associating tracks to the correct primary vertex at high luminosity.
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3. The LHC and the ATLAS Detector
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Figure 3.4: Cut-away view of the ATLAS inner detector [32].

The system consists of three barrel layers parallel to the beam axis and five disks on each side
covering the 7 acceptance of |N| < 2.5. The barrel layers have radii of 5.05cm, 8.85cm and
12.25cm and contain 1456 barrel modules while the disks, which lie between radii of 11 cm
and 20cm, contain 288 disk modules.

Both barrel modules and disk modules are designed to be identical. Each module is 60.8 mm
long and 16.4 mm wide, with 46080 pixel elements, 50 x 400 um each, read out by 16 chips.
Each readout chip is bump-bonded to the detector substrate with individual circuits for each

pixel element.

3.3.2 Semiconductor tracker

The semiconductor tracker detector consists of four barrel layers in the central region while the
forward modules are mounted in up to three rings on nine wheels. Each module is composed
of four single-sided p-on-n silicon detectors with long, narrow strips rather than small pixels.
The module is arranged with two detector pairs glued back-to-back. As a result, the system
provides eight precision measurements per track in the barrel region. The R — ¢ coordinate
is precisely measured from the hit strip(s) while the z-coordinate is measured using a 40 mrad
stereo angle between the front and back planes.

The system contributes to the momentum, impact parameter and vertex-position measure-
ments, as well as providing good pattern recognition by the use of high granularity.

The spatial resolution is 17 um in R — ¢ and 580 um in z and tracks can be distinguished if
separated by more than ~ 200 um.
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3.4. Calorimetry

3.3.3 Transition radiation tracker

The transition radiation tracker (TRT) is formed by several straw detectors, each of which is
a cylindrical tube, with 4mm in diameter and up to 144cm long, filled with a gas mixture
of Xe, COy and CF4. The xenon gas allows the detection of transition-radiation photons
created in the radiator (polypropylene foils or fibers) between the straws. These are soft X -rays
produced when ultra-relativistic charged particles cross the boundary between two materials
with different dielectric constants. The detection of transition radiation provides information
for electron identification.

There are two independent thresholds to distinguish between tracking hits and transition-
radiation (TR) hits. The tracking hits pass the lower threshold while the TR hits pass the
higher one. The TRT provides good pattern recognition performance by using the continuous
tracking (typically 36 hits per track) and assists in the particle identification by using the TR

(e.g. discriminate between electron and pion tracks).

3.4 Calorimetry

The calorimeter is required to provide a very good capability to measure energy and position
of electrons and photons, energy and direction of 7 leptons and jets as well as the ability to
differentiate the various physics objects. Furthermore, the calorimeter needs to have good
hermeticity to better determine the missing transverse energy. Therefore, it covers the pseudo-
rapidity region 1| < 4.9 (equivalent to 0.85° < 6 < 179.15°). Any cracks in the detector and
material (cables and cooling system) should be avoided. The calorimeter must be thick enough
to provide good containment for hadronic showers and reduce shower-leakage into the muon
system.

The electron and photon measurement is based on the showers produced by these highly
energetic particles when incident upon matter. They initiate particle cascades from pair pro-
duction (Y — eTe™) and bremsstrahlung (e — e7) in the presence of the nuclear electric field.
Their shower can be characterized longitudinally by the radiation length (Xp) and by the narrow
transverse profiles.

High-energy hadrons also produce cascades when interacting with dense material, where mul-
tiplication occurs through a succession of inelastic hadron-nuclear interactions. Such showers
are laterally more spread than the EM ones.

To achieve these previous requirements, the ATLAS calorimeter is divided into an inner elec-
tromagnetic and an outer hadronic part which are shown in Figure 3.5. It is composed of
the electromagnetic (EM) calorimeter covering |n| < 3.2, the hadronic barrel calorimeter in
In| < 1.7, the hadronic endcap calorimeters in the range 1.5 < |n| < 3.2, and finally the

forward calorimeters covering 3.1 < || < 4.9.
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3. The LHC and the ATLAS Detector
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Figure 3.5: A cut-away drawing of the ATLAS inner detector and calorimeters. The tile
hadronic calorimeter consists of one barrel and two extended barrel sections and surrounds
the liquid argon barrel electromagnetic and endcap hadronic calorimeters. The inner detector
is shown in gray in the innermost radii of ATLAS [32].

3.4.1 Liquid argon electromagnetic calorimeter

The EM calorimeter is a high granularity lead-liquid-argon (LAr) sampling calorimeter formed
by interspaced layers of LAr, accordion-shaped Kapton electrodes and lead absorber plates over
its full coverage. The accordion geometry provides a complete ¢ symmetry and fast signal which
is important for bunch-crossing identification. The total thickness of the EM calorimeter is
> 22 X in the barrel and > 24 X)) in the end-caps.

Over the region devoted to precision physics (|n| < 2.5), the EM calorimeter (barrel and
end-cap) is segmented into three longitudinal samplings (two in the end-cap 1) region), see
Figure 3.6. The first sampling has a constant thickness of ~ 6 Xy and is equipped with narrow
n strips (AN x A = 0.003 x 0.1) which provide high resolution in 7). These strips act as
preshower detector and the time segmentation enhances y/7°, e/7 separation.

The second sampling is segmented into square towers of size A1) X A¢ = 0.025 x 0.025 for
precise position measurement. Electrons with high energy can reach the last sampling which
has a granularity of 0.05 in 7. In addition, presamplers consisting of one layer of LAr in front
of the EM calorimeter are used to correct for the energy loss in the solenoid and cryostat wall.

In the forward region, the hadronic calorimeter is also of liquid argon technology to withstand
the high radiation levels. The very forward hadronic calorimeter (down to |N| < 4.9) is made
of copper and tungsten to limit the width and depth of the showers from high energy jets close
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Figure 3.6: Sketch of a barrel module [32].

to the beam pipe and to keep the background level low in the surrounding calorimeters from
particles spraying out from this forward region.
The EM calorimeter performance is designed to reach an energy resolution for electrons and

photons of 6 /pr = 0.05%pr & 1% [32], with pr in GeV.

3.4.2 Hadronic calorimeter

The tile calorimeter is a large hadronic sampling calorimeter using iron as absorber medium
and scintillating tiles as the active material. The calorimeter has a central 1 range out to 1.7
and longitudinally extends to an outer radius of 4.25m with a bore radius of 2.28m. The
light created in the scintillators is read out by wavelength-shifting (WLS) fibers into photo-
multipliers placed on the outside of the calorimeter. The fibers absorb the blue light from the
scintillators and reemit it at longer wavelengths where it reaches the photomultipliers through
total reflection inside the fibers.

The hadronic end-cap calorimeter consists of two independent wheels per end-cap, located
behind the end-cap electromagnetic calorimeter and sharing the same LAr cryostats. The wheels
are built from parallel copper plates interleaved with LAr gaps, providing the active medium
for this sampling calorimeter. The forward calorimeter (FCal) is approximately 10 interaction
lengths deep, and consists of three modules in each end-cap: the first, made of copper, is
optimized for electromagnetic measurements, while the other two, made of tungsten, measure

predominantly the energy of hadronic interactions.
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3. The LHC and the ATLAS Detector

The performance goal of the ATLAS detector is to reach energy resolution for jets in the
barrel and end-cap of 6 /E = 50% //E ©3% and o /E = 100% /\/E & 10% in the forward
hadronic calorimeters [32], with E in GeV.

3.5 Muon spectrometer

Muons, with no strong interaction and relatively large mass, lose their energy primarily by
ionization. They can thus pass through the calorimeter into dedicated detectors which can
identify them and measure their momenta. Due to the relatively small volume of the inner
detector the accuracy of the muon transverse momentum measurements becomes limited at
higher energies and a muon spectrometer plays therefore an important role. As a result of
the combined information of both independent measurements the momentum resolution is
improved. Moreover, it allows background rejection and correct identification of muons in
heavy-flavored jets.

The muon spectrometer forms the outer shell of the ATLAS detector. It lies on the outside
of the calorimeter modules, covers a radius between 4.5 and 11 m and extends approximately
23 m along the beam axis on both sides of the interaction point. The arrangement of the muon

chambers is shown in Figure 3.7.
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Figure 3.7: Cut-away view of the ATLAS muon system [32].

An average magnetic field strength of 0.6 T in the muon system is produced by supercon-
ducting air-core toroids. Over 0 < |n| < 1.0, the large barrel toroid provides the magnetic
bending. In the forward region (1.4 < |n| < 2.7), muon tracks are bent by two smaller end-
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3.6. Magnet system

cap magnets while in the transition region, 1.0 < || < 1.4, magnetic deflection is provided by
a combination of barrel and end-cap fields. In particular, this magnetic configuration provides
a field that is mostly perpendicular to the muon trajectories.

The chambers are placed such that particles which originate at the interaction point traverse
three chamber stations around the beam axis. Wherever possible, the chambers measure the
sagitta of the curved tracks in three positions. In the end-caps, where the toroid cryostat pre-
vents chambers from being placed inside the magnetic field, the muon momentum is measured
from the difference in entry and exit angle of the magnet.

The precision measurement in the bending direction is made by the Monitored Drift Tube
(MDT) chambers. Particles are measured in 2 X 4 sensitive layers in the inner station and in
2 x 3 layers in the middle and outer stations in order to improve resolution and redundancy
for pattern recognition.

At large pseudo-rapidities, cathode strip chambers (CSC’s) with higher granularity are used in
the innermost plane in the region 2.0 < || < 2.7, to withstand the demanding rate and back-
ground conditions expected with the LHC operation at the nominal luminosity and center-
of-mass energy. The muon trigger system, which covers the pseudo-rapidity range |n| < 2.4,
consists of resistive plate chambers (RPC’s) in the barrel (|| < 1.05) and thin gap chambers
(TGCs) in the end-cap regions (1.05 < || < 2.4), with a small overlap in the || =1.05
region.

Finally, the momentum resolution of the spectrometer requires an accuracy of 30 um for the
positioning of chambers within a projective tower and in the millimeter range for the relative
positioning of different towers. The stringent requirements on the relative alignment of the
muon chamber layers are met by a combination of precision mechanical-assembly techniques
and optical alignment systems, both within and between muon chambers, that constantly mon-
itor chamber deformations and positions for a later correction during the offline analysis. A
transverse momentum resolution of about 3% over most of the momentum range is expected.

A resolution of 10% is expected for a pr of 1 TeV.

3.6 Magnet system

The ATLAS superconducting magnet system is an arrangement of the central solenoid (CS)
providing the inner detector with a central magnetic field of 2 T, surrounded by a system of three
large air-cored toroids generating the magnetic field for the muon spectrometer, Figure 3.8. The
latter comprises the two end-cap toroids (ECT) inserted in the barrel toroid (BT) at each end
and lined up with the CS. The peak magnetic fields on the superconductors in the BT and
ECT are 3.9 and 4.17T, respectively. The overall dimensions of the magnetic system are 26 m

in length and 20 m in diameter.
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The CS coil is designed to be as thin as possible and it shares one common vacuum vessel
with the LAr calorimeter, thereby eliminating two vacuum walls and minimizing the mate-
rial in front of the EM calorimeter. This is very important in order to achieve the desired
calorimeter performance. Each of the three toroids consists of eight coils assembled radially

and symmetrically around the beam axis.

() (b)

Figure 3.8: (a) Geometry of magnet windings and tile calorimeter steel. The eight barrel
toroid coils, with the end-cap coils interleaved are visible. The solenoid winding lies inside
the calorimeter volume. The tile calorimeter is modeled by four layers with different magnetic
properties, plus an outside return yoke. (b) Bare central solenoid [32].

3.7 'Irigger

The trigger system of the ATLAS detector has to reduce the initial bunch-crossing rate of
40MHz (interaction rate of about ~ 1 GHz at the design luminosity) to approximately 200 Hz.
To reach this goal, it is organized in three levels in which the trigger decision is taken by custom
electronics at the first level (level-1), whereas the following levels, collectively called “high-level
trigger” (HLT), operate in a software environment that processes the events, similarly to the
offline reconstruction. Each level refines the decision made at the previous one and, where
necessary, applies additional selection criteria to reduce the trigger output rate stored on disks.

The level-1 trigger system is implemented in custom hardware processors and uses simple
algorithms to make fast decisions. It identifies muons in the muon spectrometer using only
the resistive-plate chambers in the barrel and the thin-gap chambers in the endcaps. Electro-
magnetic clusters (electron/photon), T leptons decaying into hadrons or single hadrons, jets,
as well as large missing and total transverse energy are also identified by the level-1 trigger
based on the reduced-granularity information from all the ATLAS calorimeters. In the case

of the electron/photon and 7/hadron triggers, isolation can be applied. The maximum accep-
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tance rate of the level-1 trigger is limited to 75kHz and is determined by the capabilities of the
sub-detector readout systems. Operation at up to about 100kHz is possible with somewhat

increased dead-time.

The level-2 trigger algorithms are largely based on the use of the Regions of Interest (Rols)
information provided by the level-1 trigger. The Rols consist of regions in 1-¢ space in the
detector identified by the level-1 trigger as containing interesting information as well as the
pr of candidate objects, E}Fniss and Y E7. In principle, the level-2 trigger has access to the
entire event data with the full precision and granularity, but only a small fraction of it (~ 2%),
corresponding to the Rols, is needed. The rate is reduced by the level-2 trigger to ~ 1kHz with

an average event treatment time to take the decision of approximately 10ms.

Finally, the EF works at the level-2 acceptance rate and uses fully-built events for analysis. In
particular, complete event reconstruction using more sophisticated trigger algorithms, based on
offline code and more complete and detailed calibration information, is feasible at this third-
level trigger in order to make a final decision. This final event selection has an average processing
time of one second. With massive parallel processing, it reduces the initial rate to about 200 Hz
for full events of size ~ 1.5Mbyte. These accepted events are subsequently written on mass-

storage media for offline analysis.

The 7 trigger is designed to select hadronic decays of the 7 lepton, which are characterized
by the presence of one or three charged pions accompanied by a neutrino and possibly neutral
pions (the signatures of hadronic 7 decays will be described in detail in Section 5.1). At the
level-1 trigger, the 7 trigger uses the electromagnetic and hadronic calorimeter trigger towers to
calculate the energy in a core and an isolation region. A trigger tower is a set of cells belonging to
different calorimeter samplings (comprising both electromagnetic and hadronic calorimeters),
which occupy the same area in the projective space (17,¢). At the level-2 trigger, selection
criteria are applied using tracking and calorimeter-based information. This takes advantage of
narrowness and low track multiplicity to discriminate 7 leptons from the multi-jet background.
Exploiting the same characteristics, the EF uses different selection criteria for 1-prong and
multi-prong decays in more refined algorithms which are similar to the offline reconstruction
algorithms [39].

At each trigger level, the scalar sum of the transverse energy, Y ET, deposited in the full
calorimeter is computed together with EITniss. For the E%liss and ) E7 triggers, at level-1,
trigger-towers are used to compute both the scalar and vector sums over the full ATLAS ac-
ceptance (|N] < 4.9). At level-2, the level-1 energy measurement is corrected with the mea-
sured momenta of detected muons in the event (muons do not deposit much energy in the
calorimeters and level-1 uses only the calorimeter-measured energy). At the EF, contributions

from both calorimeters and muon spectrometers are recomputed using the full granularity of
the detectors [40,41].
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3.8 Luminosity measurement

The LHC luminosity is determined in real time approximately once per second using a num-
ber of detectors and algorithms, each having different acceptances, systematic uncertainties and
sensitivity to background. LUCID is a Cherenkov detector dedicated to measuring the lumi-
nosity in ATLAS, consisting of sixteen aluminum tubes filled with C4F ¢ gas surrounding the
beampipe on each side of the interaction point at a distance of 17m. During offline analysis,
additional luminosity algorithms are studied and are compared to online results to further con-
strain systematic uncertainties on the measurement. Smaller uncertainties of 11% are obtained
using an absolute calibration of the luminosity via beam separation scans and are dominated

by the systematic uncertainty on the measurement of the LHC beam current [42].
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4. Monte Carlo Event Generator,
Detector Simulation and
Event Reconstruction

To be able to compare theoretical predictions at parton level with the experimental observation
of the final-state particles, the detector response to these particles needs to be simulated. This
chapter presents the corresponding software tools used throughout this thesis. The ATLAS
simulation chain is divided into the Monte Carlo (MC) event generation, detector simulation
and digitization and full event reconstruction. The event generators are introduced in the next
section. The software for detector simulation and the event reconstruction chain is described
in Section 4.2. Finally, the algorithms used for the reconstruction of the physics objects in

the event are presented in Section 4.3 and the MC samples used in this thesis are listed in
Section 4.4.

4.1 Event generators

Event generators are indispensable tools used for modeling the complex physics processes that
occur during the beam collisions at high-energy physics experiments. The production of Monte
Carlo events for proton-proton collisions can be divided into few general steps [43]. First, a pair
of partons (quark or gluon) from each incoming proton interacts, as illustrated in Figure 4.1.
This parton-parton interaction is called the hard process and the interaction between these two
partons is described by a matrix element. The phenomenology of these partons is encoded in the
parton distribution function, i.e. the distribution of the momentum fraction, x, of the parton
in the hadron in the relevant kinematic range.

Higher-order QCD effects are added to the leading-order hard process by allowing the par-
tons to split into pairs of other partons ((anti)quark into Gg pairs and gluon into gg or gg
pairs). The resulting pairs may also branch, producing a shower of partons® (parton shower).

Showering of the initial partons is also included in the process. The colored partons are then

"Though the discussion of parton shower presented here is restricted to QCD showers, an identical prescription
can be applied to electromagnetic showers to incorporate higher-order QED corrections.
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4.1. Event generators

Figure 4.1: Sketch of a proton-proton collision at high-energies [44]. A pair of partons (dark
blue) from each incoming proton (large green blob) interacts. The hard interaction is repre-
sented by the large red blob, producing jets. The final state parton shower is pictured in red,
the fragmentation in light green and the hadron decays in dark green. The beam remnants
are represented by the light blue blobs and the underlying event by the purple blob. Photon
radiation occurs at any stage (yellow).

grouped into color-singlet hadrons using a phenomenological model referred to as hadroniza-
tion. After hadronization, many short-lived resonances will be present and decay into stable?
final-state particles. Finally, the underlying structure of the event is added, i.e. the colored re-
mains of the proton which are left behind after the hard partonic scattering (beam remnants)
and additional interactions from other partons in the hadrons. The partonic scatter not origi-

nating from the primary hard process or its products is referred to as the underlying event.

2Stable in the sense that it does not decay within the detector range.
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For the present work, Pythia [45] is used as the generator for the signal and background
events. It runs from inside the Athena framework, which is the ATLAS common analysis
framework using the Gaudi architecture [46,47]. This framework is the basis for all ATLAS
applications and it consists of a set of specific packages developed to perform all tasks, from
the primary proton-proton collision to the reconstruction of the energies and momenta of the
particles coming out of these evens including, for instance, the detailed detector geometry,

misalignments, simulation of the electronic signals and noise.

4.1.1 Pythia

Pythia is a general-purpose generator for events in pp, e"e™ and ep colliders. It contains a
subprocess library and generation machinery, initial- and final-state parton showers, underlying
event, hadronization and decays. Pythia starts with the hard scattering process calculated to
lowest order in QCD and add additional QCD and QED radiation in a shower approximation
which is most accurate when the radiation is emitted at small angle. It also uses a model for
hard and soft scattering processes in a single event in order to simulate underlying activity. This
model is used in the simulation of minimum-bias events [48].

The MC samples are created using a tuned set of parameters denoted as ATLAS MC09 [49]
with the MRST2007LO [13, 50] modified leading-order parton density functions. Another
tune, the DW tune [51], uses virtuality-ordered showers and was derived to describe the CDF
IT underlying event and Drell-Yan data. The DW tune seems to model the forward activity of
the underlying event better than the MC09 tune, and describes the jet shapes and profiles in
data more accurately. The studies presented in this thesis used the MCO09 tune, unless stated
otherwise. The DW tune was used to estimate systematic uncertainties associated with the

Monte Carlo modeling.

4.1.2 Tauola and Photos

The incorporation of spin effects in 7 lepton decays is often of high importance. The 7 leptons
from the decay of gauge bosons carry information on the polarization of the decaying resonance
and, in the case of pair production, also some information about the spin correlations. The
simulation of those effects has been implemented into the interface of the Tauola package and
Monte Carlo generators [52,53], both provided by the Athena framework. The 7 leptons from
W — TV decays are 100% longitudinally polarized, with P+, P,- = +1.0. For Z — 77, there
is a correlation between the polarization of the 7 leptons [48]. It is a more complicated function
of the center-of-mass energy of the system and the angle of the decay products [54].

Photos handles electromagnetic radiation [55] and it is used by Tauola. Photos is also used

to improve the description of electromagnetic radiation in, for example, the decay W — ev,,
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where radiation distorts the electron energy distribution. In these cases the final state electro-

magnetic radiation is switched off in the general purpose generator to avoid double counting.

4.2 Detector simulation

The information produced by the event generators is then processed in the simulation step.
First, hits, which are a record of the interactions of particles in the detector, are produced [48].
These hits carry information like position, energy deposit, identifier of the active element, etc.
They are subsequently digitized and transformed into Raw Data Objects (RDOs).

The detector simulation is based on the GEANT4 toolkit [56] which provides optimized
solutions for geometry description and navigation through the geometry, propagation of par-
ticles through detectors, description of materials, modeling of physics processes and detector
response to particles. The detector description also includes misalignments in the inner detec-
tor and calorimeter. The active detector elements then produce the hits. Agreement between
the simulation and test beam measurements is very good, typically at the level of 1% [57]. In
addition, the simulation reproduces the full trigger chain. However, the detector-simulation
part is the most time-consuming and requires much CPU power and memory.

During the digitization process, the hits produced are translated into the output form similar
to what is expected from the readout electronics in the actual experiment. In addition, the
propagation of charges into the active media, as in the tracking detectors and in the liquid
argon calorimeter, of light, as in the case of the tile calorimeter, as well as the response of
the readout electronics have to be considered during the digitization. Noise injection is also

performed at this level. The final outputs are RDOs that resemble the real detector data.

4.2.1 Simulation of pile-up effects

Pile-up can be simulated with the Athena-based pile-up application during the digitization step.
The pile-up effects considered are [48]:

e Minimum bias: the mean number of minimum-bias interactions per bunch crossing
depends linearly on luminosity and bunch spacing. This value in a single bunch follows
a Poisson distribution, with a long tail beyond the most probable value. The hits of the

minimum-bias events are then overlaid onto the hits from the hard scattering event.

e Cavern background: neutrons (and a smaller contribution from long-lived neutral kaons
and low-energy photons escaping the calorimeter) may propagate through the ATLAS
cavern for a few seconds before they are thermalized, thus producing a neutron-photon
gas. This gas produces a constant background, called cavern background, of low energy

electrons and protons from spallation.
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e Beam gas: includes residual hydrogen, oxygen and carbon gases in the ATLAS beam
pipe that may interact with the beam at any place along the beam pipe.

e Beam halo: is the background resulting from interactions between the beam and up-

stream accelerator elements (in the tunnel and collimators).

In addition, the ATLAS subdetectors are sensitive to hits several bunch crossings before and
after the BC that contains the hard scattering event. All of these detector and electronic effects

are taken into account during the pile-up event merging [48].

4.3 Object reconstruction

The identification of W — TV decays relies on the measurement of EF%, on the 1y, identi-
fication and on the rejection of jets, electrons and muons. The reconstruction of EMSS, jets,
electrons and muons is discussed in the following section. Given the importance of the 7 re-
construction and identification for the W — TV observation, it will be discussed separately in

Chapter 5.

4.3.1 Missing transverse energy

The reconstruction of missing transverse energy is based on calorimeter information. This re-
lies on a cell-based algorithm which sums the energy deposits of calorimeter cells inside three-
dimensional topological clusters (topoclusters) [58]. These clusters are seeded by calorimeter
cells with energy |Ecel| > 40 above the noise, where 0 is the RMS of the noise. All direct
neighbors are iteratively added for all cells with signals above a secondary threshold |Ece| > 20.
Finally, the energy in all further immediate neighbors is added. Clusters are split or merged
based on the position of the local minima and maxima. The cell energies are summed to give
the cluster energy. The baseline calibration for these clusters corrects their energy to the electro-
magnetic scale, which was established using test-beam measurements for electrons and muons
in the electromagnetic and hadronic calorimeters [59—61]. The topoclusters are then corrected
to take into account the different responses to hadrons and to electrons or photons, dead ma-
terial losses and out-of-cluster energy losses [62]. The x- and y-components of the calorimeter
ESS term are calculated by summing over the transverse energies measured in these topologi-

cal cluster cells i, calibrated according to the local hadron calibration scheme [63]:

E)I(‘I;l)i}SS _ ZEI'(?,])’O' (4.1)
i
The variable Ef[niss is defined as:
ErTniss _ \/(E)rcniss)z + (E;niss)z' (4.2)
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The resolution of Ef"** has been measured in minimum-bias events and depends on the scalar

sum of the transverse cell energies:

ZET _ Z \/(Elg?lo)z 4 (Ei%alo); (43)

If Efrniss and ) Et are expressed in GeV, the E{Piss resolution is O (E;?;fs) =0.49/Y_ E7 [64].

The significance of the missing transverse energy is defined as

E%niss
S miss —  _  —=———)
Er 0.5-YEr

where EM and ¥ Er are expressed in GeV and the factor 0.5 was chosen to be similar to the

(4.4)

actual measurement of the EJ"® resolution.

4.3.2 Jet reconstruction

Jets reconstructed with the anti-k; jet algorithm [65] are used in this thesis. Here, some of the
general properties of this algorithm are reviewed. The anti-k; jet algorithm is well-motivated
since it can be implemented in next-to-leading-order perturbative QCD calculations, is infrared
safe? to all orders and produces geometrically well-defined (“cone-like”) jets [67]. The algorithm
is based upon pair-wise clustering of the initial constituents. It defines a distance measured
between objects, and also some condition upon which clustering should be determined. This
algorithm constructs, for each input object (e.g. a parton, particle or energy) i, the quantities d;;

(distance between two objects) and d;p (distance between the object and the beam) as follows:

(AR)};
R

dij = min(kz, kr7) (4.5)

dip = kz7, (4.6)

where k;iz is the transverse momentum of object i. A list containing all the d;; and d;p values is
compiled. If the smallest entry is d;j, objects i and j are combined (their massless four-vectors
are added to form the final four-momentum of the jet) and the list is updated. If the smallest
entry is djp, this object is considered a complete “jet” and is removed from the list. The variable
R is a resolution parameter which sets the relative distance at which jets are resolved from each
other as compared to the beam. In ATLAS, the two most common choices of values for the R

parameter are: R = 0.4 and R = 0.6. For the studies presented in this thesis, the value R = 0.4

¥The presence of additional soft particles between two particles belonging to the same jet should not affect the
recombination of these two particles into a jet. In the same sense, the absence of additional particles between
these two should not disturb the correct reconstruction of the jet. Generally, the number of jets produced
should not be affected by any soft particles not coming from the fragmentation of a hard scattered parton [66].
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is used.

The input objects to the jet algorithm are topological energy clusters in the calorimeter [58].
The present calibration scheme calibrates the reconstructed jets using pr and 1 dependent
correction factors derived from simulated events. To derive these jet energy scale correction
factors, “particle” jets reconstructed using the Monte Carlo event record are matched with jets
reconstructed in the calorimeter within a cone of AR = 0.3, and the correction is calculated
by dividing the true particle jet energy by the EM-scale energy of the matching calorimeter jet.
This correction is derived for jets with pr > 10GeV at the EM-scale and is parameterized as a
function of jet pr and |n| [68].

The Monte Carlo simulation describes the jet energy resolution measured from data within
14% for jets with pr values between 20 and 80GeV in the rapidity range |y| < 2.8 [69]. An
uncertainty of 3-4% on the response to single isolated hadrons in the calorimeter is measured
for jets in the central region of the detector 0 < || < 0.8 with a transverse momentum range
between 20GeV and 1 TeV. This was measured with an integrated luminosity of approximately

300 ub~! of proton-proton collisions at a center-of-mass energy of 1/s = 7TeV collected in
April 2010 by the ATLAS experiment [70].

4.3.3 FElectron reconstruction

An electron is identified as a cluster in the electromagnetic calorimeter with an associated track.
The electron reconstruction and identification algorithm [71] is designed to provide various
levels of background rejection optimized for high identification efliciencies, over the full ac-
ceptance of the inner-detector system. The loose electron identification uses EM shower shape
information from the second layer of the EM calorimeter (lateral shower containment and
shower width) and energy leakage into the hadronic calorimeters as discriminant variables.
This set of requirements providing high and uniform identification efficiency is used to veto

events containing electrons.

4.3.4 Muon reconstruction

The ATLAS muon identification and reconstruction algorithms take advantage of the multiple
sub-detector technologies which provide complementary approaches and cover pseudorapidi-
ties up to 2.7 over a wide pr range [72]. They rely on the muon spectrometer for standalone
muon reconstruction and on the inner detector and calorimeters for combined muon recon-
struction. Tracks and track segments found in the muon spectrometer are associated with the
corresponding inner-detector track to identify muons at their production vertex, imposing re-

quirements on track quality and muon-system hit multiplicity.
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4.4 Simulated data samples

The signal and background Monte Carlo samples used for this analysis were generated for
proton-proton collisions at a center-of-mass energy of /s =7 TeV with Pythia 6.421 and
passed through the full GEANT4 simulation of the ATLAS detector. Table 4.1 summarizes
the Monte Carlo datasets used in this thesis. The background contribution expected from jet
production via QCD process (referred to as “QCD background” in this thesis) were also pro-
duced with Pythia 6.421 using leading-order perturbative QCD matrix elements for 2 — 2/
processes. The allowed range of transverse momentum of outgoing partons, pr, defined in the
rest frame of the hard interaction, is restricted to pr intervals as presented in Table 4.1. The
motivation to split the production of simulated jets in pr intervals is to increase the number

of simulated events in the kinematic region more relevant for physics analysis.

Physics process L[nb™!] | Cross section x BR [nb] Note
W — 1V, 1.43 x 10* 10.46 pile-up < Nyerex >= 2
W — ev, 6.31 x 10* 10.46 pile-up < Nyerex >= 2
W — vy, 9.56 x 10* 10.46 pile-up < Nyerrex >=12
Z—ee 1.01 x 10° 0.99 pile-up < Nyerrex >= 2
Z—up 1.01 x 10° 0.99 pile-up < Nyerex >= 2
Z—1T 1.01 x 10° 0.99 pile-up < Nyerex >= 2
W — 1V, 1.49 x 10* 10.46x0.6479 no pile-up
Jo (8 < pr < 17GeV) 0.14 9.86 x 10° no pile-up
J1 (17 < pr < 35GeV) 2.06 6.78 x 10° no pile-up
J2 (35 < pr < 70GeV) 34.1 4.10 x 10* no pile-up
J3 (70 < pr < 140GeV) | 6.35x 102 2.20 x 103 no pile-up
J4 (140 < pr < 280GeV) | 1.59 x 10* 0.88 x 102 no pile-up
J5 (280 < pr < 560GeV) | 5.92x 10° 2.35x 10° no pile-up
J6 (560 < pr < 1120GeV) | 4.01 x 107 3.36 x 1072 no pile-up
JO (8 < pr < 17GeV) | 3.67 x 1072 9.86 x 10° DW tune + no pile up
J1 (17 < pr <35GeV) | 491 x 107! 6.78 x 10 DW tune + no pile up
J2 (35 < pr < 70GeV) 9.05 4.10 x 10* DW tune + no pile up
J3 (70 < pr < 140GeV) | 1.79 x 10? 2.20 x 10° DW tune + no pile up
J4 (140 < pr < 280GeV) | 4.52x 10° 0.88 x 10? DW tune + no pile up

Table 4.1: Monte Carlo datasets used in the analysis. For the MC samples including pile-up
effects, < Nyertex > corresponds to the average number of vertices per event. The variable pr is
the transverse momentum of the partons involved in the hard scatter. W and Z cross sections
are given at NNLO and the QCD background cross sections are given at leading order (LO).
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Hadronic T Decays

As discussed in the introduction, 7 leptons play an important role in the physics program at
the LHC. In particular, they provide an important signature in searches for a low-mass Higgs
boson and in many new physics searches where they are present in the final states. For these
searches, T decays need to be identified in a wide momentum range, from about 10GeV to at
least 500GeV [32]. The low energy range is optimized for analyses related to W and Z gauge
boson observations with T decays as well as to Higgs boson searches and SUSY cascade decays.
The higher energy range is mostly of interest, for example, in searches for heavy Higgs bosons
in MSSM models.

The reconstruction and identification algorithms are developed to efficiently reconstruct and
identify the hadronic decays, while providing a large rejection of QCD background. This is a
difficult task at hadron colliders due to the enormous multi-jet production cross section. This
chapter present the reconstruction and identification algorithms used in ATLAS to efficiently
select T, decays.

The characteristic properties of T lepton decays are presented in the next section. These de-
cay properties are used to build a set of reconstruction and identification variables. Section 5.2
describes the two algorithms used in ATLAS to reconstruct 7y, candidates. Particular emphasis
is given to the procedure to select tracks associated with the charged 7, decay products and its
optimization for the first collisions at the LHC. In the early stages of data-taking, the iden-
tification criteria are based on a small number of well-understood discriminating variables, as
described in Section 5.3. A set of identification variables are also combined in multivariate dis-
criminants, namely boosted decision trees and projective likelihood methods [32, 73], which
are going to be used for the measurement of the W — Tv; production cross section at the LHC.

In Section 5.4, the reconstruction and identification algorithms for hadronic 7 decays are
investigated by measuring properties of QCD jets with the first LHC collisions and comparing
them with predictions from Monte Carlo simulations. This commissioning is very important
at this early data-taking phase to give confidence in the performance of the ATLAS algorithms

that are later used for the observation of real 7 leptons from W decays.
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5.1 The 7 lepton

The 7 lepton together with the 7 neutrino form the third generation of leptons. The world
average value for the 7 lifetime [18] is (290.6 £ 1.0) x 10~ s and its precision of 0.3% is
dominated by the LEP measurements [74]. Due to its short lifetime, the proper decay length
of 7 leptons is 87.11 m, thus decaying inside the beam pipe. Therefore, the identification of
7 leptons is done through their decay products inside the detector.

The 7 lepton, with a mass of 1776.82+0.16 MeV, is the only lepton heavy enough to decay
both leptonically and hadronically. Table 5.1 shows the T decay branching ratios.

T decay modes I;/T
T — eV, V¢ 17.85%
T — UVy Ve 17.36%
T — vy ht > 0 neutral (single-prong) 49.51%
T — vz hEhThT > 0 neutral (three-prong) 15.19%
T — vy PhEhThThT > 0 neutral (five-prong) | 1.02 x 1073%
others 8.9 x 1072%

Table 5.1: The 7 decay branching ratios [18]. “h*” stands for 7% or K and “neutrals” for s
and/or 70%s.

The 7 lepton decays approximately 65% of the time to one or more hadrons and the remain-
ing fraction to electrons or muons, in both cases with accompanying neutrinos. The following

decay signatures, illustrated in Figure 5.1, are used to identify hadronic 7T decays:

e The fraction of hadronically decaying T leptons to one or three charged tracks are ap-
proximately 77% and 23%, respectively, with a track multiplicity lower than those of

QCD jets.

o 'Their decay products tend to be well collimated and to form a narrow hadronic shower

in the calorimeter.

o 'The invariant mass of the visible decay products is usually smaller than those of QCD

jets.

e High leading-track momentum fraction.
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(@) (b)

Figure 5.1: Illustration of (a) a hadronic 7 decay and (b) a gluon-initiated QCD jet.

5.2 Reconstruction of hadronic 7 decays

The T reconstruction algorithm relies on the inner detector and calorimeter information. The
inner detector provides information on the charged hadronic single or collimated track system
reconstructed in isolation from the rest of the event. The charge of the decaying 7 lepton
can be directly determined from the charge(s) of its decay product(s). The T candidate is said
to be reconstructed as n-prong if there are n tracks associated to it. Particular attention has
been given to minimize the amount of charge misidentification and of migration between the
single- and three-prong categories in the reconstruction (Section 5.2.1). Calorimetry provides
information on the energy deposit from the visible decay products. Hadronically decaying
T leptons are well collimated resulting in a relatively narrow shower in the electromagnetic
calorimeter with, for single-prong decays with one or few 7%s, a significant electromagnetic
component. The calorimeter and tracking information should match, with narrow calorimeter

clusters being found close to the track(s) impact point in the calorimeter.

ATLAS employs two complementary hadronic T reconstruction algorithms starting from

either calorimeter or track seeds in the pseudorapidity range || < 2.5 [73]:
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o Track-seeded: these 7, candidates have a seeding track with pr > 6 GeV satisfying fur-
ther quality criteria (Section 5.2.1). This algorithm is optimized for 7, with transverse
momenta between 20 and 70GeV [75], which corresponds to hadronic 7 decays from
W — tvrand Z — 77T processes. An energy flow calculation [73] is used to determine the
Th energy, where energy deposits in cells matched to charged tracks in a narrow cone of
AR = 0.0375 are subtracted and replaced by the momentum of such tracks. This energy
flow determination is also corrected for energy leakage coming from charged particles

outside the narrow cone.

o Calorimeter-seeded: these 7, candidates are seeded by calorimeter jets reconstructed
with the anti-k; algorithm [76] (using a distance parameter D = 0.4) starting from topo-
logical clusters (topoclusters) [58]. The 7, candidate is required to have pr > 10GeV
calibrated using the global cell weighting (GCW) calibration scheme [62,77]. The pr
of the 7, candidate is further adjusted by applying multiplicative factors derived from
Monte Carlo studies, in order to reconstruct the pr of signal 7, accurately. This al-
gorithm has been optimized for visible transverse energies above 30GeV, which corre-

sponds to hadronic T decays from Higgs-boson decay.

Candidates are labeled double-seeded when a track-seeded candidate and a calorimeter-seeded
candidate are within a distance AR < 0.2 of each other. Double-seeded candidates are identified
with higher purity [78]. The global cell weighting calculation is considered the default energy.
For reconstructed 7 leptons in Z — 77 events, 70% of T candidates have two valid seeds, 25%
have only a calorimeter-seed and 5% have only a track seed [79].

The reconstruction of T candidates provides very little rejection against QCD jet backgrounds.
Rejection comes from a separate identification step which is discussed in Section 5.3. It should
be stressed, however, that the reconstruction algorithms also calculate the information used for

Ty, identification.

5.2.1 Track selection criteria for T}, reconstruction

The track selection should ensure a high efficiency and quality of the reconstructed tracks over
a broad dynamic momentum range, from 1 GeV to a few hundred GeV. Both the calorimeter-
based and the track-based algorithms determine the charge of the T candidates by summing
up the charge of the tracks reconstructed in the core region. The core region for track-seeded
(calorimeter-seeded) algorithm is AR < 0.2(0.3) cone around reconstructed direction of the
visible decay products. Therefore, the selection criteria for tracks from charged pions arising in
T decays is an important ingredient for an efficient 7 identification.

The charge misidentification for the hadronically decaying 7 lepton is dominated by combi-

natorial effects: single-prong decays may migrate to three-prong category due to photon con-
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5. Reconstruction and Identification of Hadronic T Decays

versions or the presence of additional tracks from the underlying event. A three-prong decay
might be reconstructed as a single-prong decay due to inefficiencies in track reconstruction and
selection. In the low-pr range, the inefficiency is due to hadronic interactions in the inner-
detector material. For hadronic T-decays with high energy, the performance is degraded due
to the strong collimation of the multiple tracks from three-prong decay. Also the contribution
from the charge misidentification of the individual tracks should not be neglected.

In 2008 there were some improvements to the track algorithms and the simulations included
a more realistic description of the detector geometry (where more material was introduced).
Therefore, the track selection criteria for 7, candidates were revisited in order to look for pos-
sible improvement on the track selection efficiency, the 7, charge identification efficiency and
the migration between #-prong categories. It was also investigated if the track selection proce-
dure for track-seeded candidates could be simplified by reducing the number of track quality
criteria from three to two. In addition, track selection definitions developed for [32] in the
context of b-tagging were tried out. The advantage of using the same selection as the ATLAS
Tracking Working Group is that these track selection criteria would be widely studied in terms
of efficiency and systematics with the first data, avoiding a separate study for the specific track

selection criteria used for the T, reconstruction.

Track-seeded candidates

Former track selection criteria for the reconstruction of track-seeded candidates used a seed
track with pr > 6GeV passing quality criteria. The pr requirement reduces the physics efli-
ciency for observing Ty, in the low pr range but the advantage of this approach is the strong
rejection power against QCD background already at the reconstruction step. The quality cri-
teria require 2 minimal number of hits in the silicon detector, a threshold on the value of the
impact parameter with respect to the interaction vertex as well as a threshold on the value of the
X7 of the fit for the trajectory reconstruction. In addition, the number of low-threshold TRT
hits has to be larger than 10 in a pseudorapidity 1 range up to 1.9, while for the stricter second

2" t1k) the presence of a b-layer! hit and ratio of the high-to-low threshold hits

quality track (
(NHI/NEL ) of smaller than 0.2 is required. Both requirements were added to minimize the
number of accepted tracks from photon conversions. The exact selection criteria are specified
in Table 5.2. The algorithm associates second quality tracks (2"¢ trk) to the seed track (1%
trk) within a cone of 0.2 around it. If the 7, candidate has a total of two qualified tracks,
then the track criteria on the value of the 2, on the presence of a b-layer hit and on the ratio
N /NEL - are dropped to search for additional tracks (3" trk), enhancing the efficiency for
3-prong Ty, reconstruction. Candidates with more than 8 tracks are not considered as a valid

track-seeded candidate. A dedicated veto against electron tracks being used as leading tracks

"The innermost pixel layer.
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5.2. Reconstruction of hadronic 7 decays

is not applied at the reconstruction level. This will be taken care of separately as part of the
identification procedure.

Using a sample of Z — 77 Monte Carlo events, each track quality requirement were varied
and the 7 selection efficiency, charge identification efficiency and migration between #-prong
categories were determined. The former track quality criteria was still tuned at best performance
and no significant improvement was obtained.

As discussed above, two different quality levels were developed for b-tagging [32]. For the
standard quality level, the reconstructed tracks are required to have at least seven precision
hits (pixels and SCT). In addition, the transverse and longitudinal impact parameters must
fulfill following conditions |dp| < 2mm and |zo] - sin(6) < 10mm, respectively. For a stricter
selection requirement, called 6-zagging, the extra requirements are: at least two hits in the pixels,
one of which should be in the vertexing layer (b-layer), as well as |dy| < 1 mm and |zo|-sin(0) <
1.5mm. These criteria are listed in Table 5.2.

Track criteria Standard b-tagging Calo-seeded Track-seeded
1k 29 uk 37wk

pr [GeV] > 1 1 1 6 1 1
|do| [mm] < 2 1 1.5 1 1 1
|zo| - sin(6) [mm] < 10 1.5 - - - -
x%/ndf < - - 3.5 1.7 1.7 -
TRT hits (NTRT Z) - - - 10 - -
Silicon hits (Ng; >) 7 7 6 8 8 8
Pixel hits (Npiver =) - 2 2 - - -
b-layer hits (Np—jayer =>) - 1 1 - 1 -
Nigr/Nikr < - - - - 0.2 -

Table 5.2: Definition of several track quality criteria for standard tracks, b-tagging tracks, and
former track selection requirements used for track-seeded and calorimeter-seeded candidates.

Several combinations of track quality criteria using the former track quality criteria, the stan-
dard criterion and the 4-tagging criterion were tried out. The best combination, in terms of
track selection efficiency, charge identification efficiency and migration between 7-prong cat-
egories, was obtained using the standard requirement as the seed track, but with a higher pr
threshold of 6GeV, and the b-tagging criterion as the looser track. No third quality track was
required. Table 5.3 shows a comparison between performances using the former track quality
criteria and this new recommendation. Hadronic 7 candidates from simulated Z — 77 events
were used for this study.

The results presented in Table 5.3 show that the recommended new definition of track quality

criteria significantly improves the track selection efficiency, charge identification and migration
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1-prong T, 3-prong T
&(%) 1P—3P (%)  Charge (%) e(%) 3P—1P (%)  Charge (%)
Former criteria | 83.1£0.1 1.41£0.04 99.50+£0.03 | 63.4£03 6.284+0.14 94.78+0.16
Recommended | 87.2+£0.1 1.00£0.04 99.244+0.03 | 65.84+0.3 3.724+0.11 98.61+0.08

Table 5.3: Track selection performance using the default track-seeded quality tracks and the
new recommended one: standard tracks as the seed track, but pr > 6 GeV, and the 4-tagging
selection for additional tracks around the seeding track. No third quality tracks are required.
The track selection efficiency, migration between 7-prong categories and electric charge efh-
ciencies are shown for 1-prong and 3-prong T, decays from Z — 77 simulated events. The
n-prong category is classified at the event generator level.

between 7-prong categories. It is also simpler than the former track selection criteria because
it does not use a third quality track. Therefore, it has been implemented in the ATLAS 7

reconstruction algorithm for track-seeded candidates.

Calorimeter-seeded candidates

Tracks are associated with the calorimeter-seeded 7 candidate if they lie within a cone radius of
AR < 0.3 around the direction of the 7, candidate. The quality requirements for these tracks
are shown in Tables 5.2 as calo-seeded. Similar to the track-seeded T}, reconstruction, the track
quality criteria used for the calorimeter-seeded 1, algorithm were investigated by varying each
track quality requirement. No significant improvement was obtained. However, using the 4-
tagging instead of the default quality cuts, very similar performance compared to the former
criteria was obtained, as can be observed in Table 5.4. Since the b-tagging selection is better
understood and more reliable with first data than the default selection, it has been implemented

in the ATLAS 7, reconstruction algorithm for calorimeter-seeded candidates as well.

1-prong T, 3-prong T,
(%) 1P—3P (%)  Charge (%) e(%) 3P—1P (%)  Charge (%)
Former criteria | 84.54+0.1 1.27+£0.04 99.154+0.03 | 66.84+0.3 4.51£0.14 98.104+0.09
Recommended | 84.14+0.1 1.12+0.03 99.274+0.03 | 65.6+0.3 4.96+0.11 98.614+0.08

Table 5.4: Track selection performances using the former calorimeter-seeded quality track and
the b-tagging selection as recommended criterion. The track selection efficiency, migration be-
tween 7-prong categories and electric charge efliciencies are shown for 1-prong and 3-prong 7,
decays from Z — 77 simulated events. The #-prong category is classified at the event generator
level.
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5.3. Hadronic 7 identification

5.3 Hadronic 7 identification

After the reconstruction of T candidates, an identification step must be performed to distinguish
candidates originating from hadronically decaying 7 leptons and those originating from QCD
jets. The variables that are used in the identification of hadronic 7 decays (1,-ID) with early
data are the following [73, 80]:

o Track radius: pr-weighted AR of tracks associated with the 7, candidate,

AR;<0.2
Y, U PTIAR;
AR, <0.2 )

Zi ! PT,i

(5.1)

Rtrack -

where i runs over all tracks associated with the 7}, candidate, R; are defined relative to the

calorimeter jet axis and pr; are the track transverse momenta.

o Electromagnetic radius: transverse-energy-weighted shower width in the electromag-

netic calorimeter,
AR;<0.4 ~EM

1

Rpm = (5.2)

AR;<0.4 -EM '’
Zi ET i

where i runs over all cells in the first three layers of the EM calorimeter associated with
the 7y candidate, R; are defined relative to the calorimeter jet axis, and EFIEHIA are the cell
transverse energies (Er = E/cosh(n)).

o Leading track momentum fraction:

PiE
Juk1 = —%— (5.3)
Pr

where ptTrale is the transverse momentum of the leading track of the 7, candidate and p}

is the visible transverse momentum of the 7, candidate.

Selection criteria on these variables, presented in Table 5.5, are defined to provide a /loose,
medium and tight identification with average efliciencies for 7, from simulated Z — 77 decays
of 60%, 50%, and 30%, respectively. The efficiencies are calculated with respect to the number
of true hadronically decaying 7 leptons with p%'s > 10GeV and |n| < 2.5. The measured
efficiencies for background jets with a loose, medium and tight identification are of about
30%, 10% and 2%, respectively [80].

In addition, identification methods are also used to distinguish hadronically decaying 7 lep-

tons from electrons and muons:
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n-prong level Riack < Rem < fuk >
loose 0.09 0.08 0.06
1-prong medium | 0.08 0.07 0.12
tght | 008 005 012
loose 0.12 0.15 0.12
multi-prong | medium | 0.08 0.12 0.24
dght | 0.05 009 032

Table 5.5: The 7,-ID requirements with average efhiciencies for 7, from simulated Z decays of
60%, 50%, and 30% for loose, medium and tight identification, respectively.

o Electron veto: The baseline electron veto method relies on requirements that provide

good separation between electrons and hadronic 7 candidates [73]:

— Ehad /ptracky the ratio between the energy deposited in the first layer of the hadronic

calorimeter and the leading track momentum,

— EEM/ptrack; the ratio between the energy deposited in the electromagnetic calorime-

ter and the momentum of the leading track,

— Efip: the maximum (uncalibrated) energy deposited in the second layer of the

electromagnetic calorimeter not associated with the leading track and

— Nput/Nrr: the ratio of high-threshold to low-threshold hits in the Transition Ra-

diation Tracker.

Based on these variables two flags are provided: medium and tight, corresponding to
different levels of electron suppression. The medium flag provides a factor of 50 rejection
at the expense of losing about 5% of the reconstructed hadronic 7 candidates while the
tight criterion enables a suppression of electrons down to the per mille level with 15%
loss of signal [73].

e Muon veto: One of the main characteristics of muons is the small amount of energy de-
posited in the calorimeters. The baseline muon veto algorithm rejects events with total
energy deposition in the electromagnetic and hadronic calorimeters (at the electromag-
netic scale) below 5GeV [79]. Since the energy threshold for the calorimeter-seeded
reconstruction of a T, candidate is 10GeV (at the jet energy scale), this veto is fully

efficient for these candidates.
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5.4 Hadronic T reconstruction performance in 7,+ET"*
events

The first LHC collisions at a center-of-mass energy of /s = 7TeV recorded with the ATLAS
detector were used to study the reconstruction and identification algorithms for hadronic 7
decays. Although almost no real 7 leptons were expected in this dataset, the commissioning
of the reconstruction and identification of hadronic 7 decays could be studied by measuring
properties of selected quark- or gluon-initiated jets and comparing them with predictions from
Monte Carlo simulations. This study, documented in [78], was carried out in preparation for

the observation of the W — 7, vz signal.

5.4.1 Data samples

The studies presented in this section are based on data collected from the first collision run until
24 May 2010, corresponding to an integrated luminosity of £ = 15.6nb~! [42].

Simulated samples

Data are compared with QCD background MC event samples, where the allowed range of
the transverse momentum of the outgoing partons in the rest frame of the hard interaction
is restricted to be between 8 and 280GeV. The MC samples are generated with Pythia and
passed through the GEANT simulation of the ATLAS detector. In addition to the ATLAS
MCO09 tune, presented in Chapter 4, the study was repeated using MC samples simulated with
the DW tune. The complete list of simulated data sets is shown in Table 4.1.

5.4.2 Event selection

Data quality cuts

Data quality information is assigned to each run at the luminosity block level (small periods of
data taking, roughly two minutes long), depending on the LHC machine status, the different
sub-detectors’ conditions and the quality of the collected data based on basic distributions. All

used luminosity blocks are required to have good-quality data for all tracking and calorimeter
sub-detectors [81, 82].

Event selection

In addition to the data quality requirement, all events must satisfy the following criteria:
o Trigger: the level-1 trigger requiring a trigger tower jet [83] passing a 5GeV threshold.

e Event cleaning requirements:
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5. Reconstruction and Identification of Hadronic T Decays

— There are no misreconstructed jets in the event [82] caused by out-of-time cosmic

events or known noise effects in the calorimeters.

— At least one vertex reconstructed with more than four tracks is present.
e Missing transverse energy of at least 15GeV is required.

e Events with a 7, candidate with pr > 25GeV. Only the highest-pr candidate is con-
sidered in the analysis. This study was repeated using 7, with p7 > 20GeV in order to

be consistent with the 7 selection criteria used for W — 7Vv; observation (Chapter 7).

o The event is rejected if the selected T candidate is reconstructed in the pseudorapidity
range 1.3 < |n| < 1.7 in order to suppress fake Ef"** due to T, energy mismeasurement

in the transition region in the ATLAS calorimeter acceptance.

After the complete event selection described above, the number of 7, candidates in MC
samples are normalized to the number of 7, candidates selected in data. The shapes of the
T-ID variables from 7}, candidates, reconstructed in a signal W — 7,v; MC sample, are also

overlaid to show the expectated distributions for true 7 leptons.

5.4.3 Distribution of kinematic and identification variables

In order to study the quality of the MC model, a wide variety of data features have been com-
pared with simulation. It includes both discriminating variables used in 7, identification and
W — 1, V; kinematics. Since the instantaneous luminosities for these datasets are quite low
(< 0.16 x 10°%cm =251, the pile-up effects discussed in Section 4.2 are expected to be negli-
gible for the distributions shown here. With higher luminosity, however, pile-up will affect the
distributions of these variables for both fake and true 7, candidates, reducing their separation

power.

Discriminating variables

Figure 5.2 compares the resulting data and MC-simulated distributions of the three variables
used for 7y, identification, as discussed in Section 5.3, for T, candidates with p7 > 20GeV and
pr > 25GeV.

There are some small differences between data and QCD background simulation, in partic-
ular for the Rgy distribution. Nevertheless, the agreement is reasonable at this stage of the
ATLAS data-taking phase, and the impact on the separation power of these variables is small.
No difference in the distributions due to different pr thresholds applied to the 7, candidates is
observed. Figure 5.3 compares the same variables as in Figure 5.2 but using the DW tune for
the QCD background sample. The DW tune models the Rgpm and the Rypack variables more
accurately than the ATLAS MCO09 tune.
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Figure 5.2: Distributions of (a-b) Rgm, (c-d) fik 1 and (e-f) Ryrack for T, candidates with pr >
20GeV and pr > 25GeV. The number of 7, candidates in MC samples are normalized to the
number of 7, candidates selected in data.
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Figure 5.3: Distributions of (a) Rgm, (b) fik1 and (¢) Ryack for 7, candidates with pr >
20GeV. The QCD background MC samples used the DW tune. The number of 7, candidates
in the MC samples are normalized to the number of 7}, candidates selected in data.

W — 1,V kinematics

The kinematic correlation of the E{fﬁss and the 7}, object is of particular interest, as these prop-
erties will play an important role in selecting a W — 7, V¢ signal. Data-MC comparisons for
the differences in azimuthal angle (A¢ between EF" and the 7, candidate) and the trans-

verse massZ, mr, of the T, and Efr“iss system are shown in Figure 5.4, for 7, candidates with

pr >20GeV and pr > 25GeV.

The kinematics of these QCD events are characterized by the presence of fake EM* due to
misreconstructed jet energy. In fact, Figure 5.4 shows that Er}niss points along or opposite to
the 7, candidate direction. This information will be used to suppress QCD background in
the W — 74 V; analysis in Chapter 7. The rate of events with EF* along the 7, candidate

2The transverse mass in a W — T, V; decay is defined as mt = \/2 . p;“ .E¥1iss . (1 —CosA¢ (’L’h,E—}niSS)).
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Figure 5.4: Spatial correlations between 7 candidates and E%lissz (a) and (b) A@ between E%liss
and the 7}, candidate with p7 > 20GeV and p% > 25GeV, respectively; (c) and (d) transverse
mass for p' > 20GeV and p7! > 25GeV, respectively. The number of 7, candidates in MC
samples are normalized to the number of 7, candidates selected in data.

direction is higher in data than in MC. While the data-MC agreement is reasonable, small
shifts of the simulated distributions with respect to those obtained from the ATLAS data can
be seen in Figure 5.4. Also a small effect due to different pr requirements is observed, with
a better agreement for 7y candidates satisfying the pr > 25GeV requirement. This is due to
the small number of simulated QCD background events with low pr 7, candidates (JO and J1
samples, corresponding to the transverse momentum of the outgoing partons in the rest frame

of the hard interaction to be between 8 and 35GeV).

Figure 5.5 shows the same distributions as Figure 5.4 for pj! > 20GeV but using QCD
background MC samples simulated with DW tune. A similar level of agreement is observed

but now the rate of events with Ef"** along the 7, candidate direction is lower in data than in
MC.
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Figure 5.5: Spatial correlations between 7 candidates with pr >20GeV and EMSS using QCD
background MC samples with the DW tune: (a) A¢ between Ef"* and the 7, candidate (b)

transverse mass.

In general, a reasonable agreement is observed between data and MC simulated QCD back-
ground events, giving confidence in the performance of the algorithms on real 7 leptons ob-
served in the W — TV, decay process, as will be discussed in the next chapter. The analysis for
the W — TV observation will use MC samples with the ATLAS MCO09 tune because there were
no DW samples including pile-up effects available and also because of missing DW validation
by ATLAS for other aspects. The DW tune will then be used in Chapter 9 to estimate the
systematic uncertainty due to MC modeling (by comparing the event acceptance for simulated

events without pile-up effects).
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6. The W — 7V, Signal and the

Background Processes

The W-boson production processes in proton-proton collisions are discussed in the next sec-
tion. Section 6.2 describes the characteristic kinematic properties of the W — 7, V¢ events and
Section 6.3 presents the main background processes for this channel. This information is used

in Chapter 7 to efficiently select the W — 7,V signal events.

6.1 W boson production at the LHC

The W and Z bosons were discovered in 1983 using the UA1 and UA2 detectors [84—87] which
were designed and built for this very purpose. At the LHC proton-proton collider, the cross
section for W production is dominated by the leading-order ud — W and dit — W~ processes.
Figure 6.1 illustrates the Feynman diagrams for W production at leading and next-to-leading

order.

For the production of the leading-order ud — W+ (dit — W) process, the u (d) quark
comes from one proton (valence or sea) and the d (i) quark from gluon splitting in the other
proton. Assuming isospin symmetry for sea quark distributions, i equal d, the naive expec-
tation is that Gv%g /oL ~ 2 in proton-proton collisions, i.e. twice as many W+ bosons are
produced compared with W™ bosons. This asymmetric production in proton-proton colli-
sions is in contrast to proton-antiproton collisions, because the antiproton contains valence
anti-quarks. The W production cross section has, however, also some sensitivity to ¢ and s sea
quarks. Beyond the leading order Born processes, a W boson can also be produced by ¢(§)g
interactions, so the parton distribution functions (PDFs) of the proton play an important role
at higher orders. Calculations of the total production cross sections for W and Z bosons in-
corporate parton cross sections, parton distribution functions, higher-order QCD effects and
factors for the couplings of the different quarks and anti-quarks to the W and Z bosons. The
cross-section values calculated at NNLO are:

opis, =1046nb (o0, =6.16nb and opV0 | =430mb).  (6.1)
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6.1. W boson production at the LHC

q(q) T g q(q)
T
w W
q(q) Ve q(q) Ve
g q(q)  q(q) g
T T
w w
q(q) Ve 4(q) Ve

Figure 6.1: Diagrams for production and decay of a W boson at leading (left) and next-to-
leading order (others) at a proton-proton collision.

Figure 6.2 shows the total W, Z production cross sections times leptonic branching ratios in
pp and pp collisions as a function of the collider energy and how the relative contributions
of the various gg processes to the W production change with collider energy. The collider
energy range are split at \/s = 4TeV, and proton-antiproton collisions are assumed below and
proton—proton collisions above this value. For W+ production (Figure 6.2(b)) the ud — W+
and dit — W™ contributions dominate at all collider energies. These are mostly valence—valence
and valence—sea scattering at pp and pp colliders, respectively. The next largest contributions
come from ¢§ — W and s¢ — W~. Although these are sea—sea processes, they dominate the
Cabibbo suppressed us — W™ valence—sea contributions. The remaining scattering processes
contribute between 1% and 3% at the LHC.

Figure 6.3 shows the pp collider energy dependence of the cross section ratio (R+ ~ Z—g) and
the rapidity distributions of the W~ and W bosons at the LHC. The W™ bosons tend to be
boosted forward compared with W™ bosons because the u quarks carry on average a higher

fraction of the proton momentum than d quarks [93].
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Figure 6.2: (a) Predictions for the total W, Z production cross sections times leptonic branching
ratios in pp and pp collisions, as a function of the collider energy /s [88]. Experimental
measurements from UA1 [89], UA2 [90], CDF [91] and DO [92] are also shown. (b) Parton
decomposition of the W (solid line) and W™ (dashed line) total cross sections in pp and pp
collisions. Individual contributions are shown as a percentage of the total cross section in each
case. In pp collisions the cross sections are the same for W and W~ [88].

6.2 Kinematics of W — 7TV, events

Figure 6.4 shows the missing transverse energy and the visible transverse momentum! distri-
butions of hadronically decaying 7 leptons obtained from generated gg — W — 7,V events
without considering detector-reconstruction effects. Events from W — 7, V¢ production have
predominantly low-pr W bosons decaying into T leptons with typical visible transverse mo-
menta between 10 and 40GeV. In addition, the distribution of the missing transverse energy,
associated with the neutrinos from the W and 7y, decays, has a maximum around 20GeV and

a significant tail up to about 80GeV. Such soft-pr T, and relatively low EMS values require

'The visible transverse momentum is defined as the vectorial sum of the transverse momenta of the 7 decay
products except for the neutrinos.
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Figure 6.3: (a) Prediction for the ratio R+ of W~ and W total cross sections in pp collisions,
as a function of the collider energy +/s [88]. For pp collisions the ratio is 1. Also shown (dashed
line) is the prediction obtained by setting # = d in the quark sea. (b) Rapidity distributions of
the W~ and W bosons at the LHC. Also shown (dashed line) is the (common) charm—strange
scattering contribution [88].

low-threshold triggers, which can only be afforded at the initial data-taking period. When the
instantaneous luminosity increases to values above 1032cm ™25~ the trigger thresholds may

be too high to efficiently collect W — Tv; events while keeping the trigger rate within the

acceptable bandwidth.
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Figure 6.4: (a) Generator-level missing transverse energy and (b) visible transverse momentum

of hadronically decaying 7 leptons (right) for W — 7, v, events.
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6. The W — 7v; Signal and the Background Processes

6.3 Background processes

The following background processes are considered in the W — 7, V¢ analysis (Figure 6.5 illus-

trates these backgrounds):

q (q) q (q) q(q) ¢ (0)
g
q () @ q ()
q(q)
€ (¢)
W (2)
q(q) © ve (0)

Figure 6.5: Example of Feynman diagrams for the background processes considered in the
W — 7, V¢ analysis. (a) QCD di-jet. (b)) W — ¢v and Z — L. (c) W — £v and Z — {{ with
initial-state QCD radiation. (d) #7.

e QCD multi-jet events
Misreconstructed QCD events with one jet incorrectly identified as a hadronically de-
caying T lepton and a significant amount of missing transverse energy due to jet mis-
reconstruction constitute the dominant background source. The cross section of this
process is several orders of magnitude larger than the signal cross section. Thus, a good
understanding of this background process and its effective suppression is critical for this

analysis.

e W—ev/uv
These processes contribute to the background if the lepton from the W-boson decay is
misidentified as a hadronically decaying 7 lepton or if a fake 7 candidate is reconstructed
from initial-state QCD radiation. The first case is strongly suppressed by vetoing events
with identified electron or muon. The remaining small fraction of events for which the

electron/muon is lost contributes with fake 7, candidates from initial-state radiation.
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6.3. Background processes

W —1v —=ev/uv

Leptonic decay modes of 7 leptons are difficult to distinguish from primary electrons
and muons. Therefore, similarly to W — ev and W — v, this process contributes to
the background if the lepton is reconstructed as a hadronically decaying 7 lepton. These

events can be suppressed by vetoing electrons and muons in the event.

Z—ete /utu~

Leptonic Z-boson decays contribute if one of the decay electrons/muons is incorrectly
reconstructed as a hadronically decaying 7 lepton and the other one is lost. As already
discussed for the W — ev /v processes, this background is strongly suppressed by ex-

plicitly vetoing events with identified electrons and muons.

Z—ttt

The rate for this process is about ten times smaller than for the W — 7,V process. It con-
tributes to the background if one of the 7 leptons is identified as a hadronically decaying
7 lepton while the second one is lost, i.e. neither reconstructed as a second hadronically

decaying 7T lepton nor as an electron or a muon.

1t

This process contributes to the background if one of the Ws produces a 7 lepton in its
decay and the other one decays into a pair of quarks, an electron, or a muon which are
not reconstructed. Fully hadronic decays can also contribute to the fake 7, identification.
However, this background has a much smaller cross section than the signal process and

its contribution was found to be negligible.

The backgrounds from W — 7,v, W — eV, W — uvy, Z — ee, Z — L and Z — 77 are

referred to as electroweak (EW) background in this thesis.
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7. W — 7V, Event Selection

The W — TVv; event selection used in this thesis is based on previous studies [94, 95]. Those
studies were performed using simulated data during the preparation of the analysis for the
first collisions at the LHC. An improved separation of W — 7,V signal from backgrounds
is achieved in the current analysis through an event selection based on the significance of the
missing transverse energy, S Emiss, ON the new 7y, identification algorithm presented in Chapter 5
and on the development of a method to estimate the QCD background contribution directly
from the ATLAS data. In addition, the optimization of the event selection criteria attempts to
keep the requirements on the 7, candidates as loose as possible to allow future 7, performance
studies with the W — 1, v; events. This chapter presents the event selection requirements used
in this work. The method to estimate the QCD background contribution and its validation is
described separately in Chapter 8 and the systematic uncertainties in Chapter 9.

7.1 Data samples

This analysis has been performed on data collected between March and mid-August 2010 by the
ATLAS experiment in proton-proton collisions at a center-of-mass energy of 7TeV. Similarly
to the study discussed in Section 5.4, only data taken during periods with stable beams and
with a good-quality for all the tracking and calorimeter sub-detectors were used. With these

basic data quality criteria, the data set corresponds to an integrated luminosity of 546 nb~!.

7.1.1 Monte Carlo samples

The W — 1,V signal and background MC samples used for this analysis were generated with
Pythia for proton-proton collisions at a center-of-mass energy of /s = 7 TeV. These MC sam-
ples were passed through the GEANT4 simulation of the ATLAS detector and reconstructed
as discussed in Chapter 4. The complete MC data sets are shown in Section 4.4. Finally, the
simulated events are selected using the same analysis chain as for data, i.e. with the same trigger

and event selection criteria described in the following sections.
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7.2. Trigger requirements

Simulation of pile-up effects

This analysis is sensitive to multiple interaction effects (pile-up), in particular the EM and
S pmiss variables. Figure 7.1 shows the EX and ¥ Er distributions for data events with 1, 3 and
> 5 vertices reconstructed with more than three tracks. The pile-up effect is clearly visible. The
ESS distribution is shifted towards higher values for events with additional interactions while
the S miss distribution is shifted towards lower values, due to Y ET which is more sensitive to
the additional activities in the calorimeters than Er}niss. Therefore, effects of pile-up are included
in the simulation of the MC processes used in this study. The simulated events are reweighted
so that the distribution of the number of reconstructed primary vertex candidates per event
matches the one measured in the ATLAS data. This correction was applied after the trigger
and the event cleaning requirements described in Sections 7.2 and 7.3. The average number of
vertices per event is 1.7 and the peak instantaneous luminosity amounts to 2.7 x 103%cm=2s~!

in this data set.
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Figure 7.1: (a) E%niss and (b) § Emiss distributions for data events with 1, 3 or > 5 reconstructed

vertices with at least four tracks.

7.2 Trigger requirements

The trigger requirements [96] are based on the presence of a T, (|| < 2.5) and EM* as main
signatures of the W — 1,V decay. These requirements were optimized for different instanta-
neous luminosity scenarios to provide an efficient trigger for W — 7, V¢ events while keeping
the trigger rate within the levels sustainable by the trigger system. Among some trigger configu-
rations available during this early LHC runs, the analysis uses the trigger requirements with the
lowest thresholds. The level-1 trigger selects narrow clusters of trigger towers with a pr thresh-

old of 5GeV [97]. With the level-2 trigger, tracks are reconstructed around the level-1 7, can-
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7. W — 7v; Event Selection

didate. The event is accepted if there is at least one track with pr > 6GeV and Efrniss > 5GeV.
A full event reconstruction is performed at the Event Filter level and the events are required to
have EFSS > 15 GeV. Because the muon trigger is not yet fully validated at both level-2 and
EF triggers, the Efrniss trigger is calculated without applying muon correction [40, 98]. This,
however, should not affect the W — 7, v; selection since muons are not expected. This trig-
ger requirement has an efficiency of (99.7 £0.2)%, computed from MC simulation, to select
W — 1, V¢ events passing the full selection described in this chapter.

Figure 7.2(a) shows the fraction of events passing the level-1 trigger as a function of the
momentum of the tight 7, candidate (see Section 5.3 for the definition). This requirement is
fully efficient for tight 7, candidates with pr > 20GeV. Figure 7.2(b) shows the acceptance
of the full trigger chain as a function of ES. The trigger efficiency reaches its plateau near
the threshold of E}Fnissz 30GeV used for the offline event selection (Section 7.4).
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Figure 7.2: (a) Fraction of events passing the level-1 7, trigger as a function of pr of the tight
T candidates (only W — 1, vz MC events satistying all requirements described in this chapter
except the 20 < p;h < 60GeV criterion were considered). (b) Fraction of events passing the
full trigger requirements as a function of EITniSS (only W — 1, vy MC events satisfying the offline
selection described in this chapter, except for the E%‘iss > 30GeV criterion).

7.3 Event cleaning requirements

In addition to the selection of good-quality data and the trigger requirements described in

Section 7.2, further preselection criteria are applied:

o At least one primary vertex reconstructed with at least four tracks (with p7 > 100MeV
and |N| < 2.5) is required in the event.

e Events with misreconstructed jets [82] caused by out-of-time cosmic events or known

noise effects in the calorimeters are rejected.
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7.4. Missing transverse energy

e Events are rejected if a jet with pr > 20GeV is reconstructed in the pseudo-rapidity
range 1.3 < || < 1.7, corresponding to a transition region in the ATLAS calorimeter ac-
ceptance, in order to suppress fake E'S due to energy mis-measurement in the transition
region in the ATLAS calorimeter acceptance. Events are also rejected if A¢ (jet, EINSS) <
0.5, for jets with pr > 20GeV, to suppress events with misreconstructed jet energy
(Figure 7.3). These requirements are referred to as “QCD jets rejection” in Table 7.1.

= 03r ™
‘_| - —
E L -
> 0.25[ e Pythia QCD Jets .
= - W .
2 0.2F; — Wt ]
5 F :
& 0.15[-- -
5 - ]
o o ]
. .
0.0s i _—
07\ | \!-\'rl\-"f—T‘--u-l'\'\fTL I X TV | \I---I\l-lw-.T"F!\ \|\:

0 0.5 1 1.5 2 2.5 3

Ag(et,ET™) [rad]

Figure 7.3: Minimum A¢ (jet,EX®) distribution for jets with py > 20GeV in MC W —
Ty Vz signal and QCD background events with E5"** > 30GeV. For QCD background, the
kinematics of these events is characterized by the presence of fake EJ"*® due to misreconstructed
jet energy. Therefore, the pr imbalance in these di-jet events produce fake Ef"** in the direction
of the lower pr jet, as illustrated above. This is in contrast to the W — 7,V signal events that
have real E"® associated with the neutrinos, in the opposite direction to the 1, jet.

7.4 Missing transverse energy

Missing transverse energy is present in W — TV events because of the neutrinos associated
with the W and the 7 decays. Therefore, the performance of the EF® reconstruction plays
an important role in this analysis. After the event preselection (trigger and event cleaning
requirements), a missing transverse energy of EMS > 30GeV is required. Lower thresholds
would be affected by the trigger turn-on curve (Figure 7.2(b)) with lower selection efficiency
for W — 1,V events and a potential source of systematic uncertainty due to eventual differences
between data and MC simulation. This requirement suppresses mostly the W — ev and QCD

background contributions.
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7. W — 7v; Event Selection

7.5 Selection of hadronic 7 decays

The 1t candidates reconstructed by both the track-seeded and the calorimeter-seeded 7, re-
construction algorithms and identified as tight 7, candidates (Chapter 5) are considered. The
highest-pr candidate of these is selected and required to have a visible transverse momentum
between 20 and 60GeV, that is the kinematic range of the signal events (Figure 6.4). Not
only the 7, trigger threshold limits the lower pr requirement but also the hadronic activity
due to the underlying event and multiple proton-proton interactions, in conjunction with the
significant amount of inactive material in front of the calorimeter, make it difficult to lower the
pr threshold further. The upper pr bound for the 7, candidate is also optimized to suppress
the QCD background at higher p7 values. In addition, the event is rejected if the selected
7, candidate is reconstructed in the pseudo-rapidity range 1.3 < |n| < 1.7, to avoid eventual

energy misreconstruction resulting in fake Ef"S.

7.6 Electron and muon veto

Electron and muon vetoes are applied to suppress background events with a real electron or
muon. Events with identified loose electrons or combined muons (described in Section 4.3) with
pr > 5GeV are rejected. Additional suppression of electrons and muons that are misidentified
as T, candidates, but are not identified by the ATLAS electron and muon identification, is
provided by the 7,-ID algorithm, as discussed in Chapter 5.3. In this analysis the tight electron

veto was used to suppress background contribution dominated by W — eV decays.

7.7 Missing transverse energy significance

Finally, the event selection includes a requirement on the significance of the missing transverse
energy, defined in Section 4.3.1. Events are rejected if § E_[ryiss<6. This requirement is essen-
tial for the rejection of QCD background, for which lower S Emiss values are expected than for
W — 1, V¢ events. This can be observed in Figure 7.4 showing the two-dimensional distribu-
tion of Ef[niss and /Y Er for simulated signal, QCD background and data after the trigger
requirement. The criterion on S Emiss is indicated by a solid line. For a same EITniSS value, QCD
events have on average higher )" E7 values than W — 7,V signal events, due to the character-
istic larger hadronic activities in such events.

The discriminating power of § miss 1S illustrated in Figure 7.5 showing the two-dimensional
distribution of S Emiss and the transverse mass mT of the 7, and Efrniss system, after the full event
selection. The S Emiss >0 requirement strongly suppresses the QCD background, selecting only
the tail of the § Emiss distribution which is dominated by W — 1, v; events, according to MC

simulation. The composition of this selected sample is investigated in the next chapter.
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Figure 7.4: Distribution of events in the EX—\/Y E7 plane after the trigger requirement for
data, simulated signal events and QCD background. The applied E}"* and § Emiss criteria are

indicated by solid lines.
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Figure 7.5: Distribution of events in the Sgmiss—mT plane after the lepton veto requirement for
T
data, simulated signal events and QCD background. The applied Szmiss criterion is indicated
T

by a solid line.
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7. W — 7v; Event Selection

7.8 Event selection summary

In summary, the main steps in the selection of W — 7,4V event candidates are:

e Good-quality data.

e Trigger: a combination of 7, and E'S triggers with 6GeV and 15GeV thresholds,

respectively.
e Event cleaning requirements.
e Missing transverse energy of at least 30 GeV.

o Select leading-pr 7, candidate reconstructed with both track-seeded and calorimeter-

seeded algorithms and identified by the tight 7,-ID algorithm.
e Require the selected 7, candidate to satisfy 20 < pJ. < 60GeV.

e Require the selected 7, candidate to lie outside the pseudo-rapidity range 1.3 < || <
1.7.

e Apply electron and muon vetoes: no electron or muon reconstructed with pr > 5GeV

in the event.

e Missing transverse energy significance: S ‘miss > 6.
T

The selection results in 78 events in data for an integrated luminosity of 546 nb~!. From MC
simulation, the expected number of W — 7}, V; signal events that pass the selection is 55.31+1.4
events. The background from other W and Z decays is 11.840.4 events. The uncertainties
correspond to the MC statistical uncertainty. Table 7.1 summarizes the number of data events,
simulated W — 7,V signal and EW background events after each of the requirements described
above. An overview of the full selection for QCD background is given in Table 7.2.

The suppression of QCD background is mostly achieved by the event cleaning requirements,
that reject events with fake E}Fniss (due to energy mismeasurement), and the S fmiss requirement.
The EW background is strongly suppressed by the lepton vetoes. Additional selection criteria
exploiting the characteristic properties of W — 1, V; decays further separate the W — 1,v¢
signal from the backgrounds.

Given the small number of available simulated QCD background events after the full event
selection, which is due to the small size of produced MC samples in conjunction with the
large rejection factors of the selection criteria and identification algorithms, it is clear that the
analysis cannot rely on simulated event samples alone to accurately predict the fraction of QCD
processes. Therefore, the QCD background must be estimated from data. This will be described
in Chapter 8.
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Event selection Data W —1g,v; W —ev, W—uvy, W—=r1ve Z — ee Z— uu Z—1TT
Trigger 986439 954.5+£5.2 3560.7£3.4 521.44+1.6 296.5+2.8 75.3+0.2 59.7£0.2 115.1+0.7
QCD jets rejection | 415951  728.3+4.7 2735.3£3.5 400.7£1.5 229.4+2.6 24.5+0.1 45.1+£0.1 71.4+0.6
E%ﬁss> 30 GeV 29686 411.54+3.8 1828.3+3.3 317.1£1.3 121.9+1.9 1.134+0.03 34.4+0.1 35.41+0.4
Ty, selection 2408 118.0+£2.1 1482.0+3.1 26.6+0.4 34.4+1.0 0.594+0.02 3.24+0.04 11.940.3
Lepton rejection 685 94.8+1.9 6.71+0.2 4.940.2 2.340.3 <0.005 0.1110.01 4.2+0.2
SE%ﬁss> 6 78 55.3+1.4 4.2+0.2 3.7£0.1 1.8£0.2 0.0840.01 2.0£0.1

7.8. Event selection summary

Table 7.1: Number of events passing the selection criteria for data and expected values for MC signal and EW background, normalized to
the integrated luminosity of 546 nb~!. When an upper limit is stated, it correspond to 95% C.L. The quoted uncertainties refer to the
finite MC statistics only; systematic uncertainties are discussed latter.
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7. W — 7v; Event Selection

Event selection Jo J1 J2 J3 J4 J5 J6
Trigger 16 1418 41340 273176 627235 917572 1082208
QCD jets rejection | 12 937 13112 50031 96314 116397 117289

EMs >30GeV | 0 18 364 1353 3859 9246 17461
Ty, selection 0 22 57 91 184 306

Lepton rejection 0 13 37 57 117 167
Sjopins> 6 0 1 2 1 4 3

Table 7.2: Number of MC events passing the selection criteria for simulated QCD background.

The different “]” samples are explained in Table 4.1. Numbers refer to MC generated events
(not scaled to 546 nb™1).
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8. Estimation of Sample Composition

Given the small number of available simulated QCD background events after the full event
selection and the large cross section uncertainties for these processes, the analysis presented in
the previous chapter could not rely on simulated event samples alone to accurately predict the
fraction of QCD processes. Therefore, a method is used to estimate the QCD background
contribution directly from data. The method used in this thesis is commonly used in several
analyses, for example in [14,99]. To implement the method, however, several studies are needed
to find the most appropriate set of independent variables and to validate it. Section 8.1 presents

the results of the QCD background estimation and Section 8.2 the validation of these results.

8.1 QCD background estimation from data

The data-driven method is based on the selection of four independent data samples, three
in QCD background-dominated regions (control regions) and one in a W — 7, V; signal-
dominated region (signal region). The samples are selected with criteria on S miss and on 7,-1D,
which are assumed to be uncorrelated!, after applying the event selection described in Chap-

ter 7. 'The following four regions are used in this analysis:

Region A: events with § miss > 6 and 7, candidates satisfying the tight 7,-ID.

Region B: events with § Emiss< 6 and 7y, candidates satisfying the tight 7,-1D.

Region C: events with S miss > 6 and 7, candidates satistying the loose 7,-ID but failing
the tight 7,-ID.

Region D: events with S Emiss < 6 and 7, candidates satisfying the loose 7,-ID but failing
the tight 7,-ID.

'In fact, Symiss depends on global event properties and the 7, candidate contributes to its value only through

its total pr, while the Ty-ID is based on shower shape and tracks of the 7, candidate. An indirect correlation
may arise due to the dependence of the 7,-ID rejection on the pr of the 7, candidate [80]. This effect is
investigated in Section 9.7, as a source of systematic uncertainty.
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8.1. QCD background estimation from data

Region A is referred to as the signal region and regions B, C and D as control regions. Figure 8.1

illustrates these four regions and Figure 8.2 shows the event distribution in the four regions for

data and the expected W — 7, V7 signal events.
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Figure 8.1: Sketch of the four independent regions, three in QCD background-dominated
regions (control regions) and one in a signal-dominated region (signal region). The regions are

selected with criteria on Spmiss and on 7,-ID.
T

The Spmiss distribution for QCD background events in the signal region is estimated as fol-
T

lows:

o the shape is determined from the observed events in regions C and D.

o the distribution in region CD is then scaled by the ratio of the number of events in

regions B and D.

This prediction is based on two assumptions, namely:

e that the shape of the § Emiss distribution for QCD background is the same in the com-
bined regions AB and CD;

e and that the contribution of W — 7, v; signal and EW background in the three control

regions is negligible.
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Figure 8.2: § Emiss distribution for events in which the selected 7, candidate passes the loose but

fails the tight 7,-ID and for events in which the selected 7, candidate passes the tight 7,-ID.
Distributions are shown for (a) data and (b) W — 7,V simulation after applying the event
selection described in Chapter 7, except for the last requirement on S miss The area of the

boxes is proportional to the event yield.
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8.1. QCD background estimation from data

Provided that these two assumptions are satisfied, the method does not rely on any other inputs.

The estimate for QCD background in the signal region A, NéCD’ is then obtained by:
Nocp = NPNE/NP, (8.1)

where N’ represents the number of observed events in region i (i = B, C,or D).

The assumption that the shape of the S miss distribution for QCD background in regions
AB and CD is the same has been verified with a data control sample produced by selecting
7, candidates with more than three tracks (Nyack >3)2. Figure 8.3(a) compares the S miss
distribution for events that pass the loose 7,-ID but fail the tight 7,-ID with events that pass
the tight 7,-ID, where for both of these samples it is required in addition that the selected 7,
candidates have N,k >3. The two distributions agree reasonably well within the statistical
uncertainties. To check if these distributions also represent events with selected 7, candidates
with less than four tracks, Figure 8.3(b) compares § miss for 7, candidates that pass the loose
but fail the tight 7,-ID. A similar level of agreement is observed.
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Figure 8.3: S Emiss distributions. (a) Distribution for a data control sample of 7, candidates

with Nipack >3, for 7, candidates that pass the loose 7,-ID but fail the tight 7,-ID and for 7,
candidates that pass the tight 7,-ID. (b) Distribution for selected 7, candidates that pass the
loose 7,-ID but fail the tight 7,-ID for Niack >3 and for Nk <3. The distributions are
normalized to unity.

The second assumption, requiring the signal contamination in the control regions to be small,
is checked with W — 7, vy and EW background MC samples. The fraction of W — 7}, vy signal
events in the control regions is found to be non-negligible, in particular for control region C.
This can also be seen in Figure 8.2(b). In addition, the contribution of EW background in the

signal region and control regions is significant and needs to be taken into account. Table 8.1

2Reconstructed 7, candidates with large track multiplicities are dominated by misidentified QCD jets.
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8. Estimation of Sample Composition

shows the number of data events and the expected signal and EW background events (Néig and
NL,y, respectively) in regions A, B, C and D. The ratios of simulated signal and EW background

events in the control regions and the signal region are denoted by the coeflicients

Ni- + Ni
ci=—2 W i=B,CD (8.2)
N T New
and are summarized in Table 8.1.
Region A B C D
Data 78 607 254 7107
W — 1,V | 553414 395412 71.041.6 54.2+1.4
EW 11.84+0.4 6.540.2 44.5+0.7 22.1+0.5
Ci 0.69£+0.02 1.7240.05 1.144+0.03

Table 8.1: Number of observed events in the four regions for the data-driven estimation of
QCD background. MC estimates of the number of W — 7, v; signal and EW background

events and the correction coefficients ¢; are also shown. The uncertainties are statistical only.

The QCD background determination in the signal region needs to take into account the
signal leakage into the background control regions as well as the EW background contamina-
tion. Defining Nﬁon—QCD as the number of non-QCD data events (signal and EW background
events) in region A, the corrected number of data events from QCD background in the three
control regions (NB, , NG . and N ) is obtained by subtracting the number of signal and
EW background events ciNﬁon_QCD from the observed number of data events in each of the

three control regions:
Nz:orr =N — Ci 'Nﬁon—QCDa i=B,C,D (8.3)

Using the relation NA :Nﬁon—QCD + NSCD and applying the correction above to Equation 8.1
yields

N€ —cc - (N* = N§ep)

. (8.4)
NP —ep - (NA —N§ep)

A B C D B A A
NQCD = NcorrNcorr/Ncorr = (N —CB- (N - NQCD)) ’

After solving the resulting second-order polynomial equation for NSCD’ Equation 8.4, the
estimated number of QCD events and W — 1, V; signal plus the EW events in region A is
NISCD =11.1£2.3 and Nﬁon—QCD =066.9£10.5, respectively.
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8.1. QCD background estimation from data

The results of the QCD background estimation can be seen in Figure 8.4 for the S Emiss dis-
tribution and the three variables of the T-ID: Riracks furk,1 and Rem. In Figure 8.4(a), the data
distribution corresponds to data events in the combined region AB and the QCD background
to the combined region CD, after subtraction of EW and W — 7, v; signal contributions based
on MC simulation. The QCD background is scaled by a factor (N® — CBNﬁoanCD) /(NP —
cDNéon—QCD)- Similarly, in Figures 8.4(b), 8.4(c) and 8.4(d), the data distribution corresponds
to the combined region AC and the QCD background to the combined region BD, after sub-
traction of EW and W — 7, V¢ signal contributions. The QCD background is scaled by a factor
(N€ — CCNQon—QCD) /(NP — CDN?OH—QCD)' In general, a good agreement is observed, with an

excess of data that is compatible with the simulated distribution of W — 1, v; signal events.

To confirm the W — 1, V¢ signal observation, several control plots were produced comparing
distributions for data with the sum of the distributions for the simulated W — 7,V signal and
EW background and the estimated QCD background. The distributions of EXSS and ¥ Er
are shown in Figure 8.5. Here, the data distribution corresponds to the signal region A and the
QCD background to the control region C, after subtraction of the EW and signal contributions
based on MC simulation. The region C was chosen because the events in this region satisfies
the same EM and Y. E7 requirements as the events in region A. The QCD background is
normalized to NSCD'

Figure 8.6 illustrates the pr and 1 distributions of the 7, candidates and Figure 8.7 the track
multiplicity and electric charge of the 7, candidates. The data distribution corresponds to the
signal region A and the QCD background to the control region B, after subtraction of the
EW and W — 7, V¢ signal contributions based on MC simulation. Here, control region B was
chosen because the 7y, candidates in this region pass the same 7,-ID criteria as the 7, candidates
in the signal region. Nonetheless, Figures 8.6 and 8.7 show the same distributions using control
region C for QCD background, to be consistent with the procedure used in Figure 8.5. In all
these figures, the QCD background is normalized to NéCD'

A good agreement is observed between the excess of data and the expected W — 1, V¢ signal
in Figures 8.5, 8.6 and 8.7. The track multiplicity distribution for the 7, candidates in Fig-
ures 8.7(a) and 8.7(b) is consistent with the characteristic peaks in track multiplicity at one
and three, as expected for 7, decays which mostly result in one or three charged particles. The
electric charge distribution for the selected 7, candidates is shown in Figures 8.7(c) and 8.7(d).
They show a slight, but statistically not yet significant, excess of events with a positive electric

charge, as expected in proton-proton collisions and discussed in Chapter 6.

Figure 8.8 shows the distribution for variables combining 7, and Er}nissinformation, i.e.
AQ (T, EX5%) and my distributions for data in the signal region and in the different enriched
QCD background regions.
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Figure 8.4: (a) Distribution of § miss for data in the combined region AB (tight 7,-ID re-

gion) and the QCD background estimated from the combined control region CD (loose -
ID region), scaled by (N& — cBNﬁoanCD) /(NP — CDNﬁoanCD). Also shown are the expected
W — 1,V signal and EW backgrounds in region AB from simulated samples. (b), (c) and (d)
Distribution of Rirack, firk,1 and Rgm for events in the combined region AC (S E%niss> 6) and

for the QCD background estimated from the control region BD (S E’}niss< 6) together with

the expectations from MC for signal and EW background. The normalization of the QCD
background distribution is explained in the text.

In Figure 8.8, clear signatures of W — 7, V¢ decays can be observed, e.g. a large separation
in ¢ between 7, and EMSand a peak between 60 and 80 GeV in the transverse mass distribu-
tion. In particular, Figures 8.8(a) and 8.8(b) present a good agreement between data and the
QCD background in the background dominated region (for low A (7, EX*) and mr values),

confirming that the control region correctly describes the QCD background contribution.

The good agreement between data in the signal region and the sum of QCD background,
EW background and the expected W — 1, V7 signal in all those control plots presented in this
chapter further supports the observation of 7, leptons from W — 7, v decays in ATLAS.
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Figure 8.5: Distributions of E{Piss and Y Er for data in signal region A, the scaled QCD back-
ground from control region C, and the contributions from simulated W — 7,V signal and
EW background in region A. The QCD background distribution is normalized to the esti-
mated number of QCD background events in region A (NgCD).
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Figure 8.6: (a) and (b) pr and (c) and (d) 1 distributions for 7, candidates for data in signal
region A, the scaled QCD background from control region B or C, and the contributions
from W — 7,V signal and EW background in region A. The QCD background distribution
is normalized to the estimated number of QCD background events in region A (NSCD).
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Figure 8.7: (a) and (b) track multiplicity and (c) and (d) electric charge distributions for 7,
candidates for data in signal region A, the scaled QCD background from control region B or
C, and the contributions from W — 1,V signal and EW background in region A. The QCD
background distribution is normalized to the estimated number of QCD background events
in region A (N8CD)'
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Figure 8.8: Distribution of (a) and (c) A@ (T}, Efrniss) and (b) and (d) transverse mass m for data
in the signal region and the QCD background control region, combined with MC W — 1, v¢
signal and EW background. In (a) and (b), the QCD background distribution corresponds to
the combined regions CD, scaled by (N8 — CBNﬁon—QCD) J(NP — CDNﬁon—QCD) after W —
ThVr and EW background subtraction. And in (c) and (d) the QCD background corresponds
to region C normalized to NSCD'
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8.2. Validation of the data-driven method

8.2 Validation of the data-driven method

The following sections describe several tests performed to confirm that the data-driven method
yields consistent results and can be reliably used to estimate the QCD background contribution

in the signal region.

8.2.1 Application to a QCD-enriched control sample

The data-driven method cannot be tested with MC samples of QCD background events because
of the small number of simulated events passing the event selection. Therefore, the method is
tested using a sample enriched by QCD background events in all four regions. The predicted
number of QCD background events in the signal region is then compared with the number of
events in that region. This QCD background enriched sample was produced by selecting 7,
candidates with more than three tracks. The number of selected events in each region is listed

in Table 8.2.

A B C D
Data 5 95 92 2355
W — vy 27403  0.7£0.2 11.5+0.7 6.910.5
EW 1.840.1 0.6+0.1 18.1£0.5 6.9+0.3
Ci 0.2940.08 6.584+0.56 3.07+0.29

Table 8.2: Number of observed events in the four regions for the data-driven estimation of
QCD background for a data control sample of 7, candidates with Nk >3. The MC esti-
mates of the number of W — 7,V signal and EW background events for this sample and the
correction coefficients ¢; are shown.

Using Equation 8.4, the estimated number of QCD background events in signal region A is
3.241.1 events. As it can be observed in Table 8.2, the data samples with selected 7, candidates
with Niack >3 are quite small and, according to MC simulations, still contain a significant con-
tribution of W — 1, V; signal and EW background events in the signal region. Nonetheless,
the estimated number of QCD background events is in agreement with the observed number
of data events which remain after the subtraction of the W — 7, v; signal and EW background
expectations in signal region A. This result indicates that the data-driven method provides con-

sistent values.
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8.2.2 Application to subsamples

This validation consisted of applying the data-driven method to complementary subsamples
of the selected events and compare the results with the expectations for the full sample. The

subsamples were produced based on the following criteria:

e T, candidates with transverse momentum between 20GeV < pr < 30GeV or30GeV <
pr < 60GeV:

— the 7y, identification is not uniform as a function of pr and both E%‘iss and § Emissare
correlated with the pr of the 7, candidate. Therefore, the analysis is repeated for
two different pr intervals to verify if the data-driven method provides sensible re-
sults in both kinematic regions. The pr intervals are asymmetric to obtain data

samples of approximately the same size for this study.

e T, candidates with exactly one track (1-prong) or with more than one track (multi-
prong):

— 7, candidates with exactly one track (1-prong) or with more than one track (multi-

prong) satisty different 7,-ID criteria and contain different amounts of QCD back-

ground.

e Events with one vertex or more than one vertex:

— to verify if the data-driven method is sensitive to pile-up effects.

The number of data events and simulated W — 7, V; signal and EW background events
in signal region A is shown in Table 8.3 for each complementary subsample together with
the estimated number of QCD background events in this region. The sum of NSCD for each
subsample is consistent with 11.1+2.3 estimated with the full sample. Also the observed excess
of data events over the total background is in agreement with the expected number of W — 7, v¢
signal events in each subsample. Appendix A shows for each subsample the number of data
events and simulated W — 7,V signal and EW background events in all four regions.

Figures 8.9, 8.10, 8.11 and 8.12 show the § pmiss 71T, Rirack and the track multiplicity distri-
butions for each subsample. In general, a good agreement is observed, with an excess of data

that is compatible with the simulated distribution of W — 7, V7 signal events.
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Figure 8.9: § Emiss distribution for several subsamples.



(e) Events with 1 vertex.
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Figure 8.10: m7 distribution for several subsamples.
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8. Estimation of Sample Composition

Subsample NA Ng‘i‘g NAw NSCD NSCD Total
20GeV < pit <30GeV | 23 21.340.9 2.540.2  1.940.9 13423
30GeV < pf <60GeV | 55 34.0+1.1 9.2403  9.4+2.1 T
1- 26 27.6+£1.0 32402 5542.8

prong 13.343.6
multi-prong 52 27.741.0 8.54+0.3 7.842.2
1 vertex 58 37.9+1.2 7.5£0.3 10.5+2.5

13.342.7

> 1 vertex 20 17.440.8 4.2402 2.8+1.1

Table 8.3: The number of data events and simulated W — 7, V¢ signal and EW background
events in signal region A for each subsample and estimated number of QCD background events.
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Figure 8.12: Track multiplicity distribution for 7, candidates for several subsamples.
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8.2.3 Redefining the signal and control regions

Another test consisted of redefining the signal and control regions in the following way:
e Region A: events with § miss >8 and T, candidates satisfying the tight 7,-ID.
e Region B: events with § ITniss<6 and 7}, candidates satisfying the tight 7,-ID.

e Region C: events with § E%niss>8 and 7}, candidates satistying the loose 7,-ID but failing
the tight 7,,-ID.

e Region D: events with § Emiss <6 and 7, candidates satisfying the loose 7,,-ID but failing
the tight 7,,-ID.

The region 6<§ miss <8 is not used and the new signal region should contain less QCD back-

ground events. The number of events in the new regions are shown in Table 8.4.

A B C D
Data 25 608 80 7126
W — vy 18.54+0.8 39.5£1.2 27.24+1.0 54.2+14
EW 5.3£0.2 6.5+0.2 22,7205  22.1£0.5
Ci 1.93£0.09 2.10+0.09 3.21£0.13

Table 8.4: Number of observed events and MC expectations in the four regions, excluding the
6 < SETmiss < 8 region.

Based on the numbers in Table 8.4 the expected QCD background in the signal region A
is 2.7 + 1.3, in agreement with the observed number of data events which remain when the
signal and EW background expectations are subtracted. This indicates again a consistency of
the data-driven method.

8.2.4 Event selection with medium 7,-ID

The number of QCD background is also estimated for a looser T,-ID selection, replacing the
tight by the medium 7j-ID requirement. The number of data events in the four defined regions
as well as the MC expectations for signal and EW background are listed in Table 8.5. Using
Equation 8.4, the number of estimated QCD background in region A is 50.4+11.9.

Also for these events several characteristic variables are investigated. Figure 8.13 shows the
S Emiss distribution, the distribution of the Ryack Th-1D variable, the track multiplicity distribu-
tion and the transverse mass for data in the signal region and the estimated QCD background
combined with the expected W — 1, V7 signal and EW contributions, from MC simulation.
Additional control plots are shown in Appendix A.4.
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8. Estimation of Sample Composition

A B C D
Data 197 3109 134 4583
W — vy 987419  75.8+1.7 27.44+1.0 18.04+0.8
EW 324406  17.5+0.4 24.240.5 11.1+0.4
ci 0.71240.018 0.394+0.011 0.222+0.009

Table 8.5: Number of observed events and MC expectations in the four regions for events
satisfying the medium 7,-ID instead of the tight 7,-ID.
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Figure 8.13: (a) S Emiss> (b) Rirack» (c) track multiplicity and (d) transverse mass distributions for
data in the signal region A and the estimated QCD background combined with the expected
signal and EW contributions, from MC simulation, for candidates passing the medium 7,-ID.

The results show again a good agreement among the distributions, indicating a very good

reliability of the data-driven method.
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8.2. Validation of the data-driven method

8.2.5 Using generic 7, misidentification probabilities for QCD jets

As a final validation of the data-driven method, an independent method to estimate the num-
ber of QCD background events in region A is performed. For this, a data sample is selected as
described in Chapter 7 without applying the 7-ID requirement for the 7, candidates. The pr
spectrum of the selected 7, candidates in this sample is shown in Figure 8.14(a). Using the mea-
sured tight 7,-ID misidentification probability for QCD jets [80], parametrized as a function
of pr (Figure 8.14(b)), the estimated number of events with misidentified 7, candiates can be
directly extracted from Figure 8.14(a). But before, the contribution from W — 7, v; signal and
EW background, based on simulation, is subtracted from this selected sample. The estimated
number of misidentified 7 candidates is 6.631.24.) & 1.1y events. The systematic un-
certainty includes 9.6% due to energy calibration and 14.5% due to pile-up effects [80]. This
number is in fair agreement with the number of expected QCD background events in signal
region A of 11.1+2.3 events. This estimate, however, has some caveats, namely: it was not
verified if the shape of the pr spectrum in Figure 8.14(a) represents the correct distribution of
the QCD background when the tight 7,-ID is required; the 7, misidentification efficiency was
measured with a data sample without requiring EITniSS (since EITniSS is due to misreconstructed
jets, events with fake ET® may have a different 7, misidentification efficiency values); and the

misidentification efficiency should be parametrized in both pr and 1 of the 7}, candidates.
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Figure 8.14: (a) Distribution of the transverse momentum of 7, candidates, without applying
the 7,-ID requirement, for events in the signal region A. (b) 7, misidentification efliciency
for QCD background measured for data and MC samples as a function of the reconstructed
pr [80]. The number of 7, candidates in (a) is 442 events and the expected number of signal and
EW background from MC simulation in this sample are 147 +2 and 76 £ 1 events, respectively.
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8. Estimation of Sample Composition

8.2.6 Summary on the validation of the data-driven method

Several independent tests to validate the method to estimate the contribution of QCD back-
ground events in the signal region were performed. In all these tests, the data-driven method
provided very consistent results, giving further confidence that W — 7, V¢ events are observed

in the ATLAS data.
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9. Systematic Uncertainties

In Chapter 7, the estimated number of W — 7, V; and EW background events in the selected
data set, based on Monte Carlo simulation, included only the statistical uncertainty. Similarly,
the uncertainty for the estimated number of QCD background events with the data-driven
method in Chapter 8 included only the statistical component. Therefore, it is vital to evaluate

the systematic uncertainties associated with these numbers for the observation of W — 1,v;

events in ATLAS.

This chapter presents the evaluation of the systematic uncertainties for various sources of
systematic effects. For the numbers estimated with simulated data, the following sources of
systematic uncertainties are considered: trigger simulation, lepton veto, energy scale, simulation
of pile-up effects, the MC modeling and the cross section and luminosity values. For the
estimated number of QCD background events, the systematic uncertainty associated with the

data-driven method is evaluated. They are discussed in the next sections.

9.1 Trigger simulation

A suitable data sample containing 7, candidates and EFS, selected by an independent trig-
ger from the one used in this analysis, is not yet available at this early stage of operation of
the ATLAS experiment. Therefore, the trigger selection efficiency is evaluated based on MC
simulation for events satisfying the full event selection described in Chapter 7. The trigger
thresholds were conservatively, and independently, varied by £50% and the number of se-
lected W — 1, v; and EW background events are compared with the number obtained using
the original trigger settings. No significant differences are observed due to the fact that the
trigger requirements on EXSS and on the pr of the 7, candidate are much softer than those
applied in the event selection. Therefore, the systematic uncertainty associated with the trigger

efficiency is found to be negligible and it is not considered in this analysis.
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9.2. Lepton veto

9.2 Lepton veto

o Electron veto: The veto on electrons is essential for background suppression, in partic-

ular for the W — eV, process since the number of these events passing the 7, identifi-
cation criteria is one order of magnitude larger than for W — 7, V7 signal, as shown in
Table 7.1. The rate of electrons that are misidentified as 7, is determined by a “tag-and-
probe” method applied to Z — ee events. For this, Z — ee events are selected and the
electron passing good quality criteria is used as a tag while the second electron, satistying
looser criteria, is used to determine the 7, misidentification rate. This study is performed
with data and Monte Carlo simulation and the difference in the results between the two
of 30% is used as a conservative systematic uncertainty on the W — eV, background
rate. Taking into account the contribution of the W — eV, process to the total EW
background, this results in an overall uncertainty of 11% on the total number of EW

background events.

Muon veto: The background from the W — 1v,, and Z — it processes is suppressed by
rejecting events if there is a combined muon reconstructed with p7 > 5GeV in the event.
The efficiency of this suppression cannot be verified with the tag-and-probe method for
this background, as for the electron veto, because in most cases (83%) the 7j-candidate
is a QCD jet from the underlying event and not a muon from the W or Z decay. In
this case, the rate of background events passing the muon veto is proportional to the
muon reconstruction inefficiency. This has been assessed for the measurement of the
W — v cross section in ATLAS with the standard “tag-and-probe” techniques on the
Z — uu samples. From a review of the results from different groups [100], the MC
estimation of the muon reconstruction efficiency is approximately 92%. Comparison
with data shows a dependence of the efficiency on the run conditions and for the run
period corresponding to the data sample used in this analysis it is 88%. While data and
simulation are compatible within statistical uncertainty, their difference of 8% 4 4%
has been used as a conservative estimate of the uncertainty on the muon reconstruction
inefficiency. This results in a systematic error of 1.9 events over the combined W — uvy

and Z — uu backgrounds and in an overall systematic uncertainty of 16% on the total
EW background.

The combination of the uncertainties due to electron and muon rejection leads to a total

systematic uncertainty of 19% on the EW background.
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9.3 Energy scale

The signal acceptance depends on the energy scale of the topological clusters used in the com-
putation of EM and § Emiss 28 well as on the pr of the 7, candidates. Similarly to other studies
in [101], the systematic uncertainty associated with the energy scale is obtained by varying
the following input parameters in the MC samples and comparing the signal yields with the

original settings:

o Topological cluster energy scale: The transverse energy originating in W and Z events is
mainly deposited in the central region of the calorimeter (|1| < 3.2). The uncertainty on
the cluster energy scale is derived from E/p studies on single hadrons [102, 103] as the
difference between data and MC simulation. At the current level of detector calibration
in the region |N| < 3.2, the uncertainty on the energy scale is better than 7% for ener-
getic clusters and at most 20% for pr of 500MeV [104]. To evaluate the energy scale
uncertainties, E{Piss and )" E7 have been recomputed after scaling the topological cluster
energies according to a factor 1 +a (1 + 1%) for values of a and N covering conserva-
tively the above uncertainties [101]. The pr of the 7, candidate is also scaled according
to the energy variation of the topological clusters associated with the reconstructed

candidate.

In the forward region |n| > 3.2, the energy scale uncertainty is estimated from data to
be ££10% [103] and therefore the clusters in the forward calorimeters have been scaled
by that amount.

o EISS resolution: The resolution on EMS is measured to be G(E)Tyiss) =0.49/Y Er [64]
in minimum bias events, but it is slightly degraded when requiring the presence of high-
pr jets [101]. The sensitivity of the simulation to the Efrniss resolution has been checked
by adding a gaussian smearing on the x and y components of EXS. An EFS resolution
of o\/Y Et is considered, with & = 0.65, which is taken conservatively to cover the
uncertainty due to the presence of high-pr jets. The yield of signal and EW background

events is checked against variation of the resolution of EJ"*.

e Energy reconstruction in the forward calorimeter: The energy reconstruction in the
forward calorimeter (FCal) inner ring cells, || > 4.5, is poorly understood in MC. The
impact of cutting this region when computing EF$ and Y E7 is mainly a reduction of

Y E7 and therefore an increase in the acceptance for the Symiss selection.
T

The results of the energy scale systematic studies are summarized in Table 9.1 for W — 1,v;
signal and the main EW background contributions. The acceptances for W — 1, V¢ signal and
electroweak background changed by £21% and +14%, respectively (since the upper and lower
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variations are very similar, it is preferred to quote symmetric uncertainties on the acceptances

for W — 1, v; signal and EW background).

9.4 Simulation of pile-up effects

The instantaneous luminosity at the LHC continuously decreases during the data-taking run.
And each run has different instantaneous luminosity. Therefore, the variation of the beam con-
ditions at the LHC results in different amount of pile-up effects and it needs to be taken into
account in the simulation. Since the number of reconstructed primary vertex candidates per
event is related to the pile-up activity, the pile-up effect has been accounted for by reweight-
ing the simulated events so that the distribution of the number of reconstructed primary vertex
candidates per event matches the one measured in the ATLAS data. The systematic uncertainty
associated with this procedure is evaluated by varying the event weights within their statisti-
cal uncertainties. It is found to be 1% for MC W — 7, V; signal events and 0.2% for EW

background samples.

9.5 Monte Carlo model

The systematic uncertainty associated with the Monte Carlo simulation is evaluated by the dif-
ference in number of simulated events passing the full selection for the two different underlying
event models, ATLAS MC09 and DW. As shown in Section 5.4, the DW tune models 7-ID
variables better than the ATLAS MCO09 tune [49] used in this analysis. The difference in the
number of events obtained for MC09 and DW tunes amounts to 16% for the W — 7, V7 signal
and 17% for the EW background.

9.6 Cross section and luminosity

The expected number of signal and EW background events is obtained from the number of sim-
ulated events passing the event selection, scaled according to their corresponding cross sections
and the integrated luminosity of the corresponding data sample. Therefore, the uncertainties
on these numbers need to be considered.

The product of the cross sections for W and Z bosons production and their leptonic-decay
branching ratios used in this study are calculated to NNLO in QCD using the FEWZ pro-
gram [12] with the MSTW2008 set of parton distribution functions [13]. The uncertainties
on these cross sections are evaluated in [14]. They arise from the choice of PDF (3%), from
factorization and renormalization scale dependence, and the size of the correction from NLO

to NNLO (4%). The total uncertainty of 5% is taken as an uncertainty on any event count
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W—=tve W—eve W—=uvy W—=1ve Z— 17 Total EW bkgd

Energy scale || < 3.2

a N—-1
0.07 0.93 +15% +8% -5% +13% +20%
-0.07 0.93 -18% -1% -4% -7% -12%
Energy scale || > 3.2
a
0.10 -1% -1% -2% -8% -2%
-0.10 +3% +4% 0% 0% +3%
E%‘iss resolution
o = 0.65 GeV'!/? +10% +7% 0% +7% +26%
Excl. FCAL inner ring +7% +9% +2% +1% +8%
Combined syst. uncertainties
+19% +14% +3% +19% +34% +15%
Relative
-22% -11% -5% -15% -30% -13%
+10.6 +0.6 +0.1 +0.3 +0.7 +1.7
Absolute
-12.1 -0.5 -0.2 -0.3 -0.6 -1.5

Table 9.1: Relative and absolute variation of acceptances for the systematics tests on the topological cluster energy scale, for W — 1, v

signal and EW backgrounds.
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9.7. QCD background estimation

prediction normalized using those cross sections. An additional uncertainty on the event rate

of 11% derives from the luminosity measurement [42], as discussed in Section 3.8.

9.7 QCD background estimation

The following sources of systematic uncertainty have been considered for the estimation of

QCD background from data:

e Correction for W — 1,V; signal and EW background: The systematic uncertainty

due to the correction for the W — 7,V signal and EW background contamination in
the three control regions used for the estimation of the QCD background is evaluated
by varying the fraction of EW background events within the combined statistical and
systematic uncertainties of the MC prediction presented in Table 9.2. The number of
estimated QCD background events varied by 6% and this value is considered for this

systematic uncertainty.

S miss and 7,-ID correlation: An assumption of the method used for the estimation of
QCD background is that the S miss and the 7,-ID are not correlated. As can be seen in
Figures 8.3(a) and 8.4(a), the S Emiss distribution for region AB is slightly shifted towards
higher § Emiss values compared with region CD. This may be due to a non-negligible cor-
relation between these variables. As a check, regions A and C were enlarged by changing
the S Emiss Tequirement from 6 to 4, in order to obtain QCD-background-dominated
samples in all four regions. The observed value of NA, after subtraction of EW and
W — 1,V signal contributions, based on MC simulation, has been compared with the
estimate from Equation 8.1. The same verification was performed for the medium 7,-1D.

The largest disagreement is observed for the first cross-check and amounts to 28%.

e Additional tests (based on the studies presented in Section 8.2): In W — 1, V; events,

the E%liss, and therefore also S Emiss» is correlated with the p7 of the T, candidate. The
fact that the 7, identification efficiency is not uniform as a function of pr can lead to a
potential systematic uncertainty. In order to verify this, the analysis is repeated for two
different pr ranges: 20 —30GeV GeV and 30 — 60GeV as discussed in Section 8.2.2.
The stability of the background estimation is also checked separately for 7, candidates
with 1 or more tracks and for events with single or multiple reconstructed primary ver-
tices. All variations on the expected number of QCD background events in the signal
region are statistically compatible with the estimation on the full sample. Therefore, the

systematic uncertainty due to pr dependence is negligible.

The total systematic uncertainty associated with the QCD background estimation is determined
to be 29%.
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9. Systematic Uncertainties

9.8 Systematic uncertainty summary

Table 9.2 summarizes the resulting systematic uncertainties.

W — 1V signal  EW background  QCD background

Central values [events] 55.3 11.8 11.1
Statistical uncertainty [events] +1.4 +0.4 +2.3
Systematic uncertainties:

Lepton veto - +19% -
Energy scale +21% +14% -
Pile-up +1% +0.2% -
Monte Carlo model +16% +17% -
Theoretical cross section + 5% +5% —
Luminosity + 11% +11% -
QCD background estimation - - £29%
Total systematic uncertainty [events] +16.1 +3.7 +3.2

Table 9.2: Summary of the systematic uncertainties for the data-driven estimation of the QCD
background and for the expectations for EW background and signal based on simulation. The
statistical uncertainty for EW background and signal corresponds to the MC statistical uncer-
tainty. The individual systematic uncertainties are quoted as relative values, while the resulting
total uncertainties are quoted as absolute values.

The energy scale and MC model are the dominant source of systematic uncertainties associ-
ated the estimation of W — 7, V¢ signal and EW background events. For the EW background,
also the lepton veto has an important contribution. These uncertainties, however, may decrease
in future studies when the ATLAS detector will be better understood and the ATLAS MC sim-
ulation better tuned. For the QCD background estimation, the uncertainty of 29% is also very
large and its evaluation was probably too conservative.

Despite the fact that these systematic uncertainties are sizeable, the results obtained are with
a sufficient sensitivity for the observation of W — 7,V events in ATLAS, as discussed in the
next Chapter.
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10. Results and Perspectives

The first part of this chapter summarizes the results of the analyses presented in the last three
chapters. 'This is followed by a discussion, in Section 10.2, on the perspectives for physics

measurements with the W — TV process in the near future.

10.1 W — 7V, Analysis Results

A search for W — Tv; decays, with the T lepton decaying into hadrons, has been presented.
The analysis described in Chapter 7 selected a total of 78 data events from a data sample that
corresponds to an integrated luminosity of 546 nb~!, recorded with the ATLAS detector at
the LHC in proton-proton collisions at a center-of-mass energy of /s = 7TeV from March to
mid-August 2010.

In Chapter 8, the method to extract the QCD background contribution from data was pre-
sented together with its validation and 11.14£2.3ga0) £ 3.2 5y.) Of these 78 events are esti-
mated to be due to QCD processes. With a remaining background from W and Z decays of
11.840.4(51a.) &= 3.7 (syst.) events, evaluated from MC simulation, this leaves an observed sig-
nal of 55.1410.5(ta1.) £ 5.2(yst.) €vents. This number is compatible with the Standard Model
expectation of 55.3%1.4 ) & 16.1 () events from W — 7,V decays, estimated with sim-
ulated data. The probability for the amount of selected data events to be due to background
only is 8.7 x 1071, using a Bayesian approach, and it corresponds to 6.10, using a one-sided

normal distribution.

Equally important to ensure the observation of W — TV decays in ATLAS are the distri-
butions of kinematical variables and the variables used in the 7,-ID. The shapes of all these

distributions are compatible with those obtained from simulated W — 7, v signal.

Therefore, these results constitute the first observation of W — 7v; decays and of hadronically
decaying 7 leptons in ATLAS.
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10.2 Perspectives

Before starting the heavy ion physics program in November 2010, the total amount of data
recorded by the ATLAS experiment in proton-proton collisions at a center-of-mass energy of
/s = 7TeV corresponds to an integrated luminosity of 45pb~!. The peak instantaneous lu-

2s~!. This larger data set, containing an increased amount

minosity reached 2.1 x 1032 cm™
of pile-up effects, allow one to test if the study described in this thesis contains eventual lim-
itations or problems not observed before, due to the smaller data set, as well as its robustness
against the additional pile-up effects. This and the perspectives for physics measurements with

the W — 7, V¢ process are discussed in the following sections.

10.2.1 W — 7V; analysis using a larger data set

As discussed in Chapter 7, the W — 7, V¢ analysis is sensitive to pile-up effects and the trigger
rates increases rapidly with the instantaneous luminosity. To keep the trigger rates within the
allowed bandwidth of the trigger system, either the trigger requirements are pre-scaled (i.e.
only a small fraction of events satisfying the trigger requirements are recorded) or the trigger
threshold values are increased.

The W — 7,V analysis used in this thesis can, however, be successfully repeated with the
first 2.46pb~! of data collected with fully operational detector and stable beam conditions.
Figure 10.1 shows the distributions of kinematical variables and variables used for the ,-ID
with this integrated luminosity. A very good agreement between data and the expected W —
Th V¢ signal events combined with the estimated backgrounds is observed.

For the additional amount of data available, the instantaneous luminosity is higher and,
consequently, the trigger requirement used in this study needed to be prescaled. However,
other combinations of 7, and E{fliss triggers with higher threshold values are available without
prescale. Using these different trigger settings, this analysis can successfully select about 2000
W — 1,V events with the full data set collected in 2010 [105]. This result also confirms that
this analysis is robust against additional pile-up effects.

For the proton-proton collisions expected for 2011, the instantaneous luminosity will be
further increased and higher trigger thresholds will be needed to keep the trigger rate within
the allowed bandwidth. This will clearly affect the event selection described in this thesis.
However, former studies [95] performed during the preparation for the first collisions showed
that the E® threshold requirement can be increased to 40GeV and W — 7,V events can still
be selected, but with a lower efficiency. In fact, the higher E'S threshold further suppresses
the QCD background and the § Emiss Fequirement may not be needed.

Another challenge for this analysis will be the development of a reliable method to estimate

the contribution of QCD background from data. As discussed in [95], there is a possibility of
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Figure 10.1: (2) Smiss, (b) Rirack, (¢) E™S, (d) transverse mass mr (€) Ty track multiplicit
gu ER T plcity

and (f) electric charge distributions for 2.46pb~! of data and the estimated QCD background
combined with the expected signal and EW contributions, from MC simulation.
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using a maximum-likelihood fit to determine the signal yield, using the m7 as discriminating
variable for the fit, as shown in Figure 10.2. The shape of the my distribution for the QCD
background is constrained by using a control sample, enriched by QCD background events,

selected with a looser criterion on the T, candidate selection.
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Figure 10.2: (a) Transverse mass distribution after full event selection using the loose 7-ID and
the tight 7-ID for QCD background (simulated sample) assuming a proton-proton center-of-
mass energy of 10TeV (the expected initial collision energy at the time) [95]. The distributions
are normalized to unity. A larger data set of simulated QCD background was available in this
study using a fast detector simulation software, which is based on the parametrized results of the
detector performance studies carried out with the standard simulation. (b) Fit of the transverse-
mass distribution to a “toy data sample”, which has been produced by fluctuating the combined
signal and background distributions according to a Poisson probability distribution [95]. The
distribution has been normalized to 100pb~! of data, assuming a proton-proton center-of-
mass energy of 10TeV. The fitting technique used is an extended binned maximum-likelihood

fic [95].

The W — 1,V events will continue to be relevant for the commissioning of the 7}, reconstruc-
tion and identification algorithms until the instantaneous luminosity increases to values above
103 cm=2s~!, when the trigger thresholds may be too high to efficiently collect W — 7, v,
signal events. There are, however, ongoing studies by the ATLAS Trigger Group investigating
the feasibility to implement a trigger requirement based on S Emiss requirement in the ATLAS
detector. Such a trigger would allow a significant decrease in trigger rates and allow an efh-
cient selection of W — 7,V events, extending the physics program for this channel to higher

instantaneous luminosities than currently planned.
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10.2.2 Physics measurements with W — 7v; decays

The selected sample of W — 1,V events is currently being used for both 7, identification per-
formance studies and for physics measurements. These physics measurements are motivated
by the understanding of the ATLAS detector. In particular, the W — 7, V¢ decay is an impor-
tant background in new physics searches and may also be used as a control region in searches
for processes with 7, and EITniSS signatures, for example the charged Higgs boson discussed in

Chapter 2. The following physics measurements are being investigated:

Cross section measurement

The W — TV production cross section was measured by CDF and DO collaborations at Teva-
tron [106,107] at a center-of-mass energy of /s = 1.8 TeV. CDF obtained for run II [106]:

G(pﬁ — W) 'BR(W — TVT) =2.62 i0'07(stat‘) io'zl(syst.) i0'16(1um.) nb,
and DO for run I [108]:
G(pp_ — W) -BR(W — TVT) = 2'22i0'09(stat.) io'lo(syst.) j:O.lO(lum.) nb.

These values are in good agreement with the SM expectation. ATLAS is currently measuring
this cross section with the total amount of data collected in 2010, at a higher center-of-mass
energy of /s = 7TeV. For this measurement, the 7 identification algorithm used in this thesis
may be replaced by a more sophisticated method using multivariate algorithms, increasing the
purity of the W — 1, V¢ sample. Further improvement on the purity of the sample might come

from:
o the selection of 7, candidates with one or three tracks and electric charge equal to £1;

e exploiting the signature of the W boson decays by requiring EM* and the 7, candidate
to be opposite in the ¢ direction, i.e. A (T, EM) > 2.5.

The method to extract the QCD background contribution from data also needs to be revisited.
It is likely that the same method used in this thesis will be used for the cross section measure-
ment, but replacing the 7-ID criterion by the output score of the multivariate 7}, identification
algorithm. The systematic uncertainty on the QCD background extraction, conservatively
estimated as 29% in this thesis, should also be decreased. The better understanding of the
data-driven method may be possible with the larger data samples available. The cross-section
measurement will also establish and validate the hadronic 7 identification algorithm that will
be applied in Higgs boson searches as well as in new physics searches with 7 leptons in the final

state.

107



10.2. Perspectives

Lepton universality

The measurement of the W boson production cross section times branching ratio to 7 lepton
and neutrino, 6(pp — W +X)-B(W — 1Vz), can be used with the corresponding result from
the electron channel, 6(pp — W +X) -B(W — eV,), to test one of the fundamental concepts
in the SM: the universality of the leptonic couplings to the weak charged current, i.e. that the
electroweak couplings to the three charged leptons, g., gy and g are all equal. The lepton

universality can be measured according to the relation:

(&)2_ c-B(W — 1v;)
g.. o©-B(W—=ev,)

(10.1)

Both the CDF and DO collaborations measured % with W — TV, events [106—108] and ob-
tained values of 0.99 £ 0.02 () & 0.04 5y ) and 0.980 =+ 0.0205¢5) £ 0.024 4y ), respec-

tively, in good agreement with the SM prediction.

Charge asymmetry measurement

The measurement of the charge asymmetry of the decay leptons from W bosons produced in
Drell-Yan processes at the LHC contributes to the understanding of the valence parton density
functions. The difference in the production cross sections of W and W~ can be quantified

using the lepton asymmetry, which is defined as:

_ Np+ —Np-

=_ "t (10.2)
Ny+ +Ny-

Ay
The asymmetry also changes significantly as a function of lepton pseudorapidity, since 1y is
highly correlated with the kinematic phase space of the incoming partons and hence each bin
probes partons with different average values of x. Inclusive measurements have been performed
at the Tevatron [109, 110], for both W — ev and W — uv events, by the CDF and DO
collaborations and the data have been included in global fits of parton distributions [13,111].
CDF also measured Ay for W — TV events [107]. ATLAS has already measured Ay for both
W — evand W — uv events [14] and the results are shown in Figure 10.3.
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Figure 10.3: (a) The measured values of oy x BR(W — £Vv) for W, W~ and for their
sum compared to the theoretical predictions based on NNLO QCD calculations [14]. Re-
sults are shown for the combined electron-muon results. The predictions are shown for both
proton-proton (W ,W ™ and their sum) and proton-antiproton colliders (W) as a function of
/5. In addition, previous measurements at proton-antiproton and proton-proton colliders
are shown. The data points at the various energies are staggered to improve readability. The
CDF and D0 measurements are shown for both Tevatron collider energies, /s = 1.8TeV and
Vs =1.96TeV. All data points are displayed with their total uncertainty. The theoretical un-
certainties are not shown. (b) Combined charge asymmetry in two eta bins (barrel || < 1.37
and endcap 1.52 < 1| < 2.4) for an integrated luminosity of 315nb~! in the electron chan-
nel and 310nb~! in the muon channel and compared to different theoretical predictions [14].
Statistical and systematic uncertainties are included.
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11. Conclusion

Physics studies of processes with 7 leptons in the final state, while challenging at hadron collid-
ers, are of great importance at the LHC, especially as probes for the Higgs boson search as well
as for new physics searches with 7 leptons in the final state. Decays of Standard Model particles
to T leptons, in particular Z — 77 and W — TV, are important background processes in those
searches and, therefore, a complete understanding of these processes is vital. These signal pro-
cesses are also important to study the performance of the 7-lepton reconstruction algorithms
and to ensure that the identification of 7 leptons is well understood.

In this thesis, studies connected to the reconstruction of 7 lepton candidates using simulated
data and the commissioning of the 7 reconstruction and identification algorithms with the first

collisions at the LHC were performed. The following results were obtained:

e Results relevant to track selection criteria used for 7-lepton reconstruction were pre-
sented. This study, carried out during the preparation for the first collisions at the LHC,
lead to improvements on the T reconstruction performance. It increased the 7 selection

efficiency and provided a better association of charged tracks with the T candidates.

e With the data recorded during the first collisions at the LHC, studies related to T re-
construction performance with hadronic jets from QCD background along with mea-
surement of missing transverse energy were conducted. Measured distributions obtained
from analysis of these first collisions agree well with the predictions of the detector sim-
ulation and event generator, demonstrating that the modeling of the detector response

was in good shape prior to the first collisions from the LHC.

The remarkable performance of the ATLAS detector during the initial data-taking phase of
the LHC allowed for the observation of W — TV, events and of the first T leptons decaying
hadronically. The ATLAS collaboration has put a significant effort in implementing new trig-
gers to improve the efficiency of the selection of hadronic 7 decays. The material presented in
this thesis summarized the work done on the analysis to efficiently select the W — 7, ¢ sig-
nal events whilst providing the required large rejection against the overwhelming backgrounds

from hadronic jets. The observation of W — 7, V¢ decays could mainly be made possible by:
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o the requirement of a minimum criterion on the significance of the missing transverse

energy, S Emiss> which provided a strong rejection of QCD background events;

o the development and validation of a reliable method to estimate the QCD background

contribution directly from data.

Both items listed above were fundamental for this early observation of W — 7,V; events.
The analysis resulted in the selection of 78 candidate events, in good agreement with the
sum of the Monte Carlo predictions for the W — 7, V7 signal and electroweak background of
55.3+ 14 gar.) £ 16. 1 (y1) and 11.830.4 ) & 3.7y events, respectively, and the QCD
background estimated from data of 11.142.3 (51 3.2 (5ys1.) events. Up to now, the W — 7v¢
decay process is the only observed source of T, available in ATLAS. There are ongoing studies
to observe T leptons from Z decays that may be completed very soon [112]. Further physics

measurements with 7 leptons are foreseen in the near future:
o W — TV cross section,
e Z — TT observation and cross section,
e new physics searches: charged Higgs boson and other supersymmetric particles,
e SM Higgs boson decaying into a pair of T leptons.

Thus, this first observation of W — TV decays and of hadronically decaying 7 leptons in
ATLAS is an important first step in the physics program of the ATLAS experiment towards the

measurement of processes with 7 leptons in the final state.
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The following sections show complementary information for the validation of the data-driven
method discussed in Chapter 8.
A.1 Study of 7, candidates in different pt ranges

A different approach to confirm the validity of the data-driven method for a QCD background
estimation is to consider 7y candidates in different pr regions separately. To obtain data samples

of approximately the same size for this study, the following pr regions have been defined:
e T, candidates with a transverse momentum between 20GeV < pr < 30GeV.
e T, candidates with a transverse momentum between 30GeV < pr < 60GeV.

The number of events for each subsample for data and the signal and EW Monte Carlo events

in the four different regions are listed in Table A.1.

Region A B C D
Data 23 201 58 2487
213409 137407 27.941.0 24.141.
20GeV < pr < 30GeV W = mve 34+0.9 3.74+0.7 7.9 0 0
EW 25402 19401 104403  7.840.3
¢ 0.6640.04 1.6140.08 1.3440.07
Data 55 406 196 4620
W= Ve | 340411 259410 431413  30.1+1.1
30GeV 60GeV
eV < pr <000V by 92403 45402 341406 143404
¢ 0.7040.03 1.7940.06 1.0340.04

Table A.1: Number of observed events and Monte Carlo expectations in the four regions for
a data sample with 7, candidates within a transverse momentum range of 20GeV < pr <

30GeV and 30GeV < pr < 60GeV.

The number of expected QCD-background events, based on the numbers in Table A.1, are
1.940.9 for 20GeV < pr <30GeV and 9.4 £ 2.1 for 30GeV < pr < 60GeV.
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A.2 Separation of 1-prong and multi-prong 7, candidates

For further confirmation of the validity of the data-driven method to extract the QCD back-
ground, the selected events have been divided into subsamples according to their number of
tracks, and the performance of the method has been studied separately. The following subsam-

ples have been defined:
o Tpcandidates with exactly one track (“1-prong”).
o Thcandidates with more than one track (“multi-prong”).

The number of data events in the four defined regions as well as the Monte Carlo expecta-

tions for signal and EW backgrounds are listed in Table A.2 for 1-prong and multi-prong 7,

candidates.
Region A B C D

Data 26 71 45 289

I-prong W — wve | 27.6£1.0 19.1+0.9 25.9+1.0 23.6%+1.0
EW 3.240.2 2.540.1 3.940.2 2.340.1
Ci 0.70£0.04 0.961+0.05 0.84+0.04
Data 52 536 209 6818

. W — v | 27.7£1.0 20.4+0.9 45.1+1.3 30.6%1.1

multi-prong
EW 8.51+0.3 4.04+0.2 40.6+0.7 19.74+0.5
Cj 0.68+0.03 2.384+0.08 1.41+0.05

Table A.2: Number of observed events and Monte Carlo expectations in the four regions for a
data sample with 1-prong 7, candidates.

The number of estimated QCD background events in the signal region A is 5.5 & 2.8 for
1-prong Ty, candidates and 7.8 £ 2.2 for multi-prong 7 candidates.
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A.3 Separation of events with one vertex and more than one
vertex

The data-driven method has also been tested using subsamples of events with one vertex and
with more than one vertex to validate its performance with events including pile-up effects. All
vertices with more than three tracks are counted and used to classify the event. An overview of

the full event selection is given in Table A.3.

One vertex More than one vertex
Data W — Ve Data W — tv:
QCD jets rejection | 188974 366.1+£3.6 | 226979  362.2+3.6

E%niss > 30 GeV 9820  204.6%+2.7 | 19867 206.9+£2.8

T selection 1274 64.6+1.6 | 1134 53.4+1.4
Lepton rejection 288 52314 | 397 42.6£1.3

Table A.3: Number of events passing the selection criteria for data and Monte Carlo signal,
normalized to the integrated luminosity of 546 nb~!. The samples are separated in events
with one reconstructed vertex with more than three tracks and events with more than one
reconstructed vertex with more than three tracks.

The number of data events in the four defined regions as well as the Monte Carlo expectations
for signal and EW backgrounds are listed in Table A.4 for events with one reconstructed vertex
and for events with more than one reconstructed vertex. Based on the numbers in Table A.4 the
estimated number of QCD background events in the signal region A is 10.5 = 2.5 for events

with one vertex and 2.8 &£ 1.1 for events with more than one vertex.

Region A B C D

Data 58 230 181 2171
Lovertex W — mv; | 37.9£1.2 14.3+0.7 447+1.3 14.4+0.7

EW 7.540.3 2.340.1 26.9140.6 7.0£0.3

Ci 0.365+0.021 1.5764+0.054 0.472+0.024

Data 20 377 73 4936

W — v, | 17.440.8  25.241.0 26.3+1.0 39.8+1.2
>1-vertex

EW 4.240.2 4.240.2 17.61+0.5 15.1£0.4

Ci 1.361+0.07 2.03£0.10 2.54+0.12

Table A.4: Number of observed events and Monte Carlo expectations in the four regions for
events with one reconstructed vertex with more than three tracks.
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A.4 Event selection with medium 7, ID

Figure A.1 shows the distributions for § Emiss and the T,-ID variables for data and the combined
W — 1,z signal, EW background (based on MC) and QCD background (estimated with the

data-driven method) for medium 7,-ID candidates.
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Figure A.1: (a) Distribution of § miss for data in the combined region AB (tight 7,-ID re-

gion) and the QCD background estimated from the combined control region CD (loose -
ID region) scaled by (N5 — CBNéon—QCD) J(NP — CDNﬁon—QCD)' Also shown are the expected
W — 1, V¢ signal and EW background in region AB from simulated samples. (b), (c) and (d)
Distribution of Riracks firk,] and Rgwm for events in the combined region AC (S Emiss > 6) and for

the QCD background estimated from the combined control region BD (S Emiss < 6) together

with the expectations from MC for W — 7, V¢ signal and EW background. The tight 7,-ID
requirement was replaced by the medium 7,-ID.

Figure A.2 show the pr, 1, track multiplicity and electric charge distributions for data and the
combined W — 7, V¢ signal, EW background (based on MC) and QCD background (estimated
with the data-driven method) for medium 7;,-ID candidates.
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Figure A.2: Distributions of (a) pr, (b) N, (c) track multiplicity and (d) electric charge of 7,
candidates for the data in signal region A, the scaled QCD background from control region
B, and the contributions from W — 7, V; signal and EW background in region A. The QCD
background distribution is normalized to the estimated number of QCD background events
in region A (N8CD)' The tight 7,-ID requirement was replaced by the medium 7,-ID.

Figure A.3 shows the Efrniss and ) E7 distributions for data in signal region A, the scaled QCD
background from control region C, and the contributions from signal and EW background in
region A using medium 7j-ID candidates, instead of tight 7,,-ID.

Figure A4 illustrates the A@ (7, EM%) and the transverse mass distributions for data in signal
region A, the scaled QCD background from control region C, and the contributions from signal

and EW background in region A using medium 7,-ID candidates, instead of tight 7,-ID.
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A.4. Event selection with medium 7, ID
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Figure A.3: Distributions of E%liss and Y E7 for the data in signal region A, the scaled QCD
background from control region C, and the contributions from signal and EW background in
region A. The QCD background distribution is normalized to the estimated number of QCD
background events in region A (NSCD). The tight 7,-ID requirement was replaced by the
medium 7,-1D.
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