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Abstract 

Over the last 20 years the ATLAS detector has gone from an idea to an operational 

detector. In that time thousands of people have contributed by way of research, de

velopment, installation, calibration, maintenance, and analysis. This thesis describes 

my contribution to that effort. 

A test beam took place in 2003 with the ATLAS forward calorimeter. With 

this data the electromagnetic response of FCall was confirmed to be within ± 1.5% 

from unity in the range of energies from 10 GeV to 200 GeV. The intrinsic energy 

resolution of the FCal was found to be (27.0 ± 1.0)%/y/E® (3.5±0.1)% for electrons 

and (86.5 ± 3.6)%/\/E® (7.2 ± 1.1)% for hadrons (with a simple hadronic weighting 

scheme applied). Variations in parameters of the topological clustering algorithm were 

studied, and a suggestion is made that the energy cut parameter of the algorithm be 

increased from the default 500 MeV to about 1 GeV. A study with electrons and 

hadrons confirms that using calorimeter shower shape information, a likelihood can 

be built and used to help identify these two types of showers. Monte Carlo and data 

comparisons find that the electromagnetic energy scale of the Monte Carlo agrees 

with the data within ±2% for 10 GeV to 200 GeV hadrons. However, the Monte 

Carlo showers tend to be more dense, more narrow, and shorter than the data for 

high energy hadrons (with energies > 60 GeV). Using the test beam data and Monte 

Carlo, a study was made on the characteristics of energy deposition at large values of 
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1771 near the LHC beam pipe. A correction for the energy loss is suggested in order to 

improve the response by 13% and the energy resolution by 12% for hadrons striking 

the FCal front face at 4.3 < \rj\ < 4.9. 

This thesis also examines the expected performance of the ATLAS detector to a ti 

cross-section measurement using the dilepton decay channel, with either electrons or 

muons in the final state along with jets and missing transverse energy. The choice of 

generator and parton shower algorithm used for Monte Carlo generation does affect 

the final event kinematics, with differences between next-to-leading order and leading 

order generators having the largest discrepancy. If a transverse momentum cut of 

20 GeV is applied to the reconstructed electrons and muons, the trigger efficiency for 

single electrons is found to be 98.7%, and for single muons 82.1%. Using the single 

lepton triggers the signal-to-background ratio was found to be 2.6 for the ee channel, 

2.7 for the ji^i channel, and 5.3 for the e/i channel; similar results were found with 

the dilepton triggers, motivating the desire of having these triggers in the ATLAS 

trigger menu. A measurement of the ti cross-section using the dilepton channels will 

be possible with 200 p b - 1 of data with \/s(pp) = 7 TeV, but in the early stages of 

ATLAS data taking this measurement will be limited by the luminosity uncertainty. 
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Chapter 1 

The Standard Model of Particle 

Physics 

Particle physics is the theoretical and experimental branch of science that studies the 

fundamental particles and the interactions between them. Going back to 1869, the 

publication of the periodic table of elements by D. Mendeleev is one of the earliest 

attempts to organize 'fundamental' particles (of that time) by their properties. In 

the original publication there were gaps present in the table that represented pre

dicted, yet undiscovered materials. As the decades passed these holes were filled with 

the observed materials, until finally 70 years later, after a few false claims, the last 

naturally occurring element, francium, was discovered and added to the table. 

The historical development of the periodic table of elements mirrors that of the 

current theory of fundamental matter, known as the Standard Model of particle 

physics (SM). It too groups fundamental particles into categories based on their the

oretical and proven experimental traits. Today, in 2010, there still remains one gap 

in this SM table; it is a particle called the Higgs boson. 

1 
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Particle 

e 

V-
T 

Vr 

Electric Charge (e) 

-1 
-1 
-1 

0 
0 
0 

Mass [MeV] 

0.511 
105.7 

1776.8 

< 2 x 10-6 

< 2 x 10"6 

< 2 x 10"6 

Spin 

1/2 
1/2 
1/2 

1/2 
1/2 
1/2 

Table 1.1: The electric charge, mass and spin of the leptons. Masses are based on the 
most current results from the Particle Data Group [1]. The particles are denoted using 
their variable name. The electric charge is in units of the magnitude of the electron charge 
e = 1.602 x 10-19 C. 

1.1 Quarks and Leptons 

The SM is an effective field theory that has successfully predicted and explained all 

of the observed fundamental particles and their associated interactions in nature, 

except for gravity (and the recently confirmed neutrino oscillations). There exist 

12 fundamental particles that can be divided into two groups: fermions which form 

the building blocks of matter and bosons which mediate the interactions between 

particles. The fermion group can itself be organized into two types, leptons (I) and 

quarks (q). 

There are six known leptons, three are charged and each have a neutral neutrino 

partner. The lightest, and therefore stable, charged lepton is the electron (e), in

creasing in mass is the muon (//), followed by the tau lepton (r). Their corresponding 

neutrino partners are ve, v^, and uT. The neutrinos are known to have a tiny mass, 

so close to zero that experiments have been unable to measure their mass.. The 

properties of the six leptons are listed in Table l.l .1 

The second group of fermions, called quarks, are a family with three generations. 
1 Throughout this thesis natural units are used, such that c = h= 1. 
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u 
c 
t 

Electric 
Charge (e) 

+2/3 
+2/3 
+2/3 

'Mass' 
[MeV] 

1.5-3.3 
1270 

171300 

Spin 

1/2 
1/2 
1/2 

d 
s 
b 

Electric 
Charge (e) 

-1/3 
-1/3 
-1/3 

'Mass' 
[MeV] 

3.5-6.0 
92.4 
4200 

Spin 

1/2 
1/2 
1/2 

Table 1.2: The electric charge, mass and spin of quarks [1]. The particles are denoted 
using their variable name. The electric charge is in units of the magnitude of the electron 
charge e = 1.602 x 10~19 C. They are grouped together in their doublet pairs. 

There is the charge +2/3 family consisting of the up (u), charm (c), and top (t) 

quarks that are partnered with the —1/3 charged quarks the down (d), strange (s), 

and bottom (b) quarks. 

Quarks can be combined in a triplet state (qqq, qqq) to form baryons, or quark and 

antiquark pairs (qq) to form mesons. The fractional charge of the quarks ensures that 

hadrons (baryons and mesons) have integer electric charge (in units of the electron 

charge). For example, the proton is composed of the uud quarks; by simply summing 

their charges the proton obtains a charge of +1 . The masses, charges, and spins of 

the quarks are listed in Table 1.2. Quarks do not exist in a free state, therefore the 

masses quoted are calculated indirectly from hadronic properties (many measurable 

quantities such as cross-sections have some dependence on the mass of the interacting 

particles). 

Each of the twelve fundamental fermions have an antimatter partner with the 

same mass and spin, however the other quantum numbers (such as charge) differ by 

a factor of -1 . 
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1.2 Fundamental Interactions 

In the SM particle interactions proceed via the exchange of force carrier particles, 

the type of which is determined by the interaction. The four known interactions 

that exist between the particles are electromagnetic, strong, weak, and gravitational. 

Although, as mentioned, only the first three are included in the SM. 

1.2.1 Electromagnet ism 

The electromagnetic interaction is quantized in a theory called quantum electrody

namics (QED). QED demands local gauge invariance of spin 1/2 particles, with charge 

Qe (where Q is the electron charge in Coulombs): 

t/, _ • ipe
lQX{-x) . 

The transformation elQX^ depends on the (local) location in space-time x. Gauge in

variance implies the physically observed quantities, such as charge and cross-sections, 

remain unchanged after this local phase transformation. This demand is satisfied by 

the introduction of a vector field A^ which itself must transform as: 

An - • AIM + df.X , 

to maintain local gauge invariance. The Lagrangian describing ip and A^ can be 

written as: 

£QED = tii-fDn - m)il> - F^Ff" , (1.1) 

where ip = ^ 7 ° , and 7^ are the Dirac matrices. Also in £QED are the covariant 

derivative defined as D^ = d^ + iQA^, and the term F^ = d^Au — d^A^. This 
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Lagrangian describes the interaction between massive, charged spin 1/2 particles 

(with mass m) and a massless vector field (the photon), with coupling proportional to 

Q. The FflvF
lw term in the Lagrangian can be used to produce Maxwell's equations. 

No mass term can be added for the vector field in the Lagrangian without violating 

local gauge invariance. 

1.2.2 Strong Interaction 

Quantum chromodynamics (QCD) is the theory of strong interactions, which are only 

experienced by quarks and gluons. It is the force responsible for holding together 

quarks in baryons and mesons. To quantify this force, quarks have an additional 

quantum number, a colour charge which is the source of the field. There are three of 

these colours which are typically classified as red, green, and blue. Quarks are colour 

triplets and combine to form colourless hadrons. 

The theory requires the Lagrangian describing a quark q of some colour and flavour 

be invariant under a local gauge invariance of an SU(3) transformation: 

with Ti = Aj/2 where A* are the 3x3 unitary traceless matrix generators of the 

SU(3) group, gs is the QCD colour coupling strength, and Xi(x) the arbitrary local 

transformations. In the following the sum over % — 1,...,8 is implied where not 

explicitly written. 

The SU(3) invariant QCD Lagrangian for one flavour of quark is written as: 

£QCD = -\F;VF^ + iirfWq - mqq . 
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As before the covariant derivative is necessary for local gauge invariance and here 

is equal to: D^ = d^ + igsT%A%; it gives rise to the coupling between the quarks 

and gluons with coupling strength proportional to gs. The F* describe the self-

interactions of the eight A1^ (gluon force carrier) fields: 

Ffiv = dnAv — dvA^ — gsftjkA^A^ , 

containing fl3k, the structure constants of the group. There are triplet and quartic 

gluon couplings, unlike QED; a consequence of the fact that the gluons themselves 

carry colour charge (unlike the photon which is electrically neutral). 

1.2.3 (Electro)Weak Interaction and the Higgs Mechanism 

The charged weak interaction couples to the left-handed components of quarks and 

leptons. A left-handed particle is one in which the direction of its spin is opposite 

to its momentum, where as the spin and momentum are aligned for right-handed 

particles. The leptons in Table 1.1 can be written as a left-handed doublet: 

and a right-handed singlet, to which only the charged massive leptons contribute 

(assuming the neutrino is massless): (C)R [V)R (T)R- Similarly, the quarks in 

Table 1.2 can be written as right-handed singlets and left-handed doublets. For 

example, the right-handed quark singlets for the first family are (U)R and (d)R. The 



1.2 Fundamental Interactions 7 

left-handed quark doublets are written as: 

( : ) ( ; ) ( : ) • 

with d[ = J2 UhJd3, where the d3 are the left-handed down-type quarks (d, s, b) and 

UttJ is a 3 x 3 matrix representing the degree of mixing between the left-handed 

down-type families. 

The symmetry group that allows the interaction between weak bosons and the 

left-handed doublets is the SU(2) group. Following from the examples of QED and 

QCD, requiring local gauge invariance of the doublet wavefunction would yield a 

Lagrangian that would not contain mass terms for the gauge bosons responsible for 

mediating the field. However the gauge mediators of the weak force are the massive 

Z° and W± bosons. If a mass term were to be added for the bosons, then the theory 

would become unrenormalizable, meaning that calculations of observed quantities 

such as cross-sections would contain infinite terms that could not be absorbed into a 

re-definition of the couplings. This is clearly a problem because the observed gauge 

bosons are quite massive. 

To account for this the electroweak theory incorporating the Higgs mechanism 

was developed. The electroweak theory was developed by S. Glashow, S. Weinberg, 

and A. Salam in the 1960s and combines electromagnetism and the weak interaction 

under the SU(2)L x U(l)Y symmetry; the subscript L on SU(2) signifies it is the 

left-handed doublets that transform with this symmetry, and the subscript Y denotes 

hypercharge, another quantum number carried by the fermions [2-4]. The electroweak 

Lagrangian can be broken down into pieces: 

E W — *-'gauge + *-'Higgs + *-'fermion + *--Yukawa • (1.2) 



1.2 Fundamental Interactions 8 

Each Lagrangian will be described in the following paragraphs. 

The gauge Lagrangian £gauge describes the kinetic energy terms of the vector fields 

(of which there are four): 

r = —-G QV — -F1 F1'^ 
''-'gauge .^iiu^f A IJ-v ' 

with G^u = d^Bv — duBfj, the kinetic energy term for the U(l)y vector field B^, 

and F^ = d^W* - d„WJ + ge^WfrW* for SU(2)L with the three vector fields W£ 

(i = 1, 2, 3). Here g is the coupling between the W1 fields, and etjk are the structure 

constants for the SU(2) group. 

To give mass to three of the gauge bosons in such a way that the Lagrangian 

remains gauge invariant, the gauge bosons are coupled to a complex scalar doublet 

SU(2)L field $ with a Lagrangian: 

Aiiggs = (D^(D^) - V(&$) , (1.3) 

where the first term is the kinetic term of the scalar field and the second term the 

potential energy of the scalar field. In the kinetic term, the gauge invariant covariant 

derivative is: 

D^ = fa - igl -W,-i9-B^, 

where a = (ei, a2, 03) are the three Pauli matrices. The coupling g appears again, 

and is called the isospin coupling. The other coupling constant g' is introduced and 

is the weak hypercharge coupling between the U(1)Y field (B^) and the scalar field 

The simplest gauge invariant renormalizable potential for the scalar field is written 
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as: 

!/($*$) = j*2 |$t$ | + A(|$f$|2) , (1.4) 

where fi and A are constants. The non-trivial solution to the potential that satisfies 

the goal of the theory (massive gauge bosons) finds a minimum value of the potential 

to occur at |<fr0| = v/y/2, where v2 = —u,2/X, u? < 0 and A > 0. Choosing a gauge in 

which only the real neutral component of $ is nonzero yields: 

(1.5) 

where v is a constant known as the vacuum expectation value representing the min

imum value of the potential, and the field H(x) is the perturbation away from the 

vacuum state is called the Higgs boson. 

Doing a change of basis from W^ and I?M into the physically observed fields W±, 

Z and A^ via the transformations: 

1 

Vg2 + g'2 

-7==(g'Wl + gB»). 
V92 + 9 

Expanding the kinetic and potential energy terms of Equation 1.3, yields two massive 

charged vector fields, one massive neutral vector field, and one massless vector field: 

Mw± = ^ (1.6) 

v Mz = -vV+F (1.7) 

MA = 0 (1.8) 
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The potential term in Equation 1.4 predicts one massive scalar field, the Higgs boson 

with mass M\ = — fj,2 = 2v2X. The theory is said to have undergone spontaneous 

symmetry breaking because the Higgs field has acquired a non-zero vacuum expec

tation value, breaking the symmetry in the ground state. The photon A^ remains 

massless as it does not interact with the Higgs field, therefore the U(l) electromag

netic component remains gauge invariant. 

The charged leptons and quarks are also massive particles and have left-handed 

and right-handed components that couple differently to the massive gauge bosons. 

To ensure gauge invariance and generate fermion masses, the same Higgs doublet is 

used in the fermion sector. Under a rotation in SU(2) of the left-handed doublets 

these fermions undergo the transformation: 

where r» = <7»/2 are the three generators of the SU(2)i group. The right-handed 

singlets remained unchanged. Under the U(l)y transformation the fermions undergo: 

where the left-handed and right-handed pieces transform with the different hyper

charge (Y) values. The hypercharge and third-component of the isospin vector are 

related by: 

y = 2 ( Q - T 3 ) , 

where Q is the electric charge of the particle, and T3 is the third component of the 

isospin vector with values of ± | for the weak left-handed doublets and zero for the 

singlets. 
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Returning to Equation 1.2, the kinetic energy term in the Lagrangian for fermions 

is: 

Amnion = H^LD^^L + ^RD^^R) , 

with Df.tpL — (d^ -ig\-W- ig,Y^B^L and D^R = (<9M - ig'^fB^). Expanding 

the terms reveals the allowed couplings between the fermions of each handed-ness and 

gauge bosons. 

The most general term to generate the fermion mass terms is the Yukawa La

grangian: 

^Yukawa = Ve h $ eR + yd qL $ dR + yu qL$uR + h.c. , 

where II, qL are the 577(2) left-handed lepton and quark doublets, and CR, UR, dR 

are the right-handed singlets previously defined. The conjugate Higgs doublet is 

l> = zo"2$*. The first term in the equation is for the leptons, the second term is for 

the down-type quarks, and the third term is for the up-type quarks (shown here for the 

first family of each). There is only one term for the charged leptons as neutrinos are 

assumed to be massless and therefore do not have right-handed states. The variables 

Ue,d,u are the Yukawa couplings of the fermions to the Higgs field, and are related to 

the mass of a fermion by yf = -d-. The coupling of the Higgs boson H to a fermion 

(found by expanding the scalar field using Equation 1.5) is proportional to the mass 

of the fermion. 

1.3 Summary 

The SM combines the gauge groups SU(2)L X U(1)Y X SU(3)C to predict the gauge 

bosons (Table 1.3) that mediate the interactions between particles. The theory also 

gives rise to the masses of bosons and fermions via coupling to the Higgs scalar field. 
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Force 

electromagnetic 
weak 
strong 

Mediator 

7 
Z, W± 

eight gluons 

Electric Charge 

0 
0, ±1 

0 

Mass [MeV] 

0 
91.1876, 80.398 

0 

Spin 

1 
1 
1 

Relative Strength 

lO"2 

10~5 

1 

Table 1.3: Properties of the gauge bosons that mediate the forces between the quarks 
and leptons [1]. The relative strengths for the forces are at distance of 10~18 cm [5], not 
included in this table is gravity which is believed to be mediated by the graviton (currently 
unobserved) and has a relative strength of 10-39. 

The masses of the gauge bosons are related by parameters of their coupling strengths. 

The theory has been quite successful, and coupling constants and masses have been 

measured with fine precision, yet it does not explain all of the observed phenomena. 

It does not explain the mass heirarchy of the fermions, massive neutrinos, or why 

there are only three families. It does not account for dark matter or dark energy in 

the Universe. And it does not explain gravity. Alternative theories exist that require 

more free parameters and fine tuning of these parameters to get back the observed 

physics behavior that has been explained by the SM. Finally, the cornerstone of the 

theory relies on the existence of the Higgs boson, the only particle of the theory that 

has not yet been observed. 

1.4 A Look Ahead 

This chapter has described the SM and has tried to motivate the need to continue the 

investigation of its framework. The remainder of this thesis examines a large spectra 

of phenomena associated to experimental particle physics, the field which tests the 

predictions of the SM. The analysis is presented in the context of the ATLAS exper

iment, which will be described in more detail in the following chapter, Chapter 2. 

The ATLAS detector is an experiment part of the Large Hadron Collider, designed 
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to search for the Higgs boson, to pursue specific SM measurements, and also to test 

for theories beyond the SM. All aspects of the detector, from hardware to software, 

must be understood and optimized to achieve the physics goals at hand. Chapter 3 

presents the calibration of one sub-detector in ATLAS, called the forward calorime

ter, using beam test data and Monte Carlo studies. The last chapter, Chapter 4, 

uses Monte Carlo data sets to study the top quark production cross-section using the 

dilepton final state in ATLAS with 200 p b - 1 (at v ^ = 7 TeV). Particular attention 

is given to different trigger configurations that might be used in ATLAS to detect 

the signal of interest, and how trigger efficiencies can be obtained and applied to the 

analysis. Some studies are made about the associated systematic uncertainties to the 

top quark cross-section measurement. 



Chapter 2 

The Large Hadron Collider and the 

ATLAS Detector 

The Large Hadron Collider (LHC) is a particle accelerator, located at the European 

Organization for Nuclear Research (CERN) on the French-Swiss border, near Geneva, 

Switzerland. Some of the primary goals of the LHC are to search for the Higgs boson, 

make precision SM measurements, and to seek evidence of alternative theories that 

may explain such things as gravity and dark matter. These goals are achieved by 

colliding particles together at extremely high energy density, conditions believed to 

exist immediately after the Big Bang. Working in conjunction with the accelerator 

are several detectors placed at locations where these accelerated particles collide. 

The detectors reconstruct the particles trajectories back to the initial interactions to 

understand the underlying physics of each collision. 

14 
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2.1 The Large Hadron Collider 

The LHC is designed to accelerate protons and heavy ions to record energies. At a 

depth of ~100 m underground, the LHC forms a ring of circumference 27 km, and has 

two beam pipes for particles beams to travel in opposite directions. There are 1232 

dipoles that operate at superconducting temperatures (1.9 K), providing a magnetic 

field of 8.36 T, to guide the particles in circular arcs to these energies. 

The protons achieve maximum energies of 7 TeV via several stages of acceleration, 

as depicted in Figure 2.1. In the first stage protons are accelerated to 50 MeV by 

a linear accelerator (LINAC). They are then injected into the Proton Synchrotron 

Booster (PSB) to attain particle energies of 1.4 GeV. They are then passed to Proton 

Synchrotron (PS), where they are boosted to energies of 26 GeV. The final stage 

before injection into the LHC is completed by the Super Proton Synchrotron (SPS) 

and brings the protons to energies of 450 GeV. The protons are then fed into the 

LHC where they can be accelerated to achieve maximum energies of 7 TeV. 

The final goal of colliding protons with center of mass energies of \/s = 14 TeV will 

be achieved after several years of LHC running, with the beam energy incrementally 

rising. The initial energy steps took place in the fall 2009 and saw proton-proton (pp) 

collisions with y/s < 3 TeV (900 GeV, 1.18 TeV, 2.36 TeV). On March 19, 2010 the 

LHC collided protons with energies of y/s = 7 TeV. The LHC is expected to collide 

protons at \fs = 7 TeV until the end of 2011. Following this, there is expected to be 

a year long shutdown to prepare the accelerator for increased energy. When the LHC 

begins colliding particles in 2013 it is expected that the energy will be \/s = 10 TeV, 

or possibly even the design energy of 14 TeV. 

The particles in the machine are grouped together in bunches, with a maximum of 

2808 bunches in each direction. Each bunch can hold a maximum of 1.1 x 1011 protons, 
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Property 

Ring circumference 
Number of particles per bunch 
Number of bunches 
Bunch spacing 
Beam energy 
Luminosity 
Number of dipoles 
Rotation frequency 

Value 

26.658 km 
1.1 x 10 n 

2808 
25 ns 
7 TeV 

1034 cm"1 s"1 

1232 
11245 Hz 

Table 2.1: Selected properties of the LHC at the designed specifications. The values for 
the number of particles per bunch, number of bunches, bunch spacing, beam energy, and 
luminosity are quoted for the design specifications which will be achieved after several years 
of LHC operation. 

and the bunches are separated by 25 ns. At peak luminosity every bunch crossing 

is expected to result in ~ 20 inelastic pp collisions per bunch crossing, yielding the 

production of many outward going particles from overlapping events creating what is 

termed pileup. A summary of some of the LHC parameters is given in Table 2.1. 

The counter-rotating particle beams are focussed to collide at four points around 

the ring, corresponding to the location of four detectors, indicted by the filled cir

cles in Figure 2.1. ALICE (A Large Ion Collider Experiment) has been created to 

study phenomena of quark-gluon plasma in heavy ion collisions. ATLAS (A Large 

Toroidal LHC Apparatus) and CMS (Compact Muon Solenoid) are two general pur

pose detectors established to study the SM and beyond the SM physics. The fourth 

detector, LHCb, is a spectrometer designed to study the violation of the combined 

charge conjugation and parity (CP) symmetry, and rare particle decays. 
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(50 MeV) 

Figure 2.1: Layout of the LHC accelerator complex, including the various accelerators 
and detectors. 

2.2 ATLAS 

The ATLAS collaboration was formed in 1992, and is currently made of more than 

3000 people from 38 countries. The ATLAS detector has several physics goals, how

ever one of the most important ones is the discovery or exclusion of the SM Higgs 

boson. Depending on its mass, the SM Higgs boson preferentially decays into certain 

final states which are then observed in the detector. Recent experimental and theoret

ical constraints limit the Higgs boson mass to lie between 114 GeV and 185 GeV (at 

the 95% confidence limit), excluding the mass range from 162 GeV and 166 GeV [6]. 

For a Higgs boson with a mass less than 140 GeV the preferred decay is into bb. This 

channel is difficult to resolve in proton-proton collisions that yield many hadrons in 

the final state. However, the Higgs boson can be produced in association with dis

tinct jets in the forward region, near the beam line. Another interesting and possibly 
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Figure 2.2: The ATLAS coordinate system. 

clearer experimental signature for a low mass Higgs boson is its decay into two pho

tons. For a Higgs boson with a mass greater than 140 GeV the largest branching 

ratios are into final states of WW and ZZ. The best observation channel will then 

be the subsequent decay of ZZ into four leptons. 

These preferred Higgs boson decay channels have driven the design of the ATLAS 

detector. The design is general enough such that the study of other physics analyses 

will be possible. Some analyses will make precise measurements of SM properties and 

others will search for physics that supports evidence for theories beyond the SM. 

2.2.1 Coordinate System 

The coordinate system in ATLAS is defined with the z-axis along the beam line. The 

+x-axis points toward the centre of the LHC ring, and the +?/-axis points upwards. 

The azimuthal angle <p is measured with respect to the +x-axis; it increases to +n 

radians going counterclockwise around the z-axis, and — TT radians in the clockwise 

direction. The polar angle 6 is measured with respect to the +z-axis. In high energy 

hadron colliders 6 is often written in terms of a unit-less quantity called pseudo-
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rapidity, defined as: 

(2.1) 

It is an approximation of rapidity (y) for massless particles, where 

with E the energy and PL the longitudinal momentum of the particle of interest. 

For hadron colliders it is not possible to measure the longitudinal components of the 

momentum, but it is possible to measure the angles with respect to the beam axis, 

therefore 77 is preferred. A value 77 = 0 corresponds to 9 = 7r/2, and 77 = 00 to 9 = 0. 

Values of high I77I are regions close to the LHC beam pipe. Figure 2.2 shows the 

coordinate convention used for the ATLAS detector. 

The ATLAS detector, shown in Figure 2.3, is constructed from several subsystems, 

working together to provide good momentum measurements, track reconstruction, 

and calorimeter energy resolution. Each of these subsystems will be discussed in 

more detail below. The massive ATLAS detector is 44 m long, 25 m high, and weighs 

7000 tonnes. A very detailed discussion of the ATLAS detector can be found in [7]. 

Many of the ATLAS subsystems are broken up into two sections: a barrel and an 

endcap. The barrel sections typically form an open-ended cylinder shape around the 

core. And the endcap regions typically seal off the detector at each end. 

2.2.2 Magnet System 

There are four superconducting magnet systems in ATLAS, shown in Figure 2.4. 

The central solenoid, which generates a 2 T magnetic field, lies between the inner 

detector and the calorimeters, with an inner and outer radius of 1.23 m and 1.28 m, 

77 = — In tan 
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Figure 2.3: Layout of the ATLAS detector. 

respectively, from the center of the beam line. The toroid system lies outside the 

hadronic calorimeters. It is composed of the barrel toroid system plus two endcap 

toroids, deflect charged particle trajectories to assist in muon identification. The 

barrel toroid is a system of eight coils, placed in individual cryostats. They are 25 

m long and sit equally spaced, radially around the beam line, with inner and outer 

radii of 4.7 m and 10.05 m. They provide a magnetic field of approximately 0.5 T in 

the region of 0 < |T;| < 1.4. Each endcap toroid is also composed of eight coils that 

lie perpendicular the beam line and are enclosed in the same cryostat. The endcap 

toroid generates a 1.0 T magnetic field between 1.6 < \n\ < 2.7. 
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Figure 2.4: The ATLAS magnet system. The central solenoid is in the center, while the 
toroid system is outside. 

2.2.3 Inner Detector 

The inner detector is the closest subsystem to the collision point. It serves to re

construct trajectories of charged particles, and measure the positions of primary and 

any secondary vertices. The identification of secondary vertices is used to reconstruct 

heavy quarks and r-leptons that travel a very limited distance from the interaction 

point (IP) before they decay. The inner detector combined with the magnetic field 

from the solenoid allow for measurements of the momentum, charge, and direction of 

charged particles with |T7| < 2.5. The inner detector is made of three systems that 

can be seen in Figure 2.5. Going from the inner-most system outward, is the silicon 

pixel detector, the silicon central tracker (SCT), and the transition radiation tracker 

(TRT). Each is broken up into a barrel region, with layers running concentric with 

the beam line, and endcap disks that are perpendicular to the beam axis. 

The pixel detector has the highest granularity which is provided by pixel semi

conductor silicon wafers with an area of 50 x 400 urn2. It has 80.4 million readout 

channels that are located on three barrel layers and three endcap disks, spanning radii 

between 45 mm and 240 mm from the center of the beam line, with \r}\ < 2.5. The 
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Figure 2.5: A schematic of the elements in the barrel inner detector: the pixel detector, 
the silicon central tracker, and the transition radiation tracker. For each subsystem the 
radial distance from the centre of the beam line is indicated. 

position resolution of the pixel detector is 10 fxm. in R — <fi and 115 area in z. 

Surrounding the pixel detector is the SCT, which is made of semiconductor silicon 

strips. The strips are positioned on four barrel layers and nine endcap disks, yielding 

a total of 6.3 million readout channels within \n\ < 2.5. In the barrel the strips lie 

parallel to the beam line and in the endcap they lie radially. The resolution of the 

SCT strips is 17 /xm in the R — 4> coordinate and 580 //m in z. 

The TRT is composed of 144 cm long straw tubes in the barrel and 37 cm long 

straw tubes in the endcap, used to measure the R — <p coordinates of charged particles 

out to I77I < 2.0. The TRT measures the transition radiation produced by relativis-

tic charged particles as they cross regions with different dielectric constants (layers 

interleaved between the tubes). In the TRT the transition radiation is detected by a 

xenon gas mixture in the tubes. The probability for a charged particle to emit tran-



2.2 ATLAS 23 

sition radiation is proportional to its Lorentz factor 7 = E/m. For particles of the 

same energy, lighter particles like electrons will generate more radiation than heavier 

particles like pions. Hence the TRT is a good detector for separating electrons from 

hadrons. The TRT provides continuous track measurements between R = 554 mm 

and R = 1082 mm in the barrel (and R = 617 mm and R — 1106 mm in the endcap). 

The track resolution in the TRT is 130 /im per straw. A typical track will generate 

30 hits in the TRT. There are approximately 351,000 TRT channels. 

2.2.4 Calorimeters 

The ATLAS calorimeter, highlighted in Figure 2.6, is used to measure the energy 

of particles produced at the IP. It can be divided into three categories: the electro

magnetic, hadronic, and forward calorimeters. A detailed discussion on calorimetry 

is provided in Chapter 3. Together, the ATLAS calorimeter systems provides cover

age up to I77I = 4.9, and has adequate longitudinal and transverse depth to contain 

the highest energy particles expected in ATLAS (except muons that only minimally 

ionize the material of the calorimeter). 

Electromagnetic Calorimeter 

The electromagnetic sampling calorimeter is used to measure the energy of electrons 

and photons, and provide initial energy measurements of more penetrating particles 

that pass through. It is made of liquid argon as the active material and lead as the 

absorber. The alternating layers of liquid argon and lead are accordion shaped; so 

uniform (f> coverage is attained without cracks in 9. It is separated into barrel and 

endcap pieces, each in separate cryostats. 

The barrel electromagnetic calorimeter (\rj\ < 1.475) itself is separated into two 

half-barrels, with a separation of 4 mm at |?7| = 0. The electromagnetic barrel 
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Figure 2.6: Layout of the calorimeter systems in ATLAS. The calorimeters that use liquid 
argon as the active material have the abbreviation LAr before their names. 

calorimeter is made of three longitudinal sections called layer 1, 2, and 3. The gran

ularity and structure of these layers is shown in Figure 2.7. The liquid argon gap of 

the accordion structure is maintained at a constant size of 4.2 mm, with an electrode 

positioned at the center of the gap to collect the electrons created via ionization by 

charged particles passing through the liquid argon. The first layer has a granular

ity of A77 x A(f> = 0.025/8 x 0.1 rad (for \n\ < 1.4) and assists in the separation of 

7,-° _+ ^ a n d single photons. The second layer is the longest, and contains most 

of the electromagnetic shower generated by electrons or photons. The final layer is 

used to account for energy leakage from high energy electrons or photons not fully 

contained in the electromagnetic calorimeter. 

The electromagnetic endcap calorimeter (EMEC) is located between 1.375 < |?7| < 

3.2 in two endcap cryostats (one on each endcap side). For 1.5 < \n\ < 2.5 the EMEC 
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Figure 2.7: The liquid argon barrel electromagnetic calorimeter. The three layers (1, 2, 
and 3) are visible, along with the channel granularity in 77 — <f> for each. 

is split into three longitudinal compartments, with the last one having granularity 

twice as large as the first two. The other regions of the EMEC, have two longitudinal 

layers and reduced granularity. 

In front of the electromagnetic calorimeters (I77I < 1.8) a presampler of instru

mented liquid argon is present. It is used to determine the amount of energy lost 

in upstream material before the calorimeters. The amount of upstream material (in 

radiation length X0) as a function of |?7| in front of the presampler and accordion 

electromagnetic calorimeters is shown in Figure 2.8. A majority of the upstream ma

terial stems from the inner detector and the cryostat and their associated services. 

The region around J -77- J = 1.5 is the crack between the barrel and endcap cryostats, 

and has the most amount of material in front of the calorimeter. Upstream material 

does degrade the energy resolution when the associated energy loss is not properly 

taken into account. 
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Figure 2.8: Amount of material upstream, in radiation lengths X0, as a function of |r7| in 
front of the presampler and electromagnetic barrel calorimeters. 

There are a combined total of approximately 173,000 readout channels between 

the barrel electromagnetic calorimeter, EMEC, and presampler. The overall energy 

resolution of the electromagnetic calorimeter is required to be: 

aE _ 10% 
E ~ y/E 

© 0.7% , (2.3) 

where © means the terms are added in quadrature. 

Hadronic Calorimeter 

The hadronic calorimeter surrounds the electromagnetic calorimeter, and is used 

to measure the energy of hadron particles. The barrel component of the hadronic 

calorimeter is made of alternating scintillating tile and steel, as can be seen in Fig

ure 2.9. Each tile is 3 mm thick and has a radial length that varies from 97 mm to 

187 mm and an azimuthal size of 200 mm to 400 mm. The tiles are assembled in 

wedge shaped modules similar to Figure 2.9 such that the tiles lie in the R — <f> plane. 

There are 64 modules that form a cylinder around the electromagnetic cryostat and 

cover the region of \n\ < 1.7. It has a central barrel 5.8 m in length (\rj\ < 1.0). In 



2.2 ATLAS 27 

Figure 2.9: A module of the tile calorimeter showing the scintillating tile and steel struc
ture, the wavelength shifting fibre and the photomultiplier tubes. 

addition there are two extended barrels covering 0.8 < |T7| < 1.7, each 2.6 m in length. 

The gap of 0.6 m between the barrel and extended barrel is used for services and ca

bles to the inner detector and liquid argon detectors, and has limited tile coverage. 

The scintillation light produced by charged particles in the scintillator is collected on 

either side of the tile by a wavelength shifting fibre that is read out by photomultiplier 

tubes. 

In the endcap, the hadronic calorimeter (HEC) provides coverage in the range of 

1.5 < |?7| < 3.2. It is positioned behind the EMEC in the same cryostat. The HEC is 

a sampling calorimeter made of copper and liquid argon. Unlike the electromagnetic 

calorimeters the alternating layers are flat, not accordion shaped. There are 32 wedge-

shaped modules that form a cylinder concentric with the beam line. 

The tile calorimeter and HEC systems are required to obtain an energy resolution 
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of: 
aE 50% 

© 3% . (2.4) 
E y/E 

Forward Calorimeter 

The ATLAS forward calorimeter (FCal) is a sampling liquid argon calorimeter located 

in the same endcap cryostat as the EMEC and HEC. Figure 2.10 shows the endcap 

cryostat, and position of these three calorimeter technologies. The FCal spans a range 

of 3.1 < |?7| < 4.9, and has three longitudinal layers. The first layer, FCall, is the 

first calorimeter traversed by particles travelling from the IP in this 77 range. It is an 

electromagnetic calorimeter made of copper as the absorbing material. The second 

and third longitudinal layers called FCal2 and FCal3, are the hadronic calorimeter 

layers, and use tungsten as the absorbing material. Chapter 3 describes the calibration 

and performance of the FCal with test beam data. In that same chapter, Section 3.4 

gives a detailed description of the FCal. 

2.2.5 Muon Spectrometer 

At the outer-most edge of the ATLAS detector sits the muon system. The muon 

spectrometer system is made of two systems, one for muon track reconstruction and 

the other for triggering. A schematic of the muon system (and the barrel toroid mag

nets for reference) is shown in Figure 2.11. For \r/\ < 2.0 muon track reconstruction 

is done by Monitored Drift Tubes (MDTs), and for 2.0 < \r]\ < 2.7 by Cathode Strip 

Chambers (CSCs). The MDTs are made with 30 mm diameter gaseous aluminum 

tubes. The CSCs are drift chambers and are better suited for the high flux of parti

cles in the forward region. At I77I = 0 there is a 30 cm gap in the coverage to allow 

essential services into the detector. 

In the barrel (|?7| < 1.4) the muon chambers lie parallel to the beam axis and these 
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Figure 2.10: The liquid argon endcap calorimeter, showing the cryostat containing the 
EMEC, HEC, and FCal. The interaction point is to the bottom-left of the figure. 
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Figure 2.11: The components of the muon tracking reconstruction (MDT and CSC) and 
trigger (RPC and TGC) system. 
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chambers are positioned inside and outside the barrel toroid at radii of 5 m, 7.5 m, 

and 10 m. Each chamber typically has three or four drift tube layers. In each endcap 

the muon spectrometer layers are assembled in wheels, at \z\ = 7.4 m, 10.8 m, 14 m, 

and 21.5 m, on either side of the endcap toroid. In the endcap the chambers are 

perpendicular to the beam axis. The muon spectrometer is required to reconstruct 

muon momenta in the transverse plane with a resolution of 10% at 1 TeV. 

For triggering the muon system uses Resistive Plate Chambers (RPCs) and Thin 

Gap Chambers (TGCs). The muon trigger system will be discussed in more detail in 

Chapter 4. 

2.3 Software for Analysis 

The software used in this thesis was developed using the ATLAS Athena framework 

[8], the CERN ROOT libraries [9], the g++ compiler and associated libraries. 

Athena is the primary framework used in ATLAS for processing data and Monte 

Carlo (MC). It is used to interface MC generators (such as Pythia), detector simu

lation software (such as GEANT4), and analysis tools in a common framework. The 

software is primarily written in C++, and the users can modify certain predefined 

configurable options via scripts in the Python programming language. The versions 

of Athena used in this thesis are 13.0.40 for the test beam data analysis, version 15.2.0 

for the test beam MC analysis, and 15.6.9 for the top physics MC analysis. 

The CERN ROOT framework was used to generate the plots in this thesis, and 

fit the data to user defined functions. The software was also used to apply and study 

analysis cuts. For the test beam analysis ROOT 5.14.00 was used to produce the 

final plots. For the top MC analysis the version was ROOT 5.18.00. 

For the test beam analysis, the raw data files were locally available at Carleton 
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University. The Carleton University computing cluster was used to run the data 

analysis, and was used for the simulation, digitization, and reconstruction of the test 

beam MC. 

The top quark cross-section analysis used as input MC samples that were produced 

by the ATLAS collaboration, in a format called analysis object data (AOD). These 

AOD files contain limited information about individual detector readout channels, 

however they do contain information about the final reconstructed physics objects, 

such as reconstructed electrons and muons. Information from AODs are accessed 

through Athena. 

For the top quark cross-section analysis, small test jobs were run on the local 

Carleton University computing cluster, but the full statistics were analyzed using the 

LHC computing grid (LCG) [10], submitted via the ATLAS PanDA [11] interface. 

This system of running mass jobs remotely on the LCG follows the computing scheme 

encouraged by ATLAS management. Once the analysis was completed on the remote 

grid computing sites, the final files in the format of ROOT files were downloaded to 

the local Carleton University computers using the ATLAS Don Quijote 2 tools [12] 

(which allows users to view and download data and MC available on the LCG). 



Chapter 3 

Calibration of the ATLAS Forward 

Calorimeter 

Particle detectors employ many different technologies to maximize the information 

about the outgoing flux of particles resulting from particle collisions. Systems of 

tracking detectors, magnets, and calorimeters are used to gain valuable information 

about each particle, such as charge, momentum, energy, and spatial location. This 

section describes how particles interact with matter and how this understanding is ex

ploited in calorimetry. The basic function, design, calibration and goals of calorimeter 

detectors, in the context of ATLAS are described. This chapter presents the results 

of an analysis using FCal test beam data to find the intrinsic response and resolution 

of the FCal to electrons and hadrons. The data were analyzed with test beam spe

cific and ATLAS reconstruction algorithms, with the focus on optimizing the latter. 

Comparisons of shower and detector properties are made to MC simulations. Finally 

the test beam data and MC are used to study the response at large values of I77I, near 

the inner edge of the FCal. 

32 
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3.1 Particle Interactions in Matter 

The detection of particles exploits the manner in which particles interact with matter. 

A single particle can undergo many interactions, depending on its type and energy, 

and the medium that is traversed. The interactions can be via inelastic or elastic 

collisions, ultimately leading to energy loss of the incoming particle into the medium, 

and/or an altered trajectory of the incoming particle. Section 3.1.1 will describe 

the general case of massive particles interacting with matter. The following Section, 

3.1.2, describes the specific case of electrons, which experience additional dominant 

interactions due to their light mass. And the final Section, 3.1.3, details the various 

interactions photons can have with matter. 

3.1.1 Massive Particle Interactions in Matter 

The electromagnetic interaction is the main energy loss mechanism for massive charged 

particles with matter. As a charged particle enters a medium it encounters the elec

tric field of the atomic electrons and nucleons. This results in the transfer of energy 

from the incoming particle to the atomic electrons, yielding ionization or excitation 

of the atoms in the medium. 

For an incoming charged particle this energy loss dE per unit length dx can, on 

average, be approximated as [13]: 

dE n Ar o o Z z2 

- - = 2 ^ a r e 7 n e c p - -
ln 

2meYv2W, 
12~~ 

2p2-S-2 
C 

(3.1) 

with the definition for the variables given in Table 3.1. 

Equation 3.1 is known as the Bethe-Bloch equation. The negative sign indicates 

the incoming particle is experiencing an energy loss per unit of distance. For high 



3.1 Particle Interactions in Matter 34 

Na = Avogadro's number = 6.022 x 1022 mol"1 

re = classical electron radius = 2.817 x 10 -13 cm 
me = electron rest mass = 0.511 MeV/c2 

c = speed of light in a vacuum =2.99792 x 108 m/s 
p = density of medium [g • cm -3] 
Z = atomic number of medium 
A = atomic weight of medium [g • mol-1] 
z = charge of incoming particle, in units of e = 1.602 x 10~19 C 
v = speed of incoming particle [m/s] 
P =v/c 

7 = ( l - / P ) - i / a 
I = mean excitation potential of medium [MeV] 

Wmax = maximum energy transferred in one collision [MeV] 
5 = density correction 

C = shell correction 

Table 3.1: The definition of the variables in the Bethe-Bloch equation for energy loss of 
massive charged particles in matter. 

energies (v fa c) the amount of energy loss of the incident particle is dominated by 

the logarithm, and for low energies by the ft2 term. This equation is valid down 

to energies where (5 ~ 0.1. The density correction (5) accounts for the screening 

of atomic electrons far from the incident particle trajectory due to polarization of 

atoms close to the path of the incoming particle. The shell correction (C) applies to 

low energies, when the velocity of the incident particle is comparable to that of the 

(assumed stationary) orbiting bound electrons. 

Neutral massive particles, such as neutral kaons, pions, and neutrons, do not 

experience energy loss in the material due to the electromagnetic force. Hadrons, 

both neutral and charged, can undergo nuclear interactions with the atomic nuclei. 

Short-lived unstable hadrons, such as the kaon, can decay in the material producing 

charged particles in the process. These massive charged particles can then lose energy 

by ionization, as described previously. 
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Neutrons are a special case of a massive neutral particle, because of their much 

longer lifetime they are more likely to undergo a nuclear interaction with the material 

than decay via the weak force. The short-range strong force requires that the neutron 

pass close to a nucleus for the interaction to occur, hence neutrons can travel within 

a material for a longer distance than other massive particles. High energy neutrons 

(> 150 MeV) are likely to produce spallation interactions, striking a nucleus and 

producing secondary hadrons. Low energy neutrons can also be captured by the 

nucleus, which results in the release of gamma radiation, which will then interact 

with the medium. Photon interactions with matter will be described in Section 3.1.3. 

3.1.2 Electron Interactions in Matter 

Electrons and positrons are the lightest charged particles that interact predominantly 

in material via the electromagnetic force. The behavior of electrons and positrons as 

they lose energy in matter is similar, so unless otherwise stated the reactions described 

below for electrons also apply to positrons. Figure 3.1 shows the fraction of energy 

loss in lead for different processes as a function of the incoming electron energy for 

lead material. The general description for each of these interactions will be described, 

and is similar for all materials. 

At low incoming electron energies the energy loss is dominated by ionization, as 

with massive charged particles. Equation 3.1 is slighty altered in the case of electrons 

to account for their light mass and the fact that there are identical particles in the 

initial and final states. The ionization energy loss is different for positrons, due to 

the slightly different cross-section of a positron (versus electron) to interact with an 

electron. 

For high energy incident electrons (E > 100 MeV) the dominant source of energy 
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Figure 3.1: Typical electron and positron energy loss mechanisms for a range of incident 
electron energies in lead, from [14]. The x-axis shows the energy of the electron. The y-axis 
on the left shows the energy loss per unit length divided by the energy. 

loss is Bremsstrahlung radiation. As the electron travels through the medium its 

straight-line trajectory is altered due to electromagnetic interactions with the ma

terial. This acceleration results in the release of 'breaking' radiation, the same as 

synchrotron radiation produced by electrons traveling in a circular orbit. The cross-

section for an incoming particle of mass M to produce a Bremsstrahlung photon is 

proportional to 1/M2, so this type of energy loss is significant for electrons compared 

to heavier hadrons. The production angle of the photon with respect to the electron 

trajectory is inversely proportional to the initial energy of the electron. So at high 

energies, where this process dominates, photons tend to be produced along the direc

tion of the electron path. There is a large variation in the possible fraction of initial 

energy the photon can carry away. 

The energy at which ionization equals that of Bremsstrahlung is called the critical 

energy: 

(3.2) 
dE 

dX brem. 

dE 

dX 
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The critical energy (Ec) for an absorbing material with atomic number Z can be 

approximated as [1]: 

_ (610 MeV) 
.c/c = -r=— . (solids and liquids) 

(ii + 1.24) 

(710 MeV) 
^ c (Z + 0.92) i g a S G S j • 

Substituting the atomic number for solid lead with Z = 82, predicts the critical energy 

to be 7.3 MeV, which is approximately the cross-over point shown in Figure 3.1. The 

critical energy is an important concept when describing the cascade of particles that 

can result from these basic interactions, which will be detailed in Section 3.2 

A measure of depth traversed by an electron in a medium is commonly called 

the radiation length X0, and is defined as the thickness of the absorbing material 

necessary to reduce the average energy of high energy electrons (via radiation only) 

by a factor of 1/e. It reflects the electron density in the absorbing material and hence 

is a good description of the ability for the electron to interact via the electromagnetic 

force with the material. 

As an electron travels through matter it interacts as described above, the net 

effect of these inelastic and elastic collisions on the incoming electron are continuous 

losses of energy and leads to a jagged trajectory. 

3.1.3 Photon Interactions in Matter 

Photons are neutral massless particles that can interact with matter via the elec

tromagnetic interaction. An example of the various photon energy loss processes in 

matter as a function of photon energy is shown in Figure 3.2, in this case for a lead 

absorber. 
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Figure 3.2: Typical photon energy loss methods for a range of incident photon energies 
plotted along the x-axis, taken from [1]. In this figure erp.e. is the cross-section for the 
photoelectric effect, 0"Rayieigh is for coherent scattering off an atomic electron, 0"compton 
is the cross-section for Compton scattering, Knuc and Ke are the cross-sections for pair 
production in the presence of an atomic nuclear and atomic electron, and finally crg.d.r is 
the cross-section for breaking up a nucleus. The dashed line represents the net theoretical 
cross-section summed over all processes and the open dots correspond to the experimental 
results. 

For photons with E < 500 keV the leading process for energy loss is the pho

toelectric effect; the process by which a photon is absorbed by an atomic electron 

which is then liberated from its bound state. Excess energy greater than the electron 

binding energy becomes the kinetic energy of the released electron. The cross-section 

is proportional to 1/E3 [15], so it is dominant at low photon energies. 

For intermediate photon energies (500 keV - 50 MeV) the photon tends to lose most 

of its energy by Compton scattering off electrons in the medium. The incoming photon 

interacts with an atomic electron, transferring some of its energy to the electron. The 

recoil electron carries away some of the initial fraction of the photon's energy, and 

the photon is scattered and continues on an altered path. 

At high energies (E > 50 MeV) the photon energy loss is dominated by pair 

production. Pair production is independent of photon energy, but there is a minimum 
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requirement that there is enough energy to produce the particle pairs. The remaining 

energy is shared between the pair, but is not required to be shared equally. The 

production angle varies inversely with photon energy, so at high energies the pair are 

produced in the same direction as the photon trajectory. The electron and positron 

pair will then interact with matter and lose their energy as described in the previous 

section. The mean distance a photon travels before conversion into an electron-

positron pair is 1.3X0. The process of energy loss by an incoming particle into the 

production of secondary particles initiates what is called a particle shower. 

3.2 Particle Showers 

Consider a particle entering a medium with some initial energy E0. Via the electro

magnetic, strong, and weak forces, this energy can be sequentially transformed into 

different forms, creating new particles and transmitting energy to existing particles 

that themselves can produce secondary particles. Although one particle enters the 

medium, through its interactions with the material it can set off a chain reaction 

producing new particles and excited states. There are two types of particle cascades: 

electromagnetic shower and hadronic shower. The distinguishing trait is the type of 

particle initiating the cascade. Electromagnetic showers are initiated by electrons, 

positrons, and photons; whereas hadron showers are initiated by hadrons or gluons. 

3.2.1 Electromagnetic Showers 

When photons, electrons, and positrons interact with material a number of lower 

energy particles are produced. In turn, these secondary particles interact electro-

magnetically with each other and the material, yielding a cascade of electromagnetic 

particles, creating an electromagnetic shower. 
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The dominant interaction for a high energy electron in matter is an interac

tion with an atomic electron, radiating a Bremsstrahlung photon. If the photon 

has sufficient energy after some depth it will interact with the medium to produce 

an electron-positron pair, which themselves can then continue the cycle producing 

Bremsstrahlung photons. The energy in the shower is split amongst its constituents, 

so as the number of particles grows the average energy of each particle decreases. 

The shower will continue to grow until a) the remaining electrons have lost sufficient 

energy and reached their critical energy at which point ionization will dominate the 

energy loss, and b) photons no longer have sufficient energy to pair produce and en

ergy loss mechanisms such as Compton scattering and the photoelectric effect take 

over. In the final stage the low energy electrons and photons undergo interactions 

which no longer produce new particles. 

A simple model of electromagnetic shower propagation is shown in Figure 3.3. A 

photon enters a medium from the left, with some initial energy E0. It is assumed 

that after one radiation length X0 the photon will produce an electron-positron pair. 

The electron and positron will split the energy of the photon equally, each having 

energy E0/2. Each lepton then produces a Bremsstrahlung photon after they have 

travelled a distance X0. The lepton and Bremsstrahlung photon will each have half 

of the lepton's initial energy. And so on. 

Using this simple model one can estimate the number of particles N in the shower 

after t radiation lengths: 

N(t) = 2t = etln2. (3.3) 

The simple model assumes there are equal numbers of photons, electrons, and positrons 

Assuming the energy is always split equally between the final state particles at each 
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Figure 3.3: A diagram of simple electromagnetic shower development starting from an 
incoming photon with initial energy E0 entering some material from the left. The simple 
model assumes a photon will pair produce after one radiation length, X0, and electrons will 
produce a Bremsstrahlung photon after one X0. The model assumes that at each interaction 
the energy is split equally between the final particles. The multiplicity of particles and 
energy of each particle at each radiation length is also shown. 

interaction, the average energy E of each particle after t radiation lengths is: 

E(t) K 
2* 

(3.4) 

where E0 is the initial energy of the incoming particle. The shower maximum will 

occur when there is the maximum number of particles in the shower. This happens 

at an energy of E = Ec, and corresponds to a number of radiation lengths: 

''max — 
HEQ/EC) 

In 2 [Xo]. (3.5) 
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Thus the longitudinal depth of the shower depends on the energy of the incoming 

particle and the material (which sets the value of Ec). The number of particles 

produced is proportional to the energy of the incoming particle. The higher the 

energy, the more secondary particles it will produce that will have sufficient energy to 

continue the shower development. A higher energy shower will penetrate more deeply 

into the material. 

The above is a very simplistic model that does not take into account the fluctu

ations in shower development and the more complex processes at lower energy. The 

model is an approximation that deals with averages. Comparison with data indicate a 

better description of the longitudinal depth where the maximum number of particles 

are produced in an electromagnetic shower is [5]: 

*max = 3.9 + l n £ 0 [X0], (3.6) 

with E0 in units of GeV for incoming particles with energies in the range of 2 GeV 

to 300 GeV. 

A shower will spread in the radial direction due to multiple scattering and pair 

production. In a more realistic approximation of lateral shower development, a cylin

der with a radius equal to the Moliere radius contains ~90% of the electromagnetic 

shower, where the Moliere radius RM is defined as: 

RM = 2 1 ^ [X0] , (3.7) 

where Ec is the critical energy in MeV. 

In practical applications, shower development is predicted by complex MC algo

rithms that make use of the actual cross-sections for each process and particle type, 
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for a given incoming particle energy and medium. 

3.2.2 Hadronic Showers 

The second classification of particle showers are hadronic showers, initiated by in

coming hadrons undergoing a nuclear interaction with the atomic nuclei. 

The dominant source of energy loss for high energy, massive charged particles 

is ionization and excitation of the medium. Some of the incoming hadron's energy 

is converted into the production of secondary hadrons, which themselves carry away 

energy and repeat the process of hadron production, decay, and ionization, expanding 

the shower. 

The initial interaction of the hadron with the material may produce TT° parti

cles that almost exclusively decay to some combination of photons, electrons, and 

positrons, initiating an electromagnetic component in the hadronic shower. The 

secondary hadrons can also interact to produce these electromagnetically decaying 

hadrons. The fraction of the electromagnetic component in the hadron shower de

pends on many parameters such as the material, the incoming energy, but on average 

approximately one third of the energy in a hadronic shower is used to produce parti

cles that will decay electromagnetically [16]. 

Sometimes when unstable hadrons decay they produce muons. Muons mainly 

interact via the electromagnetic force, but have a small probability of producing 

Bremsstrahlung photons, hence losing very little energy in the material over large 

radiation lengths. Unstable hadrons can also produce neutrinos that only weakly 

interact and normally leave the material without interaction. These types of particles 

carry away some fraction of the initial energy of the incoming particle outside of the 

limited depth of the material. 
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Energy can be transferred to the nucleus and used to break apart the nucleons if 

the energy is greater than the binding energy of the nucleus (on the order of a few 

MeV's), resulting in energy transfer to the nuclear fragments. Some of the original 

binding energy can be recovered when slow neutrons get captured by other nuclei but 

this release of energy from the recapturing can take microseconds to occur, which is 

on the order of a thousand times later than most interactions (possibly outside the 

window of detection). 

These forms of energy loss (muons, neutrinos, nuclear fragmentation) are classified 

as invisible energy, and can be up to 30% of the initial particle's energy. The fraction 

of invisible energy decreases as incoming particle energy increases. 

The mean free path of a hadron without interacting in matter is called the nuclear 

interaction length. It is defined as [5]: 

A^CTabs ' 

where A is the atomic mass of the material, NA is Avagadro's number, and erabs is 

the absorption cross-section for the particle to be absorbed by the material. Similar 

to the radiation length for electrons, it is a useful quantity for describing hadronic 

shower shapes in matter as it is approximately independent of material type. 

For hadronic showers one approximation of the depth at which the maximum 

number of shower particles are present is [5]: 

Amax = 0.90 + 0.36 In E0 [g cm"2] , (3.9) 

where E0 is the initial particle energy in GeV. As with electromagnetic showers, as 

the incoming particle energy increases the shower depth also increases. 



3.3 Calorimeters for Particle Detection 45 

The short-range strong force requires that hadrons be close to the atomic nuclei 

for interactions to occur, which is a relatively small fraction of space occupied by 

the atom. Therefore hadrons can travel farther without interacting, hence hadronic 

showers tend to be larger in the longitudinal and transverse direction than electro

magnetic showers. For an electron and pion of the same energy traversing the same 

material, the energy deposited per unit volume in the matter for the pion shower will 

be less than the electron's electromagnetic shower. 

3.3 Calorimeters for Particle Detection 

A detector commonly used for measuring particle energy is referred to as a calorime

ter. Calorimeters work by completely absorbing the incoming particle and converting 

its energy into different forms that are used to create an electronic signal that can 

be detected. Calorimeters allow for the measurement of energy of both charged and 

neutral particles. In calorimeters it is highly desirable that the collected signal be 

proportional to the energy of the incoming particle for the range of particle energies 

under study. As the measured quantity for a calorimeter is energy, calorimeters are 

designed to have optimal energy resolution, which can be a challenge given the varia

tions in showers development. In the design of a calorimeter other considerations are 

its ability to provide particle identification, position reconstruction, signal stability, 

and fast signal processing. 

To fully capture the energy of an incoming particle the depth and width of a 

calorimeter should be sufficient to fully contain both the incoming particle and the 

secondary shower particles it produces. Electromagnetic calorimeters are designed 

to capture electromagnetic showers, and are described by their radiation length X0; 

typical electromagnetic calorimeters are 15-30 X0 deep. Hadronic showers are more 
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penetrating, so the depth of a hadronic calorimeter required for good containment is 

usually 5-10 A. For example, a block of lead would need to be approximately 8.42 cm 

thick for 15 X0 (with a radiation length of 0.5612 cm), and it would need to be 87.95 

cm thick for 5 A (with a nuclear interaction length of 17.59 cm). For lead, A = 31.3 

X0, demonstrating that hadronic calorimeters must be significantly thicker or made 

of denser material to absorb the energy of the incoming particle. 

A large fraction (20-30%) of energy in hadronic showers is invisible (not recorded 

by the detector). In non-compensating calorimeters the invisible energy is not recov

ered so the response to incoming electrons and hadrons of equal energy is not equal, 

with the electron having a larger amount of its energy detected. The fraction of the 

electromagnetic shower component in a hadronic shower depends on the energy of 

the incident hadron (in general more 7r°'s are produced at higher energy), and often 

hadronic calorimeters suffer from a non-linearity in the signal response as one goes 

from low energies (100's MeV) to high energies (100's GeV). 

Calorimeters that measure the amount of ionization measure the number of ion 

pairs produced, which is proportional to the incoming particle energy. The statistical 

uncertainty on the number of ion pairs (N) can be approximated on average using 

Poisson statistics: 

<j(N) = VN. (3.10) 

The energy resolution is defined as o(E)/E, where a is the uncertainty associated 

with the measured energy E. In an ideal calorimeter E oc N, so the uncertainty on 

the energy measurement is \JE. Then the energy resolution can be written as: 

where E is the incoming particle energy. As the energy of the incoming particle 



3.3 Calorimeters for Particle Detection 47 

increases the energy resolution of a calorimeter improves. 

Calorimeters can be homogeneous, where the absorbing material is fully sensi

tive to the incident particle energy deposition. Alternatively, calorimeters can be 

of the sampling type, which have alternating layers of sensitive material and heavy 

absorbing material. To fully contain a shower originating from a high energy par

ticle, homogeneous calorimeters must be quite large and can be costly due to the 

large amount of material necessary to contain the particle, so high energy cascades 

are typically detected by sampling calorimeters. In sampling calorimeters the active 

region is typically made of scintillators, nobel liquids or gases. The absorbing layer 

is typically a heavy (high Z) material such as copper, uranium, tungsten, or lead. 

For sampling calorimeters, the energy resolution a(E)/E is parameterized in the 

following way: 
c(E) a , c .„ 
- U = - ^ e » ® 1 , (3.12) 

where © means the terms are added in quadrature. The variables a, b, and c are 

constants that reflect the characteristics of a particular calorimeter. The variable a is 

called the stochastic term (coming from a/E oc 1/\/E) and accounts for fluctuations 

in the number of ion pairs produced and the particle interactions in the shower de

velopment. Shower fluctuations in the calorimeter can be greater in the presence of 

material upstream, or inactive regions of the calorimeter like the absorber. Stochas

tic fluctuations in shower development are larger for hadronic showers, so the o-term 

tends to be larger in hadronic calorimeters. The fluctuations in a sampling calorime

ter will be larger because sampling the shower is also a statistical procedure. The 

stochastic term dominates the energy resolution for low energy incident particles. 

The second term & is a constant for all energies. It is the inherent systematic error of 

the detector, taking into account detector non-uniformities and mis-calibrations. It is 
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the dominant term at high energies. The c-term represents the inherent fluctuations 

in the response due to the construction and instrumentation of the calorimeter, it is 

often referred to as the noise term. Lower electronic noise is desired because it will 

improve the overall energy resolution. 

3.4 The ATLAS Forward Calorimeter 

The physics program at the LHC has a strong emphasis on the discovery (or exclusion) 

of the SM Higgs boson. One way the Higgs boson is produced is in association with 

two forward jets from the initial interacting partons. A forward calorimeter makes a 

major contribution to identifying these forward jets. 

There are many precision physics analyses, such as the top pair cross-section 

measurement, that rely on a good measurement of the energy deposited by particles. 

And there are many physics discovery modes, like the search for supersymmetry, that 

have the distinct signature of large missing energy which is derived from the sum of 

energy depositions by all particles. To achieve a good calculation of missing energy 

requires having a large calorimeter |?7| coverage, and calorimeters with good energy 

resolution and energy distributions that have small tails. These physics requirements 

have driven the design parameters of the ATLAS FCal. 

The FCal is a sampling calorimeter located in the forward region, very close to 

the beam pipe, spanning 3.1 < \rj\ < 4.9. It is cylindrical, concentric with the beam 

pipe, and separated into three longitudinal segments: FCall, FCal2, and FCal3. Each 

longitudinal segment has a length of 444 mm along the z-axis. The inner radius of 

FCall is only 72.3 mm from the center of the beam line (78.8 mm for FCal2, and 85.7 

mm for FCal3), and the outer radius for all modules is approximately 450 mm [17]. 

The front face of FCall is the closest to the IP, at a distance of \z\ = 4.7 m. 
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There are two sets of FCal modules, one on each side of the IP (referred to as side 

A and C). They are housed in the endcap cryostats, which also hold the EMEC and 

HEC calorimeters. The muon subsystem benefits having the FCal upstream because 

the FCal reduces the background seen by the muon detectors. 

The forward region is subject to large amounts of radiation from minimum bias 

events. The beam pipe and FCal are both expected to activate and emit radiation. 

There will also be a high neutron flux in the FCal, approximately 105 kHz/cm2 for 

neutrons with energies greater than 100 keV at the design luminosity of 1034 cm - 2 s _ 1 

[17]. 

It is expected that at the LHC design luminosity the FCal will be exposed to a 

maximum of 160 kGy per year [7]. With this in mind, all materials composing the 

FCal must be radiation hard. The sensitive region of the FCal is filled with liquid 

argon, a radiation hard noble liquid, that will remain stable for the lifetime of the 

LHC (approximately 10 to 15 years). It is also a fast medium for the collection of ion 

pairs, which is important as the LHC nominal bunch crossings are spaced 25 ns apart. 

At standard pressure and room temperature argon is a gas, so maintaining argon in 

a liquid state requires the cryostat volume to be kept at approximately 90 K. 

The FCal is a sampling calorimeter and is made up of absorbing material (copper 

in FCall, and tungsten in FCal2 and FCal3) and active liquid argon regions. The 

signal is collected with electrodes that have cylindrical geometry and run parallel to 

the beam pipe, for approximately the length of a given module. A schematic of the 

front of an electrode as seen by a particle coming from the IP is shown in Figure 3.4. 

The inner rod, made of copper (tungsten) in FCall (FCal2, FCal3), is kept at a 

positive potential. This rod is surrounded by a grounded tube made of copper (in 

all modules). The space between the rod and tube is filled with liquid argon. To 

maintain a constant liquid argon gap along the length of the electrode a radiation 
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Figure 3.4: A schematic of an electrode in FCall is shown at the left. This forms one edge 
of the more general hexagonal electrode structure that is shown to the right. All units are 
in mm. LAr is liquid argon. Note the liquid argon gap is not drawn to scale, it is enlarged 
for qualitative purposes, the relative sizes are indicated on the diagrams. 

hard fiber (PEEK) is helically wound around the rod. 

One important and remarkable feature is the size of the liquid argon gap, which is 

only 269 //m (376 /mi, 508 /mi) in FCall (FCal2, FCal3). This gap size is significantly 

smaller than the standard liquid argon gaps in other calorimeters, which are typically 

on the order of millimeters. This gap size was chosen to reduce ion build up in the 

high radiation environment that could alter the drift time of the electrons to the rod, 

affecting the signal stability. 

The electrode structure is repeated in the transverse direction in a hexagonal 

pattern with equal spacing between the centres of the electrodes, as seen to the right 

in Figure 3.4. In FCall the spacing between the electrode centre is 7.50 mm (8.18 mm 

in FCal2, and 9.00 mm in FCal3). Figure 3.5 is a schematic of the front face of the 

FCall looking head-on to the repeated electrode pattern. There are 12 260, 10200, 

and 8224 electrodes in FCall, FCal2, and FCal3, per endcap side, respectively. 

The FCall is the first calorimeter seen by particles coming from the IP with 
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Figure 3.5: The front face of FCall, with approximate spacings. The electrode structure 
can be seen, as well as a zoom of one electrode group containing four electrodes. The 
Moliere radius RM of FCall (17.1 mm) is superimposed on the figure. At the inner edge the 
endcap cryostat wall and beam pipe can be seen. Figure taken from J. Rutherfoord. 

3.1 < \rj\ < 4.9, and so it is classified as an electromagnetic calorimeter. Copper is 

the absorbing material in FCall. Copper is the ideal absorber as it is a good conductor 

of the heat that arises from the large amounts of radiation. The Moliere radius of 

FCall is 17.1 mm [17] which is larger than the electrode spacing. So showers will on 

average spread over many electrodes which helps reduce any impact point dependence 

and improve the energy resolution. The total interaction length of FCall is 27.6 X0. 

FCal2 and FCal3 are the hadronic compartments of the forward calorimeter and 

must be made of dense radiation hard material to fully contain the hadron showers in 

a longitudinal depth of only about 1.5 m (FCall + FCal2 + FCal3). Tungsten is the 

absorbing material that satisfies this criteria. The total nuclear interaction length of 

the FCal is 9.5 A. 



3.4 The ATLAS Forward Calorimeter 52 

3.4.1 Electronics Chain 

Ionization of the liquid argon combined with the electric field between the electrode 

rod and tube causes the electrons to drift towards the rod, giving rise to an electric 

pulse. The signal pulse is collected from each electrode by an interconnect board, as 

shown in Figure 3.6. On the interconnect board the signals from four (FCall), six 

(FCal2), and nine (FCal3) electrodes are summed together, forming what is called an 

electrode group. The signal from an electrode group is carried to a summing board. 

For most of the FCal four interconnect boards are summed together and read out 

as a single channel (therefore most readout channels in FCall are composed of 16 

electrodes). The exception to this are the interconnect boards at the inner and outer 

edges of the FCal, where the interconnect boards are not summed, due to geometry 

constraints and to provide the benefit of increased granularity in these transition 

regions. 

The summing boards also provide the high voltage (HV) distributions to the 

electrodes along the coaxial cable. Each electrode group has its own HV supply. 

The four independent HV lines on each summing board ensure that in the event of 

a dead or faulty HV line only a fraction of the total signal collection is lost, but 

information about energy deposition from that geometrical region of the detector is 

still available. The signal from a summing board is carried by the feedthrough to the 

warm electronics and the front-end boards outside the cryostat via a coaxial 'pigtail' 

cable. 

The signal passes to the front-end boards in the warm electronics, where it un

dergoes pre-amplification and signal shaping. The pulse entering the preamplifier is 

triangular in time, with a steep rise and a slow falling tail, where the full pulse shape 

spans approximately 65 ns in FCall (a reflection of the short drift time of electrons 



3.4 The ATLAS Forward Calorimeter 53 

FeedThru 

Pigtail 

Transmission 
Line 

Transformer 

Electrode Summing Board Unit Cell 

Figure 3.6: A schematic of the cold electronics located inside the cryostat for a typical 
FCall readout channel. The signal pulse from four (FCall) electrodes is summed on the 
interconnect boards. For this typical channel, four such electrode groups are summed on 
the summing board. Note there are four independent HV lines on the summing board, one 
for each electrode group. Figure created by J. Rutherfoord and taken from [17]. 

across the liquid argon gap). The preamplifier maintains this shape and feeds it into 

the shaper. The shaper modifies this triangular pulse into a bipolar pulse, one that 

has a rounded peak followed by a rolling negative lobe. There are three gain settings 

in the shaper, low, medium and high, each with a gain factor of about 10 greater than 

the previous step. The pulse from each gain setting is sampled every 25 ns and the sig

nal undergoes an analogue-to-digital converter (ADC), giving a number proportional 

to the height of the pulse at that time sample. The ADC value of the maximum 

sample is used to determine the final gain setting recorded for further analysis. The 

current choice is the highest gain setting that does not overflow the maximum ADC 

value, to maintain ADC linearity. The gain choice is made event-by-event and is 
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called the autogain setting. 

The final number of channels read out are 1008, 500, and 254 for FCall, FCal2, 

and FCal3, respectively per side. 

3.4.2 Summary 

A summary of some properties for each FCal module is shown in Table 3.2. More 

information about the FCal can be found in [17]. 

Property 

Absorber material 
Inner/outer radius [mm] 

Liquid argon gap [mm] 
Depth [mm/X0/\] 

Moliere radius [mm] 
Electrode spacing [mm] 

Number of electrodes (per endcap) 
Number of channels (per endcap) 

FCall 

Cu 
72.3/449.4 

0.269 
444.1/27.6/2.65 

17.1 
7.50 

12,260 
1008 

FCal2 

W 
78.8/449.4 

0.367 
444.1/89.7/3.6 

11.9 
8.18 

10,200 
500 

FCal3 

W 
85.7/449.4 

0.508 
444.1/88.0/3.55 

12.1 
9.00 

8,224 
254 

Table 3.2: A summary of some important properties of the forward calorimeter. 

3.5 Test Beam Introduction 

Calibration of any detector is a multi-step process involving prototypes, test beams, 

monitoring, and in-situ calibrations. These are done to extract calibration constants, 

to establish stability over time, and to test reconstruction techniques and compare 

the response of real data with that of the simulation. 

A test beam was performed in the summer of 2003 to calibrate the FCal. It took 

place at CERN with one of the final set of FCal endcap modules (C-side) consisting 

of FCall, FCal2, and FCal3. It was the final opportunity to test the modules directly 
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with single particles before their installation into the endcap cryostat and prior to 

the cryostat being lowered into ATLAS. The specific goals of this test beam were to: 

1. Measure the conversion between the signal response in ADC units and energy 

for electrons, setting the so-called electromagnetic scale of FCall (the response 

of FCall to electromagnetic showers). This was set using electron beams with 

a range of energies, and beams with minimal upstream material. The beams 

were directed into a location of the FCal that ensured full containment of the 

showers. 

2. Measure the response of the detector at the electromagnetic scale across a va

riety of electron beam energies to test for a linear response. 

3. Measure the electromagnetic and hadronic energy resolutions for a) the intrinsic 

detector and b) one with additional upstream material designed to represent 

ATLAS-like conditions. 

4. Apply and study different reconstruction and hadronic weighting schemes to 

the reconstruction of energy in the FCal. 

5. Examine the energy loss and showering behavior near the beam pipe (high |?7|). 

This was done by using beams of particles impacting the calorimeter close to 

its inner edge. 

6. Ensure that the response, as well as the electromagnetic and hadronic shower 

properties are correctly represented in the MC simulations. MC samples are 

studied to determine the signature and significance of many physics processes. 

A test beam is the only time particles of known type and energy will be put into 

specific, known locations of the detector, so it is critical that the data be taken and 

analyzed to ensure the above goals are met. 
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Figure 3.7: The location of the five beam impact points, labelled 1, 2, 3, 4H, and 4L, 
superimposed on the front face of FCall. The inner and outer edge of the FCal can be seen. 

For the test beam, particle beams of electrons and hadrons with a range of energies 

(10 GeV to 200 GeV) were directed into five locations on the front face of FCall; these 

five positions are shown in Figure 3.7. A wide beam profile with a width in x and 

y of 6.5 cm was chosen to ensure uniform sampling across the front face and reduce 

the impact point dependence of the quoted results [18]. The beam impact points are 

labelled position 1, 2, 3, 4H (high), and 4L (low). Positions 1, 2, and 3 were used to 

study the energy loss and showering close to the beam pipe. Positions 4H and 4L were 

located in a region of the detector that is expected to fully contain electromagnetic 

and hadronic showers up to the maximum test beam energies of 200 GeV. Position 4L 

had a negligible amount of upstream material (only the essential upstream triggering 

and monitoring detectors). The latter was used to investigate the intrinsic response 

of the calorimeter. Position 1, 2, 3, and 4H had additional upstream material to 

simulate the expected amount of upstream material in ATLAS, such as the beam 

pipe and associated services, and the cryostat structure. An aluminum plate 5.0 cm 
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Figure 3.8: The shaded regions are the calorimeter regions of each FCal module that were 
read out during the test beam. 

thick was used for all but position 4L to simulate the material from the cryostat 

bulkhead. In front of positions 1, 2, and 3 a 10 cm thick polyethylene block was 

added to simulate shielding that exists in the ATLAS environment. At position 

1, a 30 mm thick aluminum block was added to simulate a vacuum pump used in 

ATLAS, approximately 900 mm upstream of the FCal. The shapes and location of 

this upstream material can be seen in Figure 3.7. 

In the test beam the FCal readout was not fully instrumented. The location of 

the channels that were read out in each module are represented by the shaded regions 

in Figure 3.8. For the test beam these areas were sufficient to collect the energy 

deposited by the particle showers. In FCall, FCal2, and FCal3 there were 432, 308, 

and 252 channels read out, respectively, for a total of 992 active channels. 

The particle types and energies used at each position are shown in Table 3.3. 

The electron data were composed of mixed polarity runs. The hadron beams were 

a mixture of positive hadron beams (TT+, protons), and relatively pure TT~ beams. 

The choice of polarity was largely influenced by the requirements of other test beam 

facilities at the same time. 

The test beam was conducted at CERN, using the beam from the SPS to generate 

the particles. Beams from the SPS were directed into an experimental test beam 

facility called H6. The H6 beam line has the ability to generate secondary electron 



3.5 Test Beam Introduction 58 

or hadron beams (or tertiary for lower energy electrons) with the required range of 

energies. The last bending magnet seen by the beam provided the vertical deflection 

for the three different ^-coordinate impact points on the FCall front face. 

3.5.1 Beam Line Detectors and Associated Data Quality Cuts 

The particle beams encountered many different detectors both upstream and down

stream of the FCal. These were used for particle identification, triggering, and track

ing. A schematic representation of the beam line is shown in Figure 3.9. The FCal 

modules were situated in a cryostat filled with liquid argon. The cryostat was rotated 

and translated as needed for the five different impact points along the x coordinate 

to align it to simulate beam particles originating at the ATLAS IP. 

The proton beam from the SPS would strike a target, then the required particle 

type and energy would be directed to the H6 beam line using a series of magnets. 

If the requested beam particles at the H6 beam line were 100 GeV electrons, the 

final beam could contain a mixture of other negatively charged particles, such as 

muons and 7r~. This contamination must be reduced or removed from the analysis to 

get the most accurate description of the detector response to electrons and hadrons, 

separately. 

Position 

1 
2 
3 

4H 
4L 

M 
4.9 
4.5 
4.3 
3.7 
3.7 

Nominal Beam Energy [GeV] 
Electrons 

200 
200 
200 

10, 20, 40, 60, 80, 100, 150, 200 
10, 20, 40, 60, 80, 100, 150, 200 

Hadrons 

200 
200 
200 

10, 20, 40, 60, 80, 100, 120, 150, 200 
10, 40, 60, 80, 100, 120, 150, 200 

Table 3.3: The test beam impact points, and associated beam particle types and energies. 
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Figure 3.9: Experimental beam line setup. Not to scale. Image from [19]. 

It is possible that on route to the FCal, along the beam line and associated 

elements, single particles may undergo interactions. Upstream interactions might 

alter the trajectory of the incoming particle and cause it to impact the calorimeter 

outside the required beam spot location, possibly resulting in incomplete shower 

containment. 

Multiple particles from upstream interactions or halo particles associated with the 

beam line could enter the calorimeter, instead of a single particle. This can lead to 

false signals in the calorimeter, and may lead to false high energy tails in the response. 

The process of removing contamination, multiple interactions, and scattered par

ticles is called beam cleaning and was achieved by examining the properties of the 

beam line detectors. The following describes the beam line detectors and the associ

ated beam cleaning cuts that were applied to the data. 

Scintillators 

Upstream of the FCal were several scintillators. In Figure 3.9 the scintillators labelled 

SI, S2, and S3 were used for coincidence triggering. The scintillator SI was the first 
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Figure 3.10: An example of the response of the three upstream scintillators SI, S2, S3 in 
ADC counts. Shown in the black circles are all events, shown in the lighter shade are those 
events which are rejected, as described in the text. 

traversed by the beam and was used as a trigger for the start of the electronics 

readout. Each of these three scintillators were 1.0 cm thick. 

In the analysis the scintillators SI, S2, and S3 were required to trigger in coin

cidence, indicating a particle coming down the beam line, removing random particle 

interactions from outside sources. 

The response of the three scintillators was used to reject events with multiple 

particles. The mean response of the scintillators to single minimum ionizing particles 

(muons) was determined using events in which the downstream muon trigger was fired 

(indicating the presence of a muon particle). Events were cut in which more than one 

scintillator had a response compatible with at least two minimum ionizing particles, 

or events in which the response in one scintillator had a signal consistent with five 

minimum ionizing particles [20]. Figure 3.10 show an example of the scintillator 

responses and the data which were cut from the analysis due to large signals in the 

individual, or combined, scintillators. 

Beam Position Chambers 

Three beam position chamber (BPC) stations, upstream of the FCal , provided a 

total of six measurements of both the x and y coordinates of the incoming particle 

trajectory (two at each station). The first set of BPCs were approximately 31 m 
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upstream of the FCal, the second set about 22 m, and the last set were approximately 

3 m upstream of the FCal. These were used in the offline analysis for event-by-event 

track reconstruction and beam quality studies. The approximate location of each set 

of BPCs along the beam path are indicated on Figure 3.9. The position resolution of 

the first and last BPCs was approximately 200 /xm, and the resolution of the middle 

station was 300 yum. 

A straight line was fit to each of the six x and y BPC coordinates. If the sum 

of the x2 f° r th e x and y linear fit was less than 40 (with 1 2 - 2 degrees of freedom) 

the event was accepted for analysis. An analysis was also performed to determine the 

average response of each BPC to minimum ionizing particles; if more than three of 

the 12 BPCs had a signal consistent with two tracks or more the event was cut, or 

if a single BPC had a response compatible with more than five tracks, the event was 

cut [17]. 

Veto Counter 

The veto counter was a scintillator with a circular cutout of 6.5 cm in diameter, used 

to remove events with particles that may have scattered outside the window of the 

beam spot. If this scintillator was triggered the event was removed from the analysis. 

Tail Catcher and Muon Scintillator 

Downstream of the FCal was a tail catcher made of alternating steel and scintillator 

layers. This additional detector allowed for energy measurement of any leakage out 

the back of the FCal. After the beam stop there was a scintillator used to identify 

muons. 

The two downstream detectors were used for removing hadrons and muons from 

the electron beams. They were not used for the hadron analysis, as there can be 

legitimate decays of hadrons into muons. They can be used to calculate the amount 
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of energy leaked from the back of the calorimeter or the inner radius of the FCal. 

CEDAR Trigger 

Not shown on Figure 3.9 is a Cerenkov differential counter with achromatic ring focus 

(CEDAR) positioned upstream of the magnet labelled B9 on the figure. It provided 

particle identification of the incoming particle. 

The CEDAR was calibrated to remove protons from the positive polarity hadron 

beams at all energies except 200 GeV. The 60 GeV electron beam also suffered large 

hadron contamination, and so the CEDAR was tuned to remove hadrons from this 

electron energy point only. 

In addition to the above cuts, if any beam line detector actively used in the analysis 

was unavailable, the run or subset of events in that run removed from the analysis. 

3.5.2 Event Timing 

On the front end boards, signals from the FCal electrodes were sampled every 25 ns. 

This time was recorded with the 40 MHz trigger timing control (TTC) clock. The 

beam triggers arrived asynchronously with respect to the TTC clock. Exact signal 

timing with respect to the incoming particle was essential for signal reconstruction 

(as will be discussed in Section 3.6). So the relative time phase tphase between the 

beam trigger (from Si) and the TTC clock was calculated for each event as: 

Viase = «(*tdc - k) [ns] , (3.13) 

where a is the time-to-digital converter (TDC) calibration factor (ns/bit), an intrinsic 

property of the TTC clock. The variable £tdc is the TDC value for a given event, 
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Figure 3.11: Example of a subset of the test beam data showing the TDC versus phase, 
used to calculate the wrap around constant. The horizontal line represents the location of 
the wrap around constant, taken as the average of the two extremum points in each circle. 

starting from the Si trigger and ending with the TTC clock sampling, which has a 

precision of 50 ps. The constant k is known as the wrap around constant (WAC) in 

TDC counts, which signifies the difference in phase between the beam clock and the 

TTC clock. Figure 3.11 shows an example using a subset of the test beam data of 

the TDC value versus phase. The location of the split in TDC counts (approximately 

360) is the wrap around region in this case. To find the WAC the average is taken of 

the two points indicated by circles. 

Events that were too close to the WAC region may be ambiguous and shift the 

time by 25 ns; such events were cut from the analysis. To increase statistics and 

maintain good event timing information a second TDC input was used, offset to the 

first by approximately 10 ns. The clock which had its TDC reading farthest from its 

maximum, minimum, and WAC region was used for the event timing in the analysis. 

However even in the rare cases that the best clock choice was within 1 ns of its 

maximum, minimum, or WAC regions that event was excluded from the event. The 

stability of the WAC for both TDC counters as a function of time (run number) are 

shown in Figure 3.12. 
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Figure 3.12: Wrap around constant stability over the full test beam data taking period 
for both TDC counters. 

3.5.3 Summary of Runs Taken 

The physics data taken had approximately 200K triggers for electrons at each energy 

and position. For hadrons there were approximately 400K triggers for each energies 

for position 4H and 4L, and 600K for the single energy beams in positions 1, 2, and 3. 

The fraction of events remaining after offline selection cuts varies with particle type 

and energy (a reflection of the beam quality). 

There were several types of data recorded during the test beam: 

Physics Runs: Using real beam particles the signal was sampled seven times every 

25 ns primarily in autogain mode (for all but the highest energy electrons this 

meant high gain). More details on the signal sampling are discussed in the next 

section. Each run had approximately 12000 beam triggers. 

Random Data: Within the physics runs 5% of the triggers were events triggered 

at random, not corresponding to the incoming particle. These were taken to 

calibrate the baseline readings for the readout channels. 

Calibration Runs: When there was no beam present, a pulse from the calibration 

board was sent through the electronics to study the response of the front end 
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boards and cold electronics. 

The following sections describes how the signals from each channel were recon

structed. 

3.6 Reconstruction of the Electronic Signal 

The current pulse collected on the anode and read out through the electronics stems 

from the ionization of the liquid argon and drifting of the ionized electrons across the 

gap. In the FCal, the pulse was sampled every 25 ns, with the intent of reconstructing 

the bipolar pulse shape. The maximum height of the pulse in a readout channel is 

proportional to the number of ion pairs produced, which is a measure of the energy 

deposited by the incoming particle in that channel. The conversion from current to 

ADCs is calculated channel-by-channel by inputting an electronics signal of known 

current and seeing the ADC response. The average response is taken as the conversion 

constant between the input current and ADC counts, when summing over all channels. 

The FCal has a pulse shape that rises quickly in time and then falls off linearly 

as the electrons drift across the gap. When put through the electronics chain the 

resulting physics pulse shape read out for each FCal module takes the form shown 

in Figure 3.13. For one module the pulse shape is identical for all channels, as each 

channel has the same liquid argon gap size and the same shaper is applied to the 

pulse. The slight differences in pulse shapes between modules reflect the different gap 

sizes and therefore the different electron drift times. 

In the test beam setup the pulse shape was sampled seven times every 25 ns (7 

x 25 ns = 175 ns). For ATLAS data taking the nominal pulse sample rate is five 

times every 25 ns. Sampling the pulse yields discrete points on the pulse, such as 

those shown in Figure 3.14. The maximum pulse height can be estimated by three 
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Figure 3.13: The normalized pulse shape for FCall (left), FCal2 (middle), and FCal3 
(right), taken from SPICE simulations [21] of the FCal electronics readout [22] (and later 
verified using test beam data [23]). 

methods: 

Maximum Sample: Take the maximum sample as the maximum height of the pulse. 

Parabola Fit: Fit the largest samples (sample two to five) with a parabola and find 

the peak of the parabola fit. 

Optimal Filtering Technique: A method which reconstructs the peak amplitude us

ing the samples and information about the true pulse shape and characteristics 

of the electronics [24]. 

Figure 3.14 demonstrates these three techniques, with the parabola fit shown with 

a solid line and the Optimal Filtering (OF) fit with the dashed line. Both fits are 

better at identifying the maximum peak than taking the maximum sample value. The 

OF reconstruction fits all the sample points well, whereas the parabola fits only the 

central points. The method that best reproduces the true pulse, and hence the true 

maximum is the OF technique, as it contains the most information about the true 

pulse characteristics, including timing, and individual channel traits. 
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Figure 3.14: Example of the seven samples (filled dots) of the pulse shape taken from 
a channel in FCall with a physics signal from the test beam. Superimposed is a fit to a 
parabola (solid line), and the fit from the optimal filtering technique (dashed line). 

3.6.1 Optimal Filtering Technique 

The OF technique makes use of information about the pulse shape and variations 

of the electronics readout (noise, which is described further in Section 3.6.2) in a 

particular channel. The authors of this method describe the method in the following 

way: 

"In the context of calorimeter signal processing, optimal filtering refers to 

the formation of linear combinations of signal samples to recover the signal 

parameters, namely the amplitude A and start time r, while minimizing 

the effect of noise." [24] 

Consider that the normalized physics pulse shape in one channel is given by g(t), 

with the peak centered on some reference value (given by the true pulse shape), such 

as those shown in Figure 3.13. In reality the time of this peak can vary from channel-

to-channel with respect to this reference pulse by some small amount r due to small 

differences in the time taken for the signal to be read out (particle travel time, cable 

I ' ' i I ' ' i I i i i I i i i I ' ' i I i ' i I i i i I ' ' ' L 

- 1 i i i i 
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lengths, etc.). The pulse will have some amplitude A, proportional to the energy of 

the incoming particle. The sample S at time tt can be described by: 

S(tl)=Ag(tl-r) + Nl, (3.14) 

where Nt is the additional noise introduced by electronics that causes deviations from 

the ideal pulse shape. For small r this can be expanded in a Taylor series to become: 

S(U) = Ag(t%) - Arg'(U) + Nz , (3.15) 

where g'(t%) = dg(t)/dt\t=tl. 

The above is a description of the pulse sampled at a discrete time tt. In the test 

beam the amplitude and time reconstruction is based on seven discrete samplings of 

the pulse. In general, for n samples, optimal filtering coefficients a(tt) and b(tt) are 

defined in the following equations: 

n n 

A = J2 a&)s&) = 5}^(*.)0(*.) _ MU)rg%) + (Nt)] (3.16) 
i = i i = i 

n n 

AT = ^2b(tl)S(tl) = J2lAKtl)9(tl)-Ab(tt)Tg'(tl) + {N,)} (3.17) 
J = I i= i 

The noise is a random fluctuation about zero, hence it will average to zero after 

summing over all n samples, in this approximation (Nt) = 0. To satisfy Equations 3.16 

and 3.17 requires that: 

n n 

J2 a&MU) = 1; ] T a(tt)g\tx) = 0 (3.18) 
i = i i = i 

n n 

Yl Kt*Mtt) = 0; Yl b&)9%) = - 1 (3-19) 
i=i t=i 
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A further condition on the OF technique is to minimize the variance of the amplitude 

and timing resolution: 

n n 

1 = 1 j=l 

n n 

o2(Ar) = E E 6 ^ * ' ) ^ (3-21) 
i = l 3=1 

where i?y is the noise autocorrelation matrix between samples i and j , (NtNj) of a 

channel. The noise autocorrelation between samples is obtained from calibration data 

for each channel between the n samples. These constraints lead to the extraction of 

the OF coefficients. 

In the test beam data these coefficients were extracted using the FCal pulse shapes 

in Figure 3.13 to define g(t%), and from selected channels within physics runs. The 

channels chosen were those with significant energy deposition over the electronic noise 

(A > 5 x a), to ensure the resulting pulse shape was that of a physics pulse shape, 

and not noise. More details of this procedure are found in [23]. 

3.6.2 Pedestal and Noise 

The pedestal is the mean baseline value of a readout channel in the absence of a 

physical energy deposition, and the variation of this pedestal is called the electronic 

noise. It is a consequence of the electronics chain. In this analysis the pedestal for 

one channel was calculated by using the first sample (of seven) read out for physics 

triggered events, averaged over all data for one run. The distribution of the pedestals 

follows a Gaussian distribution, and the one standard deviation spread of the pedestals 

is defined as the noise. Figure 3.15 shows an example of the first sample for all physics 

events in one run for one channel. 
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Figure 3.15: Example distribution of the first sample for one channel in one run. A Gaus
sian fit is superimposed. For this channel and run the pedestal is 1016.6 ADC counts (mean 
of the distribution) and the noise is 3.2 ADC counts (one sigma spread of the distribution). 

The run range taken for the test beam data spans from run 1749 to 4315, and 

excludes runs deemed as bad, due to poor experimental conditions. The average 

pedestal per channel over all good runs is shown in Figure 3.16(a). The pedestal was 

approximately constant across all 992 active FCal channels. Figure 3.16(b) shows 

the stability of the pedestal averaged over all channels for the good runs used in 

analysis. Gaps along the x-axes in Figure 3.16(a) are a consequence of inactive 

channels, and in (b) for runs with poor experimental conditions. When the channel 

signal is reconstructed the pedestal for a given channel in a specific run is subtracted 

from the individual samples. In this way it is possible for a sample to have negative 

'energy', due to fluctuations of the pedestal. 

Alternative methods of calculating the pedestal and noise are by using the first 

sample from random triggered events, or by applying the full OF reconstruction to 

extract the amplitude from randomly triggered events. The latter is used for the noise-

subtracted energy resolution analysis (Section 3.8), and is also used in the channel 

clustering decision (Section 3.7). The three methods of calculating the noise are 

i . . . . i 



3.6 Reconstruction of the Electronic Signal 71 

g 1150 
< 

1 1100 
CD n 
CD 

0- 1050 
CD 

o3 1000 

950 

900, 

i • > • i • • • i • • i i • • i i i • i i • • i i • • ' i i • i i • • • I_ I 

&&m*m * 
' • • • ' • • • ' * • • . * . • • * • • • * _i_ i_ _!_!_ I . . . I 

872 874 876 878 880 882 884 886 888 890 892 
Channel Number 

(a) Average pedestal versus channel number, averaged over all data. 

x10D 

7j 1016.0 

2000 2500 3000 3500 4000 4500 
Run Number 

(b) Average pedestal versus run number, averaged over all channels. 

Figure 3.16: Average pedestal values for all data and channels used in this analysis. 
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shown in Figure 3.17 for the average (over all channels) noise reconstructed (in ADC 

counts) versus run number in the test beam analysis. In this figure the data points 

from the first sample from the physics data are equivalent to the data points of the 

first sample from random triggered events. So the average first sample from physics 

data yields equivalent noise as the random triggered data in the same run. 

When the random triggered data were reconstructed using the OF technique (as 

was done with the physics data) the average noise is about 70% of the average noise 

when the first sample was used. This demonstrates the power of the OF technique in 

minimizing noise contributions in the reconstruction. 

There were a subset of runs that had higher noise contributions due to the setup 

of the test beam during data taking, this problem was identified and corrected in the 

remainder of the runs. These runs can be seen in Figure 3.17. These limited noisy 

runs are a motivation for using run-by-run noise information in the following analysis 

of the data. The choice of channel-by-channel noise analysis was taken due to the 

variation in noise observed between channels. This is seen by the scatter of points in 

Figure 3.18, which shows the average noise versus channel number, averaged over all 

runs, using the first sample from physics data. 

3.6.3 Summary 

Each of the 992 FCal readout channels of the test beam were reconstructed using the 

OF technique, on pedestal subtracted data. The final numerical value per electronic 

channel was a count in ADCs, proportional to the amount of energy deposited by the 

incoming particle in one specific channel. One goal of the test beam analysis was to 

verify the predicted conversion between ADC counts and energy. This analysis will 

be presented in Section 3.8.1. 
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(b) First sample random triggered data. 
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(c) Optimal filtered reconstructed random triggered data. 

Figure 3.17: Average noise for all channels as a function of test beam run number. Three 
methods for calculating the noise are shown: (a) using the first sample (of seven) from 
physics data, (b) using the first sample from random triggered events, and (c) using the 
optimal filtering channel reconstruction of random triggered events. 
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Figure 3.18: Average noise versus channel number averaged over all good runs, where the 
noise was calculated using the variation in the first sample in physics runs. 
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3.7 Channel Clustering 

Once the signal amplitude and timing has been reconstructed from the raw samples 

for each channel, it is then necessary to decide whether to sum the contributions from 

all channels (992 in the test beam) or choose a method that selects a subset of channels 

to be included in the energy sum. In the case of the test beam it is known that one 

particle will enter the FCal and deposit its energy in a limited number of channels. 

The remaining channels will reconstruct noise, which will on average contribute zero 

to the overall energy sum, but will degrade the width of the energy distribution, 

and hence worsen the energy resolution. In ATLAS there will be a multitude of 

particles leaving the IP and hitting the FCal, and it will be necessary to identify 

those calorimeter channels corresponding to the energy deposition for each outgoing 

particle. It will also be necessary to associate groupings of channels to different shower 

types, to apply the appropriate electromagnetic or hadronic shower scale calibrations. 

The process of selecting which channels will be summed to reconstruct the energy of 

a particle, or event, is called clustering. 

The challenge is to identify those channels with real energy deposition, reflecting 

the amount of energy of the incoming particle, while minimizing the contribution 

from noise. In this test beam analysis two methods have been explored: a fixed radial 

cylindrical clustering algorithm, and a topological clustering algorithm that clusters 

channels based on their signal to noise ratio. 

3.7.1 Fixed Cylinder Clustering 

In a test beam event there was one particle of known type and energy incident on the 

front face of FCall, with a known impact point obtained using information from the 

upstream BPC track reconstruction. The basic properties of particle interactions with 
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matter are well understood and were described in Section 3.1. The Moliere radius of 

FCall is 17.1 mm. For the highest energy electrons in the analysis (193.1 GeV), the 

electromagnetic showers will have a maximum number of particles in the shower at an 

average depth of 9.2 X0 (using Equation 3.6). The depth of FCall is 27.6 X0, hence 

in almost all cases the electromagnetic showers will be fully contained in FCall. For 

these reasons and to be certain all energy of incident electrons are fully collected, the 

cylindrical clustering algorithm when applied to electrons, will cluster all channels 

within a fixed radius of 80 mm from the particle impact position in FCall. 

Hadrons have much deeper and wider showers than electrons. For the highest 

energy hadrons in this analysis, 200 GeV, the depth of the shower maximum is (from 

Equation 3.9) 2.81 A. FCall has a total depth of 2.65 A and FCal2 has a total depth 

of 3.62 A, so on average the shower maximum will occur in FCal2. 

In general the lateral shape of a hadronic shower has a large electromagnetic 

core out to about the Moliere radius and has a larger hadronic shower that spans a 

transverse size equivalent to approximately A [25]. Using the known depth of each 

module in millimeters and radiation lengths it can be calculated that A is 170 mm, 

124 mm, and 127 mm, in FCall, FCal2, and FCal3, respectively. For these reasons 

in the hadron analysis all channels within a 160 mm radial distance from the cluster 

center are summed from FCall, FCal2, and FCal3. 

To perform cylindrical clustering it is necessary to identify the cluster center, and 

start summing all channels within the fixed cylinder size. Reconstructing a straight 

line through the BPC hits and projecting along z to each of the modules front faces 

defines the cluster center. However, the BPCs have their own coordinate system, 

which has no relationship to the channel x and y positions of the FCal. The last two 

BPCs closest to the FCal were installed on moveable tables to be able to provide full 

coverage at each of the five impact positions. The FCal was rotated and translated to 
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achieve the changes in x for the five impact positions, requiring a different alignment 

between the BPC and the FCal coordinate systems for each impact position. 

Using the position and energy deposited in the FCal channels, the cluster center 

(CC) can be calculated using an energy weighted technique, where only channels with 

a signal to noise ratio of five or greater were used in the cluster center calculation: 

TN Ex 
CCX = ^ ; f , (3.22) 

l^i=i Ei 

where i is a sum over the channels with the required signal to noise significance 

(i = 1,2,..., N), and Ex and xx are the channel energy and position, respectively. 

The same formula was applied for the y cluster center coordinate. Data from the 

highest energy electron and hadron runs were used in this alignment (highest energy 

test beam data), as these were more likely to have larger lateral energy distributions, 

increasing the number of channels in the summation, and reducing the bias towards 

channel centers that forms due to discrete sampling. 

A sample distribution of the cluster centers in x and y (for FCall) are shown in 

Figures 3.19 for a subset of the electron and hadron data at impact position 4L. There 

are clear peaks in this distribution that stem from the coarse sampling of the FCal. 

In FCall the distance between channels is approximately 30 mm, on average. When 

calculating the energy weighted cluster center, the channel with the most energy tends 

to pull the fit toward its center. So simply using the difference in the projected BPC 

tracks and the cluster centers for all events would not be correct, due to the bias in 

the FCal energy-weighted cluster center calculation. 

The best events to use for the alignment were those that had a cluster center 

reconstructed at the mid-point between two channels, in this case it is likely that the 

energy was equally shared among the neighbouring channels. The actual channel x 
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Figure 3.19: The channel energy weighted cluster centers in x (left) and y (right). Shown 
is a sample run in position 4L for electrons (top) and hadrons (bottom). 
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Figure 3.20: Difference between BPC projected track on the FCall front face and the 
channel energy weighted cluster center. Shown is a sample 200 GeV run at impact position 
3, for electrons (top) and hadrons (bottom). 

and y positions are used and the mid-point between neighbouring channels (in x and 

y) was calculated. Events that had a reconstructed cluster center in this mid-point 

trough (± 2.5 mm) were used to align the FCal with the projections from the BPCs. 

The difference between the projection and reconstructed cluster centers was taken 

and plotted for both x and y. A cut is applied to ensure the linear fit to the six BPCs 

is good, requiring the x2 fit probability is better than 0.1%. A sample distribution is 

shown for 200 GeV electrons in Figure 3.20 (top) and hadrons Figure 3.20 (bottom). 

Superimposed to the data are Gaussian fits. 

The same procedure was applied for each run. The mean of the Gaussian fit was 

taken as the average alignment shift between the coordinate systems for that partic

ular run. The mean alignment shifts as a function of run are shown in Figure 3.21 
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Figure 3.21: The figures on the left show the mean shift versus run number for the x (top) 
and y (bottom) coordinates at impact position 2. The gaps along the x-axis correspond 
to runs that were not included at impact position 2. The figures to the right show the 
distribution of mean shifts for position 2. There are common values for the shift over 
consecutive run ranges. The differences in the shifts between run periods indicates small 
differences in the realignment and position of the BPCs and/or FCal cryostat. 

for all runs at impact point 2. Similar plots exist for the other four impact positions 

in the test beam. 

There is a spread of relative coordinate system shifts, and the largest spread 

occurs between run periods (where the largest typical spread is around 3 mm). This 

is likely a consequence of repositioning the FCal cryostat and/or the movement of the 

BPCs on the moveable table. A test confirmed that a misalignment of 3 mm in the 

coordinate system alignment had no effect on the total clustered energy. The mean 

value from each position and coordinate was taken as the final alignment between 

coordinate systems and was used in the cylinder clustering algorithm. These final 
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Position and Coordinate 

4L, x 
4L, y 

4H, x 
4H,y 

3, x 
3,y 

2, x 
2 ,y 

1, X 

i , y 

Mean Shift [mm] 

254.7 ± 2.8 
1.8 ± 0.3 

254.6 ± 2.1 
3.6 ± 0.2 

139.7 ± 1.1 
2.7 ± 1.3 

109.6 ± 1.1 
2.7 ± 0.5 

78.7 ± 0.7 
2.9 ± 0.5 

Table 3.4: The mean shift between the cluster center coordinates and the BPC track 
projection coordinates, taken as an average over all runs and particle types for the highest 
energy beams, for each impact point. 

values are quoted in Table 3.4 for each impact position. The errors quoted are the 

standard deviation of the fitted Gaussian distributions. 

In cylindrical clustering the track reconstruction using the BPCs was performed 

for each event. The projection of this track onto the front face of each FCal module 

defined the impact position of the particle, and was used as the center of the cylinder. 

This is an ideal clustering algorithm and takes advantage of additional upstream 

detector information; unfortunately it will not be possible to use this method for 

ATLAS data, as there are no tracking detectors in front of the FCal. 

3.7.2 Topological Clustering 

Topological clustering is a method that uses information about the ratio of the channel 

energy to the expected noise. It is one of two default clustering algorithms used in 

ATLAS, and the only one used in the FCal. It is instructive to use this algorithm 

with a known data sample, such as the one from this test beam, and to compare it to 

alternative clustering algorithms such as the cylindrical clustering method described 
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above. 

A channel with energy E and noise <7noise has a significance defined as: 

^noise 

The decision to include a channel in a cluster is based on this significance. In ATLAS 

the noise will have contributions from electronic noise and pileup (added in quadra

ture). The test beam provides a simpler environment with single particles, so only 

electronic noise is considered in this analysis. The electronic noise varied between 

channels and runs (Section 3.6.2) so the input noise used for the topological clus

tering was evaluated run-by-run and channel-by-channel using the OF reconstructed 

random triggered events. The absolute value of the energy was used to remove biases 

that might arise from including only positive energy channels from noise fluctuations. 

The starting point in this method is the identification of seed channels, which 

were those channels that have a significance greater than some minimum value S. 

The choice of the parameter S is essentially arbitrary, but should make use of the 

expected energy density within a calorimeter channel for particle showers. It should 

be large enough to initiate sufficient true clusters to include all of the energy deposited 

by the incoming particle, but not too small as to cause cluster formation with channels 

that have purely noise contributions. 

All channels that meet this seed requirement are identified as proto-cluster seeds. 

In the next step the clusters are grown by examining the neighbouring channels of 

all proto-cluster seed channels. If a neighbour channel has a significance of N, then 

that channel is included in the cluster. The realistic requirement is that S > N. 

The clusters continue to expand by an iterative process examining the energy of 

neighbouring channels. 
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Figure 3.22: An example of a two-dimensional cluster formed using the topological clus
tering algorithm. Clusters are seeded by seed channels (filled black boxes), expanded by 
neighbour channels (dashed boxes), and finalized by including perimeter channels (white 
boxes). 

To ensure tails of the shower are fully included a final check of the perimeter of 

channels surrounding the outer-most channels already in the cluster. The channels 

neighbouring the outer-most clustered channels are only included as the perimeter to 

the cluster if they have a significance greater than P. If a neighbour or perimeter 

channel is included in more than one proto-cluster the proto-clusters in contact via 

this neighbour or perimeter channel are merged into one cluster. 

For the FCal in ATLAS the default cuts on each cluster decision are: S/N/P = 

4/2/0. As P = 0 all channels in physical contact with the neighbour channels are 

included in the cluster. With this set of parameters only 0.006 % of the time are clus

ters seeded by channels with large noise fluctuations. Variations of these parameters 

are studied in Section 3.9.1. 

Figure 3.22 shows an example of a topological cluster algorithm that has been 

seeded by one channel in the center, and expanded by six neighbour channels. All 

channels in geometric contact with a neighbour channel are included in the cluster 

(P = 0). 

Two dimensional neighbour channels are those channels that are in physical con-

W, 
H • 
in 

11 
If 

w, 
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tact with each other (including corners) in the same layer. In the FCal this typically 

means each channel has eight neighbours. The shower expands longitudinally by 

defining channel neighbours in the previous and next layer that are physically touch

ing and pointing back to the IP. This three dimensional topological clustering is used 

in the analysis for hadrons, whereas for electrons only the energy clustered in FCall 

is considered (as with the cylindrical clustering). 

The default topological clustering algorithm used by ATLAS also activates a clus

ter splitter that finds local maximum within clusters and splits them, to prevent 

multiple showers and particles that may overlap forming one giant cluster. It is also 

used to distinguish electromagnetic and hadronic showers based on cluster shower 

shape variables. In this test beam analysis the topological splitting algorithm is 

investigated in Section 3.9.3. 

The topological clustering technique attempts to contain all of the energy de

posited by the incoming particle and its associated shower particles. Shower devel

opment is stochastic in nature, hence the final clusters have no fixed size, either in 

geometry or in the number of channels clustered. The topological method aims to 

suppress contributions from noise by requiring a certain significance of the energy to 

the noise. By limiting the channels clustered based on their signal to noise ratio there 

is a possibility that not all physical energy deposition will be collected. In ATLAS 

there are additional corrections for energy outside of the topological cluster, that 

is calibrated using MC predictions. These additional corrections were not applied 

in this analysis, but the variables that go into their determination will be studied 

(Section 3.9.2) and compared between data and MC (Section 3.10.2). 
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3.8 Intrinsic Response of the Forward Calorimeter 

The test beam impact position 4L (from Figure 3.7) is located such that particles 

traverse minimal upstream material, and the resulting showers are fully contained in 

the FCal, both in the transverse and longitudinal planes. The following sections use 

this position to find the intrinsic response of the FCal to electrons and hadrons at a 

range of energies from approximately 10 GeV to 200 GeV. 

3.8.1 Electron Analysis 

Using the channel reconstruction and cylindrical clustering described in the previous 

sections the channels in FCall were clustered in a cylinder of radius 80 mm about the 

cluster center, as defined by the BPC track projections. The energy distribution for 

all electrons with a beam energy of 193.1 GeV is shown as the solid line in Figure 3.23. 

There are several peaks in this distribution resulting from different particle contri

butions in the beam. The lowest energy peak centered at approximately 0 is due to 

muon contamination. The elongated peak in the middle of the energy distribution, 

centered around 100 GeV is from hadron contamination in the electron beam. Recall 

hadrons tend to have a lower response in a non-compensating calorimeter. Also, the 

channels clustered are in FCall only and hadron showers deposit a significant fraction 

of energy in the hadronic calorimeters. The highest energy peak at about 190 GeV 

is the main electron peak of interest. 

The data were cleaned by the standard beam cleaning procedure, as described 

in Section 3.5.1, as well as some additional complex beam cleaning cuts defining the 

envelope of the electron beam (versus hadrons) using the position and track slope 

of the particles, to further separate hadrons from electrons [19]. After the data 

selection was applied the resulting energy distribution was that represented by points 
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Figure 3.23: 193.1 GeV electron data in position 4L with various cuts applied. The solid 
black line represents all of the triggered events without any events cuts applied, while the 
data represented by points with error bars are the data after applying all event selection 
criteria. 

in Figure 3.23. Table 3.5 shows the final number of events after all cuts for each beam 

energy in the position 4L electron analysis. 

The final electron energy distribution in Figure 3.23 is a relatively clean sample 

of electrons, with some contamination visible in the low energy tail. For this partic

ular case it might be possible to define the mean energy as the mean value of the 

distribution. However not all beam energies yield such a clean sample, hence a fit

ting procedure has been developed to extract the signal peak (electron) and standard 

deviation of the energy distributions for a single beam energy. 

Beam Energy [GeV ] 

Number of Events 

10 

41270 

20 

84067 

40 

29125 

60 

2275 

80 

26919 

100 

28829 

147.8 

14328 

193.1 

35721 

Table 3.5: The total number of events after all cuts for the 4L electron analysis. The 
CEDAR trigger was used for the 60 GeV electron beam energy. 
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The first step in the procedure involves fitting the distribution to a single Gaussian 

function, where the range of the fit is limited to include the electron peak (to avoid fits 

to the hadron or muon peak at lower energies). This gives a first rough approximation 

for the mean position and width of the distribution. This fit was used as input to 

constrain the second fit, which is the sum of two Gaussian distributions. The data are 

best described by a double Gaussian, with one Gaussian centered on the main peak, 

approximately at the single Gaussian mean, and the second Gaussian encompassing 

the high energy tail. There is a small high energy tail in the energy distribution for 

the FCal, resulting from the slight impact point dependence of the detector response. 

When a particle interacts first with the liquid argon gap it produces a higher response, 

compared to when it hits the absorber first [26]. The fraction of the detector that is 

liquid argon is quite small (~ 1%), so there is a small fraction of particles that will 

first interact with the liquid argon gap, leading to few events in the high energy tail. 

The mean value of the reconstructed energy is the first moment (expectation value) 

of the energy in the double Gaussian distribution with parameters defined by the fit: 

[E G(E) dE 
{E) = fG(E)dE • ( 3 ' 2 4 ) 

where G(E) = Gi(E)+G2(E), and G\(E) and G2(E) are the two Gaussian functions, 

each with three fit parameters (normalization, mean, and standard deviation). The 

standard deviation of the distribution is calculated by: 

aE = xJ(E2) - (E)2 , (3.25) 

where (E2) is the second moment of the energy with the double Gaussian function. 

The error associated with the mean is O^E) = OE/\fn, where n is the number of events 
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Beam Energy [GeV] 

10 
20 
40 
60 
80 

100 
147.8 
193.1 

Mean [GeV] 

9.236 ± 0.007 
19.098 ± 0.006 
39.353 ± 0.015 
58.887 ± 0.078 
78.870 ± 0.025 
98.816 ± 0.029 
146.729 ± 0.063 
191.675 ± 0.042 

o [GeV] 

1.464 ± 0.005 
1.801 ± 0.004 
2.485 ± 0.010 
3.136 ± 0.055 
3.974 ± 0.017 
4.724 ± 0.020 
6.322 ± 0.045 
7.792 ± 0.029 

Table 3.6: The mean and standard deviation of the electron energy distributions in position 
4L. The errors are statistical only. 

under the double Gaussian distribution. The error associated with the standard 

deviation is atJE = aE/y/2n. 

The energy distributions for all electron beam energies in position 4L are shown 

in Figure 3.24, superimposed are the fits to the double Gaussian function. The final 

mean and standard deviation of the electron peak in the energy distributions are 

shown in Table 3.6. 

The data can be used to ensure that the electromagnetic response of the detector 

is linear, meaning that the conversion between the reconstructed peak height in ADC 

and energy in GeV is constant across the range of all relevant particle energies. The 

predicted conversion constant was calculated by J. Rutherfoord using SPICE simu

lations of the FCal electronics chain. For each module the conversion from units of 

ADC to GeV was predicted to be: 

FCall : 0.0833 GeV/ADC FCal2 : 0.1639 GeV/ADC FCal3 : 0.1852 GeV/ADC . 

This means for a channel in FCall a reconstructed pulse height of 12 ADC counts 

corresponds to 1 GeV of energy deposition. These predicted conversion constants 
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Figure 3.24: Electron energy distributions, superimposed with double Gaussian fits, at 
position 4L. The real beam energy is indicated on each plot in the upper left corner. 
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Figure 3.25: The reconstructed energy versus the beam energy with a linear fit to the 
data. The residual shows the percent difference between the reconstructed energy (ER^O) 

and the fit energy (Epit). The error bars on the residual reflect the statistical errors, and 
the dashed lines represents the systematic uncertainties. 

have been applied to the data. 

The electron data can be used to test the predicted conversion in FCall by per

forming a linear fit to the mean reconstructed energy as a function of the beam 

energy. This fit should yield a slope with value unity, within errors. The plot of this 

linearity is shown in Figure 3.25(a). Superimposed is a linear fit to the data points, 

where both the slope and intercept are free parameters. To verify that the response 

is linear across all energy points a plot of the residual to the linear fit is shown in 

Figure 3.25(b). The dashed error bars on the points in Figure 3.25(b) represent the 

systematic errors. 

There are two dominant systematic errors contributing to the linearity and resid

uals. The first arises from the uncertainty of the beam energy and composition 

delivered to the H6 experimental hall. The source of the low energy beams (40 GeV 

and less) was a tertiary beam, whereas the higher energy beams originated from a 

secondary beam. The lowest energy points supplied by the tertiary beam have the 

largest deviation from the fit. 

There should be a very small (and negligible) difference of the response of any 
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calorimeter to electrons versus positrons of the same energy. The test beam used a 

combination of electrons and positrons at different energies. The choice of particle 

type was tied to the demands of other experiments in neighbouring test areas. The 

10 GeV and 20 GeV beam energies contained runs of mixed electrons and positrons, 

whereas data for all other beam energies were of either solely electrons or positrons 

(and associated beam contamination). The energy distributions for the 10 GeV and 

20 GeV electron and positron data were fit separately and compared to the combina

tion. The fit results to these subsets are shown in Table 3.7. These results indicate 

that there was a difference in the response to electrons and positrons. Since there is 

no physical motivation why a calorimeter would behave this way, it is assumed the 

difference is due to the supplied beam. In changing polarity the accelerator magnets 

needed to be degaussed and retuned, potentially causing a systematic difference ob

served in the results. Different combinations of beam composition were used to refit 

for the linearity. The largest difference between the refitted residuals and the nominal 

result (which uses the fit to all the data) was taken as the systematic uncertainty on 

the residual associated to the beam energy and composition. This was calculated 

for each beam energy point. It is possible that similar effects are present for the 

singly charged beams, but with only one type of particle it is not possible to quote 

an uncertainty of this type with these points. 

The second dominant source of systematic error on the linearity was the choice of 

an 80 mm cylinder radius for the clustering; cylindrical clustering with radii of 120 mm 

and 160 mm was also studied, the results of which are shown in Table 3.8. As the 

radius of the cylinder used for the clustering was increased from 80 mm to 120 mm 

to 160 mm there was slightly more energy clustered (by about 1% at beam energies 

of 193.1 GeV); however there was a large increase in the width of the distribution 

(about 4% at 193.1 GeV). As previously described, one important requirement for 
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Beam Energy [GeV] 

10 

20 

Particle (No. evts) 

e - (19937) 
e+ (21333) 
combined (41270) 

e - (38275) 
e+ (45792) 
combined (84067) 

Mean [GeV] 

9.151 ± 0.010 
9.314 ± 0.010 
9.236 ± 0.007 

18.994 ± 0.009 
19.184 ± 0.008 
19.098 ± 0.006 

a [GeV] 

1.462 ± 0.007 
1.458 ± 0.007 
1.464 ± 0.005 

1.793 ± 0.006 
1.795 ± 0.006 
1.801 ± 0.04 

Table 3.7: The reconstructed mean for each subset of runs (electrons versus positrons), 
and a percent difference from the current linearity fit and the beam energy. The values in 
brackets represent the default values, when all the data at each energy point is used (not 
distinguishing the particle charge). The errors are statistical uncertainties only. 

Beam Energy 
GeV 

10 
20 
40 
60 
80 

100 
147.8 
193.1 

120 mm Cylinder 
Mean [GeV] 

9.314 ± 0.010 
19.283 ± 0.008 
39.724 ± 0.017 
59.240 ± 0.101 
79.557 ± 0.027 
99.738 ± 0.030 

147.996 ± 0.065 
193.324 ± 0.042 

a [GeV] 

2.050 ± 0.007 
2.299 ± 0.006 
2.839 ± 0.012 
4.072 ± 0.071 
4.310 ± 0.019 
4.971 ± 0.021 
6.536 ± 0.046 
7.883 ± 0.030 

160 mm Cylinder 
Mean [GeV] 

9.376 ± 0.013 
19.314 ± 0.010 
39.809 ± 0.020 
59.007 ± 0.110 
79.657 ± 0.055 
99.924 ± 0.033 
148.217 ± 0.069 
193.714 ± 0.043 

a [GeV] 

2.647 ± 0.009 
2.895 ± 0.007 
3.354 ± 0.014 
4.503 ± 0.078 
4.929 ± 0.022 
5.520 ± 0.024 
6.896 ± 0.049 
8.115 ± 0.031 

Table 3.8: The reconstructed mean energy and standard deviation for electrons of different 
energies, using a 120 mm and 160 mm radius for clustering the FCall channels. 

a calorimeter is good energy resolution. The larger the cylinder radius, the more 

channels without real energy are clustered, degrading the energy resolution. The 

topic of energy resolution is discussed in the following pages. 

Other sources of systematic errors that were studied were the technique for fitting 

the mean and width of the energy distributions, variations of the fit limits, bin widths, 

and modelling of the hadron peak. 

The final linear fit to the electron data yielded a slope of 0.997 and an intercept of -

0.771 GeV. The negative energy intercept reflects missing energy that could be caused 
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by energy losses in upstream materials. Although position 4L had a minimal amount 

of upstream material, beam particles still travelled through some material, including 

the various upstream detectors and the cryostat wall. MC simulations (described in 

Section 3.10) of the test beam setup predicted energy losses of 0.3 GeV at 10 GeV 

and 1.1 GeV at 193.1 GeV for electrons in the upstream beam materials present for 

position 4L [27]. If this loss was taken into account the effect would be to increase 

the slope closer to unity and move the intercept closer to zero. To test for possible 

leakage into the other modules, the analysis was run including the sum of all the 

energy in FCal2 and FCal3 contained in an 80 mm cylinder radius, the results were 

not significantly changed from the above, any changes were mainly due to statistical 

fluctuations of noise. 

Taking into account the systematics described above, the intrinsic electromagnetic 

energy scale of the conversion between the electronics read out in ADC counts and 

energy in FCall is verified with the test beam data to be within 1% of the predicted 

conversion. It is linear within 1.5% across a range of electron energies from 10 GeV 

to 193.1 GeV, with improved reconstruction at higher energies. The analysis of the 

electron linearity across the range of test beam energies in FCall confirms the SPICE 

predicted conversion between the detector response in units of ADC counts and re

constructed energy in units of GeV for the test beam electronics chain. There are 

some slight differences in the electronics chain in ATLAS, but validation of the sim

ulation gives confidence in the prediction of the same conversion of the FCal used in 

the ATLAS environment. 

The energy resolution of the FCal is found by taking the standard deviation of the 

energy distribution and dividing it by the mean reconstructed energy: UE/ (E). This 

was done for each of the test beam energy points. The energy resolution function de

scribing the response of the calorimeter to stochastic shower fluctuations and intrinsic 
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qualities of the calorimeter is found by fitting this data to Equation 3.12. At some 

of the beam energies there was increased noise in the electronics chain, and so these 

energy points have larger contributions from noise. In the standard formula used to 

parametrize the energy resolution it is assumed that the noise is constant across all 

energies. To account for this problem, a procedure was developed to subtract the 

noise from the physics data in the energy resolution. 

The total width of the measured energy distribution is: 

0"E = ^"total = Crsignai ® OWse , ( 3 . 26 ) 

where crSignai is the width due to the electron energy measurement and crnoise is the 

contribution from noise. The physics data were fit to a double Gaussian (as described 

earlier) and the mean and standard deviation were taken from this fit, where the 

measured width (crtotai) arises from the signal response and the contributions from 

noise. 

To calculate crnoise the standard data reconstruction procedure was applied to the 

random pedestal data. For every event in the physics data an event was chosen at 

random from the reconstructed random pedestal data within the same run. The 

channels that were clustered in the physics data were then clustered in the random 

pedestal data, forming a noise cluster for that event composed entirely of the same 

channels. The choice of using all channels from one event in the random data ensured 

cross-channel correlations of the noise were accounted for. The 'energy' distribution 

of the noise for those same clustered channels were fit to a Gaussian distribution, the 

width of which was <7noise (the mean was centered on zero after pedestal subtraction). 

The distribution of anoise is shown in Figure 3.26(a) for each of the beam energies; 

it can be seen in this figure that the 80 GeV, 100 GeV, and 150 GeV energy points 
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Figure 3.26: (a) Electronic noise that is subtracted for each beam energy, and (b) the 
noise-subtracted energy resolution. 

have larger noise contributions than that of the other beam energies. 

The width of the energy distribution arising from the response of the signal was 

found by re-arranging Equation 3.26 and solving for crsignal. The parameterization of 

the noise-subtracted energy resolution of the electron signal is then a modified version 

of Equation 3.12: 

ffsignai(-E') _ o-(E) _ a 
(3.27) 

E E y/E 

where the variable definitions are as before. The noise-subtracted energy resolution 

for the electron data in position 4L is shown in Figure 3.26(b). Fitting these points 

for the stochastic term (a) and constant term (b) of Equation 3.27 results in: 

a = 27.0 ± 1.0 % • GeV"1/2 and b = 3.5 ± 0.1 % . 

Only the systematic errors are quoted as the statistical errors are negligible. The 

systematic errors considered are those previously described, with the choice of cluster 

cylinder size the largest contribution to the uncertainty. 
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3.8.2 Hadron Analysis 

The FCal was primarily designed to measure energy from jets and contribute to 

the measurement of the missing transverse energy. Two aspects of any hadronic 

calorimeter that are important to understand are its response to hadrons at the 

electromagnetic scale over a range of energies, and its associated energy resolution. 

These are studied with the test beam hadron data, along with a simple correction 

that accounts for energy losses associated with hadronic shower development. 

The range of hadron beam energies and associated number of events after all 

event cuts were applied is shown in Table 3.9. In the analysis of the hadron data 

there were no cuts applied based on the response of the downstream muon scintillator 

detector, as there could have been valid decays of pions into muons. The primary 

beam content for the hadron beam energies were 7r+ and 7T~. However the general 

case of hadrons is considered here as there was proton contamination in the 7r+ beams. 

The CEDAR scintillator was used for the n+ beam energies to reduce the amount of 

this contamination. 

The hadron data studied in this section was taken in position 4L; the optimal 

location in the detector for full containment with minimal upstream material. The 

FCal channels were clustered using the cylinder clustering algorithm, with a cylinder 

of radius 160 mm. The cylinder centers were taken as the projections on to the front 

face of each module using the BPC track reconstructions. All channels within these 

cylinder volumes from FCall, FCal2, and FCal3 were summed together to get the 

Beam Energy [GeV ] 

Number of Events 

10 

3648 

40 

7730 

60 

77810 

80 

62268 

100 

13135 

120 

84875 

150 

107404 

200 

93507 

Table 3.9: The total number of events after all cuts for the 4L hadron analysis. 
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total reconstructed energy of an event. 

The energy distributions for the hadron data at the electromagnetic scale are 

shown in Figure 3.27. The energy distributions were fit to a double Gaussian, as 

with the electron data, following the same procedure. The results of these fits are 

superimposed on the figure, and are used to calculate the mean energy and spread of 

the energy distribution. 

The mean reconstructed energy of the hadron beams is much less than the equiv

alent energy electron beams, due to the differences in shower development and sec

ondary particle content within those showers. The widths of the hadron energy dis

tributions are larger, a reflection of the greater variations in hadronic shower devel

opment. A simple hadronic calibration scheme was developed to improve the mean 

reconstruction energy and the overall energy resolution. 

In this procedure one weight was derived for each module and then the recon

structed energy for each module was multiplied by its associated weight. These 

weights are called flat weights. There are three modules in the experimental setup, so 

three weights were derived such to minimize the energy resolution with the constraint 

that the sum of the average reconstructed energy over each module would equal the 

beam energy. With three weights and one constraint, there were two free parameters 

in the fit, wx and w2. For every event k the amount of energy (at the electromagnetic 

scale) in the zth module was Ehk. The function minimized was: 

J*events 

fe=i 

Tpbeam jpreco rpreco 2 
tj &*u &*U T-^ ...... beam E .„ rrireco i 3,fc 3,fc \ "* / rpreoo\ j?b 

W*E*,k + (Ereco) (Ereco) 2 ^ W* \E* > ~ E 

,1=1 \ 3 / \ 3 / l = l 

(3.28) 

where Ebeam was the beam energy and (Elec°) was the mean energy reconstructed in 
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Figure 3.27: Hadron energy distributions in position 4L, superimposed with the double 
Gaussian fits used to calculate the mean and standard deviation. The real beam energy is 
indicated on each plot at the upper left corner. 
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Figure 3.28: Flat weights for each FCal module extracted at each of the beam energies, 
at position 4L. The weights for FCall are shown as the filled circles, the weights for FCal2 
as the filled triangles, and the weights for FCal3 as the open squares. 

the ith module. The fit results for w\ and w2 were then used to calculate w3: 

w3 = - 7 ^ 5 > ^ r e C ° > • 
Tpbeam 

(Er
3
eco) (Er

3
eco) ^ 

This calibration does not account for leakage from the back of the calorimeter. 

An improvement to this technique would be to calibrate the downstream tail catcher 

and include the energy deposited in this detector. The weights were extracted for 

each module and for each of the eight beam energies. These fit results are shown in 

Figure 3.28. For the higher energy beam energies the extracted weights are similar. At 

the lowest beam energy, 10 GeV, the weights in each module are quite different from 

at other energies. This is because at such a low energy there was very little particle 

energy deposited in FCal2 and FCal3 (approximately 1% of the total energy clustered 

is in FCal3 for the 10 GeV beam), reflected in weights below one, suppressing mostly 

the noise contributions in the clustered channels. 
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ATLAS does not encourage the application of energy dependent calibration schemes 

because of computing constraints; for these flat weights the choice was made to apply 

the weights extracted with the 200 GeV beam. The energy reconstructed in FCall, 

FCal2, and FCal3 (in units of GeV) was then multiplied by the flat weights of 1.238, 

1.140, and 1.444, respectively. These distributions were then fit to a double Gaussian; 

the mean and standard deviation of this distribution for each beam energy with the 

200 GeV weights are listed in Table 3.10. At 200 GeV the mean reconstructed energy 

is 200.108 GeV, the weights are extracted such that the mean of the raw distribution 

equals 200 GeV, where as the values listed in the table stem from the fit of the data 

to a double Gaussian. 

Beam Energy [GeV] 

10 
40 
60 
80 

100 
120 
150 
200 

Mean [GeV] 

8.251 ± 0.108 
37.403 ± 0.096 
57.020 ± 0.034 
77.492 ± 0.046 
97.813 ± 0.116 
118.524 ± 0.049 
148.683 ± 0.050 
200.108 ± 0.065 

a [GeV] 

6.505± 0.077 
8.352± 0.068 
9.583± 0.024 
11.588± 0.033 
13.289± 0.082 
14.353± 0.035 
16.268± 0.035 
19.820± 0.046 

Table 3.10: The mean and standard deviation of the hadron energy distributions in posi
tion 4L. The errors are statistical uncertainties only. 

The response of a calorimeter to hadronic showers is not linear across energies, 

and depends on the fraction of the electromagnetic component which increases with 

incoming particle energy. Figure 3.29 demonstrates the non-linearity of hadronic 

showers in the FCal and emphasizes the challenges with this weighting scheme; in 

this figure the flat weights have been applied to the data, therefore the response to 

200 GeV beams is approximately one. 

The final noise-subtracted energy resolution for hadrons in position 4L with the flat 
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Figure 3.29: Hadron linearity with the flat weight hadronic scheme applied, at position 
4L. Efteco is the reconstructed energy and EBeam is the beam energy. 

hadronic weighting scheme applied is in Figure 3.30(b). The noise that is subtracted 

in quadrature from each beam energy point can be seen Figure 3.30(a); the flat 

weights have also been applied to the noise. The largest source of systematic error 

was the choice of flat weight to apply. The flat weights derived at the highest four 

energies were applied to the data, and the difference was taken as the systematic 

uncertainty. The energy resolution parameters achieved for the test beam hadron 

data at position 4L with the simple hadronic weight scheme are a sampling term of 

86.5 ± 3.6 (sys) %-(GeV)"1/2 and a constant term of 7.2 ± 1.1 (sys) %. Symmetric 

systematic errors are quoted, as the analysis used the highest energy beam available, 

and so it is assumed that equivalent errors would be observed if higher energy beam 

energies were used to extract the weights. 

Other studies have shown that the use of more sophisticated hadronic calibration 

schemes that make use of the transverse segmentation of the FCal can significantly 

improve the energy resolution [19,28]. 
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Figure 3.30: The noise subtracted from each beam energy in (a) and in (b) the noise-
subtracted energy resolution for hadrons with flat weights applied in position 4L. In figure 
(b) the points have been fit to the noise-subtracted energy resolution Equation 3.27. 

3.8.3 Correction to Previous Published Results 

The results of the intrinsic response of the FCal to electrons and hadrons using cylin

drical clustering were previously published [19,29]. The results presented in this thesis 

and in the papers cited used the same ATLAS software framework and analysis code. 

However in the preparation of this thesis a small bug was discovered in the software 

analysis. 

One goal of the analysis was to verify the conversion between detector readout in 

ADC counts and energy for FCall. In the initial analysis presented in the cited papers 

this was achieved by running the analysis chain in units of ADC counts and plotting 

the electron linearity in FCall as the reconstructed detector response in ADC counts 

versus beam energy in GeV. After the signal pulse peak had been reconstructed with 

the OF technique, the software analysis applied a conversion between the detector 

response and energy in units of MeV; in the original analysis this was set to one, 

to essentially keep the units in ADC counts. For computing speed and memory 

constraints this peak value was then cast as an integer, essentially truncating the 

numerical precision after the decimal point. If a channel was reconstructed with a 
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peak height of 32.85 in Arbitrary Units (AU) then in the casting it to an integer the 

peak value would be 32 AU. This number would then propagate through the rest of 

the analysis chain, and from a user's perspective the final reconstructed energy in 

the channel would be 32 AU. The software package that does this truncation was 

originally used with units of MeV, hence at most the final reconstructed channel 

energy would be too low by a maximum of 1 MeV. This was not the case when the 

software was used for the original FCal pulse reconstruction. In the original test beam 

analysis done in units of ADC counts, the truncation of trailing decimal places led to 

a loss of reconstructed energy of a maximum of 1 ADC. Unfortunately this translates 

to a maximum loss of 83.3 MeV, 163.29 MeV, and 185.2 MeV for FCall, FCal2, and 

FCal3, respectively, per channel (using the conversions in Equation 3.8.1). The more 

channels included in the cluster with real energy deposition (versus noise) the larger 

the impact. 

For this thesis the choice was made to re-reconstruct the test beam data in units 

of MeV, hence the quoted values for the intrinsic response vary slightly from the 

cited published results, the consequence of which was that on average more energy 

was reconstructed for each beam energy. For electrons the difference was minimal 

and within the quoted errors. For hadrons this effect was larger, as more channels 

are clustered (160 mm cylinder radius), and included channels in FCal2 and FCal3 

that have a larger ADC to MeV conversion constant. By making this change for 200 

GeV hadrons the mean reconstructed energy increased by approximately 4 GeV. This 

improvement was reflected in decreased stochastic and constant fit parameters for the 

energy resolution. 
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3.9 Investigation of the Topological Clustering Al

gorithm 

The previous section presented the results of the test beam data analysis using a 

clustering algorithm designed for the test beam environment. In ATLAS the default 

clustering algorithm in the FCal is topological clustering, described in Section 3.7.2. 

It is important to compare the results of the two techniques to both validate the 

topological clustering and its application to the FCal, and second, to be able to 

quote the FCal resolution and proposed calibrations in the context of the ATLAS 

experiment. The following sections explore varying the parameters of the topological 

clustering algorithm, in the context of electrons and hadrons in the test beam impact 

position 4L. 

3.9.1 Comparison of Cylinder and Topological Clustering 

The same analysis presented in Section 3.8.1 was run over the electron test beam 

data using the topological clustering in FCall. The topological clustering parameters 

S/N/P were varied to test the best configuration for electrons. Throughout this 

section the notation txyz denotes a topological clustering with parameters S/N/P = 

x/y/z. The noise-subtracted energy resolution as a function of beam energy for five 

different txyz configurations is shown in Figure 3.31 (a); for comparison the cylinder 

clustering results labelled c8 are also shown with black circles. There is little difference 

between the cylinder clustering and the different topological clustering configurations 

for the highest energy electrons. As the cuts on S/N/P parameters are increased the 

difference with respect to the cylinder clustering is increased. For all of the beam 

energies the worst resolution was obtained for t633, which has the most stringent cut 
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Clustering 

t420 
t430 
t431 
t633 
t630 

c8 

Stochastic Term [%-GeV-

28.9 
28.7 
33.0 
36.4 
28.7 
27.0 

•1/2] Constant Term [%] 

3.5 
3.5 
3.2 
3.2 
3.5 
3.5 

Table 3.11: The noise-subtracted energy resolution fit results for the stochastic and con
stant terms, for the default cylinder clustering (c8) and different configurations of the S/N/P 
parameters of the topological clustering for electrons in position 4L. 

on channels being included in the cluster. 

The quantitative fit results for the stochastic and constant terms are in Table 3.11. 

The stochastic term is primarily influenced by the lower energy points, which do 

vary between configurations. The high energy beam points influence the constant 

term, and as a result the fitted constant term is similar for each clustering type. At 

low energies the individual channels have less energy deposition, so for topological 

clustering, which is based on the significance of the energy to the noise, there is a 

decreased probability of clustering channels that have lower energy deposits which 

have values near the cut-off for inclusion. 

The electron linearity was refit for each of the clustering configurations considered. 

The fit results for the slope and intercept are shown in Table 3.12; the residual to 

these fits is shown in Figure 3.31 (b). The intercept tends to be more negative for the 

topological clustering than for cylindrical clustering, again relating to the fact that 

at low energies the topological clustering does not recover all of the energy from the 

low energy channels, leading to a reduced amount of clustered energy. For all beam 

energies the mean reconstructed energy from the topological clustering is less than 

cylinder clustering. 
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the 10 GeV t633 is off the scale at 2.56 %. 

Figure 3 .31: The (a) noise-subtracted energy resolution and (b) residual from the linear 
fit to the electron da ta for cylinder clustering and for different configurations of the S/N/P 
parameters of the topological clustering. 



3.9 Investigation of the Topological Clustering Algorithm 107 

Clustering 

t420 
t430 
t431 
t633 
t630 

c8 

Slope 

1.001 
0.996 
0.996 
0.976 
0.998 
0.997 

Intercept [GeV] 

-0.96 
-0.99 
-1.12 
-1.96 
-1.00 
-0.77 

Table 3.12: Fit values for the slope and intercept for the electron linearity data clustered 
with five topological clustering configurations of the S/N/P parameters, the results for the 
cylinder clustering (c8) are shown for comparison. 

The best configuration is one that provides the best linear response across all 

electron energies and minimizes the energy resolution. In ATLAS the default topo

logical clustering for electromagnetic showers was initially t633, but has since been 

changed to t430. In ATLAS, the FCal is treated as a hadronic calorimeter, and the 

default clustering configuration for it is t420. There is very little difference in terms 

of performance for electrons between t430 and t420, and either is a good choice for 

topological clustering with electrons. 

For electrons and photons the energy resolution in the FCal is required to be 

better than [26]: 
^ = 35%_|VV !e5% ( 3 2 9 ) 

and should be linear within ± 2.0 %. This goal is achieved for electrons in position 

4L for all of the tested clustering routines. 

The analysis of the hadron data in position 4L was analyzed in the same manner 

as presented in Section 3.8.2, but now entirely at the electromagnetic scale (with no 

flat weights applied) and with different configurations of the topological clustering 

S/N/P parameters. A different choice of parameters were studied from those used 

with electrons as hadrons have wider and less dense showers and should have lower 



3.9 Investigation of the Topological Clustering Algorithm 108 

£• 60 

T3 
CD 
t3 
3 

o o 
CD 

CC 

40 

20 

. . . 1 

- T 

- * 

- ! 
-

-

-

, , , . 

T 
i 
• 

, , 1 , 

1 1 ' 

T 
A 

• 
, 1 , 

1 1 ' 

k 

• 
, i . 

' ' ' 

T 

1 

, i , 

1 1 1 1 

i 

1 1 1 1 

i " 

i 

i , , , 

' " ' ' " • ' • 

•C16 
"t420 
* t421 
M422 

t430 
M320 
M520 

I 

i , . . i , , , i . 

-

— 

-
-

-

-
°0 20 40 60 80 100 120 140 160 180 200 

Beam Energy [GeV] 

(a) 

v§ 

I I I 

-̂
e 

T3 
CD 

• 5 

CO 

c o o CD 
IT 

16 

14 

12 

10 

-
-

-

-

°0 

1 i ' • . i . 

+ 

• i . . . i . 

20 40 

T 

• 

. I , 

60 

i 

T 

4, 

* 
£ 

t 
• 

. . . i 

1 i ' 

* 

• 

, i , 

,,,.,, 

T 

» 
• 

i . . . i . . . i . . J . 

•C16 
• t420 
* t421 
T t422 

t430 
* t320 
M520 

T 

i : 
i . . . i . . . i . . 

80 100 120 140 160 180 200 

Beam Energy [GeV 

(b) 

Figure 3.32: The noise-subtracted energy resolution for cylinder clustering (cl6) and 
different configurations of topological clustering for hadrons in position 4L. The figure to the 
right shows a close up section of the higher energy beam points to emphasis the differences. 

thresholds for channel clustering. The noise-subtracted energy resolutions for the 

various topological clustering configurations and the default cylinder clustering are 

shown in Figure 3.32(a), with associated fit parameters in Table 3.13. A zoom of 

the higher energy beam points is shown to the right in Figure 3.32(b). There is an 

observable difference in the resolutions for the different clustering configurations with 

the cylinder clustering preforming best, followed by t420, t320, and t520 which are 

grouped together. The linearity of the response to hadrons for each of the topological 

clustering cases considered is shown in Figure 3.33. 

For hadrons, the energy resolution and linearity are best for the cylinder clustering. 

For the topological clustering cases considered here the best choices are t420, t320, 

and t520. This implies that the cut on the last parameter P should be zero to 

fully cluster the energy in the shower from outlying channels that contain real but 

small energy depositions. To achieve the required jet energy scale resolution ATLAS 

requires that the energy resolution in the FCal be [30]: 

aE 100% • GeV1/2 

E VE 
e io%. (3.30) 
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Figure 3.33: The linearity for the default cylinder clustering (cl6) and six different con
figurations of the S/N/P parameters of the topological clustering for hadrons in position 
4L at the electromagnetic scale. 
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Clustering 

t420 
t421 
t422 
t430 
t320 
t520 
cl6 

Stochastic Term [% 

114.8 
125.0 
143.8 
126.7 
119.7 
116.5 
88.4 

GeV"1/*] Constant Term [%] 

4.9 
4.3 
3.9 
4.6 
4.0 
4.8 
7.0 

Table 3.13: Noise-subtracted energy resolution fit results for the stochastic and constant 
terms, for the default cylinder clustering and different configurations of the S/N/P pa
rameters of the topological clustering for hadrons in position 4L. All values are at the 
electromagnetic scale. 

For all of the clustering types the constant term is well below this requirement, how

ever for the stochastic term, only the cylinder clustering meets the requirement, while 

the best topological clustering configurations (t420, t320, t520) come close. As a re

minder these results are at the electromagnetic scale. The use of a hadronic weighting 

scheme that corrects for fluctuations in the invisible hadronic shower component can 

improve these resolutions [19]. It is important to note that these results are for the 

impact position 4L, which has a minimal amount of upstream material and results 

in fully contained hadron showers; in moving to ATLAS there is additional upstream 

material in front of the FCal and leakage is possible as showers approach the inner 

and outer edge. The effect will be to worsen the energy resolution from the values 

quoted here. 

Throughout the remainder of this thesis the test beam analysis will use the topo

logical clustering algorithm with setting S/N/P = 4/2/0 for both electrons and 

hadrons. 
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3.9.2 Topological Clustering Shower Shape Variables 

Once a topological cluster has been formed in ATLAS, software will be used to deter

mine the likelihood that this cluster originated from an electromagnetic or hadronic 

particle. For hadrons, calibrations are applied to correct for the invisible energy losses 

and attempt to reduce the non-linearity of the response. Associated to the topolog

ical clustering are shower shape variables, called moments, that are used in ATLAS 

to help distinguish electromagnetic and hadronic showers. This section gives a brief 

comparison of these shower shape variables for electrons and hadrons in the position 

4L test beam data. 

The nth moment of a variable x for a cluster is defined as [31]: 

{XU) = ^—- J2 E*X* Wlth E™™ = Yl E* ' (3"31) 
n ° r m {i|£,>0} {»|B.>0} 

where E% is the energy deposited in the zth channel. The sum % is over all positive 

energy channels in that cluster. Variables of interest include those that characterize 

shower longitudinal depth and radial size, and shower density. The cluster center is 

a channel energy weighted point in 3D space (x, y, z), where only positive energy 

channels are kept in the weighting. A cluster can also be characterized by its shower 

axis, the axis along which the shower is propagating (no dependence on the IP). A 

qualitative sketch of the shower axis s and cluster center c with respect to a channel 

that is a distance x% from the IP is shown in Figure 3.34. The variables Xt and rt are 

defined below. 

Figure 3.35 shows selected topological cluster moments for the highest test beam 

energy electron and hadron data. It is important to keep in mind that there is a small 

fraction of hadron and muon contamination remaining in the electron data, and muon 

contamination in the hadron data which can slightly alter the shapes and contribute 
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Figure 3.34: A picture of a cluster with some cloud-like shape. The shower axis is denoted 
by the vector s and the cluster center by the vector c which points from the cluster center 
to the IP. The vector for a channel x^ is labeled as X{. The variables Aj and rj describe the 
longitudinal and lateral showers, and are defined in the text. Figure is taken from [32]. 
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to the tails. 

The first density-type moment shown is the energy density (Figure 3.35(a)), where 

in Equation 3.31 x1 = p = E/V, the energy per unit volume of the channel. The 

second density-type moment is shown in Figure 3.35(b), and is the fraction (/max) of 

the total cluster energy (-Btotai) in the channel with the maximum energy (Emax): 

/. -C'max 
/ m a x ~j^ • 

•C'total 

Electromagnetic showers are more dense, so as expected the average values for these 

moments are shifted to higher values for the electron distributions. 

Hadronic showers tend to produce on average larger showers in the transverse di

rection. Figure 3.35(c) shows the second moment of r, where r is the cross-product be

tween the shower axis and channel centers, i.e. the transverse distance between chan

nels and shower axis (shown as (r2)). The variable called 'Lateral' in Figure 3.35(d) 

is the normalization of the second moment of r and is a complicated function defined 

as: 

Lateral = MTfc>- (3'32) 

in which 

V2) = p ' 2-^i Ei r2i f r2 = 0 for two most energetic channels 
*no™ {i\Et>0} > 

(r2 \ = —!—• V^ F- r2 

\ m a x / rp / j J-/t max,i •^norm , . , . . , 

= 40 mm for two most energetic channels 

= 0 for all other channels 

Both lateral-type moments demonstrate that as expected the hadronic showers are 

on average wider in the transverse plane than electron showers. 
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Hadronic showers tend to be deeper, the three longitudinal-type moments pre

sented are described in the following sentences. The variable A is the dot-product of 

channels centers along the shower axis, and therefore is the longitudinal component 

of the shower (shown as (A2)) in Figure 3.35(g). In Figure 3.35(e) Ac is the distance 

from the cluster center to the calorimeter front face along a vector pointing from 

the cluster center to the IP (where the IP is assumed to be the ATLAS IP). The 

longitudinal depth of each FCal module is approximately 440 mm. The z coordinate 

of every channel is taken as the midpoint in the electrode. So the distance from the 

front face of FCall to each channel in FCall, FCal2, and FCal3 is approximately 

220 mm, 660 mm, and 1100 mm, respectively, which roughly correspond to the peaks 

in the Ac distribution. For electrons the peak is at 220 mm, meaning the channels 

clustered with significant energy are in FCall. 

The normalized 'Longitudinal' moment is similar to the Lateral moment and is 

defined as: 

Longitudinal = 2
 2 —r , (3.33) 

\ A 2 / + \Amax/ 

with (A2) has Aj = 0 for the two most energetic channels, (A2,^) has A; = 10 cm for 

two most energetic channels and Aj = 0 for others in the sum over the channels in 

that cluster moment calculation. 

The ATLAS collaboration has recently been investigating the possibility of recon

structing electrons in the forward region, including the FCal, to increase statistics for 

certain physics channels. The search for the decay of the Z boson into two electrons 

(Z —> ee) is one such physics channel including the FCal in the analysis. By search

ing for one forward (2.5 < |?7| < 4.9) electron in conjunction with a central electron 

(\r]\ < 2.5) the signal acceptance is expected to increase by 30% [33]. Historically, 

ATLAS has only been reconstructing electrons in the region of \rj\ < 2.5, coinciding 
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Figure 3.35: Topological clustering shower shape variables used in ATLAS to distinguish 
electromagnetic and hadronic showers. Shown here are the shower shape variables for the 
highest energy electron (black circles) and hadron (lightly shaded triangles) beam energies. 
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with coverage of the inner detector tracking. In the forward regions electrons must be 

identified by their energy deposition in the calorimeters alone. Shower shape variables 

like those in Figure 3.35 are used to build a likelihood function to assign a probability 

for a particle to be an electron in the FCal. It is expected that the identification effi

ciency of electrons in the FCal will be approximately 50%. The distributions shown 

in Figure 3.35 use real data and support the possibility that the FCal can be used to 

identify electrons. 

3.9.3 Topological Cluster Splitting Algorithm 

The topological cluster splitter algorithm is run by default in the ATLAS reconstruc

tion chain [34]. It is used to split topological clusters that might have merged together 

from nearby objects. Hadronic showers do contain electromagnetic components and 

the topological splitter can be used to separate out and apply the different calibra

tions to them. In the splitting routine, the initial topological clusters are examined 

to search for regions of local maximum energy depositions that might warrant the 

creation of new clusters. A new local maximum is established if a channel in a cluster 

meets the following three requirements: 

1. The channel has energy greater than 500 MeV (called the energy cut). 

2. It must have no neighbouring channels with larger energy. 

3. The number of channels in the parent cluster collection must be at least four. 

New clusters seeded by these local maxima are expanded by using channels already 

clustered using the initial topological cluster until bordering shared channels are met 

and split appropriately. 
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Figure 3.36: A comparison of event cluster multiplicities when the topological cluster 
splitter is enabled (shaded line) and disabled (black line) to the highest energy hadron 
(left) and electron (right) data in position 4L. 

In the analysis described in this section the topological cluster splitter is enabled 

and its effect is studied for the highest energy test beam data in position 4L. Fig

ure 3.36(a) shows the number of clusters per event when the topological splitting 

algorithm is enabled (shaded line) versus disabled (solid black line) for hadron data. 

It is clear that the multiplicity of clusters per event significantly increases with the 

application of the topological cluster splitter; it is unknown whether this effect is too 

large, so further investigation follows. 

For electrons the shower is solely due to electromagnetic components, so showers 

initiated by electrons should have little change in the number of clusters formed 

per event when the topological cluster splitter is used; the multiplicity of clusters is 

shown for electrons in Figure 3.36(b) when the splitter is turned off and on. The 

mean multiplicity increases from 1.1 to 1.7 when the splitting routine is applied to 

electron data. For hadrons this effect is more severe, changing the average cluster 

multiplicity from 1.3 to 3.4. 

To determine some of the qualities of these new clusters the geometric cluster 

centers in x and y are shown in Figures 3.37(a) - 3.37(d). For both hadrons and 

electrons the new clusters tend to form near the primary cluster location, where the 
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Figure 3.37: A comparison of cluster centers in x (top) and y (bottom) when the topolog
ical cluster splitter is enabled (lightly shaded line) and disabled (black line) for the highest 
energy hadron (left) and electron (right) data in position 4L. 

primary cluster location reflects the impact position of the incoming particle. 

An interesting quantity to look at is the fraction of energy in the maximum energy 

cluster, shown in Figure 3.38 for electrons (right) and hadrons (left). The cluster with 

the maximum energy is the primary cluster, and based on the above arguments when 

the splitting routine is applied this primary cluster is split. For electrons the cluster 

energy that is lost from the maximum energy cluster is minimal. For hadrons a more 

interesting effect occurs, there is a tail to lower energy fractions from 100% to about 

50% and then there is a steep drop off. This implies some structure to the splitting; 

the splitting is producing more than two clusters (as the average multiplicity almost 
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Figure 3.38: A comparison the fraction of energy in the maximum energy cluster when the 
topological cluster splitter is enabled (light line) and disabled (black line) for the highest 
energy hadron (left) and electron (right) data in position 4L. 

quadruples) but the primary cluster retains anywhere from 50% to 100% of the real 

energy, as it is depicted in Figure 3.38(a). 

Variations of the default topological cluster splitter parameters were tested to 

investigate the significant increase in cluster multiplicity that it produced. The source 

of the largest variations was the energy cut requirement, which is the minimum energy 

for a channel to seed a local cluster maximum. In the default algorithm this energy cut 

is set to 500 MeV, uniformly for all ATLAS calorimeters. In FCal2 and FCal3 the noise 

for most channels is between about 400 MeV and 500 MeV, whereas the expected 

electronic noise for the barrel calorimeters, for which this algorithm was tuned, is 

expected to be 10 times lower, see Figure 3.39 [7]. A random noise fluctuation in a 

channel in the FCal can easily fake a new local maximum. 

The cluster multiplicity is quite sensitive to the choice of this energy cut parameter. 

Figures 3.40(a) and 3.40(b) show the cluster multiplicity for hadrons and electrons 

when the energy cut is set to 500 MeV (default), 200 MeV, and 1 GeV. For reference 

the case where no topological splitting is used is also shown. As expected, in changing 

from the default energy cut 500 MeV to 200 MeV there is a slight increase in the 

number of clusters formed per event. In going from an energy cut of 500 MeV to 1 
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Figure 3.39: Expected electronic noise for the individual channels in the ATLAS calorime
ters [7]. Notice the expected noise for the FCal is significantly greater than that in the 
barrel. 

GeV there is a decreased number of clusters formed per event. For the case of the 

electrons the distribution using a 1 GeV energy cut looks very similar to the case 

where no splitting is applied, which is the desired effect for a single electromagnetic 

particle entering the calorimeter. 

The total reconstructed energy and resolution are unaffected by this topological 

cluster splitter, as long as the energy from all of the clusters are summed together, 

and not just the primary cluster. In ATLAS it is unlikely that all clusters in the FCal 

will be summed together to give the energy response to a particle, since there will 

be a multitude of particles from different sources and clusters seeded by pure noise. 

It is more likely that one or a few clusters will be summed together. The energy 

distribution for the cluster with the maximum energy for the case of the topological 

splitter off, splitter on with the default settings, and splitter on with 200 MeV and 1 

GeV energy cuts are shown in Figure 3.40(e) and 3.40(f) for hadrons and electrons, 
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Figure 3.40: The effect of changing the topological splitter energy cut parameter from 
the default (black line), to 200 MeV (shaded dashed line), to 1 GeV (shaded solid line) as 
applied to the highest energy hadron (left column) and electron (right column) data. For 
reference the distributions when no splitting algorithm is used are shown by points. 
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respectively. The shape and qualitative description of these distributions are related 

to the figures above showing the fraction of energy in the maximum energy cluster. 

For hadrons there is a shift of the peak in the maximum energy cluster towards 

lower energy when the topological cluster is enabled. This could be interpreted as 

breaking up the primary cluster into hadronic and electromagnetic components. This 

splitting algorithm is normally used in conjunction with a hadronic weighting scheme 

that applies different weights to the electromagnetic and hadronic showers to recover 

the total particle energy. This topological hadronic weighting scheme is not used in 

the test beam analysis. 

The number of channels clustered for each cluster is shown in Figures 3.40(g) for 

hadrons and 3.40(h) for electrons. Note here that the distributions are not normalized, 

and that the histograms representing the 200 MeV energy cut have more entries 

because more clusters are produced in each event. In all cases as the energy cut is 

reduced the average number of channels clustered decreases, as the same number of 

channels are being split amongst more clusters. The peak around 10 channels per 

cluster represents clusters that are seeded purely by noise, and have few neighbouring 

channels included in the cluster. In the electron data there are approximately the 

same number of channels clustered for the case where the splitter is off and when it 

is on with a 1 GeV energy cut. For the lower energy cuts of 500 MeV and 200 MeV 

there is a migration of the number of channels per cluster to lower values. Unlike 

electrons, hadrons do not have similar distributions, for the 1 GeV energy cut and 

topological splitter off. 

The final optimal configuration of the topological cluster splitter should be one 

that does not alter the number of clusters formed for electrons without its use. In this 

test beam analysis the final electron sample does have a very small fraction of hadron 

contamination, so small increases in the cluster multiplicity could be expected due to 
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hadron events with electromagnetic shower components. Further studies should be 

made to optimize this algorithm for the FCal. 

3.9.4 Summary of Topological Clustering Results 

The topological clustering algorithm is the default clustering algorithm used by the 

ATLAS collaboration for the FCal. This algorithm and variations of it were applied 

to the test beam data to ensure the optimal choice of parameters were being used. 

The first investigation was of the S/N/P settings. For both electrons and hadrons 

reconstructed in the FCal, this test beam analysis finds the choice of S/N/P = 4/2/0 

as the best configuration, which agrees with the default used in ATLAS. 

Without tracking detectors in front of the FCal, particle identification must be 

made via characteristics of the calorimeter. Using shower shape variables computed 

with the clusters formed by topological clustering, it will be possible to discriminate 

between electrons and hadrons. The most important discriminating power comes from 

the properties of the channel densities, and lateral and longitudinal shower shapes. 

Finally, the topological clustering splitting algorithm was studied with the test 

beam data. The goal of the splitter is to create separate clusters for individual 

particles, and to identify electromagnetic and hadronic components of the shower. In 

principle, applying the topological splitting algorithm to electron data should have 

little effect on the multiplicity of clusters created per event. The results of this analysis 

have found that the default topological cluster splitting algorithm is not optimized 

for the FCal, as there is a 55% increase in the clusters formed for electrons and a 

significant increase in the number of clusters formed for single hadrons. The choice of 

the energy cut parameter of 500 MeV, which is one quantity that determines if a new 

cluster should be formed, and is the same value for all of the calorimeters, is too low 
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for the FCal given its higher electronic noise. The study finds an increase of the cut 

to 1 GeV improves the cluster multiplicity, and yields little change in the multiplicity 

for electrons as compared to the case where the splitting routine is disabled. The 

cut of 1 GeV has not been optimized, only shown to improve performance. A more 

systematic study should be conducted by scanning the effect range of energy cuts 

> 500 MeV. 

Unless otherwise stated, the following sections of the thesis use the topological 

clustering algorithm S/N/P = 4/2/0 with the topological cluster splitter turned off. 

3.10 Monte Carlo Method 

Another goal of the test beam analysis was to ensure that simulations of the FCal 

and physics processes occurring inside this detector were modelled correctly in the 

ATLAS MC software. MC simulations are routinely used to make predictions about 

particle production and detector reponse. These predictions are used to set limits 

on expected discovery and observation potentials, and so it is essential that the MC 

accurately models the characteristics of the data. 

Simulation 

The test beam used beams of known type, energy, and impact position, so beam 

test events can be simulated with these same beam parameters and the detector 

response compared to data. A MC simulation of the test beam was developed using 

the ATLAS Athena software framework and GEANT4 [35]. GEANT4 allows users 

to establish geometry volumes of materials, for which it then describes the physics 

processes that occur as particles travel through these materials. Particles are followed 

until they reach some minimum energy. That minimum energy is the energy necessary 

for the final particles to travel some minimum distance, called the range cut. The 
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default range cut in the FCal is 30 jtim. 

In GEANT4, the particle interactions with matter use an assembly of models and 

experimental data. The combination of models are collectively called a physics list. In 

the ATLAS collaboration and this analysis the default GEANT4 physics list is called 

QGSP_BERT [36]. This physics list has been chosen as default because it has been 

recommended by the GEANT4 collaboration for high energy physics experiments [37], 

speed of computation, and it is the one that best matches the various ATLAS test 

beam data results. 

Within a physics list there are separate models that are used for each particle type 

at different energy scales. Electromagnetic interactions are fairly simple and well 

understood, while hadronic interactions are much more complicated and therefore 

are much more sensitive to the choice of physics models. The following describes the 

models used at each energy range for high energy hadron interactions with nuclei in 

the QGSP_BERT physics lists. 

12 GeV - 100 TeV The quark-gluon string (QGS) model is a theoretical approach 

to describing the result of the interaction between the incoming particle and 

nuclei. It is modelled by the production of one or more strings and an excited 

nucleus [38]. Strings connect the interacting partons in the interaction and are 

the basis of the fragmentation model, as the parton separate the string expands 

and acquires more energy. Parton pairs are produced along the string giving 

rise to hadronic showers. This continues until the string does not have enough 

energy to create new parton pairs. 

10 GeV - 25 GeV For particles interacting with nuclei with energies in the range 

of 10 GeV to 25 GeV the Low Energy Parametrized (LEP) model is used to 

describe the fragmentation. These models parametrize experimental results for 
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cross-sections, angular distributions, and multiplicities, combined with theory 

for conservation laws. 

100 MeV - 10 GeV Intra-nuclear cascades of particles interacting with nucleons 

inside the nucleus are modelled using the Bertini (BERT) cascade [39]. The 

cross-sections and angular distributions are based on experimental data. 

< 200 MeV The de-excitation of the remaining nucleus, nucleon-nucleus interac

tions, and fission are described by the precompound (P) model. 

There are some regions of overlap between the models, when this occurs one model 

is chosen at random to decide the outcome of the interaction. 

This simulation also makes use of Birk's law for recombination effects inside the 

liquid argon [40,41]. By properly including recombination effects the consequence is 

to reduce the overall charge collection. 

The geometry of the test beam was established using volumes of specified size, 

location, and material reproducing the test beam environment based on the descrip

tions in the detailed logbook of the test beam setup. The distances along z and 

alignment of the cryostat were such that beam particles appeared to originate from 

the B9 magnet. The liquid argon gaps were flagged as the active volumes, where the 

collection of energy measured by the detector would occur. All other parts of the 

FCal were designated inactive regions, and did not contribute to the energy recon

struction. Details of the test beam MC geometry and simulation calibrations can be 

found in [42], and were implemented primarily by J.P. Archambault (Carleton Uni

versity) and P. Thompson (University of Toronto). Note that in the simulation all 

of the FCal channels were read out, whereas in the real test beam only 992 channels 

were read out, however this should not have any impact on the analysis as no real 

energy was deposited in these un-instrumented regions in the data or MC. 
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The original simulation included a circular beam spot with a diameter of 6.5 cm, 

such that particles were equally likely to originate anywhere within that circle and 

propagate to the FCal. In reality the beam provided to the H6 line had a diameter of 

roughly 6.5 cm, but often with some non-uniform distribution inside that diameter. 

In this analysis the real beam profile was used as input into the simulations, such 

that the probability of generating a particle from a particular point within the beam 

spot followed the same probability as that of the data. This was done to model the 

data conditions as closely as possible, by simulating the relative channel populations 

correctly, and accounting for any possible impact point dependence. 

The beam population from each data run (after all event selections) were used as 

input for the beam profile in the simulation. For every run in the data 1,000 events 

were simulated in the MC following the beam spot distribution from that run. 

For each event, the simulation returns a set of hits, which is the energy deposited 

in the active regions of the detector and associated time of these hits. 

Digitization 

After the events are simulated the energy and time of each hit in the active regions are 

passed along to the digitization step. The goal of this step is to convert the hits into 

a form similar to that of the real detector, by representing the hits as time sampled 

currents of the pulse shape. For each channel the following information is read from 

a database: 

- conversion between hit energy and energy deposited in all regions of the calorime

ter 

(a ratio based on the amount of energy deposited in the active regions versus the 

total 

incident energy from the simulation) 
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- a conversion from energy into ADC counts (based on data results) 

- pulse shape 

- electronic noise 

- sample autocorrelation matrix 

For this test beam analysis the default values stored in the ATLAS database were 

used for the above parameters, and were based on results from test beam studies and 

early commissioning of the FCal in ATLAS. By default only five time samples were 

created, which differs from the real test beam environment that sampled the pulse 

seven times. 

Following the creation of the digitized samples, the digitization step applied the 

OF reconstruction to the samples to extract the expected peak height, just as in the 

reconstruction of the real data. 

The final output of the digitization stage is a reconstructed energy and time for 

each liquid argon channel, in a software format used by the real data. 

Reconstruction 

In the ATLAS MC reconstruction there are two steps. In the first step a calorimeter 

channel is created, holding channel identification characteristics. Once the channels 

are created they are supplied to the final step in the reconstruction chain, the clus

tering procedure. The topological clustering algorithm used in this reconstruction 

has identical parameters as in the data. For the MC the noise was read in from the 

database, using the same values as were used in the digitization. 

The software used for all three steps was the same as that used in ATLAS for the 

official MC productions, with some small modifications where necessary to account 

for subtle differences in the test beam environment. 
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3.10.1 Data and Monte Carlo Comparisons 

The study of the test beam data and MC analysis focusses on comparing the prop

erties of hadron showers as initiated by hadron data in position 4L using topological 

clustering with configuration 4/2/0 at the electromagnetic scale. The energy distribu

tions for the test beam data and MC for each beam energy are shown in Figure 3.41. 

The high energy tail is present in the MC, which is due to the geometry of this 

calorimeter. 

The energy distributions for the data and MC were separately fitted to a double 

Gaussian to parametrize the response. Figure 3.42 shows the mean reconstructed 

energy divided by the beam energy as a function of beam energy for the data and 

MC, at the electromagnetic scale. The shaded band represents the systematic error on 

the data, which come from examining the possible variations with respect to fitting 

procedure and clustering type (t420, t320, t520). The data and MC agree within 

2%, at the worst energy, and are within the systematic uncertainties. For all of the 

beam energies, the ratio of the reconstructed to beam energy is greater for the MC 

as compared to the data. 

The electromagnetic response for the data and MC is close, but not exact, therefore 

it is insightful to compare relative quantities that are independent of the absolute 

scale. The fraction of the total clustered energy in FCall, FCal2, and FCal3 is shown 

in Figure 3.43 for 200 GeV and 60 GeV hadrons. On average the MC hadronic 

showers deposit more energy in the first module. This reflects shorter longitudinal 

showers in the MC description of hadronic interactions with matter. On average the 

60 GeV hadrons deposit more energy in FCall than the 200 GeV hadrons, since the 

longitudinal depth of a shower is correlated to the energy of the incident particle. 

Overall the features of the data are fairly well described by the MC. 
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Figure 3.41: Energy distributions for hadron data (black points) and MC (histogram line) 
at position 4L. 
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Figure 3.42: The hadron energy response for the data (points) and MC (triangles) at 
the electromagnetic scale. The shaded region represents the systematic error on the data 
points. 

To study the transverse shower profiles the energy is summed in radial slices from 

the impact point of the particle, as defined using the BPC tracks for the data and true 

projections from the MC. A plot of the cumulative energy sum as a function of the 

distance from the impact point is shown in Figure 3.44 for each module normalized 

to the energy at a radial distance of 100 mm. The sums include the energy from all 

channels in that radial distance, not just those selected by topological clustering. In 

FCall the hadron showers are narrower in the data than in the MC. In FCall the 

energy rises more quickly with radius than in FCal3, because in FCal3 the shower 

has a much wider geometric shape in the transverse plane. These characteristics are 

also tied to the longitudinal shower profiles; for the MC the showers develop much 

earlier, creating wider showers in FCall. 

The fraction of energy in the cluster with the maximum energy is 99.6% for both 
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Figure 3.43: The fraction of the total energy deposited in FCall, FCal2, and FCal3 for 
200 GeV (left column) and 60 GeV (right column) hadron data, shown in black points, and 
MC with histogram lines. 
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the 200 GeV hadron data and MC. A few cluster related quantities are discussed in the 

following paragraphs for this maximum energy cluster. The distribution of channel 

energies and the number of channels clustered in that maximum energy cluster for 

each module are compared for the data and MC in Figure 3.45. The data may 

cluster slightly more channels, but the energy of those channels clustered by the MC 

is greater, leading to the larger response of the MC with respect to the data. The 

largest difference between the data and MC is in the middle of the energy spectra, 

for low cell energies the two distributions agree well. 

3.10.2 Data and Monte Carlo Topological Cluster Shower 

Shapes 

In ATLAS one of the hadronic calibration schemes uses the topological cluster shower 

shape variables from the MC to identify hadronic showers to thereafter set corrections 

on real data. It is therefore very important to determine if these shower shapes from 

the MC correctly describe the shower shapes seen in the test beam data, since these 

calibrations will be applied to the ATLAS pp collision data. 

Figure 3.46 shows the distributions for the density-type shower shape variables. 

Figures 3.46(a) and 3.46(b) show an example of the distribution for 150 GeV test 

beam data and MC for the cluster density (p) and fraction of energy in the channel 

with the highest energy (/max), respectively. Figures 3.46(c) and 3.46(d) show the 

mean value of the distributions for the data and MC across all beam energies. For 

comparison, the ratio of the mean value of the MC distribution divided by the mean 

value from the data is also shown. The density of the cluster increases with increasing 

energy, a reflection of the fact that the contribution from electromagnetic particles in 

hadronic showers increases with energy. The MC has denser showers than the data, 
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Figure 3.45: The number of channels and their energies for 200 GeV hadron data and MC 
in FCall, FCal2, and FCal3, for the cluster with the maximum energy in the event. The 
data are shown as black points, and the MC are in the histogram line. The term cell in the 
figure corresponds to channel. 
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Figure 3.46: Topological clustering density shower shape variables that are used in ATLAS 
to distinguish electromagnetic and hadronic showers. As an example the distributions for 
150 GeV hadron test beam data (black points) and MC (histogram line) are shown in (a) 
and (b). Figures (c) and (d) show the mean value from each distribution as a function of 
beam energy for data (circles) and MC (triangles). Below, the open boxes represent the 
ratio of the MC to the data. The errors shown are statistical only. 

by approximately 10% - 16% at energies greater than 60 GeV with a fairly constant 

difference. As one gets to lower energies, the ratio of the MC to the data tends to 

become closer to one. 

The distributions for the topological cluster shower shape variables that describe 

the transverse shower shape are shown in Figure 3.47. Figures 3.47(a) and 3.47(b) 

show an example of the distribution for 150 GeV test beam data and MC for the 

second moment of r (the cross-product of the channels in the cluster with the shower 
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axis) and the normalized lateral moment, respectively. Figures 3.47(c) and 3.47(d) 

show the mean value of the distributions for the data and MC across all beam energies, 

and below the ratio of the mean value of the MC divided by the mean value from 

the data. For all beam energies the MC showers are not as wide as the data, with 

the MC/data < 1. For energies greater than 60 GeV the MC showers are about 90% 

the width of the data showers; with a trend towards similar widths at lower energies. 

The transverse shower shapes are approximately independent of the incoming particle 

energy above 60 GeV, which agrees with the model of particle interactions with matter 

presented in Section 3.1. 

Figure 3.48 shows the distributions for the topological cluster shower shape vari

ables that describe the longitudinal shower shapes. Figures 3.48(a), 3.48(c), and 

3.48(e), show example distributions for 150 GeV data and MC for the center of A 

moment, the second moment of A (recall A is the dot-product of the channels in the 

cluster with the shower axis), and the normalized longitudinal moment, respectively. 

Figures 3.48(b), 3.48(d) and 3.48(f) show the mean value of the distributions for the 

data and MC across all beam energies, and below with the ratio of the mean value of 

the MC divided by the mean value from the data. In all plots the MC showers are less 

deep than the data. For the variables A2 and the normalized longitudinal moment, 

the MC is shorter than the data by about 5% for the high energy hadrons. As has 

been the case with the other shower shape moments, there is a tendency for the dis

tributions to agree better at lower energies. The un-normalized longitudinal moments 

are energy dependent, and represent deeper showers for higher beam energies. 

The comparison of the topological shower shape variables for the data and MC 

indicate that the MC shower descriptions are too dense, narrow, and short as com

pared to the data. The response at the electromagnetic scale is greater for the MC 

(by 1-2% for energies greater than 40 GeV), possibly indicating this excess energy is 
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Figure 3.47: Topological clustering transverse shower shape variables that are used in AT
LAS to distinguish electromagnetic and hadronic showers. As an example the distributions 
for 150 GeV hadron test beam data (black points) and MC (histogram line) are shown in 
(a) and (b). Figures (c) and (d) show the mean value from each distribution as a function 
of beam energy for data (circles) and MC (triangles). Below, the open boxes represent the 
ratio of the MC to the data. The errors shown are statistical only. 
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Figure 3.48: Topological clustering longitudinal shower shape variables that are used in 
ATLAS to distinguish electromagnetic and hadronic showers. As an example the distribu
tions for 150 GeV hadron test beam data (black points) and MC (histogram line) are shown 
in (a), (c), and (e). Figures (b), (d), and (f) show the mean value from each distribution 
as a function of beam energy for data (circles) and MC (triangles). Below, the open boxes 
represent the ratio of the MC to the data. The errors shown are statistical only. 
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being deposited in a narrow cone around the incoming particle near the front of the 

calorimeter. Other ATLAS test beam studies of the barrel calorimeter also find that 

the GEANT QGSP-BERT physics list produces particle showers that are more narrow 

than seen in data [32]. Alternative physics lists are being explored in ATLAS for use 

in future simulations. One that shows promise is the FTF-BERT physics list which 

changes the model of the interactions at high energies (> 1 GeV) [32]. 

3.11 Response of the Forward Calorimeter at High 

\v\ 

The ATLAS calorimeter system is almost perfectly hermetic, with a few cracks be

tween different calorimeter structures. One of the largest regions without calorimeter 

coverage is beyond the inner radius of the FCal, where the LHC beam pipe enters 

ATLAS. The FCal provides calorimeter coverage up to an |?7| of 4.9. As a particle 

enters the calorimeter at an impact point close to the inner edge there is an increased 

chance that some of its energy will not be contained in the FCal, leaking out of the 

detector along the beam pipe. It is necessary to understand how showers develop near 

this inner edge region, and understand the energy loss associated with the showers 

produced by these particles at very high |?y|. 

The study of the response of the FCal at high \n\ has been done with 200 GeV 

hadron data at test beam impact positions 1, 2, and 3. As a reminder, these points 

span a range of approximately 4.3 < \n\ < 4.9. The clustering used is the topological 

clustering algorithm with the default ATLAS settings previously described, and with 

the topological splitting algorithm disabled. The analysis was done at the electro

magnetic scale. The total number of events after all cuts for each impact position are 
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Number of Events 

Position 1 

209319 

Position 2 

120467 

Position 3 

181738 

Table 3.14: The total number of events after all cuts for the hadron data used for the 
inner edge analysis. 

in Table 3.14. 

An example of the location versus clustered energy deposition is shown in Fig

ure 3.49 for one 200 GeV hadron event at impact position 1. The beam pipe is shown 

as the empty circle in the center. The size of the squares represent the read out 

channel size. Some channels at the inner and outer edge are smaller, formed by one 

electrode group. As can be seen from this figure there are energy deposits all around 

the beam pipe, despite the fact that the particle strikes FCall on the right side. The 

showering of the energy around the beam pipe propogates through all of the modules. 

In the topological clustering algorithm new clusters across the beam line are formed 

that are not adjacent to any channels from the primary cluster. 

The total clustered energy per event (summed over all clusters) for the 200 GeV 

hadron data at each impact position is shown in Figure 3.50. For reference the 

200 GeV hadron data at position 4L is also shown. The beam particles at impact 

position 3 hit the FCall front face between 100 mm and 170 mm from the center of 

the beam line. As the inner edge of the FCall is at 72.3 mm it is possible that many of 

the hadrons showers for position 3 were not fully contained in the calorimeter. There 

was also additional upstream material in front of the FCal at position 3 compared 

to position 4L, 5 cm of aluminum and 10 cm of polyethylene (roughly 0.25 A). This 

results in some additional energy loss upstream of the FCal. These differences cause 

a decrease in the mean reconstructed energy and wider variation in the response at 

position 3 compared to position 4L. 
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Figure 3.49: Event display of channel positions and energies for channels clustered in one 
200 GeV hadron at impact position 1. The test beam used the C-side modules of the FCal. 

The energy spectrum for position 2 has a low energy shoulder at approximately 

70 GeV. This is an artifact of the uneven population of the beam spot and variation of 

the response with R. This was checked with energy distributions from MC simulations 

using the same beam particle profile as in the data. A MC with a uniform beam 

distribution had a smooth low energy tail. The width of the energy distribution in 

position 2 is significantly greater than that of position 3, reflecting the energy losses 

and shower variability associated with particles striking the FCal at increasing \rj\. 

For impact position 1, the energy distribution (Figure 3.50(d)) shows a wide main 

peak at around 140 GeV, and then a long low energy tail, caused by the presence of 

the beam line and the splashing of energy across it. 

Frac Energy FCall [%] 
Prac Energy FCal2 [%] 
Frac Energy FCal3 [%] 
Average Number of Clusters/Evt 
Frac in Max. Energy Cluster [%] 

Position 1 

47.9 ± 31.3 
39.1 ± 24.9 
17.9 ± 25.4 
2.38 ± 1.50 
93.4 ± 9.5 

Position 2 

57.8 ± 29.2 
38.5 ± 26.4 
6.8 ± 12.2 
1.99 ± 1.18 
97.9 ± 3.8 

Position 3 

58.8 ± 29.2 
37.9 ± 26.3 
6.4 ± 12.0 
1.59 ± 0.87 
99.3 ± 1.7 

Position 4L 

56.4 ± 29.5 
40.0 ± 26.5 
6.7 ± 12.3 
1.32 ± 0.59 
99.6 ± 1.1 

Table 3.15: The fraction of the total clustered energy in FCall, FCal2, and FCal3. Also 
shown is the cluster multiplicity and fraction of energy in the maximum energy cluster 
for the four impact positions. The errors quoted are statistical uncertanties only. The 
distributions themselves typically do not follow a Gaussian distribution. 
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Figure 3.50: The total clustered energy at the electromagnetic scale 
(FCall+FCal2+FCal3) for 200 GeV hadrons at the five impact positions. 
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The properties of the energy deposition can be compared for each position. Along 

the longitudinal direction the fraction of energy deposited in FCall, FCal2, and FCal3 

is compared; the first three rows of Table 3.15 show this mean value for each module. 

With the additional material upstream for impact position 3 the showers tend to start 

earlier than for position 4L, depositing more energy on average in FCall. Position 1 

had slightly more upstream material than the other inner edge positions, 3.0 cm thick 

aluminum, which should have caused the showers to start even earlier. One would 

expect the fraction of the total energy deposited in FCall to be higher in position 1 

than for the other positions. However, from Table 3.15 one can see the fraction of 

energy in FCall for position 1 is in fact the lowest. Impact position 1 was positioned 

such that particles would strike on average between 40 mm and 110 mm from the 

center of the beam line, so half of the particles go through the hole in the center 

of FCall (r < 72.3 mm). Although the showers could start earlier with the added 

upstream material, the particles that do not first interact with the FCal at the front 

face of FCall continue traversing the beam line and can interact with materials of 

the beam line and cryostat eventually producing showers that deposit more energy in 

FCal3. 

Also shown in Table 3.15 is the average number of clusters per event, and the 

fraction of energy in the cluster with the maximum energy. Position 1 tends to form 

a higher multiplicity of clusters, with clusters forming across the beam line that carry 

some small fraction of the total reconstructed energy. For position 4L there tends 

to be 1.32 clusters per event, with the main cluster containing almost 100% of the 

event's energy; other clusters are primarily formed by noise fluctuations. As one gets 

closer to the inner edge more clusters are formed per event with the consequence of 

splitting the shower energy among more clusters. 

In ATLAS the reconstruction of an object like a candidate electron or hadron is 
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unlikely to merge clusters that form on different sides of the beam pipe. This, tied 

with the leakage, will result in a decrease of the total reconstructed energy of an 

object which can have adverse effects when calculating particle energies or missing 

energy. The test beam data is used to propose a cluster-based correction to account 

for the energy loss. In an attempt to recreate the way objects are reconstructed in 

ATLAS, only the cluster containing the maximum energy (93.4%-99.3% of the total 

clustered energy) is considered in the proposed correction. 

The mean reconstructed energy as a function of the radial distance from the center 

of the beam line is shown in Figure 3.51. The x-axis shows the radial distance R from 

the center of the beam line using the BPC track projections in x and y to the front 

face of FCall, R = \Jx2 + y2. The value R = 0 corresponds to the center of the beam 

line. The average reconstructed energy (in the cluster with the maximum energy) is 

shown on the y-axis. The inner edge of FCall is at R = 72.3 mm. Even below 

this radius there is some energy deposition because the particle can interact with the 

material of the beam pipe, and/or graze the FCal beyond its front face (the particle 

enters with some small angle, 0.88 degrees). 

The data in Figure 3.51 represent the data from impact positions 1, 2, 3, and 4L. 

Impact positions 1,2, and 3 span a range from R = 40 mm to R = 170 mm. There 

is a gap for the region between R = 170 mm and R = 220 mm where no test beam 

data were available (refer back to the test beam impact positions in Figure 3.7). The 

data from impact position 4L span a range of R = 220 mm to R = 290 mm. The 

mean reconstructed energy as a function of radius for position 4L is flat, reflecting 

fully contained showers at this sweet spot in the FCal. 

There is a steep rise of the average reconstructed energy from about 20 GeV to 

160 GeV between 50 mm and 90 mm, then the slope slowly increases toward a plateau 

region, which is the average response of the FCal to hadrons at the electromagnetic 
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Figure 3.51: The mean reconstructed energy as a function of radial distance from the 
center of the beam line for 200 GeV hadrons using the data from impact positions 1, 2, 
3, and 4L. The radial distance Projection Rl is calculated by projecting the reconstructed 
tracks from the BPCs onto the front face of FCall. 

scale for showers that are fully contained. There is a slightly reduced response for 

position 3 (100 mm to 170 mm) with respect to position 4L, due to the added upstream 

material. 

Figure 3.51 uses tracking information from the BPCs to find the true impact 

position of the particle, hence the true R. Alternatively, calorimeter-only information 

can be used to define the radial distance. One way of doing this is by using the default 

cluster center to define the radial distance. This is energy weighted by positive energy 

channels in the cluster in the x, y, and z directions. Alternatively, the cluster center 

can be calculated using the positive energy channels clustered in FCall only. The 

plots of the average reconstructed energy in the maximum energy cluster as a function 

of R using these two calorimeter definitions of the cluster center are in Figure 3.52. 

The shapes of these distributions are not as smooth as when the tracking information 

is used. The spikes in both figures represent biases towards the channel centers. The 
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Figure 3.52: The mean reconstructed energy as a function of radial distance from the 
center of the beam line for 200 GeV hadrons using the data from impact positions 1, 2, 3, 
and 4L, using (a) the cluster center as calculated by topological clustering, and (b) only the 
channels clustered in FCall. 

data in the radial distances from 170 mm to 220 mm have large error bars since there 

are very few cluster centers formed in this region because particles never impact this 

region of the front face of the calorimeter. However since the cluster center quantity 

is averaged along all calorimeters in z and the granularity of the channel sampling 

increases with depth, it is possible that values in this range could be obtained. 

3.11.1 Cluster Correction for Inner Edge Energy Loss 

The distribution presented in Figure 3.51 has a distinct shape and can be used to 

apply a correction to a cluster once its radial distance from the center of the beam 

line is known. The radial distance from 50 mm to 120 mm has the steepest energy 

loss with decreasing radius. The energy loss in this region can be fit to the following 

function: 

E(r) = a + ;+-Gs) (3.34) 

where r is the radial distance, a the offset from zero in energy, b the plateau of energy, 

c the threshold in r defining the center of the curved region, and d the width of this 
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turn on region on either side of the threshold in r. The function was fit in the radial 

range from 55 mm to 120 mm, to best model the turn-on curve. In the fit a was 

fixed to zero, to reduce the number of fit parameters and because in theory at R = 0 

the mean reconstructed energy should be near zero. The fit to the data is shown in 

Figure 3.53(a). The fit finds the plateau to be at b = 151.5 GeV, which is slightly 

lower than the peak reconstructed energy due to the upper limit of the fit range. 

Increasing the fit range beyond 120 mm results in a poor fit to the data. The fit 

gives a threshold to be at c = 73.0 mm, close to the inner edge of the FCal at 72.3 

mm. The fit for the width was d = 14.5 mm, so over a range of about 30 mm at the 

inner-most edge there is a large variation in the possible reconstructed energy of a 

hadron. 

One important aspect to consider for any correction is to determine the energy 

dependence, if any, of the correction parameters. The function proposed above has 

an inherent energy dependence, the value of the plateau. However, an alternative 

function can be used that is normalized by the plateau value, b: 

W-^-ilH-fC^f)]- (3-35) 

This normalized distribution and associated fit are shown in Figure 3.53(b). 

Once the fit parameters were obtained the data were corrected by applying the 

following procedure. For each event the radial distance R to the cluster with the 

maximum energy was calculated. In the ideal case of the test beam this was done 

using the projection of the tracks onto the front face of the FCal. This value was 

substituted into the normalized function defined in Equation 3.35 (r = R). The 

function will return a value between 0 and 1, which represents the fraction of energy 

with respect to the plateau value. The measured cluster energy -Euncorr w a s corrected 
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Figure 3.53: Parameterizing the energy lost at the inner edge of the calorimeter with an 
error function. Figure (a) shows the fit to the data, where the free parameters are for the 
plateau, width, and threshold of the curve. Figure (b) is the normalized distribution where 
the data points have been divided by the fit for the plateau in (a). 

according to: 

j - , -t-'uncorr 
corr ~ ~F(RJ 

(3.36) 

The energy distribution for the combined data of impact positions 1, 2, and 3 before 

and after the correction are shown in Figure 3.54. The mean value of the raw dis

tribution increases closer to the value for the electromagnetic response for 200 GeV 

hadrons, and there is a decrease in the standard deviation of the distribution. 

The uncorrected da ta cannot be fit to a double Gaussian, because of the low energy 

tails. But from the raw distributions the mean reconstructed energy and width of the 

distributions before and after the correction are: 

<£>uncorr= 132.6 GeV a u n c o r r = 43.3 GeV 

<£>corr= 152.8 GeV a c o r r = 31.0 GeV 

The mean energy is improved by about 13% and the energy resolution is improved 

from 32.6% down to 20.3%. The fraction of events below 50 GeV goes from 7.6% to 

1.2%. The fraction of events above 250 GeV goes from 0.04% to 2.3%. 
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Figure 3.54: Energy distribution for 200 GeV hadrons for position 1, 2, and 3 before (left) 
and after (right) the inner edge correction, where the radial distance R has been calculated 
using the BPC projected tracks. 

It is necessary to test the energy dependence of the fit parameters c and d in 

Equation 3.35. MC simulations are required as the inner edge test beam data were 

only taken for hadrons at an energy of 200 GeV. Prior to doing this it is necessary to 

compare the data and MC for 200 GeV hadrons at the inner edge. 

3.11.2 Data and Monte Carlo Comparisons of Energy Depo

sition 

MC samples were generated for impact positions 1, 2, and 3. The average recon

structed energy in the maximum energy cluster as a function of the radial distance 

from the beam pipe is shown in Figure 3.55 for the data and MC. For the MC the 

projected radial distance is taken from the true particle generation information. For 

comparison the data distribution is superimposed as filled circles. 

The turn-on curve of the MC is steeper than in the data, reflecting the narrower 

and denser showers in the MC. The cross-over between the data and MC is at about 

75 mm, which is approximately the inner radius of the FCal. 

For particles that strike the front face of FCall at R < 75 mm, but interact with 
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Figure 3.55: The mean reconstructed energy as a function of radial distance from the 
center of the beam line for 200 GeV hadrons using the data (circles) and MC (lightly 
shaded triangles) from impact positions 1, 2, and 3. 

the material of the beam pipe or liquid argon downstream, the showers that develop 

in the data will be wider than the MC and will have a higher probability of depositing 

more energy in the active regions of the calorimeter. The two cases of R > 75 mm 

and R < 75 mm for the MC and data are demonstrated in Figure 3.56. 

The general features of the energy loss as a function of increasing distance to the 

center of the beam line agree well between data and MC. The goal of the MC is to 

R>75mm R<75mm 

x = impact point on FCall front face 
- = data shower / 
I = MC shower ' 

Figure 3.56: Qualitative description of data and MC shower development at the inner 
edge. 
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Figure 3.57: The average reconstructed energy versus radial distance from the beam line 
center for MC with real (left) and square (right) beam profiles. 

test if the proposed method of correcting the clusters is energy dependent, and if so, 

if that dependence can be parametrized. 

The default MC simulation in this thesis used the real beam profile. Since there 

was no data for energies other than 200 GeV for position 1, 2, and 3 a square beam 

profile was simulated for alternative energies. A comparison is made in Figure 3.57 

of MC using the real beam profile versus the square beam profile. The fits to Equa

tion 3.34 for these two samples are virtually identical: 

plateau 

threshold 

width 

real 

152.38 ± 0.14 

71.96 ± 0.03 

10.85 ± 0.05 

square 

152.46 ± 0.13 

72.28 ± 0.03 

10.85 ± 0.05 

To check if the two parameters in the normalized fit function (c and d of Equa

tion 3.35) are energy dependent MC data sets were generated using the square beam 

profile for the inner edge positions 1, 2, and 3, for energies (not available with test 

beam data) of 100 GeV, 150 GeV, 250 GeV, 300 GeV, and 400 GeV. The energies 

considered correspond to the energy range of hadrons of interest for ATLAS analyses. 

The distributions of the average reconstructed energy as a function of radial dis-
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Figure 3.58: The (a) threshold (parameter c) and (b) width (parameter d) as a function 
of hadron beam energy for the inner edge correction function, using MC simulations of the 
inner edge positions at a range of energies, where the impact position on the front face of 
the FCal is calculated using truth information. 

tance were fit to the error function, as before. These distributions were then normal

ized to their plateau values. The fits for the threshold (c) and width (d) as a function 

of the hadron beam energies are shown in Figure 3.58. In generating these plots the 

impact point on the front face of FCall was calculated using MC truth information. 

Figure 3.58(a) shows the fit for the threshold parameter as a function of hadron 

energy. The distribution is fairly flat, although the 200 GeV and 400 GeV points are 

slightly away from the average grouping of the other energy points. A linear fit to 

these points with a slope of zero yields an intercept of 72.1 mm. 

The fit for the width parameter as a function of the hadron beam energy is shown 

in Figure 3.58(b). There is a small energy dependence, with a smaller width for higher 

energies. 

In ATLAS the true impact position of the hadron on the front face of FCall will not 

be known. One variable that is available is the topological cluster center, calculated 

for every cluster. If the analysis is redone using the cluster center to calculate the 

radial distance, the resulting fits for the threshold and width as a function of hadron 
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Figure 3.59: The (a) threshold (parameter c) and (b) width (parameter d) as a function of 
hadron beam energy for the inner edge correction function where the radial distance from 
the center of the beam line is calculated using the cluster center. 

energy are those shown in Figure 3.59. 

The uncertainty is larger for these parameters since the distributions of the average 

reconstructed energy versus radial distance from the center of the beam line are more 

scattered with biases towards the channel centers (as shown in Figure 3.52(a) for the 

data). 

The threshold (which is the midpoint of the turn-on curve) and width are much 

larger than when the truth information is used. However, the width is relatively 

constant across the hadron energies. This flat behavior is likely because it is calculated 

by averaging over all modules, with a pull towards the peak of the shower. 

If we use the average fit results for the threshold and width using the cluster center, 

and substitute those into the proposed radial correction function, Equation 3.35, this 

can be used to correct for the energy lost. Using this correction on the MC for 200 GeV 

hadrons and calculating R from the cluster center, the overall energy resolution is 

improved from 36.5% to 21.3%, and the mean reconstructed energy is improved by 

15%. 

It is important to note that this method is applicable only under the strict condi-
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tions presented here. It uses the topological cluster with the maximum energy cluster 

in the event, at the electromagnetic scale. In this analysis the topological cluster 

splitter has been disabled; the effect of the topological cluster splitter in the context 

of the inner edge is discussed in the next section. The correction described in this 

section does not correct for upstream material losses, only losses associated to energy 

leakage down the beam line and energy outside the maximum energy cluster in the 

event. 

3.11.3 Data and Monte Carlo Comparisons of Cluster Mul

tiplicities 

In comparing the data and MC it was shown that the MC showers are more narrow. 

This can have a large effect near the inner edge of the FCal, at high \r]\, where 

showers can deposit energy in the calorimeter all around the beam pipe. The decision 

to form new clusters from this spray of energy relies on a significant fraction of 

energy deposition (a channel with energy greater than 4a significance from the noise). 

Figure 3.60 shows the topological cluster multiplicities in data and MC for the inner 

edge hadron data, and position 4L for reference. As the particle impact position 

increases in |?y| the cluster multiplicity increases. This is due to new clusters being 

formed around the beam pipe isolated from other clustered channels. 

In Section 3.9.3 it was shown that if the default topological cluster splitter was 

enabled the event multiplicities significantly increased for hadron events. Figure 3.61 

shows this same trend for position 1, 2, 3, and 4L for 200 GeV hadron data and 

MC using the topological cluster splitter. There is a larger discrepancy between data 

and MC with increasing \n\. This is likely due to the narrow shower shapes in the 

MC that do not deposit enough significant energy around the beam line to seed new 
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Figure 3.60: Cluster multiplicity for the data (points) and MC (line) at increasing values 
off/. 
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Figure 3.61: Cluster multiplicity for the data (points) and MC (line) at increasing values 
of rj by applying the topological cluster splitter. 

clusters. The proposed correction to energy cut from 500 MeV to 1 GeV to improve 

the performance of the topological splitter algorithm (Section 3.9.3) was motivated 

by the average electronic noise in the channels in the FCal. However, this suggestion 

of modifying the energy cut for the FCal would not correct the discrepancy observed 

between the data and MC for the inner edge. 

3.11.4 Summary 

The inner edge of the FCal is a complicated region of the ATLAS calorimeter system, 

as it is at the highest |?7| range and suffers from shower leakage. The interaction of 

particles with the various components, both inactive and active, is difficult to model. 
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It has been observed with the test beam data that showers that develop near the 

inner edge tend to extend around the beam pipe, not just the side of initial particle 

impact. 

3.12 Summary of the Forward Calorimeter Test 

Beam Analysis 

A beam test was performed on the FCal using electrons and hadrons with energies 

in the range of approximately 10 GeV to 200 GeV. Using this test beam data the 

predicted conversion between the detector response in ADC counts and energy for 

FCall was verified. The intrinsic energy resolution of the calorimeter to electrons 

and hadrons was found to be within the ATLAS requirements for the ideal location 

in the FCal with minimal upstream material and optimized test beam clustering. 

Using the topological clustering algorithm, which is default in ATLAS, the config

uration for electrons and hadrons that optimizes the energy resolution and linearity 

was found to be S/N/P = 4/2/0. Topological cluster moments were examined and 

give confidence that the likelihood of distinguishing electrons and hadrons will be pos

sible using shower shape variables alone. These shower shapes follow the predicted 

properties of hadronic and electromagnetic particle interactions with matter. An in

vestigation of the topological cluster splitting routine revealed the need to increase 

the default energy cut parameter from the current 500 MeV to at least 1 GeV in the 

FCal. 

MC simulations of the test beam were performed and results indicate the MC 

and data response at the electromagnetic scale agree within 2%, which is within the 

systematic errors studied for the data. Despite this good agreement, the MC showers 
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tend to be too dense (by about 14%), too narrow (by about 10%), and too short (by 

about 5%) as compared to the data for high energy hadrons (> 60 GeV). 

The characteristics of energy loss at high \rj\ near the beam pipe is modelled 

well in the MC, but as the MC showers are too dense and narrow this causes small 

differences in the energy loss versus radial distance from the beam line center. The 

MC also produces fewer clusters per event than seen in the data at large values of |?7|. 

A correction to account for energy losses as a function of radial distance was suggested, 

and improves the energy resolution by about 13% and reconstructed energy by about 

12% for particles which strike FCall at radial distances less than 120 mm from the 

center of the beam pipe. 

This test beam analysis could be improved by putting more of the features from 

the data into the MC, such as using the run-by-run and channel-by-channel electronic 

noise, the real particle tracks, and/or the real beam content including contamination. 

It would be interesting to calibrate the downstream tail catcher to measure the leakage 

out of the back or at the inner edge of the FCal. One could apply the shower shape 

variables as a discriminator for electrons and hadrons to further remove contamina

tion. The analysis could also be repeated for different GEANT4 hadronic physics lists 

to find the combination of models that best reproduces the data. 

Comparison of the energy resolution obtained with data and MC, and the effect of 

upstream material (position 4L versus position 4H) is the subject of another ongoing 

analysis by P. Thompson (University of Toronto). 



Chapter 4 

Determinat ion of the Top Quark 

Pair Cross-section in ATLAS 

The top quark was first discovered in 1995 at the Tevatron by the CDF and DO 

collaborations [43,44]. It is the most massive quark, with a mass 35 times that of the 

bottom quark, the next most massive quark, and plays a particularly important role in 

the SM, Higgs discovery, and potentially in physics beyond the SM. This chapter opens 

by reviewing the theoretical importance of the top quark and the current experimental 

constraints on its properties. It then describes the physics potential of top quark in 

the ATLAS experiment. 

This analysis uses Monte Carlo (MC) samples to study the cross-section of top and 

antitop pairs produced at the LHC, by studying the decay into final states containing 

two leptons, two neutrinos, and two b quarks. The primary goal of this work is to 

study the possible triggers that can be used for the analysis, and propose a method 

by which variations in the trigger efficiency can be introduced into the cross-section 

calculation. 

160 
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4.1 The Role of the Top Quark in the Standard 

Model 

The SM has several parameters that cannot be predicted theoretically and must be 

measured through experiment. Some of these parameters are1: 

• 12 Yukawa couplings, 

. the gauge couplings gs (SU(3)C), g (SU(2)L), and gf (U(l)Y), 

• two parameters of electroweak symmetry breaking: v, m#. 

Precise measurements of these parameters are used to test the SM and constrain 

theories that reach beyond it. Values for v can be extracted from studying electro

magnetic coupling; it is found to be v = 246 GeV [1]. Recall that the minimum value 

of the Higgs potential was v/y/2 which equals approximately 173.9 GeV, and is the 

scale where electroweak symmetry breaks. Note this is roughly the mass of the top 

quark. 

The couplings g and g' are related to the electromagnetic coupling constant, and 

can be calculated using low energy scattering experiments. Recall that the mass of the 

Z and W bosons were generated in electroweak symmetry breaking and are related 

to the coupling constants (Equation 1.6). The mass of the Z boson was precisely 

measured at the LEP experiment at CERN by colliding e+e~ pairs with center of 

mass energies around the Z resonance. 

The SM W and Z boson masses are related by M\y = Mzcos9w, where 9W is 

called the weak mixing angle. This angle can be extracted from electroweak scattering 

experiments. At LO the W boson mass can be written in terms of the measurable 

xNot included in this list or discussed in this thesis are the eight parameters of the weak charged 
current flavour mixing for the quark (Cabibbo-Kobayashi-Maskawa) matrix [45,46] and the beyond 
SM lepton (Pontecorvo-Maki-Nakagawa-Sakata) matrix [47,48]. 
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quantities: 
, ^ 2 7TQ: 1 

^ = 7^^%- (4'1) 

where GF is the Fermi constant and is related to the vacuum expectation value by 

G^1 = y/2v. The variable a is the electromagnetic coupling constant. At one-loop 

there is a correction to the W mass that comes from self-energy corrections from 

virtual fermions produced in the vacuum, shown in Figure 4.1. The correction to the 

W mass enters as a parameter Ar: 

W ^ V2GFsm29w(l-M • {4-2) 

For the top quark, the contribution to the correction is: 

A r to P = -ZGFm2
t 1 

8\/2TT2 t a n 2 ^ ' 

where mt is the mass of the top quark (similar expressions exist for the other fermions). 

As the top quark mass is significantly larger than the fermions, it has the largest 

contribution to the radiative W mass correction. 

The Higgs boson also contributes to the W self-energy as shown in Figure 4.2 and 

adds an additional correction to the mass of the W by: 

A r H i g g s _ _ l l ^ M j c o s 2 ^ l n / M ^ \ 

24\/27r2 \M2
Z) 

The correction to the W mass is only logarithmic with the Higgs boson mass, but 

is proportional to the mass of the top quark squared. Turning the equations around 

slightly, precise measurements of the top quark and W boson masses make it is 

possible to put constraints on the mass of the Higgs boson. 
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Figure 4.1: Feynman diagrams showing the one-loop correction to the W boson mass 
arising from fermions in the SM. For the W boson the loop / is a fermion and / ' can be 
any of the charged weak fermion partners to / . 

h\ ) h 

w 
Figure 4.2: Feynman diagrams showing the one-loop correction to the W boson mass 
arising from the Higgs boson. 

The top quark plays an important role in the indirect evidence for the Higgs boson 

by its contributions to the W mass. The large mass of the top also implies that it has 

the strongest fermion coupling to the Higgs boson, so evidence of the Higgs boson 

could come by studying production rates and decay chains of the top quark. 

4.1.1 Top Quark Production 

In a hadron collider, top quark pair (ti) production is dominated by qq annihilation, 

gluon-gluon fusion, or by quark-gluon interaction. In all cases of ti production the 

initial state particles, called partons, must have enough energy to produce two massive 
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Figure 4.3: Leading order Feynman diagrams for the production of top quark pairs at the 
LHC. 

top quarks. The Feynman diagrams for the production of ti at the LHC for leading 

order (LO) and some of the possible next-to-leading order (NLO) processes are shown 

in Figures 4.3 and 4.4. For higher order (> LO) processes, top pairs are produced in 

association with at least one other particle, typically a gluon or quark. 

Calculating the cross-section for hadron interaction is complicated and is based 

on the factorization of QCD into two elements. The first step involves understanding 

the number and types of partons composing the initial hadron, and the fraction of 

the total momentum carried by each. The probability for a parton a coming from 

a hadron A to have a fraction of the total momentum x^ is defined as / (XA)- This 

is called the parton distribution function (PDF). PDFs are models that are tuned 

from experiment, by making global fits to parameters of cross-section measurements 

involving hadrons. The second step involves calculation of high energy collisions, such 

as those depicted in Figures 4.3 and 4.4, where the colliding partons which carry some 

fraction of the initial hadron energy, are considered free. Perturbative QCD can be 

used because the strong coupling constant is small at short distances. 
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9 t 9 

Figure 4.4: Next to leading order Feynman diagrams for the production of top quark pairs 
at the LHC. 

There are currently two high energy colliders that have sufficient center of mass 

energies to produce top quarks: the Tevatron at Fermilab and the LHC at CERN. 

The production cross-section for top quark pairs at each of these facilities is shown 

in Table 4.1 for the top quark with mass of 172.5 GeV. For the LHC there are three 

center of mass energies listed, reflecting the foreseen energy steps of the collider. The 

LHC is currently colliding protons at a center of mass energy of 7 TeV. The cross-

sections at the LHC are significantly greater than at the Tevatron, allowing for more 

detailed studies of the top quarks. 

4.1.2 Top Quark Decays 

Once the top quark has been produced, in pairs or singly, it can decay via a variety 

of channels, as represented by the Feynman diagram in Figure 4.5. Approximately 

100% of the time a top quark will decay into a W boson and b quark. The b quark 
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o-tt 

Tevatron (pp) 
y/s = 1.96 TeV 

7.3 pb 

LHC (pp) 
y/s = 14 TeV 

886.3 pb 

LHC (pp) 
y/s = 10 TeV 

402.5 pb 

LHC (pp) 
y/s~ = 7 TeV 

160.8 pb 

Table 4.1: The theoretical cross-sections for tt production at the Tevatron (pp at y/s = 1.96 
TeV) and the LHC (pp at y/s = 7 TeV, 10 TeV, 14 TeV), based on the next-to-next-to-
leading order (NNLO) by [49]. 

will form hadronize resulting in colour connected hadrons, forming what is called a 

jet. The W boson can decay into two quarks qq' resulting in more particle jets, or 

lepton-neutrino pairs. In ti events there will be two W bosons produced, if both 

decay to quark-antiquark pairs there will be four quark jets in addition to the two 

r>jets, this decay channel is called the fully hadronic channel. If one W boson decays 

to quark pairs and the other to leptons then the event is a semi-leptonic decay. If 

both W bosons decay to leptons the event is denoted by the dilepton channel. The 

branching ratios for each of these three ti decay channels are shown in Table 4.2. 

The dilepton channel in which the charged leptons in the final state are either 

electron or muon type, is the signature of interest for this thesis. In the ATLAS 

detector the dilepton channel can be identified by the presence of two (oppositely) 

charged leptons (ee, \JL\X, en), at least two jets and missing energy from the two 

neutrinos escaping without interaction. For the remainder of this thesis the term 

dilepton channel refers to this signal. Although selection criteria will be applied to 

identify these events, W decays into a r lepton which itself decays into leptons will 

also be considered, although the event selection cuts will not be tuned explicitly to 

search for this decay. 

file:///jl/x
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tt - • (Wb)(Wb) - • 

(qqb)(qqb) 
(qqb)(Wb),(uIb)(qqb) 
(Wb)(ulb) 

Branching Ratio 

45.7% 
43.8% 
10.5% 

Naming Convention 

fully hadronic 
semi-leptonic 

dileptonic 

Table 4.2: Branching ratios for the different tt decay modes, assuming W —• Iv — 10.8% 
for each I [1]. 

6-jet 

v,q' 

l,q 

Figure 4.5: Feynman diagram for the decay chain of the top quark. Here q' = c,u with 
corresponding partners q = s,d, and I = e,p,,f with weak partners v = i/e, z^, zvT. For i 
decays the particles and antiparticles are reversed. 

4.1.3 Current Status of Experimental Results 

The top quark has been directly observed at the Tevatron and very recently at the 

LHC, so all measurements of top properties have come from the results of these 

colliders. By combining the results from the two experiments at the Tevatron the top 

mass is found to be mt = 173.1 ± 1.3 GeV [50]. With this latest result, combined with 

other SM electroweak precision measurements from SLD, LEP, and the Tevatron, the 

SM Higgs boson is expected to have a low mass of 115 t ^ GeV [51], which is well 

within the range observable at the LHC. 

The top pair cross-section has been measured by both Tevatron experiments, 

for the different physics channels listed in Table 4.2. Combining the results from 

the three different decay modes (dileptonic, semileptonic, fully hadronoic) the CDF 
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collaboration finds a top pair cross-section of o-tt(mt — 172.5 GeV) = 7.50 ± 0.48 pb, 

consistent with the SM theoretical predictions (Table 4.1) [52]. The DO experiment 

finds similar results, consistent with SM expectations. 

4.2 Monte Carlo Data Sets 

MC simulations are used to study the triggering and event reconstruction in ATLAS, 

and to calculate the expected event yields for ti signals and backgrounds. This study 

is for events at the LHC with y/s = 7 TeV. 

4.2.1 Generators 

The generation of MC datasets is a complex process, with several steps that involve 

complicated calculations and modelling. The following describes the general steps for 

generating MC samples: 

1. Matrix Element: Calculate the matrix element for each process to some order in 

QCD. There are many software packages available to do this. This step calculates the 

physics signal of interest, in this case ti production from the partons of a pp collision 

(using the PDFs). 

2. Parton Shower: The partons from the hard interaction are coloured and radiate 

gluons as they separate. This sea of colour is described by a parton showering pro

gram, motivated by QCD theory. It does not depend on the physics process that 

generated the initial quarks. 

3. Hadronization: The constituents of the parton showers above hadronize to form 
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colour-less hadrons, and create particles that are ultimately detected in the detector. 

The hadronization process is described by models. 

4. Underlying Event: The MC must also handle the underlying event, which is the 

remainder of the non-hard scattered partons of the original interacting protons. The 

protons collide as colourless objects, then the hard-scattered partons remove colour, 

and so the remanents of the proton (what is left of it - not exactly a proton anymore 

by definition) are coloured and the interaction between these coloured states needs 

to be described. The underlying event is modelled, and is the least understood in 

the MC generation process. As the interactions of the underlying partons are likely 

dependent on the energy of the partons, it requires good understanding of the par-

tonic content (described by the PDFs). In ATLAS the underlying event is typically 

modelled by the JIMMY program. 

5. Detector Simulation: The resulting hadrons travel through the detecting medium; 

these interactions are simulated using GEANT4. This package uses a combination of 

calculable cross-sections of particles with matter and models based on experimental 

data. 

6. Reconstruction: The reconstruction algorithms are applied to the MC. They are 

the same software packages used to reconstruct real ATLAS data, clustering regions 

of potentially interesting physics based on the detector response and applying criteria 

to define different particle types. 

As a final step, some MC generators also simulate the interactions between the 

other particles in the beam crossing, yielding pileup. The amount of pileup depends 
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on the instantaneous luminosity of the colliding beams, which is discussed more in 

Section 4.7.3. The study in this dissertation is done assuming low luminosity (the 

early stages of LHC operation), where pileup effects are considered negligible. 

Calculating the matrix element in the first step is done to a certain order, most 

generators consider only the LO, sometimes with additional activity from radiating 

gluons or quarks. However at the center of mass energies at the LHC there is a lot of 

energy available to produce top quarks at higher order, therefore it is important to 

include the full NLO terms for analyses involving the top quark. The ratio of the LO 

to NLO cross-section for ti is approximately 0.67 for the LHC (y/s = 14 TeV) [49]. 

Two generators that are used in ATLAS to calculate the matrix elements at NLO for 

ti production are MC@NLO [53] and POWHEG [54]. For some processes where the 

ratio of the cross-section at some order to a higher order is small, a constant factor 

called the fc-factor is applied to the expected cross-section of the MC samples. This 

ensures the final number of MC predicted events resembles reality (which is to infinite 

order). The shapes of the kinematical distributions are approximately the same at 

higher orders, so it is acceptable to multiply by a constant factor. 

The MC generator MC@NLO computes the matrix elements for the LO and NLO 

processes, and feeds the output into the parton showering algorithm. A process at LO 

that emits radiation at the parton shower level may reproduce a process that is already 

accounted for at the NLO calculation. To avoid duplicate events the MC@NLO 

generator assigns some events a weight of-1, all other events have a weight of +1. This 

weight must be taken into account when computing the observed number of events 

and when examining observable quantities (and must be propagated to the errors 

appropriately). The generator must communicate the weighting factor to the parton 

shower, and to date for this reason MC@NLO can only be interfaced to HERWIG [55]. 

POWHEG employs an alternative technique to avoid double counting between 
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NLO events that are identical to events produced by LO plus radiation. When it 

generates an event at NLO it defines a threshold cutoff equal to the momentum of 

the hardest emission. In the parton shower any emissions that have energy greater 

than this threshold are vetoed. All events with the POWHEG generator have a 

weight of +1 and it can therefore be interfaced with any parton shower following the 

standard Les Houches format [56]. In ATLAS two POWHEG samples are available 

with parton showering from PYTHIA and HERWIG. 

4.2.2 Signal Samples 

The MC samples used in this thesis have been centrally produced by the ATLAS 

collaboration.2 GEANT4 v4.9.2 with the QGSP-BERT physics list (described in more 

detail in Section 3.10) was used for simulation of particle interactions with the detec

tor. The trigger hypotheses were available for each event with the trigger configuration 

established for early ATLAS data. 

In the ATLAS top working group the default matrix element generator for ti 

cross-section measurements is MC@NLO with parton showering from HERWIG and 

JIMMY for the underlying event. The signal samples for the dilepton ti analysis are 

listed in Table 4.3. The A:-factors shown are the ratio of the matrix element generator 

values (calculated at NLO for MC@NLO and POWHEG, and LO for AcerMC) to 

those calculated at NNLO, based on the calculations by [49] for 7 TeV pp collisions 

(Table 4.1). The branching ratio for the decay of W -> Iv in MC@NLO is 0.111 and 

for the POWHEG generator is 0.108, thus the numbers for the cross-sections and 

,%-factors are slightly different. 

Along with the slightly different cross-section the different MC signal samples use 

2The MC samples have been simulated using Athena 15.6.x and digitized/reconstructed using 
Athena 15.6.9.8, and are the so-called 'mc08 7 TeV samples. 
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Matrix Element Generator + Parton Shower 

MC@NLOv3.1 + HERWIG 

POWHEG + HERWIG v6.510 
POWHEG + PYTHIA v6.417 

AcerMC v3.5 + HERWIG/JIMMY 

<r[pb] 

80.201 

79.118 
79.118 
57.98 

A:-factor 

1.09 

1.10 
1.10 
1.50 

Table 4.3: The top MC signal samples used in the analysis. The default sample is the first 
one listed in bold font, the other samples (below the line) are the signal samples used in the 
evaluation of systematics. These are generated with alternative generators and/or parton 
showering algorithms. The cross-sections and A:-factors are based on NNLO calculations 
by [49]. All of the samples only include ti decays to the semi-leptonic and dileptonic final 
states at the appropriate branching ratios (the fully hadronic channel is not included in 
these samples). In all cases a top mass of 172.5 GeV was assumed. The cross-section 
a is the effective cross-section of the sample after the generator filter efficiency has been 
multiplied by the generator cross-section (for example, in these samples the generator is 
filtered to produce only events from all but the fully hadronic channel). 

different parton shower models, which can yield slightly different kinematical distri

butions. Figures 4.6 to 4.9 show some generator-level distributions of selected kine

matical quantities for the MC@NLO, POWHEG+HERWIG, POWHEG+PYTHIA, 

and AcerMC top signal samples in the dilepton channel (generated with mt = 172.5 

GeV). These plots demonstrate the subtle differences between the MC samples that 

will later be used to asses systematics in the cross-section measurement. In each set 

of figures the larger plot at the top shows the normalized distributions, and the small 

figure below shows the ratio of the three alternative MC samples with respect to the 

default MC@NLO sample. In these plots, and the following discussion, references are 

made to momentum and energy in the transverse plane px, ET. The transverse plane 

is along the x and y axis (the beam lies along the z axis). The transverse momentum 
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and energy are defined as:3 

ET = E sin 9 

Pr = \p\sin9= yjp2
x+pl . 

As a reminder in the following all quantities are shown at truth level. 

The true pT and n distribution of the top quarks are shown in Figure 4.6(a) and 

(b), respectively. There are two top quarks per event; for each top quark the variables 

shown reflect the final state top quark after any and all radiation has taken place and 

before its decay into a W boson and b quark. The NLO samples agree well with each 

other. The AcerMC sample, the only LO matrix element generator has, on average, 

top quarks with higher pp than the NLO generators. At NLO the initial energy of 

the parton is shared between not only the top quark pairs, but in some cases also an 

additional radiated gluon or quark. The POWHEG+HERWIG sample tends to have 

a larger fraction of low pr tops than the MC@NLO sample. The r\ distribution of the 

top quarks shows a larger discrepancy between the LO and NLO generator, with the 

LO process having more top quarks in the central region {\r}\ ~ 0). 

Figures 4.7(a) and (b) show the lepton px a n d rj distributions for charged leptons 

at the generator level. The charged leptons are those directly produced from the W. 

In reality, the charged leptons radiate photons at small angles, sequentially losing 

energy, however most of this energy will be reconstructed in the calorimeters since 

the photons are emitted with small opening angles. The parton shower should have 

a minimal effect on the leptons, and this is evident by the agreement of the NLO 

generators. The AcerMC LO samples tend to produce electrons in the more central 

region of the detector following the same behavior as the top quark. 

3In particle physics the energy of a particle is represented as a vector with components based on 
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Figure 4.6: Top quark (a) pr and (b) n distributions for top quarks in the dilepton channel. 
There are two top quarks per event. 
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Figure 4.7: The (a) px and (b) n for charged leptons (e, //, r ) from W in tt dilepton events. 
There are two charged leptons per event. 



4.2 Monte Carlo Data Sets 176 

Two variables which will be important in identifying ti signal events over the 

background are the summed transverse energy of the neutrinos (often called missing 

transverse energy as the neutrinos escape the detector without interaction) and the 

invariant mass of the dileptons, shown at truth level for the four different MC samples 

in Figures 4.8(a) and (b). There is good agreement between the different generators 

across a range of energies for both of these variables. 

Hard quarks or gluons emitted after the generator subsequently radiate in the 

parton shower, creating a shower of coloured objects that later combine to form 

hadrons. These hadrons are grouped together to form a jet, using a jet algorithm 

called AntiKt4. This jet algorithm will be discussed in Section 4.4.4. The true 

jet transverse momentum and n, and jet multiplicity are shown in Figure 4.9. In 

this case the differences between the parton showers are more evident, as there is 

a visible difference between the POWHEG samples. POWHEG+HERWIG tends 

to produce more jets than POWHEG+PYTHIA and MC@NLO. The ratio of the 

number of jets in the MC@NLO to POWHEG+HERWIG samples appears to be 

positively correlated with jet multiplicity ranging from a ratio of about 0.6 at low jet 

multiplicities linearily rising to a ratio of 1.2 in the 12 jet bin. This trend is reversed 

for the POWHEG+PYTHIA sample with respect to the MC@NLO sample. The 

POWHEG+HERWIG sample also seems to have a higher multiplicity of low E? jets. 

The results shown above are in agreement with the findings presented in [57] using 

older MC samples and Athena software, 

the total energy, 6, and c/> coordinates. 
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Figure 4.8: (a) The true total event missing transverse energy from the two neutrinos 
from the W decays, and (b) the invariant mass of the two charged leptons also coming from 
W decays. 
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Figure 4.9: True jet a) transverse momentum, b) 77, and c) number of jets, using the 
AntiKt4 jet algorithm. 
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4.2.3 Background Samples 

There are several other physics processes that have similar final state characteristics as 

the signal. The backgrounds considered in this analysis are listed in Table 4.4. Some of 

these backgrounds do not explicitly contain identical final state objects as the signal, 

however detector and reconstruction limitations can create fake signatures, such as 

hadrons being misidentified as electrons in the analysis. Some of these processes are 

backgrounds because they have very large cross-sections compared to the signal. It 

is the goal of the analysis described in this thesis to reduce these backgrounds and 

optimize selections of the physics signal of interest. 

The W —> lv+}ets process has a large cross-section, and when the number of 

additional jets produced in the parton shower is two or more this can lead to similar 

signatures in the detector, especially if one of the jets is mis-reconstructed as a lepton. 

It is a similar situation for Z —* ZZ+jets, however the best method to suppress this 

background is by making a cut on the invariant mass of the leptons to ensure it is 

outside of the Z mass window. A good measurement of the missing transverse energy 

can also reduce this background. 

Although the cross-sections for the diboson backgrounds, WW, WZ, ZZ, are small, 

they have signatures that are very similar to the signal. The contribution from this 

background can be reduced by discriminating b jets from light jets. 

There are backgrounds from other top processes, such as the semi-leptonic ti that 

is different only in the way the W decays. 

Additional information about the signal and background samples used, including 

the ATLAS nomenclature are listed in Appendix A. Only previously observed SM 

processes are considered in this analysis. 
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Sample 

W -> Iv+jets 
Z/j -y ZZ+jets 
WW -> Ivlv+jets 
WZ -> ll+jets 
ZZ ->ZZ+jets 
ti (semi-leptonic) 
ti (fully hadronic) 
single top t — channel —> (e, /x, r) 
single top s — channel —> (e, /J, r ) 
single top Wi-channel 
QCD 

Matrix Element Generator + Parton Shower 

ALPGEN v2.11+ HERWIG 
ALPGEN v2.11+ HERWIG 
ALPGEN v2.11+ HERWIG 
ALPGEN v2.11+ HERWIG 
ALPGEN v2.11+ HERWIG 
MC@NLO v3.1 + HERWIG 
MC@NLO v3.1 + HERWIG 
MC@NLO v3.1 + HERWIG 
MC@NLO v3.1 + HERWIG 
MC@NLO v3.1 + HERWIG 

PYTHIA 

a[pb] 

26064.9 
2540.4 
3.655 
1.377 
0.835 
64.1 

64.046 
21.456 
1.4069 
14.581 

9.8 x 1010 

fc-factor 

1.22 
1.22 
1.21 
1.21 
1.22 
1.09 
1.15 

1 
1 
1 
-

Table 4.4: A list of the background samples considered in this analysis. The cross-sections 
listed are for pp collisions at 7 TeV. The fc-factor is calculated with respect to NNLO (note 
there is no k factor calculated for the QCD sample which has a large cross-section and a 
large theoretical uncertainty) [33]. 

4.3 Introduction to the Experimental Calculation 

of the Cross-section 

MC samples are used to calculate object reconstruction and trigger efficiencies, and 

event yields for the it dilepton channel and backgrounds. Assuming the SM predic

tions are correct, at a center of mass energy of 7 TeV the ATLAS detector should 

collect approximately 3000 dilepton events (including r decays) for an integrated lu

minosity of 200 pb - 1 . However, in the analysis described in the following sections, 

this is not the final number of events analyzed. Detector acceptance, reconstruction 

and trigger inefficiencies reduce the final number of events. 

4.4 Reconstructed Object Identification 

The tt dilepton channel analysis will require the identification of electrons, muons, 

jets, and neutrinos in the form of missing energy. There are several algorithms and 
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techniques that can be used to identify each particle type, and most rely on the 

correlation of quantities between the different detector subsystems. The preferred 

reconstruction method for one physics channel may not be ideal for another, due to 

different kinematic and event topologies. This section will explore the identification 

of these reconstructed objects. 

The distance between two objects can be measured in rj — <j> using a geometrical 

separation defined as: 

AR= x/An2 + AcP 

where An = rji — n2 and Acf) = fa — fa. 

The term 'isolated' is used to refer to an object that is not geometrically (in AR 

space) close to any other reconstructed object. 

Throughout this section the efficiency of a reconstructed object is defined as: 

„ . number of true reconstructed objects 
efficiency = — — J- , (4.3) 

number of true objects 

where the number of true reconstructed objects are those reconstructed objects that 

fall within some small AR cone of a true object of the same type. The value of AR 

depends on the object of interest and will be defined for each object in the following 

sections. The definition of purity is: 

number of true reconstructed objects 
purity = = — (4.4) 

number of reconstructed objects 

There is a trade-off between having a good efficiency and high purity. Typically, 

these quantities are anticorrelated and the required level of each is dependent on the 

measurement of interest. Both are important quantities while assessing the validity 

of a reconstructed object. The statistical error computed on the efficiency and purity 
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is discussed in Appendix B. 

4.4.1 Tau Leptons 

In this analysis r leptons are not explicitly selected. The W boson has about equal 

probability to decay to a r lepton and its neutrino partner, as either of the other 

two charged leptons, therefore the dilepton ti analysis could include this decay to 

increase statistics. Because of their large mass, r leptons can decay by several modes, 

including states involving leptons: 

r -> vT + ve + e (17.4%) 

r -* Vr + v^ + u. (17.8%) . 

The numbers in brackets correspond to the branching ratio for these two channels [1]. 

The r lepton can also decay to produce u, d, and s quarks resulting in the creation 

of hadrons like pions or kaons. 

The decay of the r lepton into two neutrinos plus either a muon or electron will 

result in kinematics resembling the physics signal of interest. Therefore in this analysis 

when probing the true event origins these leptonic r decays are considered as signal. 

4.4.2 Electrons 

The basic (and ideal) signature of an electron in the ATLAS detector is a track start

ing in the pixel detector, that moves outward through the SCT and TRT detectors, 

leading to an isolated region of energy deposition in the electromagnetic calorime

ter. Electrons differ from photons by the presence of a charged track in the inner 
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detector. Backgrounds to electron identification include hadrons that have a high 

electromagnetic energy fraction, photon conversions that happen within the inner 

tracking detectors, and semileptonic decays of heavy flavored quarks. 

The following describes the standard electron reconstruction for |?7| < 2.5. In the 

electromagnetic calorimeter, prototype clusters are formed using the sliding window 

algorithm, which uses a fixed sized window in rj — (f> space to find clusters. The 

input to sliding window clustering are towers of size An x A<f> = 0.025 x 2-7r/256 rad. 

Preclusters combine 5 x 5 of these towers, placed to have a local maximum of E^. 

Preclusters with ET energy greater than 3 GeV form a seed for the cluster. The 

electromagnetic sliding window cluster is formed by summing all of the calorimeter 

channels in a window of 3 x 7 units for the barrel ( 5 x 5 units for the EMEC) with 

a center defined by the precluster [58]. The electromagnetic sliding window clusters 

are kept as electron candidates and used for further investigation. 

In ATLAS, the group specializing in the identification of electrons have provided 

several levels of identification cuts for general use, making use of the inner detector 

and calorimeter quantities. These levels range from a loose to a tight selection, with 

increasing requirements on the definition of an electron. Many of these selection cuts 

depend on the electron's E? and \n\ of the candidate electron. The definition of each 

electron selection level follows: 

• Loose Electron: The most basic electron reconstruction level. This only uses 

variables from the calorimeter. A cut is made on the fraction of energy (leakage) 

deposited in the hadronic calorimeter, requiring it to be a small value (ranging 

between 1% and 6.5%). Cuts are made using the ratio of energy deposited in 

the middle layer of the electromagnetic calorimeter in a window ofr /x^ = 3 x 7 

to that deposited in a window of size 7 x 7 , for isolated electrons this ratio 
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should be near one. A cut is also made on the lateral width of the shower in 

the middle electromagnetic layer. 

• Medium Electron: In addition to the Loose requirements, cuts are now made 

on inner detector quantities and the first layer of the electromagnetic calorime

ter. The strips in the first layer of the calorimeter have fine segmentation and 

are used to study shower shapes. This layer is also used to search for two shower 

maximum in a small window around the channel with the highest transverse 

energy; this is done to remove backgrounds from 7r° —> 77. The electron is 

required to have a minimum of one pixel and seven silicon hits on a track that 

originates from the parton collision point within 1 mm. The track from the 

inner detector is projected to the calorimeter cluster and must agree within 

Ar, < 0.1. 

• Medium Isolated Electron: Identical to the Medium Electron selection, but 

an additional requirement is placed on isolation variables to remove non-isolated 

electrons in jets. The isolation is defined as the ratio of the transverse energy 

deposited inside a cone of size AR = 0.2 and the total transverse energy of 

the electron, for an isolated electron this should be near one. More information 

about electron isolation can be found in [59] 

• Tight Electron: These electrons pass all of the Medium Electron calorimeter 

cuts and have additional constraints on tracking variables. The track must 

match the cluster within a An < 0.005 and A(j> < 0.02, and the ratio of the 

calorimeter energy to the track momentum must be within some range, for the 

ET — 77 space in this analysis the range is between 0.8 and 2.5. There is also a 

minimum number of TRT hits required for a tight electron. In addition, there 

must be one hit in the vertexing layer (Mayer) to reduce fakes from photons 
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converting early within the inner detector. 

In this analysis, the identification of electrons will require tracks in the inner de

tector, therefore a fiducial volume cut is made, requiring electrons to be reconstructed 

with an |?7| < 2.47. It is possible to reconstruct electrons in the forward region as 

was described in Section 3.9.2, however the leptons in ti tend to be produced in the 

central region (Figure 4.7(b)), and since ti events contain many objects, including 

at least two jets, it has been decided to restrict electron reconstruction to the region 

spanning the inner detector. The region of 1.37 < 1771 < 1.52 is also excluded to 

avoid the calorimeter transition region between the barrel and endcap, where there 

is known to be reduced reconstruction and identification efficiency. 

To calculate the efficiency in Equation 4.3 the reconstructed electrons are re

quired to match to a true electron that originates from a W boson or r lepton. The 

matching is based on the geometrical proximity4 selecting the closest match in AR. 

Figure 4.10(a) shows the AR between the reconstructed electron and the matched 

true electron (shown for Loose, Medium, and Tight electrons). The match is consid

ered a success if AR < 0.05; this cut is superimposed as a dashed line on the figure. 

As the electron selection gets tighter the outliers of the AR distribution are reduced. 

Figure 4.10(b) shows the difference in px between the reconstructed electrons and 

the closest true electron for all values of AR. A plot of AR versus Apr for Loose 

electrons is shown in Figure 4.10 c), and demonstrates that not all of the matched 

electrons with large ApT are removed with the AR cut. Future developments of 

matching may want to consider the difference between the reconstructed and truth 

matched pr- The reconstructed electrons tend to have larger reconstructed p T than 

the true electrons, this is likely because the true electrons are the final state electrons 

after all radiation has been emitted, whereas in the reconstruction the calorimeter is 
4Using one of the official ATLAS matching tools for the selection (MCTruthClassif ierTool [60]). 
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Variable 

M 
\v\ 
PT 

Isolation 
B-layer 
Level 

Truth matching 

Cut Range 

< 2.47 
1.37 < \n\ < 1.52 

> 20 GeV 
EtCone20< [4 GeV + (0.023)pr] 

min. one hit 
Medium 

AR < 0.05 

Justification 

range of inner detector 
remove calorimeter crack 
improve rejection of backgrounds 
reject contributions from non-W or r sources 
reduce electrons from photon conversions 

match reconstructed to true electron 
(for efficiency and purity calculation only) 

Table 4.5: Reconstructed electron selection criteria. These cuts are not applied to the 
truth candidates in the calculation of the efficiency and purity, however true electrons must 
be produced from a W boson or lepton decay of a r. 

sensitive to collecting the energy of photons which are emitted with a small angle in 

the electron direction. 

The electrons of interest are those coming from W boson decays or leptonic r 

decays. These electrons should be isolated, versus non-isolated electrons that may be 

included in jets. The sum of the transverse energy in the electromagnetic calorimeter 

in a cone of size 0.2 (centered on the electron center) minus the electron transverse 

energy is defined as the variable EtCone20. The isolation requirement is such that: 

EtCone20 < cy + c2pr , (4.5) 

where c\ = 4 GeV and c2 = 0.023, and has been optimized by the ATLAS top 

group [61]. The reconstructed electrons are also required to have pr > 20 GeV, 

which will later be used to suppress contributions from background processes and 

fakes. To reduce fake electron signals from photon conversions the candidate electron 

is required to have at least one hit in the pixel Mayer. Unless otherwise stated, in 

the rest of this thesis, a reconstructed electron must meet these requirements, which 

are also listed in Table 4.5. 
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Figure 4.10: The reconstructed electrons are matched to true electrons for efficiency and 
purity calculations. These plots show the (a) AR and (b) Apr between the reconstructed 
and true electrons. The grey dashed line at AR = 0.05 shows the cut that is applied in 
the analysis for calculating the efficiency and purity. Also shown is a plot of (c) AR versus 
Apr for Loose electrons. 
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Electron Type 

Loose 
Medium 

Medium Isolated 
Tight 

Efficiency [%] 

54.3 ±0.2 
52.8 ±0.2 
48.9 ±0.2 
44.2 ±0.2 

Purity [%] 

97.8 ± 0.1 
98.4 ± 0.1 
98.4 ± 0.1 
99.0 ± 0.1 

Table 4.6: Reconstructed electron efficiency and purity after the selection criteria in Ta
ble 4.5 have been applied, but varying the electron classifications, using ti dilepton events. 
These numbers also take into account detector acceptance, which tends to reduce the overall 
efficiency. The true electrons are only those from W bosons or leptonic r decays. 

The efficiency and purity (Equations 4.3 and 4.4) were calculated using recon

structed electrons and true electrons originating from a W boson or leptonic r decay. 

The reconstructed electrons must meet the criteria in Table 4.5, except the selection 

level which is varied. The results for Loose, Medium, Medium Isolated, and Tight 

electrons are shown in Table 4.6. In going from a Loose electron to a Tight electron 

the efficiency of reconstructing the signal electrons decreases by about 10%, while the 

purity only increases by about 1%. In the final analysis electrons of type Medium are 

used, they offer a good balance between the efficiency and purity for reconstructing 

signal electrons. 

These efficiencies also take into account detector acceptance, as the fiducial volume 

cuts are applied to the reconstructed electron but not the true electron. 

4.4.3 Muons 

Ideally muons will leave a signature in the inner detector, calorimeter, and muon 

spectrometer. Basic muon identification involves reconstructing these tracks and en

suring their flight pattern is consistent with originating from the interaction point (as 

opposed to the downward path of cosmic ray muons). More stringent muon recon

struction demands a match between the track reconstructed in the muon spectrometer 
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Figure 4.11: The reconstructed muons are matched to true muons for efficiency and purity 
calculations. These plots show the a) AR and b) Apr between the reconstructed and true 
muons. The grey dashed line at AR = 0.05 shows the cut that is applied in the analysis for 
calculating the efficiency and purity. 

and inner detector, and requires energy deposition in the calorimeter consistent with 

a minimum ionizing particle. 

The default ATLAS muon reconstruction algorithm uses tracks found in the inner 

detector and muon spectrometer to make a global fit to the hits in these tracks, taking 

into account losses and scattering in the calorimeter. For low p r muons tracks, or 

regions of insufficient muon spectrometer coverage, tracks are fit using an algorithm 

which extrapolates from inner detector tracks to the muon spectrometer. The AR 

and Apr between reconstructed and true muons are shown in Figure 4.11. 

As reconstructed muons are derived from combined inner detector and muon spec

trometer measurement, only tracks for which \r)\ < 2.5 are reconstructed. There are 

some inefficiencies around |?7| = 0 and |?7| = 1.2 where the muon spectrometer has 

reduced coverage. Unless otherwise stated in the text, muons are required to have 

P T > 20 GeV. A requirement is also placed on the isolation of the muon to reduce 

the number of reconstructed non-isolated muons coming from jets. The calorimeter 

isolation variable (EtCone30) is the difference in ET between energy contained with a 
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Figure 4.12: Calorimeter isolation ET shown to the left, and track isolation in p r shown 
to the right for isolated muons coming from W bosons or r leptons and non-isolated muons 
from hadron decays in ti dilepton events. In the analysis a good reconstructed muon is 
required to have calorimeter and track isolation less than 4 GeV (shown by the vertical 
dashed line). 

cone of size AR = 0.3 and AR = 0.15 centered on the muon. There is a track isolation 

criteria (PtCone30) in which the p r of all the tracks within AR = 0.3 centered on the 

muon track (excluding the muon track) are summed together. Both the calorimeter 

and track isolation sum variables are required to be less than 4 GeV. Distribution 

of the calorimeter and track isolation are shown in Figure 4.12 for isolated and non

isolated muons in ti dilepton events. The muons in those figures were required to 

have an |?7| < 2.5 and were matched to a true muon with AR < 0.05 (a p r cut was 

not applied as many of the non-isolated muons have low momentum). 

Good reconstructed muons are required to fulfill the criteria listed in Table 4.7. 

The muon reconstruction efficiency was found to be 62.7 ± 0.2%, with a purity of 

100%. 
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Variable 

M 
PT 

Isolation 

Truth matching 

Cut Range 

<2 .5 
> 20 GeV 

EtCone30 < 4 GeV and PtCone30 < 4 GeV 

AR < 0.05 

Justification 

limit of inner detector, require track match 
improve rejection of backgrounds 
reduce fakes (from jets) 

match reconstructed to true muon 
(for efficiency and purity calculation only) 

Table 4.7: Reconstructed muon selection criteria. These cuts are not applied to the truth 
candidates in the calculation of the efficiency and purity, however true muons must be 
produced from a W boson or lepton decay of a r. 

4.4.4 Jets 

Jets are compound objects composed of many different types of particles, including 

charged and neutral hadrons and leptons. The particles in a jet are the final state 

products from the fragmentation of a coloured object. The net kinematical properties 

of a jet reflect the properties of the initial gluon or quark. The characteristics of a 

reconstructed jet depend on how these individual particles are collected together, 

therefore the definition of a reconstructed jet is defined by the algorithm that creates 

it. In general, the grouping of particles into jets is done by their geometric proximity 

to each other. In ATLAS there are several steps taken to form a jet: 

Define input objects: These are the basic constituents that will be used to find jets. 

These are either jet tower clusters or topological clusters. Jet towers are formed from 

a A77 x A(f> = 0.1 x 0.1 grid, summing all electromagnetic and hadronic calorimeter 

channels that fall within this grid. Topological clusters are formed based on the 

significance of the energy in a given channel and the proximity to other channels with 

significant energy deposition (a full description of the topological clustering algorithm 

was presented in Section 3.7.2). 

Jet finding: There are two options used in this analysis to search for jets called the 
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cone algorithm and the (anti-)A/r algorithm. 

The cone algorithm uses all of the input objects above some seed threshold 

(ET >1 GeV), and groups them into a cone of size i?cone = \/Arj2 + A<f)2 centered 

such that the sum of the transverse energy of all objects within the cone is maximized. 

Several cones can be made, making what are called protojets, and each can use one 

or more of the input objects. If cones overlap then the decision to split or merge the 

protojets is based on the fraction of shared energy to the energy of the softer protojet. 

If the fraction is large (> 0.75) then the two protojets are merged into a new protojet, 

otherwise they are split. The process is repeated over all protojets until there are no 

overlap, at which point all remaining protojets become jets. In ATLAS there are two 

cone sizes available, Cone04 with i?cone = 0-4 and Cone07 with i?COne = 0.7. 

The (anti-)A)T algorithm searches for jets using the following routine. Note 

that throughout, the constant c is defined as: 

{ +1 for the kT algorithm [62,63] , 

—1 for the anti-fcx algorithm [64] . 

(1) For every possible combination of objects i and j , a variable dl3 is defined: 

AR2 

dtJ = min(p£t, p^ ) - ^ 

where pr,i is the transverse momentum of the ith object, and A.R,., = \/(Vt ~ y/)2 + (fa — fa)2 

using the rapidity and polar angle of the two objects. The variable R is a parameter 

of the algorithm, and in ATLAS can have the values of 0.4 or 0.6 with the respective 

naming convention of (Anti)Kt4 or (Anti)Kt6. 

(2) For each object define: 

dn = PT,I • 
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(3) If the minimum value of all dn and d%3 is a dtJ then objects i and j are merged 

together to form a new object. If the minimum is a dn then the ith object is defined 

as a jet and removed from the list of objects. 

(4) The routine is repeated until there are no more objects in the list. 

Jet calibration: The jets defined above have their energy and momentum calculated 

at the electromagnetic scale. Additional calibrations are then applied to account for 

differences of the calorimeter response to hadronic and electromagnetic showers. In 

ATLAS the default jet calibration scheme recalibrates the calorimeter channels in 

the jet using the HI style weights u(pl,Xt) [65]. These weights u!(pt,X%) depend on 
—* 

the energy density of the channel pt = El/Vl and the position of the channel Xt. 

The weights were extracted by minimizing the resolution with respect to the true 

reconstructed jet energy (using Cone07) on a dijet MC sample. Since the definition 

of a jet depends on the jet finding algorithm, additional corrections are made to jets 

found by algorithms other than Cone07. Alternative hadronic calibration procedures 

are being explored in ATLAS that make use of the shower shape variables and apply 

corrections at the cluster level. 

Jet selection: The jet multiplicity and p T of reconstructed jets in ti dilepton events 

are shown in Table 4.8, before any cuts are applied, for six different combinations 

of input objects and jet finding algorithm. The Cone07 has a wide cone, so this jet 

reconstruction has fewer jets per event, but each jet tends to have slightly higher pr 

than the other algorithms. Currently, the default algorithm for use in ATLAS is the 

AntiKt4Topo as it is theoretically both infrared and collinear safe, results in jets with 

nice cone-like shapes, and provides the best reconstruction efficiency. 
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Jet Reconstruction 

AntiKt4HlTopo 
AntiKt4HlTower 
Cone4HlTopo 
Cone4HlTower 
Cone7HlTower 
AntiKt6HlTopo 

Avg. Jet Multiplicity 

6.2 
6.2 
6.0 
6.2 
4.5 
6.7 

Avg. Jet pr [GeV] 

36.7 
36.7 
38.2 
42.9 
51.0 
37.2 

Table 4.8: The average number of reconstructed jets per event and average pr of each, for 
six different jet reconstruction methods. 

To compute the efficiency of jet reconstruction, the Cone04 and AntiKt4 jet find

ing algorithms were also applied to generated particles, using as input objects to the 

jet finder all final state stable neutral and charged particles with |r7| < 5. The AR, 

and Apr of the closest matched jet, are shown in Figure 4.13 for the AntiKt jets using 

topological clusters and Cone04 tower jets, both calibrated with HI weights. Both 

algorithms show similar behavior for the AR and Apr distributions. The AR distri

butions are wider than for electrons, reflecting the more complex definition of a jet 

object. From the tails of the Apr of the closest matched jet shown in Figure 4.13(b), 

it appears the jet reconstruction algorithm underestimates the true jet energy. A 

successful match between a reconstructed jet and truth jet occurs if AR < 0.1. 

The final selection for jets is largely analysis dependent, for this analysis ti events 

are required to have a minimum of two jets (at least two are produced as b jets, and 

possibly there are more jets from higher order processes), and each jet must have 

PT > 20 GeV and be within \rj\ < 2.5. These cuts are listed in Table 4.9. 

The reconstruction efficiency of the AntiKt4 (Topo and Tower) algorithm with 

respect to true particles reconstructed with the AntiKM, and the same for the Cone4 

algorithm, are shown in Table 4.10. The reconstructed jets are expected to satisfy 

the n and PT cuts in Table 4.9. A true reconstructed jet must also satisfy the truth 
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Figure 4.13: a) AR and b) Apx between reconstructed jets and true jets, shown for 
AntiKt4HlTopo jets with respect to AntiKt4 truth jets (solid line) and Cone4HlTower jets 
and Cone4 truth jets (dashed line). 

Variable 

\v\ 
PT 

Truth matching 

Cut Range 

< 2.5 
> 20 GeV 

AR < 0.1 

Justification 

range of inner detector (for future 6-jet tagging studies) 
improve rejection of backgrounds 

match reconstructed to true jet of same algorithm 
(for efficiency and purity calculation only) 

Table 4.9: Reconstructed jet selection criteria. These cuts are not applied to the truth 
candidates in the calculation of the efficiency and purity. In addition to these cuts there 
is an overlap removal performed between a jet and electron if a jet is within a cone of 
AR = 0.2 of a reconstructed electron (only one jet is removed per event), overlap removal 
is discussed in Section 4.4.5. 

matching criteria. The AntiKt4 and Cone4 algorithms, with inputs of either towers or 

topological clusters behave similarly for reconstructing jets in ti dilepton events, with 

the AntiKt4 algorithm having a slightly better reconstructed efficiency and purity. 

4.4.5 Object Overlap Removal 

In the ATLAS reconstruction software if a region of the detector has a signature 

of both an electron and jet and/or muon all of these objects will be reconstructed. 

In certain situations this may lead to fake signatures. An overlap removal between 
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Jet Reconstruction 

AntiKt4Hl+Topo 
AntiKt4Hl+Tower 
Cone4Hl+Topo 
Cone4Hl+Tower 

Efficiency [%] 

43.2 ±0.1 
42.9 ±0.1 
41.3 ±0.1 
41.2 ±0.1 

Purity [%] 

93.1 ±0.1 
93.6 ±0.1 
90.5 ±0.1 
91.4 ±0.1 

Table 4.10: Jet reconstruction efficiency and purity for the AntiKt4 and Cone4 algorithms 
taking as inputs the topological cluster (Topo) and towers. The reconstructed jets must 
meet the criteria listed in Table 4.9. 

reconstructed objects has been employed throughout this thesis following this method: 

1. The proximity of each reconstructed electron was compared to each recon

structed jet. For each electron, if the closest jet was within AR < 0.2 then 

that jet was removed from the list of good jets. The electrons considered were 

those that passed the criteria listed in Table 4.5 (except truth matching). 

2. For all of the jets that did not overlap with any electrons and satisfied the good 

jet reconstruction requirements in Table 4.9 (except the truth matching cut), 

the distance to each muon was calculated. If the muon and jet overlapped with 

AR < 0.4 the muon was considered to be part of the jet and removed from the 

analysis. 

The order of electrons, jets, and then muons was followed based on the underlying 

physics that might contribute to the overlaps and knowledge about the ability to 

identify these objects in the detector. It is assumed that small amount of energy 

deposited in the calorimeter by a single isolated muon would not be sufficient to 

create a reconstructed jet. 
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4.4.6 Missing Transverse Energy 

The detection of non-interacting particles, such as neutrinos, are made by summing 

all of the visible energy in the detector and using this to infer the amount of energy 

carried away by them. When the partons collide it is assumed that they have zero net 

energy in the transverse plane, however it is unknown what fraction of the proton's 

energy is carried by the colliding partons, hence it is impossible to know the net 

energy along the z direction. The transverse missing energy is calculated from the 

net sum of energy in the x and y planes: 

£miss = ^/(£miss)2 + (£miss)2 

where the sum is over all objects contributing to the calculation in the event. The 

choice and treatment of these objects is discussed in the following paragraphs. In 

ti dilepton events there are a minimum of two neutrinos per event, so it will not be 

possible to calculate the energy of the individual neutrinos, only the sum of their 

energies in the transverse plane. 

In this analysis E™1SS has been calculated using the sum over Ex and Ey with 

contributions from three terms: 

J2 Ex,y = Ec
xf + £™on + Eg** . (4.6) 

The first term calculates the contribution of particle energies collected in the channels 

of the calorimeter. All of the high px objects are stored in a list taking the order: e, 

7, hadronically decaying r leptons, jets, \x. For each object in the list, starting with 

the first object, the calorimeter channels used to reconstruct the object are identified 
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and calibrated to the appropriate scale for that object (for example the application 

of HI weights to jet objects). If a channel belongs to more than one object it is 

only associated to the first object in the list to avoid double counting of energy. If a 

channel in the calorimeter is not associated to any high px object it is still included 

in the summation, and is calibrated using the HI weights.5 

The second term in Equation 4.6, E™on calculates the amount of energy of each 

muon. Muons tend to deposit a small amount of energy in the calorimeter so summing 

the channels in the calorimeter is not sufficient. This energy will already be included 

in the term E™y°. The remaining muon energy not deposited in the calorimeter is 

calculated using the momentum measurement in the muon spectrometer. 

The final term, E^°, calculates the amount of energy lost in the cryostat. For 

the barrel this is energy lost between the last electromagnetic layer and the first 

hadronic layer, and for the endcap it is the energy lost upstream in the cryostat. This 

correction is in the form of a weight extracted alongside the HI weights using MC 

simulations. 

The performance of £x l s s is made with respect to the true missing transverse 

energy coming from all non-interacting final stable particles. The difference of the 

reconstructed and true E™1SS is shown in Figure 4.14(a). The mean of the distribution 

is -0.87 GeV, indicating the reconstructed ET1SS slightly overestimates the value. The 

linearity, defined as: 

true E^s — reconstructed i2plss . A . 
linearity = - —-. — (4.7) J true Ef™ K ' 

is shown in Figure 4.14(b) and shows the reconstructed E™™s is about 4% higher than 

the truth when E™1SS > 50 GeV, otherwise the reconstruction underestimates Ef188. 

5In ATLAS terminology this algorithm is the refined missing transverse energy calculation. 
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.14: (a) Reconstructed missing transverse energy difference with respect to the 
and linearity as defined in Equation 4.7. 

Issues with E™1SS potentially arise due to the definition of objects, such as muons. It 

has already been shown that the efficiency to reconstruct electrons, muons, and jets 

is below one. For E™1SS, muons are only defined with |^| < 2.7, so muons outside of 

this n range contribute to false ET1SS. 

The fraction of events that pass as a function of E™1SS cut is shown in Figure 4.15 

for both the reconstructed and true E™1SS. With a E™1SS cut of approximately 60 GeV 

about 50% of the true dilepton events are cut. The choice of this cut depends on the 

balance between loss of signal and rejection of backgrounds. 

4.4.7 Overlap Removal and Missing Transverse Energy 

The E™1SS was not recalculated after the overlap removal algorithm was applied. The 

overlap removal method could be improved by recalculating the missing transverse 

energy using only true objects defined after the overlap removal procedure. 
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Figure 4.15: Event efficiency as a function of transverse missing energy cut, for recon
structed E™1SS (black squares) and true E™1SS (open squares). 

4.5 The ATLAS Trigger 

The LHC is designed to collide protons together in the ATLAS detector every 25 ns, 

a rate of 40 million collisions per second. The job of the trigger is to decide which 

events to accept and write to tape for further analysis. In ATLAS this is achieved 

through three trigger levels, referred to as level 1 (Ll), level 2 (L2), and event filter 

(EF). As one goes through the sequence of triggers from Ll to EF the event rate 

decreases. 

The Ll trigger is used to reduce the event rate from 40 MHz to approximately 

75 kHz, with a processing time of 2.5 u.s. This is a hardware based trigger, using 

information from coarse regions of the calorimeter and muon systems. Once an event 

passes the Ll trigger it is passed to the high level trigger (HLT). The HLT is formed 

from the L2 and EF triggers, and makes use of the full detector granularity in its 

hypothesis testing. At L2 the maximum event rate is reduced to 3.5 kHz (with a 

processing time of 40 ms), and in the EF to 200 Hz (with a processing time of 4 s). 

The term online refers to the trigger decisions being made promptly as the data is 
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being read out of the detector. The term offline refers to software that is used after 

the trigger decisions, and in principle has no time limit, and therefore can apply more 

complex calibrations and corrections. 

The unavoidable first cut to any analysis is that of the trigger. It is important 

for each analysis to select a trigger that provides the highest efficiency for capturing 

the signal events. It is also important to understand the efficiencies of these trig

gers. Since the trigger is required to make split second decisions it is not possible 

to use complicated calibrations. The approximations used in the calibrations must 

be understood to minimize any biases introduced, and then any residual biases must 

be accounted for in the analysis. The trigger efficiency is one key number in any 

cross-section measurement, it can reduce the observed number of events with respect 

to the expected number, and can potentially vary with the cuts being applied later 

in the analysis. 

There are many triggers available for use. The trigger menu used in ATLAS is 

described below in Section 4.5.2. Ultimately, the choice of trigger is channel depen

dent and a trigger study is required for each analysis. There are triggers defined 

by the presence of single objects, such as triggers that will pass if one electron with 

some minimum ET is detected. Alternatively, there are triggers that make use of a 

combination of objects, such as the presence of one jet and one electron. The ti signal 

is complex, containing leptons, missing transverse energy, and b-jets. For the specific 

case of the ti dilepton channel there are always at least two leptons; in a hadron 

environment triggering on leptons is the ideal choice. This analysis will explore the 

single lepton and dilepton triggers (where leptons = e, p). 
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4.5.1 Naming Convention 

In ATLAS the names given to the triggers follow a convention that encodes infor

mation about the trigger. The first grouping of letters signifies the trigger level by 

either Ll, L2, or EF. Following the level is a list of the required physics objects 

for that trigger. This could be an 'e' for a single electron or '2mu' for two muons. 

For the Ll trigger the physics objects are in capitals (ex. 'MU') and for the HLT 

they are in lower case (ex. 'mu'). Associated to each physics object is the minimum 

ET or px that must be satisfied by the physics object. Sometimes the object must 

meet some isolation criteria (such that the object is not geometrically near another 

object). In this case the ET threshold will be followed by an T (Ll) or 'i' (HLT). 

Some triggers have the words 'loose', 'medium, or 'tight' to represent some additional 

selection criteria on the object, such as those discussed in Section 4.4.2 for electron 

reconstruction. An example of a trigger name is L2_mu6, which is a L2 trigger that 

requires one muon with a minimum px of 6 GeV to pass. 

4.5.2 Trigger Menu and Trigger Rates 

A trigger menu is a collection of different triggers that are enabled and used to select 

events to write out for further analysis. The electron and muon triggers available and 

used in this thesis are listed in Table 4.11. The trigger chain is the name associated 

to the logical sequence of input triggers that run through the three trigger levels. 

There is a maximum total allowed rate at each trigger level, so predictions are 

made based on minimum bias MC samples of the contribution to the total rate from 

each possible trigger. The rate for each trigger depends on the instantaneous lumi

nosity of the LHC, which determines the amount of pileup activity in the colliding 

proton bunches. Luminosity will be discussed in greater detail in Section 4.7.3. If the 
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Trigger Chain 

e5 .medium 
2e5-medium 
elO-medium 

elOJoose 
el5Joose 

mu4 
2mu4 
mu6 
mulO 

Ll 

L1_EM5 
L1-2EM3 
L1.EM5 
L1.EM5 

L1-EM10 

L1.MU0 
L1.2MU0 
L1JVIU6 
LlJVIUlO 

L2 

L2_e5 .medium 
L2_2e5-medium 
L2_el0_medium 

L2_elOJoose 
L2-el5Joose 

L2_mu4 
L2_2mu4 
L2_mu6 
L2_mul0 

EF 

EF_e5_medium 
EF_2e5 .medium 
EF_elO-medium 

EF_elO-loose 
EF_el5Joose 

EF_mu4 
EF.2mu4 
EF-mu6 
EF-mulO 

Table 4.11: Selected Ll, L2, and EF trigger items from the trigger menu that will be used 
in this analysis. The horizontal row, starting with the name of the trigger chain, represents 
the input of one trigger hypothesis to the next (that is why for example some Ll triggers 
are duplicated as they serve as input to several L2 hypotheses). 

acceptance threshold for a trigger is low (for example a low px cut), then the rate for 

that particular trigger chain can be too high, flooding the trigger decision and filling 

the available bandwidth. If a rate becomes too large for a particular trigger item it 

can be prescaled, or the selection might be tightened, or it might be removed from 

the menu. A prescaled trigger is one that reduces the number of events that would 

pass that trigger by some factor to help reduce the overall trigger rate. For example, 

if a trigger has a prescale of five, then only one in five events that would have passed 

the trigger are passed to the next analysis stage. 

4.5.3 Electron Triggers 

Level 1: 

At Ll no inner detector information is available, therefore it is not possible to dis

tinguish electrons from photons at this level. The calorimeter creates trigger towers 

(0.1 x 0.1 in An x A(j> space) in both the electromagnetic and hadronic calorimeters 

for |?7| < 2.5. Clusters in the electromagnetic and hadronic calorimeter are formed by 
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combining 2 x 2 of these trigger towers. Properties of these Ll calorimeter clusters 

are used to quickly classify the amount and type of energy deposition in this region 

of the detector. 

If the minimum ET is satisfied for any of the triggers the event is said to have 

passed Ll. The pass is recorded for each trigger in which the minimum ET criteria is 

satisfied. Associated to each electromagnetic cluster is a region of interest, defined by 

the r\ and <p of the 2 x 2 trigger tower. The entire calorimeter is scanned for regions 

of interesting energy deposition in steps of one trigger tower along both n and (f>. 

Level 2: 

The L2 trigger has access to information from the inner tracking detectors. The 

L2 triggers are given events that pass the Ll triggers described above. It uses the 

regions of interest defined by Ll, but now has access to the full detector granularity 

and precision. It runs two algorithms to decide whether to pass the event on to the 

next trigger level. The first algorithm uses characteristics of the energy deposited 

in the electromagnetic calorimeter. Using the region of interest from Ll it scans all 

channels in the region to find the highest Ex channel and uses this as the seed channel 

from which an electromagnetic cluster of size 0.075 x 0.175 (A77 x Afa is formed. The 

following are calorimeter level variables used to make the L2 level decision: 

• E M Ex = transverse energy deposited in the electromagnetic calorimeter (full 

depth) of size 0.075 x 0.175 (An x Afa around the seed channel. 

• Had Ex = transverse energy deposited in the first hadronic calorimeter layer 

within 0.2 x 0.2 (An x Afa 

• R-core = E37/E77, where E37 is the energy deposited in the 3 x 7 channels and 

E77 is the energy deposited in 7 x 7 channels in the second electromagnetic 
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layer. 

The second L2 algorithm uses calorimeter and tracking quantities to match tracks 

to calorimeter energy depositions to tracks. The quantities in this hypothesis testing 

are the following: 

• Px = transverse momentum from the tracking information. 

• Ex/px = the ratio of the Ex from the calorimeter cluster to px measured by 

the inner trackers. 

• Acj) = difference in (f> between the cluster and extrapolated track to the calorime

ter surface. 

• An = difference in n between the cluster and extrapolated track to the calorime

ter surface. 

Event Filter: 

Events that pass a L2 trigger are passed to the EF. The EF uses much of the same 

algorithms as the final offline reconstruction. With respect to L2, it applies improved 

corrections for detector geometry and energy (such as the crack regions). 

4.5.4 Muon Triggers 

The muon triggers cover |?7| < 2.4, and are provided by the RPCs in the barrel region 

(|?7| < 1.05) and TGCs in the endcap region (1.05 < \n\ < 2.4). These detectors have 

full <j) coverage, except in the regions of (f) ~ —1,-2 where support structures of the 

ATLAS detector lie. There is also a gap in coverage at n = 0 to allow for essential 

detector services. The magnetic fields, providing curvature to the muon trajectories 

for momentum measurements, can be split into three regions: (i) \n\ < 1.4 with 
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0 5 10 15m 

Figure 4.16: Diagram of the muon RPC and TGC trigger layout. The three RPC layers 
are labeled as RPC1, RPC2, and RPC3. The four TGS layers are labeled as TGCI (inner
most), TGC1, TGC2, and TGC3. 

the barrel toroids, (ii) 1.4 < \n\ < 1.6 the transition region with an inhomogeneous 

magnetic field, and (iii) 1.6 < |?7| < 2.7 where the magnetic field is produced by the 

endcap toroids. Variations in the muon trigger hardware and layout, and changes in 

the magnetic field can impact the trigger efficiency in each of the different n regions, 

as will be shown in Section 4.5.6. This is different from the case of electrons, where 

the same detector configuration is provided for the entire n range in this analysis. 

Level 1: 

The Ll muon trigger decision is hardware based, requiring time and spatial coinci

dence between the muon trigger detector stations. The layout demonstrating the n 

coverage of the RPC and TGC stations is shown in Figure 4.16. 
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In the barrel, there are three stations of RPCs, with increasing radial distance 

from the interaction point. The barrel toroid lies between RPC2 and RPC3. RPC2 is 

called the pivot plane, and is the starting point for trigger identification in the barrel. 

For a hit in the pivot plane a straight line is projected from the hit to the interaction 

point (denoted as the dashed line in Figure 4.16). The amount of curvature a muon 

of given momentum would undergo in the known magnetic field is used to define a 

coincidence window (allowing for both muon polarities) in RPC1 and RPC3 (indicated 

as shaded region around the dashed projected pivot line in Figure 4.16). If there is 

a hit in RPC1 within this coincidence window in space and time, a low px muon 

candidate is made. Only then is a search made within RPC3 to locate possible hits 

within that coincidence window, used to identify high p T muons. It is important to 

note that the efficiency of high px muon triggers is directly dependent on the ability 

to first trigger on low p T muons, as the algorithm first finds hits within RPCl before 

searching in RPC3 for the higher momentum tracks. 

In the endcap, the TGCs, are located along four planes labeled as TGCI ('inner', 

with two planes), TGCI (three planes), TGC2 (two planes), and TGC3 (two planes) 

in Figure 4.16. Like the RPCs they have a similar method for fast muon triggering 

using coincidence window measurements. In the TGC, the pivot plane is TGC3, the 

farthest from the interaction point. Low px muons are searched for first in TGC2, 

and if they pass then a search is made in TGCI to find high px muons. TGCI will 

be used in the future for high luminosity data to reject backgrounds. 

The coincidence windows are defined for six different px thresholds. Triggered 

muons are identified by which px threshold they satisfy, and are passed with the 

threshold and geometrical region of interest to the HLT for further processing. The 

name of the Ll muon trigger contains the px threshold, so L1_MU6 requires a muon 

with a minimum px of 6 GeV to pass. The trigger L1_MU0 does not have any p T 
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requirement, only time coincidence between the muon trigger detectors. 

HLT: 

The muon HLT is software based, and starts at L2 seeded by the regions of inter

est from Ll. L2 uses the full muon spectrometer information, adding the MDT and 

CSC to identify muon tracks and estimate the pT . It then combines the muon spec

trometer tracks to tracks from the inner detector. Isolation criteria can be included 

by using information from the calorimeter. The EF uses similar algorithms as L2, 

however more time is available to make better track reconstruction and momentum 

calculations. As with the Ll muon trigger, the naming of the HLT indicates the px 

threshold, so L2_mul0 requires a muon with transverse momentum of 10 GeV to pass. 

4.5.5 Trigger Efficiencies 

Throughout this section the trigger efficiency is defined as: 

number of objects or events passing selection criteria AND trigger of interest 
Cjp = 

number of objects or events passing selection criteria 

The two types of trigger efficiencies of interest are: 

1. The efficiency for an object (electron, muon, jet, etc.) to be triggered as a 

function of various kinematic criteria of the object. This is achieved in the MC 

by looping through all the final reconstructed objects of interest and seeing if 

the trigger was fired for the event. If the event was triggered it is necessary to 

loop through all of the trigger regions of interest and match (by a AR criteria) 

to the reconstructed object. This basic AR matching should be looser for Ll 

and tighter for the EF, as the granularity and precision increases with each 

trigger level. It is important to understand any biases the trigger might have 
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for particular objects and associated kinematics. 

2. The efficiency of an event to pass the trigger criteria. This is ultimately an 

input into the cross-section measurement. In most cases, the efficiency will be 

less than one, and so the observed final number of events is reduced. 

For the remainder of this section, a reconstructed electron or muon is required to 

pass the criteria previously listed in Tables 4.5 and 4.7 , except no truth matching is 

required, and for certain situations the px cut is modified. 

An example of the AR between the trigger and reconstructed lepton is shown in 

Figure 4.17 for the e5_medium trigger chain with reconstructed electrons, and the 

mu6 trigger chain with muons, for the three trigger levels. The events contributing 

to these plots are the true dilepton events. The reconstructed electrons and muons 

do not have any minimum px requirement (the plots reveal the same nature when a 

px cut is introduced). Similar trends hold for the trigger levels of the other triggers 

of interest (listed in Table 4.11). The AR between a reconstructed object and a Ll 

item tends to be larger than the other levels, as Ll suffers from reduced detector 

granularity. Moving up the chain towards the EF more information and better cali

bration are applied to the trigger reconstruction, bringing each step closer to the final 

reconstructed object. In the subsequent analysis the trigger requirement is that the 

trigger object must pass the event and the trigger must match a reconstructed object 

within AR < 0.1 for EF, AR < 0.15 for L2, and AR < 0.2 for Ll, for both electrons 

and muons. 

Trigger Turn-On Curves and Object Efficiencies 

The common cut applied at each trigger level is a cut on the total transverse energy 

for electrons and transverse momentum for muons (electrons are treated as massless 

objects, so the transverse momentum and transverse energy are equivalent). At each 
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Figure 4.17: Shown on the left is the AR between reconstructed electrons and the closest 
trigger region for each trigger level in the e5_medium trigger chain for each trigger level. 
Shown in the right column is the AR between reconstructed muons and the closest trigger 
region for each trigger level in the mu6 trigger chain. No px cuts have been applied to the 
reconstructed objects. 
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level the trigger must make the decision to accept or reject the event in 2.5 ps at 

Ll, 40 ms at L2 and 4 seconds at the EF. The extended algorithms applied offline 

for calibrations and corrections sometimes cannot be applied, which degrades the 

resolution of the trigger reconstruction leading to differences between the trigger and 

offline values of the reconstruction ET. It is therefore preferred to apply an offline ET 

cut that is slightly larger than that of the chosen trigger. For example, if a trigger 

requires the reconstructed object to have ET > 15 GeV, the user should apply an 

offline selection criteria of ET > 20 GeV to avoid the window of uncertainty in the 

trigger decision. The choice of offline ET cut is based on examining trigger efficiency 

turn-on curves, which plot the efficiency as a function of reconstructed ET for each 

reconstructed object. 

The final trigger selection before the reconstruction is applied at the EF level, so 

efficiencies will be calculated for the EF level with respect to the offline reconstruction. 

An event that passes the EF must have also passed the earlier Ll and L2 trigger items 

of their trigger chain. 

4.5.6 Object Trigger Efficiencies: Single Lepton Triggers 

This section examines the object trigger efficiencies that require only a single lepton 

to pass the trigger criteria. 

Trigger object efficiencies are the efficiency of the trigger with respect to the 

offline reconstruction. These can be channel dependent, as the efficiency for a trigger 

with isolation requirements may be less for a channel with more activity in the final 

state. The different dilepton ti channels each have similar kinematics, only varying 

by the production of an electron or muon or tau lepton. It is possible that electrons 

and muons produced from tau leptons may have slightly different kinematics, but 
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Figure 4.18: Trigger efficiency turn-on curves for the (a) EF_el0_medium and (b) EF_mulO 
triggers, for selected true ti dilepton channels (as shown on the legends). The object effi
ciencies are the same (within statistics) for all of the different ti dilepton final states. The 
dilepton final states have been selected using truth information. 

this difference will be ignored. Sample plots of the trigger efficiency versus offline 

reconstructed electron ET and muon p T for different dilepton channels are shown in 

Figure 4.18. Figure 4.18(a) shows the electron trigger efficiency for the ee, ep, and 

all dilepton channels for the EF_elO_medium trigger, and in (b) the muon trigger 

efficiencies for the pp, ep, and all dilepton channels with the EF_mulO trigger. The 

dilepton channels have been selected from the truth information. These plots indicate 

that for the ti dilepton channel the electron and muon object trigger efficiencies are 

the same for the different final states. As a reminder, electrons are treated as massless 

objects, hence ET = Px-

The electron triggers have a high efficiency of triggering on reconstructed electrons, 

near 99%. The muon triggers are less efficient with an efficiency of around 83%. 

Trigger inefficiencies in the muon trigger are the result of transitions in the magnetic 

field and regions of reduced trigger detector coverage. 

The trigger efficiencies shown in Figure 4.18 are examples of trigger turn-on curves, 

showing the trigger efficiency as a function of reconstructed px- In an analysis the 
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Figure 4.19: (a) Trigger efficiency for electrons with the EF_elO_medium trigger as a 
function of ET cut applied to the reconstructed electron, and (b) the muon trigger efficiency 
using EF_mul0 trigger as a function of px cut applied to the reconstructed muon. 

user will apply a px cut to the reconstructed objects, this value should be in the 

trigger turn-on curve plateau to avoid biases near the turn-on region. Figure 4.19 

shows the overall trigger efficiency for electrons and muons for the EF_elO_medium 

and EFonulO triggers as a function of the ET or pT cut applied to the reconstructed 

particle. The EF_elO_medium reaches a plateau when a cut of approximately 12 GeV 

in ET is applied to the offline reconstructed electron. For the EF_mul0 trigger the 

plateau is closer to about 14 GeV. The object trigger efficiency is shown in Table 4.12. 

In this table the first column indicates the trigger name, the second column states 

the px cut, and the third column shows the object trigger efficiency at that px cut 

(which falls in the plateau region). 

The trigger efficiencies as a function of other lepton kinematic variables are shown 

in Figure 4.20 for electrons and 4.21 for muons (for one example trigger). In the 

figures the points indicate the trigger efficiency and the solid histograms show the 

distributions contributing to the denominator of the efficiency calculation, with arbi

trary normalization (to demonstrate the shape). 

The electron plots show the trigger efficiency with respect to the electron ET, n, 
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Trigger Name 

EF_e5 .medium 
EF_elO_medium 
EF_elOJoose 
EF_el5Joose 
EF_mu4 
EF_mu6 
EF_mulO 

Cut Value [GeV] 

10 
15 
15 
20 
10 
10 
15 

Trigger Efficiency [%] 

98.9 
98.7 
99.1 
99.2 
84.3 
82.6 
82.1 

Table 4.12: Object trigger efficiency in the plateau region of the trigger turn-on curves 
for the ti dilepton channels, for various cuts to the reconstructed object ET (electrons) and 
px (muons). For the electron triggers the object is offline reconstructed electrons, and for 
muons it is offline reconstructed muons. The statistical errors are insignificant and are not 
shown (of order 10 -3 %). 

0, and electron isolation variable defined in Equation 4.5. All four plots show that 

the electron trigger efficiency is high and flat across the kinematical variables used to 

select electrons. The dip in the rj histogram at \n\ ~ 1.5 reflects the exclusion of this 

region in the selection of reconstructed electrons (recall this is the transition region 

between the barrel and endcap electromagnetic calorimeters). 

The muon plots in Figure 4.21 indicate the trigger efficiencies vary with n and fa 

In rj, the histogram has a dip at n ~ 0 as there are no muon spectrometer detectors 

in this gap region. This affects not only the ability to reconstruct muons, but also 

in the trigger efficiency with respect to the offline reconstruction. The other features 

in n reflect transitions of the magnetic field. The lack of muon triggers near the 

ATLAS support structures at (j) around -1 and -2 lead to the inefficiency in these 

regions. These plots are with respect to the offline reconstruction, which can make 

use of the inner detector and calorimeter to assist in identifying muon candidates. 

The Ll trigger which is used to make the initial trigger decision serves as input to all 

subsequent trigger levels and only has access to the muon spectrometer information; 

gaps or transitions in muon RPC or TGC coverage will be reflected in these plots. 
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Figure 4.20: The solid points show the electron trigger efficiency (shown for 
EF_e5_medium) as a function of reconstructed electron ET, f], <f>, and the electron isola
tion variable defined in Equation 4.5. The qualities of these plots are similar for the other 
electron triggers (with possible variations on the initial ET value to select the phase space 
in the plateau region of the trigger turn-on curve). The solid histograms represent the dis
tributions of the electrons before the trigger requirement, to some arbitrary normalization. 
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Figure 4.21: The solid points show the muon trigger efficiency (shown for EF_mu6) as 
a function of reconstructed muon px, n, fa and calorimeter isolation. For these plots the 
EF_mu6. Not shown is the muon trigger efficiency with respect to the muon px isolation 
variable, which is also flat. The solid histograms represent the distributions of the muons 
before the trigger requirement, to some arbitrary normalization. 
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4.5.7 Object Trigger Efficiencies: Dilepton Triggers 

The ti dilepton signal contains two leptons in the final state, so it is possible to make 

use of dilepton triggers. For an event to be included in the dilepton trigger efficiency 

calculation it must contain two reconstructed leptons of that dilepton trigger type. 

For every event that satisfies this minimum criteria, all of the reconstructed objects 

are used in the trigger efficiency calculation, Equation 4.5.5. If the two leptons in the 

event are produced close together, the trigger will not be able to distinguish the two 

objects, and hence only the single trigger may fire. The dilepton triggers considered 

here are EF_2e5_medium and EF_2mu4. For the final state containing an electron and 

muon the trigger that will be proposed in future sections is an AND trigger requiring 

both EF_e5_medium and EF_mu4 triggers to fire in the event. Since these two trigger 

systems are independent, the object (electron and muon) trigger efficiencies for the 

combination trigger is the product of the individual single triggers. This combination 

trigger does not currently exist in the ATLAS trigger menu, but motivation will be 

provided in Section 4.6 to consider this as a useful trigger. 

The di-electron trigger (EF_2e5_medium) efficiency as a function of electron kine

matic variables is shown in Figure 4.22. An ET cut of 10 GeV is placed on the 

reconstructed electrons, to ensure the ET efficiency is in the plateau region of the 

trigger turn-on curve. The overall electron trigger efficiency is 97.7% for the dilepton 

events, which is lower than the probability for the single lepton trigger fire. 

The muon trigger efficiencies for the EF_2mu4 trigger are plotted in Figure 4.23. 

These efficiencies show the same features as the single muon triggers. The object 

trigger efficiency for EF_2mu4 is 73.9%. 
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Figure 4.22: The solid points show the electron trigger efficiency for EF_2e5_medium, as 
a function of reconstructed electron ET, n, <f>, and the electron isolation variable defined in 
Equation 4.5. The solid histograms represent the distributions of the electrons before the 
trigger requirement, to some arbitrary normalization. 
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Figure 4.23: The solid points show efficiency for the EF_2mu4 trigger as a function of 
reconstructed muon kinematics: a) px b) rj c) <f>, and d) muon isolation in Ex- Not shown 
is the muon trigger efficiency with respect to the muon px isolation variable, however that 
distribution is flat. The solid histograms represent the distributions of the muons before 
the trigger requirement, to some arbitrary normalization. 
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4.5.8 Object Trigger Efficiencies Summary 

The electron triggers, requiring either a single or double electron signature, all behave 

with high trigger efficiency and are flat across the electron kinematic quantities used 

for the selection of electrons. Therefore, there are no biases in the electron triggers 

based on the selection of the electron item for the analysis. Later in the analysis, when 

the event trigger efficiencies are computed this can be applied as a single number to the 

cross-section calculation, without dependence on the specific electrons in the event. 

The situation is different for muons, in which the trigger efficiencies do depend on 

the n and (p of the muon(s) in the event. The n distribution of reconstructed muons 

is peaked towards the center, however the trigger efficiency in this region is reduced 

and exhibits a significant structure with respect to the endcaps. There is also the 

asymmetry in <fi that needs to be taken into account. 

A further discussion of the application of trigger efficiencies to individual events 

is made in Section 4.7.2. 

4.6 Event Selection and Expected Number of Sig

nal and Background Events 

The ti channel has a complex final state with leptons, jets, and missing transverse 

energy. Kinematical quantities of these objects can be used to select the ti chan

nel, and hopefully this can be done while minimizing contributions from background 

processes. The largest source of backgrounds for the dilepton analysis are from the 

W —>• lv+]ets and Z —• ZZ+jets processes. These both have cross-sections larger than 

the signal and have final states that resemble the ti channel. The signal channel 

containing two isolated electrons in the final state is called the ee channel. Similar 
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Variable 

Number of Leptons 
Dilepton Invar. Mass Cut 
Missing ET cut 
Min. of Num Jets 

ee 

e+e~ 
86 GeV to 96 GeV 

> 35 GeV 
two 

pp 

p+p-i 
81 GeV to 101 GeV 

> 35 GeV 
two 

ep 

ep (OS) 

> 20 GeV 
two 

Table 4.13: Event selection criteria for the ti dilepton ee, pp, and ep channels. A note on 
the abbreviations: OS stands for opposite sign, Min stands for minimum, and Invar stands 
for invariant. The leptons, either electron or muon, are required to satisfy the criteria in 
Table 4.5 and 4.7 (except the truth matching criteria). 

definitions exist for the pp and ep channels. 

The final selection is channel dependent (ee, pp, ep) as the contribution from 

backgrounds is different for each channel. The ee and pp channels closely resemble 

the final state of the Z —> 11+ jets background (especially the Z —> 11+2 jet final 

state), so cuts are placed on the invariant mass of the dileptons around the Z mass. 

The event selection criteria for each of the three signal channels of interest are 

listed in Table 4.13. Each channel requires exactly two opposite sign leptons in the 

final state (with family reflective of the particular channel). The invariant mass cut 

and missing transverse energy cut have been optimized by the ATLAS top quark 

cross-section group to provide the best ratio of the number signal (S) to background 

(B) events and significance of the signal (S/\/S + B). It was found the Z —> ZZ+jets 

background was much larger in the pp channel than the ee channel, in large part due 

to the higher efficiency of reconstruction muons (~ 63%, Section 4.4.3) as compared 

to electrons (~ 53%, Table 4.6). Therefore to reduce the contribution from Z events 

to the pp channel a larger cut is placed around the invariant mass of the two muons 

around the Z mass. 

In the following study, the number of signal and background events observed are 

those assuming an integrated luminosity of 200 p b - 1 (luminosity will be discussed 
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in Section 4.7.3). The initial number of events used for the analysis are shown in 

Table 4.14 for each physics processes. These numbers were then scaled appropriately 

for 200 pb - 1 . The full MC statistics were used for the ti signal sample. For all 

but the W —» Iv and QCD sample, the luminosity scaling factors were less than 

one. Constraints on computing processing time and storage limited the use of the 

full available statistics for the background MC data sets. The QCD physics process 

has an extremely large cross-section (O(10n pb)), so there is certainly a lack of MC 

statistics for this background. Jets in QCD can resemble the signal by faking the 

signature of electrons and/or muons, and significant missing transverse energy can 

be present from miscalibrations of the jet energies. The probability for jets to fake 

electrons and muons must be understood to really quantify the contribution from this 

background. Even if the fake rate is low, with such a large cross-section the impact 

could be significant. In this analysis, with the limited statistics available, no QCD 

events survived any channel event selection. However, future work should further 

investigate this potential source of background. 

Selected event kinematics, such as lepton px, missing ET, dilepton invariant mass, 

and jet multiplicity are shown for the signal and backgrounds events, in the ee, pp, 

and ep channels in Figures 4.24, 4.25, and 4.26, respectively. The distributions contain 

all of the event selection criteria for the dilepton channel. The histograms have been 

stacked. Note that no trigger requirements have been applied for the data shown in 

the histograms. 

The invariant mass distributions for the ee and pp channels show a dip at approx

imately 90 GeV, where the cut around the Z boson mass has been applied. For the 

ee and pp channels the largest remaining backgrounds are from Z —*• ZZ+jets. The 

event selection in the ep channel does a good job of reducing all backgrounds. 

The choice of trigger can affect the total number of observed events due to trigger 
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Figure 4.24: (a) Electron pr, (b) event missing ET, (C) the di-electron invariant mass, 
and (d) the number of jets per event for the ee channel. 
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Figure 4.25: (a) Muon pr, (b) event missing ET, (C) the di-muon invariant mass, and (d) 
the number of jets per event for the pp channel. 
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Figure 4.26: (a) Missing ET and (b) the number of jets per event for the ep channel. 
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ti dilepton + ti Zjet 
Single top 

ti fully hadronic 

W —> ei/+jets 
W —> //»y+jets 
IV —• r,v+jets 

Z —> ee+jets 
Z —> /z/^+jets 
Z —• r r+je ts 

WW - • (lv)(lv) 
WZ -»• (ind)(H) 
Z Z -» (incl)(ll) 

QCD 

Number of Events 

773 167 
56469 
31006 

481341 
480 765 
479 542 

261 239 
270 630 
300 835 

99 830 
34987 
21988 

574 341 

Table 4.14: The total number of MC events used for the signal and each of the backgrounds. 
These numbers were scaled to give the expected number of events with 200 pb - 1 of LHC 
data (y/s = 7 TeV). 

inefficiencies, and because the pr cut applied to the reconstructed objects should be 

in the plateau region of the trigger turn-on curve. In the discussion of the rest of the 

thesis an event passing the trigger condition must also have at least one reconstructed 

lepton match a trigger region of interest of the EF with AR < 0.1. For single 

lepton triggers only one match is required, for dilepton triggers the requirement is 

two matching leptons. 

First looking at the ee channel, the triggers considered are the EF_el0_medium 

and EF_2e5_medium triggers. Using the EF_el0_medium trigger one should apply 

a minimum px cut of 15 GeV to the reconstructed electrons to avoid trigger biases 

in the turn-on region (Figure 4.19). For the EF_2e5_medium trigger this cut should 

be 10 GeV. Table 4.15 breaks down the signal and background contributions to the 

ee channel using both of these triggers, with the electron px cuts mentioned in the 
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tt —>• dilepton 

ti —> Zjet 
W -* Iv+jets 

Z -+ ZZ+jets 
Dibosons 

Single top 

signal (S) 
background (B) 

S/B 
S//S + B 

EF_elO_medium 
(px > 15 GeV ) 

134.2 

5.4 
7.2 

31.4 
5.7 
8.6 

134.2 ± 1.7 
58.3 ± 5.0 

2.30 
9.7 

EF_elO_medium 
(pr > 20 GeV ) 

112.1 

2.7 
5.0 

24.0 
4.6 
7.3 

112.1 ± 1.6 
43.6 ± 4.4 

2.57 
9.0 

EF_2e5_medium 
(px > 10 GeV ) 

152.0 

12.4 
13.5 
38.6 
6.6 
9.7 

152.0 ± 1.9 
80.8 ± 5.8 

1.88 
10.0 

EF-2e5-medium 
(px > 20 GeV ) 

109.5 

2.5 
5.0 

22.9 
4.6 
7.3 

109.5 ± 1.6 
42.3 ± 4.3 

2.59 
8.9 

Table 4.15: Signal and background event numbers after the ee event selection for 200 pb - 1 

(y/s = 7 TeV). Backgrounds not listed have been omitted as there were zero events after 
the event selection. The electron px cut is on the reconstructed electrons. 

previous sentences, and the ATLAS default electron p T cut of 20 GeV. The effect of 

increasing the p T cut for a specific trigger is to reduce the number of events, however 

the ratio of the number of signal to background events improves. For an electron with 

a px cut of 20 GeV, requiring the dilepton trigger, rather than a single lepton trigger, 

only slightly decreases the number of signal events, while maintaining the same signal-

to-background ratio. A breakdown of the true dilepton channels contributing to the 

112.1 signal events using the EF_el0_medium trigger with an electron px cut of 20 

GeV is shown below: 

ee = 98.5 ep = 0.4 er = 12.9 TT = 0.3 . 

Most of the dilepton events are from the ee channel. In the er channel a leptonic decay 

of the r lepton into an electron is also considered a signal. The small contribution 

from the ep channel likely comes from a jet reconstructed as a fake electron. 
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For the pp channel the two triggers studied are EF_mulO and EF_2mu4, with 

two different reconstructed muon px cuts for each. The breakdown of the signal and 

background event numbers are shown in Table 4.16. The event selection essentially 

removes all W —> Z^+jet events, differing from the electron case likely because the 

purity of the muon reconstruction is near 100%, so there are few jets that will fake a 

muon. Despite the fact there is a larger invariant mass cut around the Z mass window, 

there are more Z —> ZZ+jets events passing the pp channel selection compared to the 

ee channel for single lepton triggers. The true dilepton event types contributing to 

the 120.2 ti dilepton events with EF_mulO (with a p T cut of 20 GeV) are: 

pp = 105.7 PT = 14.1 TT = 0.4 . 

Again, there is a large fraction of events passing the selection from the r decays in 

the pr channel. For the a muon with a px cut of 20 GeV, requiring a dilepton trigger 

significantly reduces the number of signal events. This is due to the inefficiency of 

the muon trigger. For a single muon trigger in the pp channel there are two muons 

in the event that can initiate the trigger, increasing the overall likelihood the event 

will be selected. 

The ep channel has both an electron and muon in the final state. The triggers 

considered for this channel are called the EFOR and EFAND triggers. The EFOR 

requires either the EF_el0_medium or the EF_mul0 trigger to pass. The EFAND 

trigger requires both the EF_e5_medium and the EF_mu4 triggers to pass (this com

bination trigger does not currently exist in the ATLAS trigger menu). Since the event 

rate for dilepton trigger is less, the minimum px of the electrons and muons for this 

trigger can be low. The breakdown of the signal and background events for these trig

gers is shown in Table 4.17 for the ep channel selection. For the EFOR trigger two 
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tt —*• dilepton 

ti —• Zjet 
W -> Iv+jets 

Z -> ZZ+jets 
Dibosons 

Single top 

signal (S) 
background (B) 

S/B 
S/y/S + B 

EF_mulO 
(px > 15 GeV ) 

148.5 

1.2 
0.0 
42.4 
5.8 
7.5 

148.5 ± 1.8 
56.9 ± 5.1 

2.61 
10.4 

EF_mulO 
(pr > 20 GeV ) 

120.2 

0.3 
0.0 
33.9 
4.6 
5.3 

120.2 ± 1.7 
44.1 ± 4.6 

2.73 
9.4 

EF_2mu4 
(px > 10 GeV ) 

127.1 

3.0 
2.6 
37.0 
5.2 
6.9 

127.1 ± 1.7 
54.7 ± 4.9 

2.32 
9.4 

EF_2mu4 
(px > 20 GeV ) 

87.6 

0.2 
0.0 
21.8 
3.5 
4.2 

87.6 ± 1.4 
29.7 ± 3.7 

2.95 
8.1 

Table 4.16: Signal and background number of events after the pp event selection for 200 
pb - 1 (y/s = 7 TeV). Backgrounds not listed have been omitted as there were zero events 
after the event selection. The muon px cut is on the reconstructed muons. 

Px cuts on the reconstructed leptons are shown, 15 GeV and 20 GeV. The EFAND 

trigger also has two px cuts shown, 10 GeV and 20 GeV. The ep channel has the 

highest signal-to-background ratio of all three dilepton channels. The Z —> ZZ+jets 

background is reduced, while the single top background increases. The breakdown 

of the true dilepton events in the EFOR trigger selection (using lepton px cuts of 20 

GeV) is: 

ee = 0.0 pp = 0.3 ep = 265.6 er = 17.6 pr = 15.9 TT = 0.9 . 

In general for the three channels, the application of a reconstructed lepton px cut 

of 20 GeV does the best to improve the signal to background ratio, rather than using 

a lower px value closer to the edge of the trigger turn-on region. However, the lower 

trigger p T does gain statistics for the signal and background events (which might be 

of interest with small amounts of ATLAS data at the beginning). The dilepton and 
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tt —> dilepton 

ti —• Zjet 
W -»• Zz/+jets 

Z -> ZZ+jets 
Dibosons 

Single top 

signal (S) 
background (B) 

S/B 
S/y/S + B 

EFOR 
(px > 15 GeV ) 

361.5 

10.6 
15.7 
33.7 
14.6 
23.8 

361.5 ± 2.9 
98.3 ± 6.3 

3.68 
16.9 

EFOR 
(px > 20 GeV ) 

300.3 

5.2 
6.9 
13.6 
12.2 
19.1 

300.3 ± 2.6 
57.1 ± 4.6 

5.26 
15.9 

EFAND 
(px > 10 GeV ) 

348.4 

19.6 
25.5 
55.7 
14.4 
24.0 

348.4 ± 2.8 
139.3 ± 7.5 

2.51 
15.8 

EFAND 
(px > 20 GeV ) 

252.5 

4.03 
5.4 
12.1 
10.5 
16.3 

252.5 ± 2.4 
48.3 ± 4.3 

5.23 
14.6 

Table 4.17: Signal and background number of events afterthe ep event selection for 200 
p b - 1 (y/s = 7 TeV). Backgrounds not listed have been omitted as there were zero events 
after the event selection. EFOR means either EF_el0_medium or EF_mul0 must pass, and 
EFAND means both of the EF_e5_medium and EF_mu4 triggers must p.ass in the event. 
The lepton px cut is on the reconstructed electrons and muons. 

combination triggers with the lepton px cuts of 20 GeV have a comparable signal-to-

background compared to the single lepton case. These triggers will be a very good 

option when the LHC is running at higher instantaneous luminosity and many of the 

single lower p T lepton triggers considered here will need to be prescaled or tightened 

due to their large rates. 

4.7 Cross-section Calculation 

In particle physics a cross-section a represents the probability of interaction between 

partons to produce a defined final outcome. It is quoted in units of area reflecting 

the effective surface of interaction between the partons. There are several ingredients 
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used to calculate the cross-section: 

S is the number of observed signal events (without backgrounds) after all selection 

and trigger requirements, e is the efficiency of the selection processes with respect to 

the true signal, and J Cdt is the integrated luminosity. Each of these variables are 

discussed in more detail below. In this analysis e will be split into two pieces: 

e = eR x eT , 

where ER is the reconstruction efficiency with respect to the truth, taking into ac

count detector acceptance losses. And ex is the trigger efficiency with respect to the 

reconstruction. 

When doing an analysis with data (versus MC) the number of observed 'signal' 

events has contributions from both the true signal and backgrounds. To find the 

observed number of signal events one would subtract the expected number of back

ground events, using MC studies or other measurements from data to calculate the 

expected number of background events in the final sample. In this MC analysis, S 

is taken to be the final number of signal events after all reconstruction and trigger 

selections. 

4.7.1 Reconstruction Efficiency 

The reconstruction efficiency was calculated using the MC, and is one overall number 

calculated as: 
_ number of reconstructed events . . 

number of true signal events 



4.7 Cross-section Calculation 231 

eR [%] 

ee 

5.18 ± 0.07 

pp 

5.76 ± 0.07 

ep 

13.90 ± 0.1 

Table 4.18: Reconstruction efficiencies with respect to the true dilepton channel for the 
ee, pp, and ep channels. 

the number of reconstructed events is calculated after all selections except for the 

application of the trigger criteria. The number of true signal events are the number 

of dilepton events with electrons and muons in the final state (including those that 

come from leptonic r decays). 

For each of the three dilepton signal channels the channel reconstruction efficiency 

is listed in Table 4.18. The reconstruction efficiency for the ee and pp channel is sim

ilar, with differences arising because the pp channel has a larger cut on the invariant 

mass of the two muons, and because electrons and muons have slightly different ob

ject reconstruction efficiencies. For the ep channel the reconstruction efficiency is the 

greatest because the event selection cuts are relaxed, with a lower missing transverse 

energy cut and no cut on the invariant mass of the two leptons. 

The largest source of systematic uncertainty for reconstruction and identification 

of the signal channel comes from the jet energy scale uncertainty. Jets are made of 

electromagnetic and hadronic components. As was discussed in Chapter 3 hadron 

showers are complicated by the many interactions that are possible, and require cal

ibration to account for invisible energy deposition that is not reconstructed by the 

calorimeter. Reconstructed jets are then a composition of not only different hadrons, 

but also electromagnetic objects. In the first year of ATLAS data taking the energy 

resolution for jets is expected to be ±10% [33]. For electrons the energy resolution is 

expected to be ±(1 — 2)%, and for muons the transverse momentum resolution will 

be ±3% [33] (for the type of reconstructed objects considered in this analysis). There 
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will also be an uncertainty from the missing transverse energy calculation, which is 

directly correlated to the energy resolution of the other objects in the event. 

In the analysis a cut was made on the number of jets and the jet px, and so 

these large uncertainties on the jet reconstructed energy can influence the number 

of observed signal events. The effect of jet energy scale uncertainty was studied by 

varying each element of the jet 4-vector (E,px,py,pz) by ±5% (optimistic) and ±10% 

(realistic), and propagating this change into the missing transverse energy calculation. 

Table 4.19 shows the relative change in the ti cross-section for each signal channel 

under these variations. Even an uncertainty of ±5% on the jet energy scale translates 

into a variation in the measured cross-section by about 1.5%. The realistic scenario 

with 200 p b - 1 of data is a jet energy uncertainty of ±10%, and this uncertainty alone 

causes a variation greater than 3% on the measured ti cross-section. 

A check was also made on the effect of varying the jet reconstruction algorithm, 

changing the choice from the default AntiKt4Topo to AntiKt4Tower, Cone4Tower, or 

Cone4Topo causes only a small change in the measured cross-section (< 1.0 %). The 

other two jet reconstruction algorithms, Cone7Tower and AntiKt6Topo, create jets 

in the event that are quite different from the nominal; they do cause slightly larger 

variation in the cross-section, but are not considered a major source of systematic 

uncertainty with this analysis. The variation due to the jet algorithm is negligible 

compared to the jet energy scale uncertainty. 

4.7.2 Trigger Efficiency 

In Section 4.6 it was shown that the single lepton and dilepton triggers had similar 

signal-to-background ratios when a px cut of 20 GeV was applied to the lepton trigger 

object. The single lepton triggers do yield a higher number of signal events, and are 
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Jet 4-Vector Variation 

- 5 % 

+5% 

-10% 

+10% 

Channel 

ee 
pp 
ep 

ee 
pp 
ep 

ee 
pp 
ep 

ee 
pp 
ep 

^ti/<rtt [%] 

-2.0 
-1.5 
-1.5 

1.6 
2.0 
1.3 

-3.2 
-3.6 
-3.2 

3.2 
3.3 
2.5 

Table 4.19: The relative difference in the in the tt cross-section measurement with respect 
to the default when the jet energy 4-vector is changed by ±5% and ±10%. 

likely a better choice for the trigger while low px trigger thresholds are available (at 

low LHC luminosity). Section 4.5.6 showed the electron and muon trigger efficiencies 

for the single lepton triggers. It was shown that once an appropriate px cut was 

applied to reconstructed electrons that was above the trigger turn-on region, then 

the electron trigger efficiency was approximately flat for all electrons. For muons it 

was shown that the trigger efficiency did strongly depend on the muon n and (j). To 

account for these dependences a two-dimensional histogram was generated in n — <p 

space for the electron and muon trigger efficiency, and are shown Figure 4.27. 

This section discusses the application of the object trigger efficiencies for the single 

lepton triggers in the cross-section measurement. The ti signal channel and trigger 
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(a) EF_elO_medium 

Figure 4.27: Two-dimensional trigger efficiency for EF_elO_medium and EF_mulO in n—(f>. 

chosen for each channel are: 

ee : EF_elO_medium 

pp : EF_mulO 

ep : EF_mulO or EF_elO_medium 

In all cases the reconstructed electrons and muons are required to have px > 20 GeV. 

To account for variations in the trigger efficiency with geometric location the cross-

section in Equation 4.8 is modified to included event-by-event trigger efficiencies: 

a = 
S 

e f Cdt eReT f Cdt 
(4.10) 

where: 

eT = 
t = l 6T,i 

nr 

(4.11) 

6T,{ is the trigger efficiency for event i.6 The sum i is over all events that pass 

the reconstruction requirements for that channel nr (note that the trigger condi-

6The MC@NLO event weights have also been taken into account, event by event. 
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er [%] 

ee 

99.9 

pp 

96.7 

ep 

99.8 

Table 4.20: Triggers efficiencies (with respect to the reconstruction) for the ee, pp, and 
ep channels. The statistical errors are on the order of 10-2 %. 

tion is not required here). The event trigger efficiency is calculated by summing 

over all reconstructed objects of that trigger type in the event, so all electrons for 

EF_el0_medium, all muons for EF_mulO, and all electrons and muons when either 

EF_mulO or EF_elO_medium are required: 

eT,= (l-f[(l-6T,o)j • 

The efficiency for the oth reconstructed object €T,0 is drawn from the 2D n — <fi trigger 

efficiency map, generated as described in Section 4.5.6. For example, if the analysis 

uses the EF_mulO trigger and there is only one reconstructed muon in the event then 

the trigger efficiency for the event is eT,i = er)0. For more than one muon in the event 

the trigger efficiency for that event increases. 

The final trigger efficiencies e^ used in the cross-section measurement for each of 

the channels is shown in Table 4.20. 

In ATLAS the object trigger efficiency maps for electrons and muons will be 

extracted from samples of Z —• ee and Z —• pp using one lepton as a tag and the 

other as a probe to determine the efficiency. A process like Z —> ll is likely to be used 

to extract the trigger efficiency as it has a clear signal and large cross-section (with 

respect to ti) and two leptons of the same kind. The user would need to ensure that 

any differences in the trigger efficiency between the Z and ti samples be accounted 

for in the application of one efficiency to the other. The value for er in the cross-
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section Equation 4.10 would be calculated as described above using MC samples (to 

determine the efficiency of the trigger with respect to the reconstruction), only using 

the real object trigger efficiency in rj — (f> space (instead of MC generated efficiency 

maps as has been done here). 

The systematic uncertainties that were investigated for the trigger efficiency were 

carried out by generating and applying the n — <f> trigger efficiency maps from the 

Z samples, and by changing the AR matching criteria between the trigger and re

constructed objects from 0.1 to 0.05 and 0.15. Taking into account these variations 

the trigger efficiency for the ee channel did not change, however for the pp and ep 

channels the systematic uncertainty from trigger efficiencies was found to change the 

ti cross-section by ±0.7% and ±0.9%, respectively. 

4.7.3 Luminosity and Associated Systematic Uncertainty 

The luminosity (£) is an extremely important parameter for any cross-section mea

surement, as it is a measure of the rate of interactions between the colliding protons. 

Since the field of particle physics deals with physics at an extremely small scale (the 

scale of fundamental particles) in practice this area is quoted in units of barn, where 

1 barn = 10"28 m2. 

The instantaneous luminosity is given by: 

and is calculated using the number of bunch crossings at the interaction point (n&) 

in one accelerator revolution period ( l / / r ) , from calculations or measurements of the 

average number of observed interactions per bunch crossing (p), and the efficiency 

(ec) of the detector and algorithm used to measure the total inelastic cross-section 
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(&inei)- Known inputs from the accelerator settings are n^ (which has a maximum 

value of 2808 bunch crossings) and fr that has a value of 11 kHz in the LHC. The 

denominator ec (?inei is discussed in more detail later, but can be calculated using 

either MC predictions or from accelerator parameter information. 

In ATLAS there are several detectors available to independently measure p, and 

hence the luminosity. The following is a description of some of the detectors used for 

luminosity measurements in ATLAS: 

Minimum Bias Trigger Scintillator (MBTS) : This detector is composed of 

scintillator paddles (2 cm thick) arranged in disks perpendicular to the beam 

direction. There are two detector arrays located on either side of the IP just 

before the endcap calorimeter cryostat (at z = ± 3.56 cm) labelled A side and 

C side. The primary goal of the MBTS is to trigger on minimum collision 

activity in the forward region (2.04 < \n\ < 3.84). A hit in the MBTS is 

defined as having a signal above some predefined threshold corresponding to 

a single particle. For the luminosity measurement the trigger is required to 

coincide in time with bunches that are configured to collide in ATLAS, and can 

require a single hit on one or both side A and C. To remove contamination from 

backgrounds, the difference in time between the recorded hits in the MBTS on 

side A and C must be less than 10 ns to be consistent with particles originating 

from the IP. 

Luminosity measurement using Cerenkov Integrating Detector (LUCID) 

: The primary goal of LUCID is to provide to ATLAS with online and offline 

luminosity measurement. Located at z = ± 17 m, these two Cerenkov detector 

modules are composed of 16 1.5 m long tubes, each with a 15 mm diameter, near 

the beam pipe, pointing to the IP (at \n\ = 5.8). The Cerenkov light measured 
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in a gas mixture is collected by photomultiplier tubes (PMTs). The amplitude 

of the PMT signal is proportional to the number of particles entering the tube. 

Liquid Argon Endcaps : Calorimeter channels with significant energy in the 

EMEC inner wheel (2.5 < \n\ < 3.2) and FCal (3.1 < \n\ < 4.9) are used to 

determine events with significant energy depositions. A channel with significant 

energy is required to have energy greater than five times the expected electronic 

noise, and have energy greater than 250 MeV (1200 MeV) for the EMEC (FCal). 

For an event to be used in the luminosity calculation it first must pass a MBTS 

trigger, and there must be at least two channels with significant energy on both 

side A and C. The average time is calculated for each side using all channels 

with significant energy. The final criteria on a good luminosity event is that the 

difference in time between side A and C be less than 5 ns. 

Inner Detector : The inner detector is used to count the rate of events the pass 

certain track requirements. One method counts the number of events that have 

two or more tracks reconstructed with the inner detector with p T > 100 MeV. 

These tracks must be consistent with coming from the primary vertex and meet 

a minimum number of hits in each of the inner detector layers. 

For each detector the basic idea is that the event rate (accounting for efficiencies, 

acceptance) is proportional to the average number of interactions per bunch crossing. 

There are additional corrections made to account for non-linearities between the event 

rate and p. The backgrounds to the detectors from sources such as beam halo or beam 

gas interactions, are determined by studying the rates for LHC bunch crossings that 

are not configured for collisions. 

The following describes two methods of calculating the luminosity that have been 

used in ATLAS for the data taking period of 2010. The first method calculates the 
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Figure 4.28: Instantaneous luminosity as a function of time using three ATLAS luminosity 
detectors, with normalization to Pythia MC predictions, during a run on April 4, 2010. This 
figure has been taken from [66]. 

denominator in Equation 4.12 from the inelastic cross-section and associated effi

ciency for a specific detector and algorithm. Unfortunately the inelastic cross-section 

for pp collisions at 7 TeV has not as yet been measured so at this time the value 

must come from MC predictions, and there are large uncertainties associated to the 

MC predictions stemming from large generator differences in the cross-sections, par

ticle multiplicities and kinematics. It is unknown if the full envelope of values from 

the various MC generators even encompasses the true value. To account for these 

uncertainties, the denominator of Equation 4.12 using MC predictions is assigned a 

systematic error of 20%. Figure 4.28 shows an example of the instantaneous lumi

nosity calculation as a function of time using the MC predicted normalization, for 

MBTS, LUCID, and the liquid argon endcaps with ATLAS data taken on April 4, 

2010. In this plot statistical errors are too small to be seen, and the systematic error 

is independent of time. The different methods track each other well. 

A second method for calculating the normalization of the luminosity comes from 
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measurements of the accelerator properties. It is called van der Meer scan [67]. One 

beam is deflected in the horizontal or vertical plane with respect to the other beam, 

and the count rate as a function of net displacement in that plane is measured with the 

luminosity detectors. Each of the distributions in the horizontal (R(x)) and vertical 

planes (R(y)) is bell-shape, with the peak centered at zero corresponding to head-on 

collisions between both beams. For this method the luminosity is calculated as: 

c = T ^ • <4-13> 
Z7TZjxZjy 

using the same n& and fr from Equation 4.12, and the number of particles per bunch 

in beam 1 and 2 (Ii and I2), and where T,x is defined as: 

_ jR(x)dx 
Z-'x — 

2TTRX(0) ' 

Rx(0) is the rate at zero displacement (the peak height). The same definitions apply 

for T,y in the vertical plane. The theory assumes the particle densities in x and y are 

independent. In ATLAS three scans were performed in the spring of 2010 in both 

the horizontal and vertical planes to extract the luminosity using this method. It 

was found R(x) and R(y) were best fit to double Gaussians with a flat background 

(measured from rates of non-colliding bunches). The luminosity measurement was 

consistent for the different luminosity detectors and algorithms. Calculation of the 

luminosity using this van der Meer normalization yields a systematic uncertainty of 

11%, with the largest source of systematic uncertainty on the luminosity measurement 

coming from the intensity of the beams [66]. 

Luminosity is measured instantaneously and then integrated over time. The prod

uct of the integrated luminosity and the cross-section for process A gives the expected 
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number of events from A in time dt: Num evts A = f Cdt x a A 

For this thesis it is assumed that the uncertainty on the integrated luminosity is 

10%. This is a conservative number, given that this analysis assumes 200 pb - 1 of 

integrated luminosity, and an uncertainty of 11% using the van der Meer method is 

limited to information from three luminosity scans, and with ~3 p b - 1 delivered to 

the experiment. 

4.7.4 Variation with Monte Carlo Generator 

The choice of generator slightly affects the kinematics of objects in top events (recall 

Section 4.2.2), which can result in variations of the total number of observed events. 

The different generators also have slightly different branching ratios for the W lep

tonic decays, therefore slightly different cross-sections for the dilepton channel. For 

example, in MC@NLO (with a branching ratio of W —• Ivi = 11.1%) the branching 

ratio for ti - • (Wb)(Wb) -»• (eveb)(eveb) = (0.111)(0.111) = 1.23%, where as for 

POWHEG (with a branching ratio of W —> lv\ = 10.8%) the branching ratio for the 

same ti decay would be 1.17%. The Acer LO MC generator is not considered here, 

as it is known to have an imprecise calculation of the cross-section and very different 

kinematics from the NLO generators that better represent the current understanding 

of the ti production at 7 TeV. The final systematic uncertainty associated with the 

choice of generator for each of the channels is taken to be: 

ee : Aatt/att = ±1.6% pp : Aatt/att = ±1.1% pe : Aati/vti = ±1.6% , 

and is the difference of the measured cross-section using the POWHEG samples with 

respect to the cross-section obtained using the default MC@NLO sample. 
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reconstruction efficiency 
trigger efficiency 
generator choice 
luminosity 
theoretical uncertainty 

total 

ee 

± 3.2% 
± 0.0% 
± 1.6% 
±10.0% 
± 6.0% 

± 12.2 % 

pp 

+3.3 %, -3.6 % 
± 0.7% 
± 1.1% 
±10.0% 
± 6.0% 

+12.2%,-12.3% 

ep 

+2.5%, -3.2% 
± 0.9% 
± 1.6% 
±10.0% 
± 6.0% 

+12.1%,-12.2% 

Table 4.21: Summary of the systematic uncertainties to the top pair cross-section mea
surement, Aa/a. 

4.7.5 Summary of Uncertainties 

The systematic uncertainties considered in this analysis are the uncertainty associated 

to the reconstruction and trigger efficiency, generator choice, and luminosity. An 

additional systematic is assigned from the theoretical calculation, based on [49], to 

which the samples were scaled with the fc-factors. Based on the uncertainty in that 

same reference, the theoretical uncertainty in the calculation of the ti cross section is 

taken to be ± 6%. In the paper the absolute uncertainty is quoted with respect to a« 

at the LHC with y/s = 14 TeV, but the same relative uncertainty has been assigned 

here for atj at y/s = 7 TeV. 

Table 4.21 breaks down the systematic uncertainties on the cross-section measure

ment. The error due to the reconstruction efficiency is taken solely as the variation of 

the jet energy scale by ±10%, which is significantly larger than any other variations 

in the reconstruction algorithms. The total systematic uncertainty is the sum of each 

added in quadrature. 

This analysis uses only MC generated events. A cross section measurement using 

data requires subtraction of the expected number of background events to find S. 

This estimation can be made using data driven measurements or can be based on MC 
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predictions. Since the number of background events are not subtracted in the analysis, 

the uncertainty associated with the cross-section for each of these backgrounds has 

not been discussed. 

If only the statistics for 200 p b - 1 were considered, then the statistical error on 

each channel would be: 

ee : VlT2 -> Ao^/atf = ±9.5% 

pp : VUO - • Aatt/att = ±9.1% 

ep : \/300 -»- Aaa/au = ±5.8% 

However, combining the results of the three dilepton channels will reduce the overall 

statistical error on the measurement. 

4.7.6 Comparison of the Cross-section Calculation 

The MC@NLO sample has been used to study the ti cross-section in the dilepton 

channel. There are two independent MC@NLO samples that cover the complete 

phase space of SM ti decays, one containing the semileptonic and dileptonic decays, 

and the other containing the fully hadronic channel. Combining the cross-sections of 

these samples the total ti cross-section as predicted by MC@NLO (for mt = 172.5 

GeV) is: 

0"semi+dilep fcb] Cfully hadronic [ p b ] <Jtt [ p b ] 

(nok-factor) 80.201 64.046 144.247 

(k-factor) 87.419 73.653 161.072 

The fraction of the total cross-section that is due to the semileptonic and dileptonic 
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tt decays is 55.60% (and 54.27% accounting for the A;-factor). 

Using the formalism developed in this thesis and Equation 4.10, the ti cross-

sections for each of the three signal channels were calculated and the following num

bers obtained: 

ee : 161.0 ± 15.3 (stat) ± 19.6 (sys) pb 

pp : 160.4 ± 14.6 (stat) ± 19.6 (sys) pb 

ep : 161.0 ± 9.3 (stat) ± 19.6 (sys) pb . 

These agree within the statistical (stat) and systematic (sys) uncertainties to the 

generated MC@NLO input value of 161.072 pb. The statistical error assumes only 

200 p b - 1 of data has been studied, and does not use the full MC statistics scaled to 

that luminosity (which would yield a negligible statistical error). 

The current best theoretical prediction for the ft cross-section is ati = 160.79±9.64 

pb [49]. This is very close to the number that is given by the generator used in this 

study (MC@NLO). 

4.7.7 Summary and Outlook 

An investigation of the top pair cross section measurement using the dilepton channel 

with the ATLAS detector has been carried out using MC datasets, for y/s = 7 TeV 

with 200 p b - 1 of data. The largest source of systematic uncertainty is from the 

determination of the luminosity. This measurement is expected to improve from 11% 

to 4-5% by the end of 2011. A large statistical error will be present with only 200 

p b - 1 of data, but combining the dilepton channels with each other, and possibly other 

ti channels will reduce the error. 

The ep channel is the golden channel for the dilepton search. It has a branching 
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ratio two times that of the ee and ep channel, and suffers significantly less background 

(mostly due to the large Z boson background in the other two channels). As a result, 

this channel has the highest reconstruction efficiency, and has a signal-to-background 

ratio of nearly twice that of the other channels. This gives further motivation to 

include a specific 'emu' trigger, requiring both an electron and a muon in the ATLAS 

trigger menu 7. 

As the instantaneous luminosity of the detector increases towards 1032 cm - 2 s - 1 

(which may be achieved by early 2011) and eventually 1034 cm - 2 s_1 (design lumi

nosity) the trigger rates for the low energy and momentum threshold triggers will 

increase. The low threshold single lepton triggers considered in this analysis are 

EF_elO_medium and EF_mulO, and are the default triggers used for the ATLAS top 

cross-section measurement with early ATLAS data. At higher luminosities, these trig

gers are expected to be either prescaled or removed from the ATLAS trigger menu, 

in favour of lower rate triggers with higher thresholds such as EF_e20_medium and 

EF_mu20. Moving to a higher threshold in the trigger implies that a higher cut will 

need to be applied to the reconstructed lepton px to avoid biases from the trigger 

turn-on region. The dilepton triggers presented here (EF_2e5_medium, EF_mulO, 

EF_e5_medium AND EF_mu6) have low threshold cuts, but they also have a low 

trigger rate, and even at higher luminosity they are not expected to be prescaled or 

modified. Using these triggers means that the same px cut of 20 GeV can be applied 

to electrons and muons, as has been done in this analysis. 

Such as EF_e5_medium and EF_mu4. 



Chapter 5 

Conclusion 

The field of particle physics is one that has grown over the decades with collaboration 

of people all over the world. Theorists work to develop theories and push the precision 

of their predictions. The boundaries of technology are pushed to create more powerful 

accelerators and precise detectors to test these theories. Scientific experimentalists 

analyse and understand the output from the machines to search for signatures of old 

and new physics, that then feed back to the theoretical community. This cycle has 

been ongoing for decades, and with the LHC era pushing experimental data to new 

energy regimes, this cycle is expected to continue for many more decades to come. 

The work in this thesis has presented in detail some of these elements. Every 

piece of the ATLAS detector must be studied separately, and then as a combined 

system to take advantage of the full potential of this giant detector. In this thesis, a 

detailed study of the ATLAS FCal was done using test beam data and MC studies. 

This thesis also studied the potential to make a top pair cross-section measurement in 

the ATLAS detector within the first year of data taking. This measurement involves 

the reconstruction of electrons, muons, jets, and missing transverse energy, and so it 

requires all subsystems of the ATLAS detector be understood and operational. 
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Appendix A 

Monte Carlo Da ta Set Information 

for Top Physics 

Tables A l to A6 provide additional information about the samples used in the tt cross-

section analysis. The sample identification numbers are those used by the ATLAS 

collaboration. The ATLAS reconstruction tag associated to all of the samples is 

r l302. 

Process 

ti —• (li/,qq'), (lv,lv) 

it —• {Iv, qq'), (Iv, Iv) 

ti —• (Iv, qq'),(lv,lv) 

ti —* (lv,qq'),(lv,lv) 

Sample ID 

5200 

5860 

5861 

5205 

Generator + Parton Shower 

MC@NLO + HERWIG/JIMMY 

POWHEG + HERWIG 

POWHEG + PYTHIA 

AcerMC + HERWIG/JIMMY 

<x[pb] 

80.201 

79.118 

79.118 

57.98 

fc-factor 

1.09 

1.10 

1.10 

1.50 

Table A. l : Additional Monte Carlo sample information for the tt samples. Cross-sections 
are for pp collisions at 7 TeV. The fc-factor is the ratio of the expected cross-section at 
NNLO calculated in [49] to that of the matrix element generator. 
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Process 

Z -* eeNpO 

Z - • e e N p l 

Z -> eeNp2 

Z -» eeNp3 

Z -> eeNp4 

Z -» eeNp5 

Z - • /i/^NpO 

Z —» n/iNpl 

Z - • n / j N p 2 

Z - • / i / iNp3 

Z —• /ujtNp4 

Z —• / j / iNp5 

Z -> TTNpO 

Z -» TTNpl 

Z -> r r N p 2 

Z - • r r N p 3 

Z - > T r N p 4 

Z - » T r N p 5 

Sample ID 

107650 

107651 

107652 

107653 

107654 

107655 

107660 

107661 

107662 

107663 

107664 

107665 

107670 

107671 

107672 

107673 

107674 

107675 

Generator + Parton Shower 

ALPGEN -t- HERWIG/JIMMY 

ALPGEN + HERWIG/ JIMMY 

ALPGEN 4- HERWIG/JIMMY 

ALPGEN + HERWIG/JIMMY 

ALPGEN + HERWIG/JIMMY 

ALPGEN + HERWIG/JIMMY 

ALPGEN + HERWIG/JIMMY 

ALPGEN + HERWIG/JIMMY 

ALPGEN + HERWIG/JIMMY 

ALPGEN + HERWIG/JIMMY 

ALPGEN + HERWIG/JIMMY 

ALPGEN + HERWIG/JIMMY 

ALPGEN + HERWIG/JIMMY 

ALPGEN + HERWIG/JIMMY 

ALPGEN + HERWIG/JIMMY 

ALPGEN + HERWIG/JIMMY 

ALPGEN + HERWIG/JIMMY 

ALPGEN + HERWIG/JIMMY 

<r[pb] 

661.9 

133.3 

40.3 

11.2 

2.7 

0.8 

657.7 

132.8 

39.6 

11.1 

2.8 

0.8 

657.4 

133.0 

40.4 

11.0 

2.9 

0.7 

fc-factor 

1.22 

1.22 

1.22 

1.22 

1.22 

1.22 

1.22 

1.22 

1.22 

1.22 

1.22 

1.22 

1.22 

1.22 

1.22 

1.22 

1.22 

1.22 

Table A.2: Z backgrounds. Additional Monte Carlo sample information for the Z —> ll 
samples. Cross-sections are for pp collisions at 7 TeV. The fc-factor corrects the cross-
sections to NNLO precision [33]. Np stands for number of partons. The samples include 
the full Drell-Yan contributions. 
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Proces s 

W -»• e^NpO 

W - • e i / N p l 

W - )• e i /Np2 

W -> e j /Np3 

W —• e; /Np4 

W —• e ^ N p 5 

W - • /ji/NpO 

W — Ati/Npl 

W - + fivNp2 

W -* /j*/Np3 

W —• fii /Np4 

W —• /^>vNp5 

W - • r i /NpO 

W -* r i / N p l 

W - • T*/Np2 

W - • r t / N p 3 

W —> r i / N p 4 

W —• Ti /Np5 

S a m p l e I D 

107680 

107681 

107682 

107683 

107684 

107685 

107690 

107691 

107692 

107693 

107694 

107695 

107700 

107701 

107702 

107703 

107704 

107705 

G e n e r a t o r + P a r t o n Shower 

A L P G E N + H E R W I G / J I M M Y 

A L P G E N + H E R W I G / J I M M Y 

A L P G E N + H E R W I G / J I M M Y 

A L P G E N + H E R W I G / J I M M Y 

A L P G E N + H E R W I G / J I M M Y 

A L P G E N + H E R W I G / J I M M Y 

A L P G E N + H E R W I G / J I M M Y 

A L P G E N + H E R W I G / J I M M Y 

A L P G E N + H E R W I G / J I M M Y 

A L P G E N + H E R W I G / J I M M Y 

A L P G E N + H E R W I G / J I M M Y 

A L P G E N + H E R W I G / J I M M Y 

A L P G E N + H E R W I G / J I M M Y 

A L P G E N + H E R W I G / J I M M Y 

A L P G E N + H E R W I G / J I M M Y 

A L P G E N + H E R W I G / J I M M Y 

A L P G E N + H E R W I G / J I M M Y 

A L P G E N + H E R W I G / J I M M Y 

a[pb] 

6913.3 

1293.0 

377.1 

100.9 

25.3 

6.9 

6935.4 

1281.2 

375.3 

101.1 

25.7 

7.0 

6835.8 

1276.8 

376.6 

100.8 

25.7 

7.0 

fc-factor 

1.22 

1.22 

1.22 

1.22 

1.22 

1.22 

1.22 

1.22 

1.22 

1.22 

1.22 

1.22 

1.22 

1.22 

1.22 

1.22 

1.22 

1.22 

Table A.3: W backgrounds. Additional Monte Carlo sample information for the W —> Iv 
samples. Cross-sections are for pp collisions at 7 TeV. The fc-factor corrects the cross-
sections to NNLO precision [33]. Np stands for number of partons. 
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Procpsss 

W W - » ( * ; / ) (ii/)NpO 

WW -> ( ! i / ) i » N p l 

WW -> (lv)(lv)Np2 

WW -> (lv)(lv)Np3 

WZ -» (incl)(H)NpO 

WZ - • (incl)(H)Npl 

WZ -> (incl)(//)Np2 

WZ -> (incl)(H)Np3 

ZZ^ (incl)(//)NpO 

ZZ - • (incl)(H)Npl 

ZZ -> (incl)(M)Np2 

ZZ -> (mcl)(ll)Np3 

Sample ID 

107100 

107101 

107102 

107103 

107104 

107105 

107106 

107107 

107108 

107109 

107110 

107111 

Generator + Parton Shower 

ALPGEN + HERWIG/JIMMY 

ALPGEN + HERWIG/JIMMY 

ALPGEN + HERWIG/JIMMY 

ALPGEN + HERWIG/JIMMY 

ALPGEN + HERWIG/JIMMY 

ALPGEN + HERWIG/JIMMY 

ALPGEN + HERWIG/JIMMY 

ALPGEN + HERWIG/JIMMY 

ALPGEN + HERWIG/JIMMY 

ALPGEN + HERWIG/JIMMY 

ALPGEN + HERWIG/JIMMY 

ALPGEN + HERWIG/JIMMY 

a [pb] 

3.23 

1.71 

0.87 

0.36 

1.05 

0.73 

0.43 

0.20 

0.80 

0.39 

0.18 

0.06 

fc-factor 

1.21 

1.21 

1.21 

1.21 

1.21 

1.21 

1.21 

1.21 

1.21 

1.21 

1.21 

1.21 

Table A.4: Diboson backgrounds. Additional Monte Carlo sample information for the 
diboson (WW, ZZ, WZ) samples. Cross-sections are for pp collisions at 7 TeV. The fc-factor 
corrects the cross-sections to NNLO precision [33]. Np stands for number of partons. 

Process 

ti ^ (qq')(qq') 

single top Wt-channel 

single top t-channel (e channel) 

single top i-channel (/J, channel) 

single top i-channel (T channel) 

single top s-channel (e channel) 

single top s-channel (/i channel) 

single top s-channel ( r channel) 

Sample ID 

105204 

108346 

108340 

108341 

108342 

108343 

108344 

108345 

Generator + Parton Shower 

MC@NLO + HERWIG/JIMMY 

MC®NLO + HERWIG/JIMMY 

MC@NLO + HERWIG/JIMMY 

MC@NLO + HERWIG/JIMMY 

MCONLO + HERWIG/JIMMY 

MC@NLO + HERWIG/JIMMY 

MCONLO + HERWIG/JIMMY 

MC@NLO + HERWIG/JIMMY 

Mpb] 

64.046 

14.581 

7.152 

7.176 

7.128 

0.4685 

0.4684 

0.4700 

fc-factor 

1.15 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

Table A.5: Top backgrounds. Additional Monte Carlo sample information for the single 
top and all hadronic ti samples. Cross-sections are for pp collisions at 7 TeV. The fc-factor 
corrects the cross-sections to NNLO precision [33]. 
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Process 

QCD JO 

QCD J l 

QCD J2 

QCD J3 

QCD J4 

QCD J5 

QCD J6 

Sample ID 

105009 

105010 

105011 

105012 

105013 

105014 

105015 

Generator + Parton Shower 

PYTHIA 

PYTHIA 

PYTHIA 

PYTHIA 

PYTHIA 

PYTHIA 

PYTHIA 

a[pb] 

97529070000 

673020000 

41194700 

2193250 

87848.7 

2328.56 

33.8461 

fc-factor 

-

-

-

-

-

-

-

Table A.6: QCD di-jet backgrounds. Additional Monte Carlo sample information for 
the QCD samples. Cross-sections are for pp collisions at 7 TeV. There is no fc-factor quoted 
here as it has not been calculated for QCD. The different QCD Jx samples were generated 
for a different px ranges, JO: 8-17 GeV, J l : 17-35 GeV, J2: 35-70 GeV, J3: 70-140 GeV, 
J4: 140-280 GeV, J5: 280-560 GeV, J6: 560+ GeV. They must be scaled independently 
and then added together to get the correct spectrum. 



Appendix B 

Efficiency Uncertainty 

This appendix describes techniques which are commonly used to calculate errors 

associated with an efficiency measurement. Throughout this chapter the efficiency is 

defined as: 

<-l (Rl) 

where k is the number of events selected out of n total chances. The following 

description can be applied to total event statistics or individual bins in a distribution. 

B.l The Standard Methods 

In this section it is assumed that each event is unweighted, the treatment of weighted 

events is presented in Section B.2 

B. l . l Binomial Statistics 

The quantity k is binomially distributed, events either pass or fail some criteria. The 

probability density function for the Binomially distributed variable k given some true 
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efficiency e and total number of events n is: 

The expectation value and variance for this discrete variable k are: 

E(k) = k = ne 

V(k) = ak = E(k2) - [E(k)]2 = ne(l - e) . 

To calculate the error associated with the efficiency defined in Equation B.l, the total 

number of events n are assumed to be known with certainty (an = 0). By propagation 

of error the variance associated with the efficiency is: 

V(e) = a\ = 1(1 - e) . 

One issue with this result is that the value of the true efficiency is required in evalu

ating the variance of the efficiency, which is ultimately the quantity being calculated. 

Also, if the efficiency is either zero or one then the variance is zero, regardless of the 

statistics. 

B.l.2 Poisson Statistics 

Poisson statistics are the limiting case of the Binomial distribution when n —> oo 

and P(k; n, e) —> 0 such that the total efficiency remains the same. The probability 

density function describing the outcome k given n trials and some efficiency e is: 

\ke~x 

P(k;n,e) = — — 
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where A = ne. The expectation value and variance of k are: 

E(k) = A V(k) = A . 

Poisson statistics are often used to quote errors associated to histogram bins, 

making use of the expectation value and variance for a Poisson distribution by citing 

bin contents as 

k ± vfc and n ± y/n (B-3) 

(bin indices have been neglected throughout). If the efficiency is defined as in Equa

tion B.l and propagation of errors performed on the two (assumed independent) 

variables with Poisson errors as defined in Equation B.3, then the variance on the 

efficiency would be: 

This technique has the same flaws as the Binomial technique, in that when e = 0 

the variance is zero, and the true efficiency is used to evaluate the variance of the 

estimated efficiency. 

B.l .3 Bayesian Statistics 

The goal of this chapter is to evaluate the efficiency of some measurement and make 

some quantitative statement reflecting the certainty of the efficiency given the mea

surements of k and n. Using Bayesian statistics the probability for an efficiency given 

measurements of k and n can be written as: 

P<̂ "> = W C (R4) 
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where P(k; n, e) is the Binomial probability density for k, as was previously defined 

in Equation B.2. P(e; n) encodes any prior knowledge of e. The efficiency value will 

be constrained to lie between zero and one, and has equal probability for any of these 

values in between before any measurement is taken. P(e; n) is therefore taken to be 

a uniform distribution in the range of zero and one. The variable C is the overall 

normalization constant to ensure the integral over all space of the probability density 

function is equal to one, and is C = l / ( n + 1 ) [68,69]. By substituting these variables 

into the Bayesian formula the probability to measure an efficiency e is given by: 

p(e; *'n) = W^kyek{1 ~ er'k{n + 1 } (B-5) 

in the range [0, 1], and zero outside of this range. 

The expectation value of e and mode (where dP/de — 0 is the mode) of this 

distribution are calculated to be: 

E(e) = e = -
v ; n + 2 

mode = — . 
n 

Using this technique it is not the mean that returns the familiar form of the efficiency, 

but rather the mode. For large values of k and n they are approximately equivalent. 

The variance of the efficiency is: 

v(r)_(k+l)(k + 2) (k + 1)2 

V{e) ~ (n + 2)(n + 3) ~ J^TW ' (&6) 

In this analysis the value of the efficiency quoted is the most probable value, 

and asymmetric errors are taken about the mode that span the region of ±o\ This 
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technique removes the problems associated with the Binomial and Poisson method, 

however it does create a small bias in using the mode for the calculated efficiency 

instead of the mean. Notice that even if n = 0 the mean value of the distribution will 

be equal to 1/2 and the variance will be 1/12, which are the mean and variance of a 

uniform distribution in the range [0, 1]. For n = 0 the efficiency as defined using the 

mode has no meaning and no value will be quoted for the efficiency or its uncertainty. 

B.2 Weighted Events 

The Bayesian method for calculating the errors associated with an efficiency method 

suffers the problem that for certain values of k greater than n (which can happen with 

negatively weighted events) the variance can be negative. There is a ROOT function 

that will calculate Bayesian errors for the user, enclosing 68.3% of the distribution 

(TGraphAsymmErrors:: BayesDivide [9]), however it can not be used if the entries are 

weighted. This is a problem for the tt analysis as approximately 15% of the MC@NLO 

ti events have a negative weight. Currently there is no suggested prescription in 

ATLAS for properly handling this problem. If one simply uses the sum of the weights 

for k and n then evaluation of the statistical error will not properly take into account 

the full statistics of the sample. For example, if Poisson statistics are assumed, if 

1000 events are sampled but the sum of weights is 800 then the quoted value should 

be 800 ± V1000 (not 800 ± V800). Despite this problem this is the method taken 

in this analysis, and the values of k and n used to calculate the statistical error in 

Equation B.6 are the sum of the weights. 
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k 
n 
e 

0 £ 

Poisson 
No EW EW 

1600 
1719 

0.9308 

±0.0323 

1218 
1301 

0.9362 

±0.0373 

Binomial 
No EW EW 

1600 
1719 

0.9308 

±0.0061 

1218 
1301 

0.9362 

±0.0068 

Bayesian 
No EW EW 

1600 
1719 

0.9308 
+0.0056 
-0.0066 

1218 
1301 

0.9362 
+0.0061 
-0.0075 

Table B.l: Example of different ways to calculate the error on an efficiency calculation. 
EW = event weight taken into account. 

B.3 Example 

An example of the overall efficiency as calculated using Poisson, Binomial, and 

Bayesian statistics is shown in Table B.l. In the table the acronym EW stands 

for event weight, so 'No EW' implies that the event weight is not taken into account. 

When the event weight is not taken into account, the full statistics are used to calcu

late the error, so for a given statistics method the overall error is smaller. The Poisson 

and Binomial errors are symmetric. The Bayesian errors are symmetric about the 

expectation value of the distribution, but the mode is used to quote the efficiency, 

and asymmetric errors are taken about this average. 

The three methods of calculating the error on the efficiency are also applied to 

individual bins. An example of a histogram using these errors on the individual 

bins is shown in Figure B.l. The error bars using Poisson statistics are significantly 

larger, and incorrect for reasons previously mentioned. The errors calculated using 

the Binomial and Bayesian statistics appear similar in many cases. However, in this 

example there are a few bins where the efficiency is 100% (n ~ —1.7,+1); for these 

cases the Binomial error on that bin is zero, whereas for the Bayesian statistics there 

is a non-zero value for the lower error (since the prior of the distribution states the 

value of the efficiency can not be greater than one). 
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, 0 8 ; 

0 6 ; 

0 4 ; 

0 2 ; 

0 1 2 
Electron Reconstructed n. 

0 1 2 
Electron Reconstructed T| 

(a) Poisson statistics (b) Binomial statistics 

0 1 2 

Electron Reconstructed r| 

(c) Bayesian statistics 

Figure B. l : An example trigger efficiency distribution when the error on the efficiency is 
calculated using (a) Poisson (b) Binomial and (c) Bayesian statistics. 
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