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Abstract

Models of extra dimensions such as the ADD model can be tested at the LHC with the
ATLAS detector. Experimental consequences of such models include the production of
Kaluza-Klein states of the graviton at TeV energy levels. Accurate detection of events with
signatures of missing transverse energy as in graviton production, requires close to hermetic
calorimetry coverage. The forward calorimeter in ATLAS is essential for this purpose. This
thesis describes some features of models of extra dimensions and their signals in the context
of the ATLAS calorimetry system with special emphasis on the forward calorimeter. The
results of studies on the sensitivity of ATLAS to signals of extra dimensions showing that
models like ADD will be confirmed or ruled out over a significant range of their parameter

space at the LHC are discussed.
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Chapter 1

Introduction

The intriguing possibility that the universe has a multi-dimensional spacetime structure
that is more vast and more subtle than the conventional four-dimensional spacetime, has
several experimental implications. These implications require a careful examination of the
fundamental interactions between elementary particles at very high energy levels. An exam-
ination of this kind necessitates a new generation of particle accelerators such as the Large
Hadron Collider, and powerful detectors like ATLAS, both under construction at this time.

Theories of Extra Dimensions (ED) include models where we live on a four-dimensional
‘wall’ or three-brane embedded in a vast multi-dimensional space or bulk through which only
the as yet unobserved graviton can travel. They also include models in which this ‘wall’ is
in fact more like a sheet folded over upon itself forming what appears to be parallel planes,
or even theories in which there are many branes that float in the bulk and sometimes collide
with one another causing enormous, Big Bang-like explosions. In some models of ED, the
four fundamental forces of nature are said to unify into a single force at the TeV energy
level. Gravity, by far the weakest of the four forces, becomes strong due to the ED, whose
presence alters the gravitational potential at small distances or large energies. The testing
of models such as these over a certain range of their parameters could be done at the Large

Hadron Collider (LHC) with the ATLAS detector.
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The primary aim of the ATLAS experiment is to use the full discovery potential of
the LHC to uncover the mechanism responsible for giving particles their masses, and other
new physical phenomena. The fundamental forces in the Standard Model (SM) of particle
physics are part of a theory based on certain symmetries which must be broken in order to
explain the different masses of the force carriers and also of the quarks and leptons. Why
are photons and gluons massless, while W’s and Z’s are massive? The Higgs mechanism,
named after the physicist who proposed it, offers an explanation for this and has its physical
manifestation in the Higgs boson.

The gargantuan task of building a general purpose particle detector such as the ATLAS
detector is made possible through a large international collaboration of physicists, engineers
and technicians, and a high degree of coordination between the groups involved in the
project. By the startup of the LHC and of ATLAS, planned for the year 2007, ATLAS will
have been in the making for more than fifteen years and by the end of the experiment at
least twenty five years will have passed. Scientific endeavours of this type help to illuminate
the subtle and mysterious facets of the physical universe of which we are a part.

This thesis has two main foci. The first is an investigation into the search for signals
of extra dimensions and the sensitivity of the ATLAS detector to such signals. The second
is a synthesis of the work done on the cabling of the forward calorimeter, a sub-detector
component of the ATLAS calorimetry system. The link between the search for ED and the
forward calorimeter lies in the fact that some important signals of ED have characteristic
signatures of missing energy in the final products coming from the primary proton-proton
interaction. In order to maximise a detector’s sensitivity to missing energy signals the largest
possible coverage around the interaction point is sought. The forward calorimeter (FCal)
covers the region just around the beam axis five meters from the interaction point (IP),
where protons collide, thus contributing to an accurate energy reconstruction for events,
and identification of jets of particles in the forward region.

The main purpose of this work is to show that the ATLAS detector is capable of imposing
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important experimental constraints on the range of values of parameters used in some models
of TeV scale unification that include extra dimensions. Chapter 2 presents some basic
aspects of physics in ED and an outline of one model of TeV gauge unification that includes
ED. Events with signatures of missing transverse energy can only be detected through an
accurate reconstruction of the energy of the decay products; calorimetry is essential for this
task. The principles of calorimetry and of shower development in calorimeters are presented
in Chapter 3. An overview of the ATLAS detector, its sub-detector components and their
main characteristics is given in Chapter 4, and a more complete description of the forward
calorimeter, including details of the construction and cabling, follows in Chapter 5. The
methods used to detect and reconstruct missing transverse energy (ErTniSS)7 the component
of the missing energy in the direction transverse to the beam axis, and the results of a
number of studies on the sensitivity of the ATLAS detector to signals of ED are discussed
in Chapter 6. Lastly, Chapter 7 offers a summary of the main points of this thesis.

Extra spatial dimensions and their implications on the fundamental interactions between
constituents of matter are a potential source of exciting new physics. No evidence of the
existence of more than three spatial dimensions has ever been reported by physicists, and
the ATLAS detector at the LHC will offer one of the the first possibilities to search for such
evidence. The startup of the Large Hadron Collider and of ATLAS in the year 2007 will
mark the beginning of a new era in High Energy Physics that may shake the foundations of
what we now believe, that will most likely provide answers to some unresolved questions in
physics, and that will surely give rise to more questions about the nature of matter and of

the elementary processes that make up this physical universe.



Chapter 2

Extra Dimensions

In physics, some theories and models are used to attempt to describe and explain what
is observed.! These theories may then be subjected to experimental tests and evaluated
according to certain standards of agreement with the experimental results. The construction
of accelerators and colliders, together with particle detectors allows an investigation of the
basic constituents of matter and the interactions between them. The LHC and the ATLAS
detector will be extremely powerful tools in this investigation, and might even reveal evidence
for tiny, hidden, extra spatial dimensions.

The hypothesis of the existence of more than three spatial dimensions is not new but has
recently been revived as a means to address the so-called Hierarchy Problem. This chapter
will introduce some key notions of physics in Extra Dimensions and present the essence of
a model of ED proposed by Arkani-Hamed, Dimopoulos and Dvali in 1998.[2] The material
presented in this chapter is not original. The manner in which it is presented is the result
of the study of a number of papers on the topic, and an ongoing correspondence with other

students. References on the topic of extra dimensions that were used and that do not appear

Theory: A set of statements or principles devised to explain a group of facts or phenomena, especially
one that has been repeatedly tested or is widely accepted and can be used to make predictions about natural
phenomena.

Model: A schematic description of a system, theory, or phenomenon that accounts for its known or
inferred properties and may be used for further study of its characteristics. [1]
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as citations in the rest of this work include: [3], [4], [5], [6], [7], and [8].

2.1 Physics in Extra Dimensions

The world we inhabit appears to be four-dimensional. That is to say, if an arbitrary point is
chosen as the origin, it is possible to uniquely specify the position of any point in spacetime
with respect to the origin using four coordinates: three spatial and one temporal.?

In a Cartesian coordinate system, the three spatial variables z, y and z have dimensions
of distance and range from —oo to +00. This corresponds to spatial dimensions with infinite
size. Using a Cartesian model of the physical world, we must set a physical limit to the
size of a space dimension; a limit to the spatial extent in a given direction. For this, we
can assume that nothing contained in the universe can be larger in extent than the universe
itself, and that spacetime expands with and as the universe, and thus setting the upper limit
on the size of a spatial dimension to be that of the universe.

The actual size and shape of the three space dimensions in which we live is unknown
to us. We know from observations that the universe is expanding but we do not know
whether the rate of expansion is increasing, decreasing or constant. We believe that a ‘slice’
of the universe at a given moment in time appears as a three-dimensional hyper surface
with no intrinsic curvature (flat), thus cartesian in topology. It is possible that the usual
three dimensions are in fact curved, but current cosmology indicates that they are flat. In
summary, we appear to live in a flat, expanding universe with three flat spatial dimensions
of the size of the universe itself.

To introduce the notion of compact and periodic ED, consider a circle. For a given
radius, the distance between two arbitrarily close points on the circumference of the circle
can be written in polar coordinates as ds? = R2d#?, where R is the radius and 6 is the polar

angle. (This line element is also often referred to as a metric). In this coordinate system,

2The three spatial dimensions that we usually think of as the three spatial dimensions, will be referred to
as the ‘usual’ three spatial dimensions.
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R ranges from 0 to oo, and 0 from 0 to 27. Furthermore, R has dimensions of distance
whereas 6 is dimensionless. We can define a single variable = R, ranging from 0 to 27R
and having dimensions of distance, that gives rise to the same equation for the metric on
the circumference of the circle. This illustrates that the circumference of a circle with fixed
radius is one-dimensional and can be described by a single periodic variable z, with period
27R.

The preceding illustration can be used to hint at a conceptual notion of ED as follows.
Imagine a one-dimensional space represented by a single straight, infinite line. If one extra
compact and periodic dimension of radius R exists, then at every point on the line, space does
not only extend over the infinite line in both directions but also over the circumference of a
circle of radius R. If the circle is perpendicular to the line, then the overall topology is that
of the surface of an infinite two-dimensional cylinder. In this cylindrical two-dimensional
space, one dimension is flat and infinite, the other is compact and periodic with radius R.

As a three-dimensional example we can consider a flat, infinite two-dimensional space
represented by an infinite, flat plane. Every point on this plane can be identified by two
coordinates representing the distance between the point and the chosen origin in arbitrary
units. An ED is introduced by specifying that a line transversely intersects every point on
the plane. If the line is straight and infinite, the ED is said to be infinite and the overall
space will be an infinite three-dimensional space or hypersurface akin to the one in which
we live at a given moment in time. If the line forms a circle of radius R, then the ED is said
to be compact and periodic with period 27R. The ED is said to be compact because it is
curled up, and periodic because from a given point on the circle, 27R is the proper distance
that one travels in that direction before getting back to the starting point. It is possible
to imagine any number of such circles or even any spheres and tori at every point on the
plane. For each circular ED one additional coordinate is necessary to describe the location
of a point in the space. For spherical ED, two additional coordinates are necessary. The

size of a compact ED refers to the size of the radius whereas the size of a non-compact ED
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refers to its spatial extent.

In a number of models that include ED, the graviton, the force carrier for gravity, is taken
to be the only particle that can propagate in all the spatial dimensions. Therefore, if our
world is not a four-dimensional space but is in fact a six, seven or even eleven-dimensional
space with tiny extra compact dimensions, then this could explain why gravity appears to
be so weak on macroscopic scales. Since gravitons propagate equally in all dimensions, the
probability of interaction in the usual three dimensions is low. A search for indirect effects
of the gravitational interaction in ED on elastic electron-positron scattering at centre of
mass energies between 183 and 209 GeV at LEP by the OPAL collaboration has led to a
lower limit on the quantum gravity energy scale, of around 1 TeV. [9] Therefore, a higher
energy collider like the LHC is necessary to test models of ED at the TeV scale.

Physics experiments show us that there appear to be four fundamental forces in nature:
electromagnetic, weak, strong and gravitational. In particle physics, each one of these
forces is mediated by what are called gauge bosons. The gauge boson or force carrier of the
electromagnetic force is the photon . The carrier of the force of gravity is the graviton G.
The weak and strong forces are mediated by more than a single gauge boson as in the case
of the electromagnetic and gravitational forces. Indeed, there are three weak gauge bosons,
the Z°, Wt and W, and eight mediators of the strong force called gluons g. Furthermore,
the v, G and g are massless while the weak gauge bosons are very massive. The strength of
a force is described by a coupling constant, that may not be constant over the entire range.?
At energy levels between 100 to 1000 GeV, the electromagnetic and weak forces can be
described by a single theory. This energy level is called the FElectroweak energy scale. They
can thus be considered as a single electroweak force. In current theories, at energies around
10" GeV, gravity is believed to become as strong as the other forces. This very high energy

level is called the Planck energy scale, and also sometimes the quantum gravity energy scale.

3The values of the dimensionless coupling constants are given approximately as

0.53 x 10738, %37, 1.02 x 107° and ~ 1, for the gravitational, electromagnetic, weak and strong

forces respectively [10].
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There is an enormous gap, of 16 orders of magnitude, between these two fundamental energy
scales and how this arises is sometimes referred to as the Hierarchy Problem.

Extra dimensions address the Hierarchy Problem and the unification of gravity and the
other forces by postulating that Standard Model particles are restricted to a three-brane
embedded in a higher-dimensional space where only gravitons can propagate. Due to the
large volume of the ED where gravitons can go, gravity appears to be very weak at low
energies on the brane.

A common feature to all models with ED is the appearance of an infinite number of
resonant states of certain particles. These are customarily referred to as Kaluza-Klein
states (KK-states for short) or Kaluza-Klein modes, after the physicists who were the first
to attempt to incorporate the electromagnetic force into a five-dimensional geometrized
theory of gravity based on Einstein’s General Theory of Relativity. Every particle that can
propagate in the extra dimensions will have an associated infinite tower of KK-states. The
appearance of these towers of resonances can be explained in the following manner: If we
assume that momentum is quantised in all space dimensions, and that there is only one
extra dimension that is compact, then a particle propagating in the extra dimension will
carry only certain defined momenta, in direct analogy to quantisation in a resonant cavity.
If a particle propagates in the ED with momentum ps, the energy of this particle is given

by:
E? = m2+p?+p? (2.1)

where myg is the mass of the particle in its ground state in four dimensions.
Unfortunately, in a four dimensional world, we cannot measure ps and thus interpret this

momentum as a mass as:
2
E* = +p4217 (22)

where m/? = m2+p2. Since ps can take many different (quantised) values, in fact an infinite

number of them, a particle that propagates in an extra dimension, looks like an infinite tower
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of massive particles.

The shape of the tower depends on the type of compactification. For example if the ED
is compactified on a circle, the KK-modes are evenly spaced in mass with a spacing of 1/R,
where R is the radius of the ED. If the compactification is done on a sphere, then the shape
is more complicated. A common feature to all models with ED is that the spacing between
KK-modes scales inversely with the size of the ED. The larger the radius of the compact

ED, the smaller the spacing between KK-states.

2.2 The ADD Model and some Experimental Implications

2.2.1 ADD

In 1998 Arkani-Hamed, Dimopoulos and Dvali (ADD) published a series of papers in which
they presented a model of Large Extra Dimensions (LED). [2] [11] [12] The term large is
used in the relative sense; large compared to the Planck scale.*

The main motivation of this model is to find a solution to the Hierarchy Problem. The
authors posit that there is only one fundamental energy scale and that it is of the order
of the electroweak scale ~ 103 GeV or 1 TeV. They explain that the reason why the force
of gravity is so weak over distances greater than a centimetre is due to the existence of
at least two compact and periodic ED of radius R much larger than the electroweak scale,
107" cm. Furthermore, the spacetime of the ADD model uses a flat metric and this makes
it a reasonably simple model in terms of the mathematics involved. (See appendix B for
a short introduction to the metric tensor). This section introduces the ADD model and

discusses some of the its features and implications.

“The terms ‘electroweak scale’ and ‘Planck scale’ are used to denote energy scales as well as distance and
time scales. In natural units A and c are set to unity and so we can move from units of energy to units
of distance, to units of time simply by multiplying and dividing by these two constants. From the Planck
energy Epr, = 1.22 - 10'° GeV we find the Planck distance by dividing by i = 0.197 GeV - fm and inverting
to get units of distance. The Planck distance is given by Rpr, = 1.61 - 10723 cm. To get the Planck time,
we simply divide Rpr, by ¢ and find tpr, = 5.38 - 107%**. The electroweak distance is obtained in the same
manner using mew = 10° GeV. We find Rgw = 1.97 - 10~ cm.
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In the ADD model, like in other models of ED, all SM particles are confined to a 4-D
wall except the graviton which can propagate in the bulk. The presence of these ED alters
the form of the gravitational potential as follows.

The Newtonian gravitational potential is given by:

(2.3)

where m; and mgy are two masses, r is the distance between them, and Mp; = /hc/GN is
the four-dimensional Planck mass.

The gravitational potential in the presence of ED is given by the following equations:

mims 1
V(T) ~ M2tn X rltn r< R (2'4)
PL(4+n)
1
wmwﬁgﬁ%gxf r> R (2.5)
PL(4+n) "

where R is the radius of the ED, n is the number of ED, and R" is the volume of the extra

dimensions.> M is the multi-dimensional Planck mass, the quantum gravity scale,

PL(4+4n)
and the relationship between the four-dimensional and multi-dimensional Planck masses is
found by comparing equations 2.3 and 2.5 for distances greater than 1cm.® We thus find

that the effective four-dimensional Planck mass is given by:

2 24n
M3, = M2 R (2.6)

Equation 2.6 also gives the relationship between the fundamental energy scale and the size

of the ED. If R" is large, as it is assumed, then M must be smaller than Mp; . Taking

PL(44n)

M ~ 1TeV and n = 2, we find that R ~ 1 mm.

PL(44n)

2.2.2 Experimental Implications

If the quantum gravity energy scale is at the TeV scale, then this would certainly lead to

interesting phenomena at this energy level. The Large Hadron Collider will run at centre of

SFor simplicity, the radius of the extra dimensions is taken to be the same for all ED. The number of ED
is not specified beyond the lower limit of at least two.

5The terms ‘Plank mass’, ‘Planck energy’, ‘Planck scale’ and ‘Planck energy scale’ have the same meaning
and are used interchangeably.
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mass energy of 14 TeV and will therefore probe the mass range from a few GeV to several
TeV. Implications of the ADD model and of TeV scale quantum gravity include: direct
graviton production, virtual graviton exchange, and mini black hole production. [13] [14]
[15] [16] [17] (In this text the name ‘Kaluza-Klein graviton’ is usually suppressed in favour
of simply ‘graviton’). A number of Monte Carlo (MC) studies have been performed in order
to estimate the sensitivity of the ATLAS detector to signatures of ED and the results of
some of these studies will be presented in Chapter 6.

High energy proton-proton or pp collisions are complex but the majority of interactions
are events with low momentum transfer referred to as minimum bias events. These can be
viewed as the result of the colliding protons ‘passing through’ one another with minimal in-
teraction. In the Standard Model, hadrons are made up of quarks floating in, and bound by,
a strong field of eight gluons. Quarks and gluons are collectively called partons. Interesting
events occur when two partons carrying a substantial portion of the proton’s energy collide
head-on resulting in significant momentum transfer. Furthermore, when there is enough
energy in the interaction to break up the proton and free some of the quarks or gluons,
those are detected as hadronic jets: conical sprays of hadrons. Figure 2.1 illustrates the
four processes by which gravitons can be produced in pp collisions. Interactions involving
graviton exchange are illustrated in Figure 2.2.

In the first diagram, Figure 2.1(a), a quark from one proton annihilates with a quark
from the other proton and produces a graviton and a photon. This process leads to a
signature of an isolated photon and missing transverse energy. Transverse energy is defined
as the energy of a particle times the sine of the angle at which it hits the detector with
respect to the beam axis. For small angles the approximation sinf ~ 6 is used and the
missing transverse energy becomes EXSS = Ef. In Figure 2.1(b), the two quarks annihilate
and produce a graviton and a gluon. The gluon manifests itself as a hadronic jet and the
graviton’s presence is inferred by a transverse momentum imbalance. In 2.1(c), a quark

from one proton interacts with a gluon from the other proton and produces a graviton and
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(a) aq — Gy (b) aq — Gg

(c) ag — Gq (d) gg — Gg

Figure 2.1: Direct Graviton Production in pp collisions

a quark. The quark, like the gluon, manifests itself as a jet, and the graviton is detected
by the amount of energy it carries off into the bulk leaving a missing energy signal. And
finally in 2.1(d), two gluons produce a graviton and a gluon. In three of the four processes
of graviton production, the interaction between the two colliding partons takes place via
the strong force through the exchange of a virtual gluon. Because gluons themselves carry
colour, they couple directly to one another and there are three-gluon vertices and four-gluon
vertices. [18] Therefore the interaction shown in 2.1(d) is allowed and its contribution to the
cross-section must be considered. The time axis in all four Feynman diagrams is taken to

be from left to right. In all cases of graviton production, the general topology of the G + jet
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(a) qq — G* — ff (b) gg — G* — ff

(¢)gqq— G* = VV (d) gg — G* - VV

Figure 2.2: Virtual graviton exchange

signal is quite simple for it gives rise to a single jet which is back to back in azimuth to
balancing missing pr. [19]

Figure 2.2 illustrates the four ways in which two colliding partons can interact and
produce a pair of fermions or of vector bosons (v’s, W’s or Z’s), via a virtual graviton. The
fermion or vector boson pair is produced as two quarks or two gluons annihilate. These
processes are:

(a) qq — G* — fI: Two quarks annihilate and produce a virtual graviton that decays to
a pair of fermions.

(b) gg — G* — ff: Two gluons produce a fermion pair via a virtual graviton.

—
o
~

qq — G* — VV: Two quarks produce a pair of vector bosons.

(d) gg — G* — VV: Two gluons produce a pair of vector bosons.
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The term ‘virtual’ in describing the graviton produced from the interactions in Figure 2.2,
is used to describe a particle that has all the intrinsic properties of a graviton but that can
have any mass. Such a virtual particle is said to be off its mass shell or simply, off shell.
Once again, the time axis is taken to be from left to right. Graviton exchange would give
rise to deviations from known cross sections for interactions producing two fermions or two
vector bosons in the final state.

Kaluza-Klein states and the theoretical framework in which they arise in the presence of
ED was briefly discussed in section 2.1. Most of the ATLAS studies involving KK-states have
focused on KK gravitons, but a few studies have been done on KK gauge bosons, referred
to here as v*, Z* and W*, not to be confused with the Z' and W’ which usually symbolise
heavy gauge bosons found in extensions to the SM.” (See references [15] and [20]). Both the
7Z* and the W* would decay through the same channels as their ground state partners, the
Z and W, but would have large masses in the order of a few TeV. Possibly the most exciting
proof of TeV scale quantum gravity and of the presence of LED would be the production of
mini black holes at the LHC.

Mini black hole production can be summarised as follows: For a given mass Mpy, it
is possible to find an expression for the multi-dimensional Schwarzschild radius Rg, in the
context of LED. Semi-classical arguments suggest that if two partons colliding with a centre
of mass energy equal to Mpy and the impact parameter, (the distance between the two
partons) is less than Rg, then a black hole of mass Mpy will form. [21] Black holes are said
to decay “democratically” without preference, to all possible final state particles and would
thus produce very unique signatures. Like for most yet unobserved physical phenomena,
there are a number of different models of mini-black hole production. One such model
presented by Dimopoulos and Landsberg in reference [21] predicts:

e Large cross-section

"Kaluza-Klein excitations are often denoted with an upper index in braces to indicate that there are many
instances of the same particle with different masses. The graviton for example, is sometimes denoted G™

or G,
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e Hard, Prompt charged leptons and photons

e Little missing energy

Another model by Banks in reference [22] predicts at least three other very striking features
of black hole production. These are:

e The average transverse momenta of jets should go down with the energy, precisely the
opposite of the QCD expectation.

e Processes with transverse momenta larger than 1/Rg should be completely absent.
e The Hawking decay of the final state would be nearly at rest in the centre of mass
frame.
For more on black holes at colliders see references [23], [24], [25].

The ATLAS detector has been designed to have high sensitivity to missing transverse
energy, the primary reason being that one of the two decay channels of the SM Higgs
boson in the mass range my > 600 GeV expected to be observable above background is
H — ZZ — llvv. This decay channel requires excellent measurement of EXS. [26] The
nearly full calorimetry coverage of ATLAS and its extensive muon system make ATLAS
a good detector for the study of any interaction giving rise to missing energy signals or
electrons, photon and muons in the final state. The energy range that the LHC will cover,
and that the ATLAS detector will probe , is from a few GeV to about 14 TeV. Much is not
known about physics at the TeV scale and so this experiment will provide a window into a
new world of high energy physics.

ADD and other models of gauge unification at the TeV energy level that include extra
dimensions, will be tested in an independent manner with the LHC and ATLAS simply by
taking a look at physics at these energies. More specific, model dependent studies will either
confirm the hypothesis on which a certain model is based, or rule out a range of parameters

for that model.



Chapter 3

Calorimetry

This chapter begins with a description of the basic principles of calorimetry, followed by
a simple model of electromagnetic shower development in calorimeters. A discussion of
the different types of calorimeters is presented in Section 3.2 and an overview of the basic
features of liquid argon sampling calorimeters, as well as the calibration process for such a

calorimeter is presented in 3.3.

3.1 Physical Principles

The Latin word calor means heat. A calorimeter then, is a device that measures ‘heat’
or energy. In particle physics, calorimeters are used to measure the energy of particles or
groups of particles.

As most energetic particles travel through matter, they interact with the atoms in the
medium and generate secondary particles, the secondary particles generate tertiary particles,
and so on. Eventually all of the energy of the incident particle is dissipated through various
processes in the medium. This cascade of particles from primary to secondary to tertiary
and so on, is called a shower.

There are two types of showers: electromagnetic and hadronic. Incident photons, electrons

16
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and positrons give rise to electromagnetic showers; whereas hadrons like protons and charged
pions give rise to hadronic showers. A general description of electromagnetic showers ini-
tiated by an electron (or a positron) can be expressed in the following way. The main
processes that occur in an electromagnetic shower are bremsstrahlung and pair production.
Bremsstrahlung or braking radiation is the name given to the radiation (or photons) emitted
by electrons and positrons as they undergo acceleration. Pair production is the transforma-
tion of a photon into an electron positron pair. As a high energy electron travels through
matter, it can interact electromagnetically with an atomic nucleus. This interaction can
accelerate the electron causing it to radiate a photon which can carry a significant fraction
of the electron’s initial energy. As this photon travels through the medium it can, in the
presence of a nucleus, convert itself to an electron positron pair. The electron and positron
pair will each continue to travel through the medium, undergo electromagnetic interactions
with the nuclei, and radiate photons. This repetitive process leads to the build up of the
particles in the electromagnetic shower.

The moving charged electromagnetic particles in the shower continually lose energy by
ionizing atomic electrons in the medium. As the shower develops, mostly longitudinally, the
number of particles grows almost exponentially to a maximum depth ¢ya. At this point,
most particles in the shower have an energy below a critical level and bremsstrahlung and
pair production cease. This energy level is referred to as the critical energy (E.) and is given
approximately by:

800 MeV

E, =2 CY 1
Z+12 (3-1)

where Z is the number of protons in the atom. The maximum depth of the shower ¢;.x
is usually measured in units of the radiation length Xy. For electromagnetic showers, the

customary parameterization is done in terms of radiation lengths as:
tmaz = 3.9 + 1n Ey (3.2)

where ¢4, is measured in radiation lengths and Ey in GeV. [27] X is defined as the mean
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distance over which a beam of highly energetic electrons loses (1 — 1/e) of its energy. Up
to tmax, the transverse spread of the shower is less than one radiation length. Beyond that
point the electrons are increasingly affected by multiple scattering, and the lateral size of

the shower scales as the “Moliere radius”, given approximately by

TA
P = 7g/cm2 (3.3)

where A is the atomic mass. Roughly 95% of the shower is contained laterally in a cylinder
of radius 2py,. [27] When the energy of shower particles falls below E;, they then lose the
remainder of their energy through ionization and excitation in the medium.

Hadronic showers are initiated by energetic hadrons and the processes involved are dif-
ferent from those in electromagnetic showers. Charged pions can, for example, penetrate
to quite a depth before interacting, thus delaying the shower development. Furthermore,
hadronic secondaries; hadrons produced through the interaction of the incident hadron with
a nucleus, can be highly energetic and in turn penetrate deeply without interacting. Most
hadronic showers also have an electromagnetic as well as a hadronic component. For these
reasons, there are large fluctuations in the depth of penetration in hadronic showers, and
the phenomenology is much more complicated than for electromagnetic showers.

The longitudinal development of a hadronic shower is measured in absorption (or inter-
action) lengths given by Aint = A/Na0abs, where N4 is Avogadro’s number, and o, is the
absorption cross-section. The interaction length is defined as the mean free path of a particle
before undergoing an interaction that is neither elastic nor quasi-elastic (diffractive), in a
given medium.

In hadronic showers, about half the energy of the incident hadron is transfered to addi-
tional fast secondary particles, and the rest goes to particle production, (mostly slow pions),
and other processes. [27] Since secondary hadrons are produced with transverse momentum
of about ~ 350MeV, hadronic showers tend to be more spread out laterally than electromag-
netic ones. Given the more penetrating nature of hadronic showers, hadronic calorimeters

are typically located behind the electromagnetic calorimeters, furthest from the interaction
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point. A hadronic calorimeter must have sufficient material to minimize shower leakage
from the back and often be corrected for the signal loss.
It is customary to parameterize the mean depth of a hadronic shower in units of nuclear

interaction lengths in the medium as:
Amaz = 0.90 + 0.36 In Ey (3.4)

where A4, is in interaction lengths and the energy Fy is in GeV.

The use of this convention is a reflection of the fact that the two main processes respon-
sible for the development of electromagnetic showers, bremsstrahlung and pair production,
are both proportional to the radiation length X, whereas in hadronic showers the interac-
tions that give rise to the shower are governed by the strong force and do not depend on

the radiation length but rather on the nuclear interaction length Aip.

3.2 Types of Calorimeters

In order to measure the energy of an incident particle, a calorimeter must stop the particle
and generate a signal that can be converted into a measurement of its energy. These two
functions are respectively called passive particle absorption and active signal generation. Di-
rectional information may be obtained by comparing the amplitude and timing of the signals
collected from the different readout channels. The final stage is to establish a relationship
between the measured signal and the energy of the incident particle. This is done through
a calibration process.!

Electromagnetic calorimeters are built using high Z materials because Xo o 1/22.
Hadronic calorimeters are built with dense materials because Aiyy o 1/p. Absorber ma-
terials used in calorimeters such as copper, iron, lead and tungsten have nuclear interaction

lengths of 15.06, 16.76, 17.09, 9.59 cm and radiation lengths of 1.43, 1.76, 0.56, 0.35 cm

respectively. Whereas materials used as the signal-generating or active medium such as

The calibration of calorimeters will be discussed in section 3.3.
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polystyrene scintillating plastic and liquid argon have nuclear interaction lengths of 79.36
and 84.95cm and radiation lengths of 42.4 and 14 cm respectively. Signal generation can be
accomplished in different ways, some of which are discussed in the following paragraphs.
There are two types of calorimeters: homogeneous and heterogeneous. In homogeneous
calorimeters, the functions of passive particle absorption and active signal generation are
combined in a single material such as lead glass. Materials with this property are often used
for electromagnetic calorimeters. In heterogeneous or sampling calorimeters, the functions
of particle absorption and signal generation are separated. This type of calorimeter is made
of alternating layers of passive and active materials. [28] The particles deposit the bulk of
their energy in the passive layers and the signal is ‘sampled’ in the active layers (hence
the name sampling calorimeter). A common type of sampling calorimeter is made with
alternating plates of iron and scintillating plastic. The dense iron plates absorb energy and
induce showers, and the scintillating plastic emits photons in proportion to the number of
charged particles passing through it. These secondary photons, usually UV, are detected by

photomultiplier tubes.

3.3 Liquid Argon Sampling Calorimeter

3.3.1 Basics

In a liquid argon (LAr) sampling calorimeter, evenly spaced layers of the passive medium
or absorber, are immersed in LAr which acts as the active medium. As charged shower
particles move through a parallel plate LAr sampling calorimeter, they pass through the
absorber plates and through the LAr gap between the plates. In the LAr gap, the particles
ionise atomic electrons, thus leaving electrons and positive ions in the active medium. A
potential difference across the LAr gap forces the electrons to drift to the plates. The current
generated by the moving charges temporarily changes the voltage across the gap causing

a pulse in the voltage. This pulse is then transmitted to the electronics and constitutes
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a analog signal. Its amplitude is proportional to the initial current and the total charge
collected on the anodes, which is in turn proportional to the amount of energy deposited by
the incident ionising particle in the active medium.

The distance between the metal plates and the magnitude of the voltage across the gap
determine the drift time: the time required for the electrons to migrate from their location in
the LAr gap to the plates. The drift time determines the speed at which successive signals
can be collected and thus affects the capacity to differentiate between sequential signals.
The location of the calorimeter and the flux of interacting particles through it are important
factors in the design of the detector. A discussion of the calibration of electromagnetic and

hadronic calorimeters is presented in the paragraphs that follow.?

3.3.2 Calibration

Assuming complete containment of the shower, calibration is a procedure used to relate the
output of a calorimeter to the energy of an incident particle of known type. The calibration
can be divided in two parts, first the digital signal representing the output of the calorimeter
must be related to a physical quantity such as the initial current Iy = I(¢ = 0), or the total
collected charge @ = fgd 1(t)dt, where tg is the total drift time. This conversion does not
depend on the incident particle type but on the characteristics of the electronics. Second,
the physical signal Ip or (), must be related to the total energy deposited (Eqep) in the

detector which can be related to the energy of the incident particle.

Electromagnetic Calorimeters

The following discussion illustrates how the charge collected in the calorimeter can be related
to the total deposited energy. Consider a parallel plate LAr/Cu electromagnetic calorimeter
with plates of constant thickness daps, and constant plate separation dg,p,. The unit of

sampling distance is then given by d = daps + dgap. Signals are generated in, and collected

2The discussion of the calibration of electromagnetic and hadronic calorimeters is based on reference [29)].
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from the active medium only, and so the total signal produced in the gap is proportional
to the number of crossings of charged particles through this gap. For a given signal, the
total number of tracks left by charged particles is related to the total track length of all the

tracks in the electromagnetic shower. The total number of charged crossings N¢poss, total

charged track length 7., and total track length T, are related in the following manner:?
2 T
T, = gT and  Ngross = FC (3.5)

The energy lost by a single charged particle crossing the active medium, is equal to the
energy loss per unit path length in the active medium times the length of the gap. It is

given by:
AE = %\aet dyet = const (3.6)

and is assumed to be constant for simplicity. Therefore, the total energy deposited in the
active medium, the visible energy Fyi, and the total energy deposited in the calorimeter

are related as follows:
Evis = Ncross AE= §- Edep (37)

where S is called the sampling fraction and is defined as the ratio Eyis/FEqgep. Finally, a
calibration function is used to relate the measured deposited energy to the actual energy of
the particle.

The assumptions about the development of electromagnetic showers in a calorimeter
used to derive equations 3.6 and 3.7 form the basis of what is known as Rossi’s model.

These assumptions are:

1. Energy loss per unit path length is constant for electrons, and so both %|aet and
%|abs are constants;

2. The shower is taken to develop in one dimension only;

3The factor of % arises from the assumption that electromagnetic showers are composed of electrons,
positrons and photons in equal number, and on the fact that only the electrons and positrons leave charged
tracks. Therefore, the number of charged tracks, T¢, is % of the total track length, T
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3. Compton scattering, i.e. scattering of photons on electrons, is ignored.

Although most simple models of electromagnetic showers are based on similar simplifica-
tions, such models can be useful for describing the general behaviour of showers and doing
approximate calculations. Nevertheless, most theoretical models used for calibration are
inadequate and in practice, the calibration process is usually done with a test beam and
completed with real data. By directing particles of known energies and momenta at various
angles on different parts of the calorimeter, the shower shape can be reconstructed using the
signals collected from the different segments of the detector. Depending on the performance
requirements of the calorimeter, shower containment can be estimated and a calibration

function relating Fqep, to the actual particle energy can be derived.

Hadronic Calorimeters

The procedure used in calibrating hadronic calorimeters is similar to that of electromagnetic
ones. An illustration of some issues related to the calibration of hadronic calorimeters is
presented in the following section. The illustration uses an example of a hadronic shower
initiated by a 7", and will mostly serve to highlight the variation of the sampling fraction
in hadronic showers. The large fluctuations in sampling fraction from one hadronic shower
to another, make up the largest contribution to the resolution of a hadronic calorimeter,
and make it very difficult to model the shower precisely, thus making the calibration more
complicated.

Although hadronic showers differ significantly from electromagnetic ones, hadronic sig-
nals, like electromagnetic ones, are generated by charged particles crossing the active medium,
and can thus be understood as the sum of all the energy AFE deposited in the active medium.
The important difference between electromagnetic and hadronic shower signals is that, in
hadronic showers, not all deposited energy can be converted into a signal. The assumption
that Neposs o %T, is no longer appropriate since the fraction of the total track length T,

which contributes to the signal varies substantially from one shower to another. This can be
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explained by considering two possible outcomes of a hadronic shower initiated by a charged
pion.

T penetrates the calorimeter, possibly quite deeply, and interacts with a

An energetic
nucleus. The interaction can give rise to 7% + p or 7t 4+ n. The 7¥ will decay to a pair of
photons almost immediately thus giving rise to two electromagnetic showers, whereas the
71 is very unlikely to decay and will give rise to other hadronic processes as it deposits its
energy in the calorimeter. Some of these hadronic processes can be penetrating while others
less so. And so the two showers will be significantly different.

This example helps to illustrate the large fluctuations in the sampling fraction that can
occur from one hadronic shower to another, and how this in turn invalidates the assumption
that Nepogs X %T. Furthermore, there is typically more leakage in hadronic showers than in

electromagnetic ones, making the calibration even more difficult. Thus, precise calibration

of a hadronic calorimeter can be a complicated and lengthy procedure.

Calorimeter Resolution Contributions

The final signal from a detector is the number of electrons that are registered in the electronic
circuits. The resolution of the device for detecting an incident particle of energy FEy is
determined by fluctuations in the number NN of these electrons. These fluctuations can arise

from: [27]

1. sampling fluctuations, (fluctuations in the amount of energy deposited in the active
medium);

2. leakage of energy out of the calorimeter;
3. noise in the active medium;
4. electronic noise;

5. pile-up.

If these fluctuations follow a Poisson distribution, the standard deviation is o(N)/N =

1/v/N. The main contribution to the energy resolution of electromagnetic calorimeters is
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usually sampling fluctuations. In general, the resolution of hadronic calorimeters is worse
than that of electromagnetic calorimeters. Hadronic calorimeters are subject to all the
fluctuations found in electromagnetic showers, and fluctuations due to nuclear interactions.
Also, the energy used for the production of neutrinos and high energy muons, represent
energy that ‘escapes’ from the calorimeter. Variations in the importance of these processes
represent a major contribution to the resolution of hadronic calorimeters.[27]

In a hadronic detector like the FCal, pile-up is a major concern. Since pile-up is con-
stituted by overlapping signals from more than one event within the time resolution of the
detector, the most direct way to reduce pile-up is to reduce the signal integration time; the
faster the signals are collected, the less overlap there is. In addition, there is electronic noise
which is related to the capacitance of the electrode elements. The higher the capacitance,
the higher the electronic noise. Furthermore, electronic noise increases with decreasing shap-
ing time and so the optimum shaping time is found by comparing the decrease of electronic
noise and increase in pile-up with increasing shaping time. A typical optimisation plot is
shown in Figure 3.1

The energy resolution of a detector can be parametrised as

AE a

- = VB ® I Dec (3.8)
where F is in GeV, a is the sampling or stochastic term, b is the noise term, and c is the
constant term. The sampling term refers to the fluctuations of the actual energy deposited
in the active layers of the detector for a given particle type at a given energy. The noise term
refers to contributions from electronics noise and pile-up related to the capacitance of the

electrodes and the active gap width, and the signal integration time. Finally the constant

term, includes all factors that are due to inherent features of the detector.
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Figure 3.1: Optimisation of signal pulse shaping time at the LHC for high and low luminos-
ty.



Chapter 4

The ATLAS Experiment

This chapter provides an overview of the LHC machine and ATLAS detector. A brief sum-
mary of the features and design parameters of the LHC machine are presented in Section 4.1,
and a more detailed description of the ATLAS detector and of its sub-detector components
is given in 4.2. The sources used in writing this chapter are the ATLAS Letter of Intent,
Technical Proposal, and Technical Design Reports; references [30], [31], [32], [33], [34], [35],
[36], [37], and [26].

4.1 The Large Hadron Collider

The Large Hadron Collider is a high energy, high luminosity proton-proton machine. It is
the highest energy collider ever to be built with a centre of mass energy of 14 TeV and has
a design luminosity of 2.3 - 103* interactions/ cm? - s. The experiment is scheduled to run

2. 57! and for at least ten years at the

for the first three years at a luminosity of ~ 1033 cm™
design luminosity. The infrastructure is provided by CERN, the European Organisation for
Nuclear Research, and the LHC is being built in a tunnel with a circumference of 27 km

that was used for a previous accelerator, the Large Electron-Positron or LEP collider.

The LHC machine will accelerate 2808 bunches of 10'! protons with spacing a of 7.48m

27



CHAPTER 4. THE ATLAS EXPERIMENT 28

Figure 4.1: Three-dimensional view of the ATLAS detector. Some muon chambers and parts
of the barrel toroid are removed to show the inner structure.

in each ring of the collider. These bunches will cross every 25 ns giving rise to about 18
interactions/ns at the design luminosity The beam has a transverse size of 15.9um and cross-
sectional area of 6.5-1072° cm?. This very high collision rate is the source of important data

acquisition challenges.

4.2 The ATLAS Detector

The ATLAS experiment is the largest collaborative effort ever attempted in the physical
sciences. The collaboration, composed of about 2000 scientists from more than 150 uni-
versities and research laboratories in 34 countries worldwide, is building the biggest and
most complex detector ever built. ATLAS is one of two large detectors at the LHC and its

completion is scheduled to occur in the course of the year 2007.
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The basic design considerations for ATLAS are summarised in the Technical Proposal as
follows: [31]

e high resolution electromagnetic calorimetry, complemented by hermetic jet and miss-
ing Er calorimetry;

e Efficient tracking at high luminosity;
e precision muon-momentum measurements;
e large acceptance in 7 coverage;!

e triggering and measurements of particles at low-p thresholds.

4.2.1 Physical Parameters

The overall dimensions of the enormous, cylindrically shaped, ATLAS detector are 42m in
length and 22m in diameter with an overall weight of about 7000 tons.

The outermost components of the ATLAS detector make up the muon system, and thus
its position and size define the overall size of the detector. The innermost components
are the precision tracking elements consisting of a barrel part and two identical forward
parts. The inner detector occupies the cylindrical cavity defined by the boundaries of the
cryostats housing the electromagnetic calorimeters. The dimensions of this cavity and thus
of the inner detector are 7.0m in length and 2.3m in diameter. All other detectors between
the inner cavity and the muon chambers are electromagnetic and hadronic calorimeters.
The calorimetry system has a weight of about 4000 tons or 57% of the total weight of the
ATLAS detector. The overall performance goals for the ATLAS detector are summarised
in Table 4.1.

4.2.2 Magnet Systems

The ATLAS superconducting magnet systems consist of one central solenoid magnet enclos-
ing the inner cavity and providing the magnetic field for the inner detector, and three large

air-core toroids that generate the magnetic field for the muon spectrometer.

!Further details on the pseudo-rapidity variable 7 are given in appendix A.
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Table 4.1: General ATLAS detector performance goals. The minimum required resolution
and the coverage in m for each of the four main sub-detector systems are shown. The reso-
lution is stated as the sampling term plus the constant term.

Detector component Minimum resolution 7 coverage
requirements Measurement \ Trigger
EM calorimetry Energy: % = % ®0.7% In| < 3.2 In| < 2.5
Jet and missing Ep
Calorimetry
barrel and end-cap | Energy: % = 5\9%’ ® 3% In| < 3.2 In| < 3.2
forward Energy: AE]?FT = L\/%% ®10% | 3.1<|n| <49 | 3.1<|n <49
inner detector Momentum: % = 30% In| < 2.5
at pr = 500 GeV
Muon detection Momentum: % = 10% In| < 2.7 In| < 2.4
at pr = 1TeV
in stand-alone mode
at highest luminosity

The solenoid magnet is integrated in the vacuum vessel of the liquid argon calorimeter
barrel cryostat. Wound as a single layer with radius 1.22m and length 5.3 m, the solenoid
has an axial field strength of 2T. The coil together with the cryostat wall placed in front
of the electromagnetic calorimeter have a total thickness in radiation lengths of 0.83 X at
normal incidence.

The superconducting air-core toroid magnet system consists of three parts, a barrel and
two end-caps, housed in ten cryostats. The barrel part is 26 m long, has an outer diameter
of 19.5m and inner bore of 9.4m. It is made of eight flat coils symmetrically arranged about
the beam axis, each contained within a separate cryostat. The end-caps, each housed in a
separate cryostat, are inserted into each end of the barrel, and have a length of 5.6 m with
inner bores of 1.26 m.

The air-core magnet system forms one solid structure and represents a cold mass of about
700 tons. It provides an azimuthal field with a total bending power integrated between the

first and last muon chambers increasing from 2 Tm at n = 0 to about 8 Tm at |n| = 2.7.
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Figure 4.2: Superconducting air-core toroid magnet system. The left-hand end-cap toroid
18 shown retracted from its mormal operating position. Only one of the cross-braces of the
barrel toroid is shown in full detail. A person is shown standing between the end-cap toroid
and the barrel structure to provide a size scale for the magnet system.

Figures 4.2 and 4.3 show schematics of the superconducting air-core toroid magnet system.

4.2.3 Sub-detector Components
Inner Detector

The task of the inner detector is to reconstruct the tracks and vertices in the event with
high efficiency, contributing, together with the calorimeter and muon system to the electron,
photon and muon recognition, and supplying the important extra signature for short-lived
particle decay vertices. [35] This is achieved by integrating two detector technologies in the
design of the inner detector: Semi-Conductor Tracking (STC), and Transition Radiation

Tracking (TRT).
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Figure 4.3: End view of the magnet system. A cut view of the end-cap toroid cryostat is
shown inserted in between the barrel toroid coils.

The STC comprises silicon pixel detectors closest to the interaction region, and silicon-
strip detectors for precision tracking. The detector is divided into a barrel part and two
identical end-caps. In the barrel there are two pixel layers and four silicon strip layers before
the straw tubes. In the end-caps, there are four pixel disks and nine silicon strip wheels.
The TRT or straw tube tracker provides continuous track measurement further from the
interaction point, as well as enhanced electron identification by employing xenon gas to
detect transition radiation photons. Each track crosses at least three pixel, and four strip
layers before passing through the TRT which typically gives 36 points per track. [35]

The overall transverse momentum resolution of the inner detector as a function of n for
charged tracks with pr = 500 GeV is shown in Figure 4.4. [35] The solid curve shows the
momentum resolution for a uniform magnetic field of 2T and the dashed curve for the real
solenoidal field. As can be seen from the plot, the overall resolution is around 35% up to
about |n| = 2 and increases rapidly for || > 2. The deterioration is due to the weakening

of the magnetic field near the ends of the solenoid.
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Figure 4.4: The inner detector momentum resolution vs. n for tracks with pt =500 GeV,
for the real solenoidal field compared to a uniform 2T field.

Muon Spectrometer

The precision muon system, has tracking detectors with intrinsic resolution of about 60 pm.
Emphasis is given to reliable, high resolution, stand-alone performance over a pt range
from about 5 to 1000 GeV. [31] The superconducting air-core magnet system described in
Section 4.2.2 is the basis of the muon spectrometer. There are fast chambers for triggering,
and slower chambers for precision momentum measurements. The large area covered by
muon chambers must be shielded by the inner parts of the detector and the FCal is essential
for shielding from the very high particle density in the forward regions.

The main parameters of the muon spectrometer are summarized in Table 4.2, and a
plot of its transverse momentum resolution as a function of n is shown in Figure 4.5. The
pr resolution is plotted for tracks with pr =100 GeV averaged over all azimuthal angles.
The solid curve applies to a standard octant, the dotted curve corresponds to one of the
bottom octants that contain the feet. Loss in resolution may be due to fewer chambers and

to distortion of the magnetic field from the steel support feet.
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Table 4.2: Principal parameters of the muon spectrometer

Parameter Main Performance Comments
physics criteria | desired ‘ actual

Momentum measurement
Apr @ 20 GeV H — 7Z7* — 41 < 1% 2% | Limited by energy loss

and multiple scattering
Apr @ 100 GeV | H — ZZ — 41 < 1% 2% Multiple scattering limit
App @1000 GeV | Z' — pu < 1% 8% Global detector optimisation

Rapidity coverage | Above processes | |n| <3 | |n| <3 | Entire System

Figure 4.5: Transverse momentum resolution of the muon spectrometer as a function of
pseudo-rapidity n. The discontinuities are caused by the structural elements of the barrel
toroid magnet.
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Figure 4.6: Three-dimensional view of the ATLAS calorimetry system from the GEANT sim-
ulation program.



CHAPTER 4. THE ATLAS EXPERIMENT 36

Calorimetry System

The ATLAS calorimetry system is a high performance system capable of reconstructing
the energy of electrons, photons and hadronic jets, as well as measuring missing transverse
energy. Its radiation resistance allows for more than ten years of data taking at the LHC
during the high luminosity phase. [31]

The stringent performance requirements placed on the calorimetry system are based on
the most demanding decay channels of the Higgs boson, namely H — vy and H — ZZ — 4e,
and on the detection of new very massive gauge bosons. Below is a brief description of the
detector components of the calorimetry system, their location in the ATLAS detector, their
1 coverage, and their respective resolutions.

The calorimeters are grouped within four sections of ATLAS: the barrel or central region,
the extended barrel, and the two end-caps. The barrel electromagnetic calorimeters are
housed in the barrel cryostat around the inner detector cavity, whereas the barrel and
extended barrel hadronic calorimeters are contained in an outer support cylinder. In the
end-cap regions, both the electromagnetic and hadronic end-cap calorimeters are housed in
the end-cap cryostats together with the integrated forward calorimeters. All calorimeters
with the exception of the FCal have pre-shower counters used to distinguish between photons
and electrons, and determine whether a shower has been initiated in the wall of the cryostat
prior to reaching the calorimeter. Pre-shower counters are also used for calibration purposes.
All cryostats are filled with liquid argon and all detectors housed in them are LAr sampling
calorimeters. The total absorber thickness of the ATLAS calorimetry system in front of the

muon spectrometer is shown in Figure 4.7.

Barrel and extended barrel

The barrel electromagnetic calorimeter uses lead absorber plates, clad between two thin
stainless steel sheets, in an ‘accordion’ geometry (see Figure 4.8) and covers the central

pseudo-rapidity range |n| < 1.475. Fine segmentation in the barrel electromagnetic calorime-
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Figure 4.7: Total absorber thickness of the ATLAS calorimeters. The top curve shows the
total thickness in front of the muon spectrometer. Fach curve below it gives the contributions
of each calorimeter. The discontinuities show transitions between detectors.
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Figure 4.8: Transverse view of the active part of the barrel EM calorimeter.

ter is required primarily to distinguish electrons and photons from hadronic jets and there-
fore the granularity of this detector is: An x A¢ = 0.003 x 0.1 in the first sampling section,
An x A¢p = 0.025 x 0.025 in the second, and An x A¢ = 0.025 x 0.05 in the third sampling
section.

The barrel and extended barrel hadronic tile calorimeters use plastic scintillator plates
embedded in an iron absorber, and cover the ranges || < 1.0 (barrel) and 0.8 < |n| < 1.7
(extended barrel). For a heavy Higgs with a mass of 800 GeV, the reconstruction of jets
from the decay of a high-pr W to jet pairs with typical separation AR = 0.4 sets the scale
for the granularity of the detector.? The segmentation of the hadronic tile calorimeters is
An x A¢p = 0.1 x 0.1 in the first and second sampling sections, and An x A¢ = 0.2 x 0.1 in
the third.

End-caps

The end-cap electromagnetic calorimeters, as the barrel electromagnetic calorimeters, use
lead absorber plates clad between stainless steel sheets in an ‘accordion’ geometry. The
pseudo-rapidity coverage of the end-cap electromagnetic calorimeter is 1.375 < |n| < 3.2
with fine granularity that is about the same as for the barrel electromagnetic calorimeter
up to |n| < 2.5 and An x A¢ = 0.1 x 0.1 for 2.5 < |n| < 3.2. The end-cap hadronic
calorimeters use copper absorber plates in liquid argon and cover the pseudo-rapidity region

2The jet separation AR is defined as AR = /(An)2 + (A¢)2
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Figure 4.9: View of one end-cap calorimeter

1.5 <|n| < 3.2. The segmentation of the end-cap hadronic calorimeter is ApxA¢ = 0.1x0.1.

The capability of the ATLAS calorimetry system to measure missing Et relies strongly
on the hermeticity of the detector, meaning close to 47 coverage. The integrated forward
electromagnetic and hadronic calorimeters covering the region 3.1 < |n| < 4.9 are essential
for this. Since jets in the forward region have high longitudinal momentum and low-pr,
coarser segmentation and lower transverse energy resolution is allowed. The granularity in
the forward calorimeter is of about An x A¢ = 0.2 x 0.2. A detailed discussion of the FCal
is presented in Chapter 5.

The total energy resolution for photons of Er = 50 GeV at the LHC design luminosity
(103* em~2s71), including the contributions from the sampling term, the constant term,
electronic noise and pile-up, is shown in Figure 4.10. The electronic noise contribution
(dotted line), decreases with 7. The pile-up contribution (stars), increases with 7 due to
the rise in particle density. The constant term (dashed line), does not vary with 7 and the

sampling term is shown by the circles. The sum of these is the total resolution and it is
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Figure 4.10: Total energy resolution, and contributions from the various terms, as a function
of n for photons of energy Er = 50 GeV.

shown by the black dots.

Figures 4.11 and 4.12 show features of the hadronic calorimeters in the end-cap region.
Figure 4.11 is a plot of the energy resolution for pions in the hadronic end-cap calorime-
ter prototype as a function of energy. The experimental data points are denoted by black
dots and the other symbols denote the results of different Monte Carlo simulations using
the GEANT framework. The best simulation programs available for simulating hadronic in-
teractions in a detector are G-FLUKA, G-CALOR and G-GHEISHA. As can be seen in
Figure 4.11, the results of the simulations do not agree with one another, nor do they agree
with the data very well over the relatively small range of about 225 GeV shown in the plot.
G-CALOR seems to be in closest agreement with the data, and G-FLUKA seems in furthest
agreement over the range from 0 to 225 GeV. These disagreements stem in part from the
difficulty in capturing the complexity of the interactions involved in hadronic showers.

Figure 4.12 is a plot of the energy resolution for jets of constant Er of 100 GeV as a
function of 7. Here, the solid line shows the expected resolution, the white squares show

the resolution when using the energy deposited in a cone of AR = 0.4 and the black dots
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Figure 4.11: Energy resolution for pions in the hadronic end-cap calorimeter prototype mod-
ule, compared to the different simulation predictions.

show the energy resolution using all the energy deposited in the calorimeter. The resolution
for a cone of AR = 0.4 is considered because it is often necessary to apply cone cuts for
identification purposes. This restricts the sensitive elements used for the reconstruction of

the event and thus the resolution is not as good as when no cuts are applied.

4.2.4 Trigger and Data Acquisition

An experimental trigger is used to select interesting events for recording and later analysis.
The ATLAS trigger and data-acquisition (DAQ) system uses three levels of online triggers.
At each trigger level, the decisions made at the previous level are refined, and additional
selection criteria can be applied. From the initial bunch crossing rate of 40 MHz correspond-
ing to an interaction rate of 1 GHz, the rate of selected events must be reduced to about
100 Hz for permanent storage. Figure 4.13 shows a simplified view of the trigger and DAQ
system. The information in this section is taken from reference [38].

Level 1 selects events by applying certain criteria based on information from a subset of
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Figure 4.12: Energy resolution for jets of Er = 100GeV as a function of 7

detectors from 1 GHz to about 75kHz. For example, high-pt muons are identified using only
certain parts of the muon spectrometer. In the case of the calorimeter selection, reduced-
granularity information from all the calorimeters is used. The calorimeter trigger searches
for objects like high-pr electrons and photons, jets, and 7-leptons decaying into hadrons, as
well as missing and total transverse energies which are calculated by summing over trigger
towers (groups of detector elements). The level 1 trigger decision is based on combinations
of objects required in coincidence or on veto.

The unique identification of the bunch crossing of interest is an essential requirement of
the level 1 trigger. This is not an easy task given that the bunch crossing interval is 25 ns.
For the calorimetry system the signal pulse shape extends over many bunch crossings and
so information for all detector channels, (more than 107 excluding the pixel detectors), is
conserved in ‘pipeline’ memories during the time required for the level 1 trigger to make a
decision. The latency (time taken to form and distribute the decision) for the level 1 trigger
is 2.0 us. [38]

For all events selected by the level 1 trigger, ‘region-of-interest’ information is provided
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Figure 4.13: Block diagram of Trigger/DAQ system

to the level 2 trigger to assist in reducing the event rate from 75kHz to about 1kHz. Finally
level 3 applies the final selection criteria to store event information at a rate of about 100Hz.
This corresponds to an output data rate of about 100 MB/s.

The anticipated data volume of about 1 PByte (10'° Bytes) per year will require new
methods for data reduction, data selection and data access for physics analysis. It is es-
timated that for the whole ATLAS software-development project, up to 1000 person-years

will be required. [38]



Chapter 5

The ATLAS Forward Calorimeter

In this chapter, a description of the requirements and basics features of the FCal is given in
Section 5.1, and a more detailed statement of the components and construction of FCal3,
the second hadronic module, is made in Section 5.2. Attention is turned to issues related to

the cabling of FCal3 in the latter part of Section 5.2

5.1 The Forward Calorimeter

5.1.1 Basic Requirements

The primary role of the FCal in the ATLAS detector, is to complete the hermeticity of the
calorimetry system. Forward calorimetry is important for jet identification and for detecting
missing transverse energy (E%‘iss). The location of the FCal, about 5m from the interaction
point, permits coverage in the pseudo-rapidity range 3.1 < |n| < 4.9 in ATLAS, but poses
important restrictions on the design of the detector. This section will give an overview of
the forward calorimeter and of its physical parameters.

Figure 5.1 shows the detectors inside the end-cap cryostat with electromagnetic and
hadronic end-cap wheels and the forward calorimeters along the core of the cryostat. The

layout of the FCal positioned within the forward tube structure of the end-cap cryostat is

44



CHAPTER 5. THE ATLAS FORWARD CALORIMETER 45

Figure 5.1: Layout of detectors inside the end-cap cryostat.

Figure 5.2: Cross-sectional view of the FCal housed in the support tube. The EM module
in medium gray is on the left, followed by the two hadronic modules in dark gray. The light
gray module on the right is a non-instrumented copper ‘plug’ which provides extra shielding
for the muon system. [39]
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shown in Figure 5.2. At this location near the IP and at large rapidity, particle density
is very high and the FCal must withstand radiation doses up to 10 Gy/yr and a flux of
neutrons with kinetic energy > 100 keV of up to 10° kHz/cm?. At high energy hadron
colliders like the LHC, particle densities and energies are largest at high 7, near the forward
and backward directions. At every 25ns beam crossing, 7 TeV of energy is deposited in the
FCal which is equivalent to 45 Watts of heat. The only detector technology that can survive
in such a harsh environment is calorimetry. [39] Thus the FCal has a simple design and is
composed of materials that are all radiation damage resistant.

The FCal has been designed with readout segmentation of order An x A¢ = 0.2 x 0.2
and with a transverse energy resolution of o(E1)/Er < 10% for Ep > 100 GeV. This Ep

resolution requires an overall energy resolution of o(E)/E < 7% and jet angular resolution

of 0(8)/8 < 7%. [39)

5.1.2 Dimensions and Physical Parameters

The FCal is a liquid argon, ionising, sampling calorimeter with cylindrical geometry placed
directly on the beam axis. It consists of a group of three modules; one electromagnetic,
FCall, and two hadronic, FCal2 and FCal3, and a plug/absorber. All modules have identical
outer radii and length along the beam direction. There are two FCal’s, placed on either side
of the IP, and they are referred to as FCal-A and FCal-C.

A unique feature of the FCal is its electrode design. The basic electrode element used in
all modules is a tubular electrode, with axis in the direction of the beam line, consisting of
a rod held within a tube and spaced with a PolyEther Ether Ketone or PEEK fibre wound
around it. This design allows a very small LAr gap, leading to fast signals and reduced
pile-up.

FCall, the electromagnetic module, has a LAr gap of 250 um and the triangular current
pulse at the electrode has a full drift time of 50 ns. FCal2 and FCal3, the two hadronic

modules, have gaps of 375 yum and 500 pm, and drift times of 75ns and 100 ns respectively.
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This is a short drift time compared with 400ns for the more conventional 2mm gap in many
LAr sampling calorimeters. In the case of FCall, after just 25 ns, 75% of the signal has
already accumulated on the electrode and the readout and electronics shape this pulse to a
peaking time of about 40ns. This electrode design also permits the small precision gaps to
be maintained more easily than in conventional parallel plate calorimeters. [39]

Since the FCall module is closest to the IP of the three modules, it has the largest
number of electrodes and readout channels and the smallest gap. Larger LAr gaps in FCal2
and FCal3 are allowed since the ionisation density from showers decreases with depth. FCall
is being built at the University of Arizona. Fach FCall module consist of 19 absorber plates,
12260 electrodes elements, and has a mass of about 2.14 tons." All FCall components are
made of copper.

FCal2 is placed immediately after FCall, away from the IP, and FCal3 after it. Both
hadronic modules are being built in Canada; FCal2 at the University of Toronto and FCal3
at Carleton University. The hadronic detector modules have total masses of 3.83 and 3.68
tons for FCal2 and FCal3 respectively. They both consist of two copper end plates, one
at each end, and an absorber matrix of tungsten slugs filling the volume in between the
electrode elements. The electrode elements have tungsten rods and copper tubes. FCal2
has 10200 electrodes and FCal3 has 8224. Figure 5.1 shows the layout of the sub-detectors
housed in the end-cap cryostat, and Tables 5.1 and 5.2 give a summary of the dimensions

and the physical parameters of the ATLAS forward calorimeter.

1n fact, FCall-C has 18 absorber plates and FCall-A has 19. This is due to slight warping of some of
the plates used in the C module. The total depth of material in each module is however the same.
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Table 5.1: FCal physical parameters summary.

the FCal-C modules.

The depth of each module in radiation
lengths and in nuclear interaction length has been re-calculated using the actual masses of

’ Parameter ‘ FCall ‘ FCal2 ‘ FCal3 ‘ FCal total ‘
glé zampl%ng Fraction (%) _ 149 | 1.36 | 1.68 —
%7 Sampling Frequency (cm™") 0.59 0.36 0.34 —
Depth (xo) 27 90 88 205
Depth (\) 24 | 33 | 31 83
Drift time at the nominal V (ns) 50 75 100 —
Potential across gap ( Volts) 250 375 500 —
Electric field across gap (kV/cm) 10 10 10 —
Electrode capacitance (pF) 379 276 227 —

Table 5.2: FCal dimension summary. The term ‘warm’ and ‘cold’ refer to room temperature
and LAr temperatures, (about -89C) respectively. The location of the module front and rear

face is with respect to the IP defined as z = 0.

’ Dimension ‘ Unit ‘ FCall ‘ FCal2 FCal3
Module outer radius
warm | mm | 450.75 450.75 450.75
cold | mm 455 455 455
Module inner radius mm 72 79 86
Module length
warm | mm 445.5 445.5 445.5
cold | mm | 444.2 444.2 444.2
Location of module front face
warm | mm | 4662.5 5119 95595.5
cold | mm | 4668.5 5123 5597
Location of module rear face
warm | min 5114 5570.5 6047
cold | mm 5120 5573 6047.5
Pseudo-rapidity of front face
inner edge i 4.87 4.87 4.87
outer edge n 3.02 3.12 3.20
Pseudo-rapidity of rear face
inner edge i 4.96 4.95 4.95
outer edge i 3.12 3.20 3.28
Tube to tube spacing mm 7.5 8.179 9.0
Rod diameter mm 5.0 5.125 6.0
LAr gap um 250 375 500
Number of tubes 12260 10200 8224
Absorber material Copper | Tungsten | Tungsten
Module mass ton 2.14 3.83 3.68
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5.2 FCal3 Construction

The construction of FCal3-C began in the summer of the 2001 at Carleton University.
FCal3-A construction has been underway since late spring of 2002. Section 5.2.1 provides
descriptions of the components of FCal3, and since one of a hadronic calorimeter’s most
essential feature is its total mass, the mass contributions of the components that make up
the module are stated. Furthermore, it is important to note that great care and attention
has been taken to minimise the number of shorted electrodes in the detector at every stage
of the quality control, cleaning, inspecting and assembly. The extensive measures used
to ensure a successful module construction, stem from the experience acquired during the
construction and testing of the prototype FCal modules. The surface of copper tends to
produce particulates and it was found that even the smallest copper flake or metallic dust
particle in the gaps between the tubes and rods can cause electrical contact between the
two electrode elements. A detailed discussion of issues related to the cabling of the FCal is

presented in section 5.2.2. This has been the author’s main contribution to the project.

5.2.1 Components

FCal3 is composed of copper end-plates and tubes, tungsten slugs and rods, copper inner
and outer absorbers fastened with stainless steel screws, gold plated brass signal, ground
and retention pins, PEEK fibres and washers, brass/polyimide printed circuit interconnect
boards (ICB’s) with gold plated brass contacts and lead-tin solder, miniature Cu coaxial
cables coated with polyimide, and polyimide capped stainless steel standoffs.

The paragraphs that follow describe the features, functions and mass contributions of
the components of the detector. The discussion focuses on FCal3 and its components but
can easily be extended to FCal2, whose structure differs from that of FCal3 only in the

dimensions of its internal geometry.
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End-plates

There are two precision drilled, 23.5mm thick absorber Cu end-plates, with 8224 holes each.
The FCal3 end-plates weigh about 55kg each and were machined at the Carleton University
Science Technology Centre (STC).2 The Cu absorber end-plates provide a support structure
for the tubes that contain the anode rods, and around which the slugs are laid. A thin groove
300 um in depth has been machined in each hole, a few millimetres from the edge of the face
of the end-plates, in order to add rigidity to the module by swaging the tubes into the end-
plates. Tubes in the inner and outer rows were swaged at both ends to provide additional
structural strength. The other tubes were swaged at one end only to avoid warping of the
end-plates.

The quality control of the end-plates was done by numerous precision measurement, and
like all Cu and W module components, the end-plates were cleaned in an ultra-sonic bath
with multiple stages using commercial solvent, and reverse osmosis (RO) filtered water for

rinsing.

Tubes

Every anode rod is inserted into a Cu tube swaged into the end-plates. There are 8224
copper tubes that have a nominal diameter, length and mass of 7.0mm, 445.4mm and 21.8g
respectively. The combined mass of the copper tubes is 179 kg.

The tubes are electrically connected to the end plates by swaging and are thus grounded.
A potential difference of 500 V between the tubes and anode rods provides an electric field
of 10kV /cm across the LAr gap.

The procedure involved in preparing the copper tubes for insertion into the module is
probably the most time consuming part of the entire module assembly. The copper tubes
are first deburred at both ends and inspected visually, then cleaned in the ultra-sonic bath

using the commercial solvents LPS and Citranox, and RO water for rinsing. Following this,

2All Cu plates used in the construction of FCall, FCal2 and FCal3 were machined at the STC.
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Figure 5.3: FCal3-C end-plates mounted on assembly stand in clean room at Carleton Uni-
versity.
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(a) Sintered tungsten slugs (b) Two rows of slugs are laid (c) Interstacked rows of tubes

between rows of tubes and slugs

Figure 5.4: Stacking of FCal3-C in clean room at Carleton University.

the tubes are swabbed twice and inspected visually once more. Tubes that have any internal
or external dust or residue after two swabbings are re-cleaned and re-swabbed. Tubes that
appear clean are bagged and moved into the clean room. In the clean room, each tube is
inspected twice, the second time by an experienced tube inspector. If any particles are found
inside or on the surface of the tube, it is cleaned and swabbed once again. If any defect like
dents or scrapes are noticed, the defective tube is rejected and set aside. A roll test is made
on each tube to assure straightness within a millimetre or so. One last inspection of the
outside surface is done under a magnifying glass prior to insertion to ensure that there are
no dents. Once the tube has been inserted and swaged, two final swabs, one from either end
of the module, are done to collect any possible copper particles generated by the swaging.

A typical tube in the module has been cleaned twice and swabbed five times .

Slugs

The tungsten slugs are produced commercially by sintering a mixture of 96.72% W powder
with 2.10% Ni, 1.04% Fe, .02% Cu and .01% Mo. There are about 641200 slugs with a
combined mass of 1612kg in each FCal3 module. The slugs used in FCal3 are a combination
of two different sizes: the average mass, length and transverse dimension measurements are

2.52 g, 9.88 mm and 8.64 mm respectively, for 70% of the slugs, and 2.65 g, 9.97 mm
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and 9.02 mm for the remaining 30%.% The tungsten slugs form the absorber matrix and
make up about 44% of the total mass of FCal3. Both MiTech Metals and Kulite Tungsten
Corporation have produced slugs for the hadronic FCal modules.

The quality control of the slugs includes a visual inspection of each one and precise
measurements on 40 slugs out of every 1000. These include a profile gauge test, and length
and density measurements. The data for this QC process are recorded on QC sheets, then
entered via a workstation and stored electronically. The slugs are then cleaned following a

multi-stage ultra-sonic cleaning procedure, dried and bagged.

Rods

Made of almost pure tungsten, the 8824 anode rods used in FCal3 have a nominal diameter,
length and mass of 5.5 mm, 443.5 mm and 202.32 g respectively. Their combined mass is
1664 kg, making up about 45% of the mass of FCal3 and therefore, the tungsten slugs and
rods constitute about 90% of the mass of the FCal3 module. Approximately 50% of the
rods were manufactured in China and the remainder are from Russia.

The QC performed on the rods includes a visual inspection and roll test, and diameter,

length and density measurements. This is followed by ultra-sonic cleaning.

Inner and Outer Absorbers

The one inner and twelve outer absorbers are used to enclose the inner parts of the detector
module, forming a uniform and smooth envelope around it. They are made of copper and
have a combined mass of 116kg per FCal3 module. All outer absorbers for FCal2 and FCal3
were machined at the STC. The inner absorber fits in the centre of the module around the

beam pipe while the outer absorbers enclose the module.

3Due to a manufacturing error, a large number of slugs were produced with slightly larger mass and
dimensions. In order to use these slugs in the modules, a mixture of smaller slugs had to be used in
conjunction with the larger ones to ensure that the slugs will fit in the absorber matrix.
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All threaded holes in the absorbers were lined with stainless steel insert coils for addi-

tional strength. The cleaning was done in the ultra-sonic bath.

(a) Inner absorber (b) Outer absorbers () Mounting outer absorbers

Figure 5.5: FCal3 inner and outer absorbers.

(a) Anode or Signal pin (b) Ground pins (c) Retention pins

Figure 5.6: Signal, ground and retention pins used in FCal3.

Signal, Ground and Retention Pins

Anode or signal pins, with knurl diameter 2.0 mm and full length 16.0 mm, are inserted in
the tip of one end of the tungsten rods. Ground pins with knurl diameter 1.6 mm and full
length 14.6 mm, and retention pins with knurl diameter 1.6 mm and full length 8.9 mm, are
inserted into the end-plates, on opposite faces of the module. (See Figure 5.7) Ground pins

inserted into the signal end-plate provide the electrical ground for the ICB’s and cables.
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Retention pins inserted into the other end-plate help to fasten the PEEK washers meant to
prevent the electrodes from sliding out of the tubes.
There is a total of 8224 signal pins and 7168 ground pins on the signal end of the module,

and 7168 retention pins on the non-signal end.

(a) Signal end (b) Non-signal or IP end

Figure 5.7: Close up view of the assembled FCal3 module from the signal and non-signal
end. The ground pins are inserted in the signal end-plate, and the retention pins in the
non-signal face. Tubes are stacked and swaged into the end-plates, and rods with PEEK
fibres wound around them are inserted into the tubes. The PEEK fibres are attached to the
anode pins, and PEEK retaining washers are pressed onto ground and retention pins to hold
the fibres and rods in place.

PEEK fibre and retention washers

Prior to rod insertion into a tube, a PEEK fibre is wound around each rod and then thermo-
formed to prevent it from unwinding. The PEEK fibre assures electrical isolation between
the rod and tube and has a nominal diameter of 500 pm. The uniform winding of the fibre
around and along the entire length of the rod assures a uniform LAr gap and thus a constant
electric field between the rod and the tube. PEEK retention washers are placed on ground
pins and retention pins in order to prevent the tungsten rods from slipping out of the tubes

and keep the fibres in place.
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(a) ICB’s for FCal3 (left) and FCal2 (b) ICB’s with soldered cables

Figure 5.8: Interconnect boards for FCal3 and FCal2. The unassembled boards and contacts
are shown in (a), and the fully assembled ICB’s with the soldered contacts and miniature
coazxial cables are shown in (b). The FCal3 board is the larger one.

Interconnect Boards

The FCal InterConnect Boards (ICB’s) are glue-less printed circuit boards, with 35um thick
copper, electro-plated with lead-tin solder set on a polyimide substrate with a thickness of
50 um. The ICB’s have holes populated with gold plated brass receptacles that are then
soldered on the signal side of the ICB. Finally, a miniature coaxial cable is soldered on the
signal side of each ICB, soldering the ground braid to the ground trace first and then the
centre conductor to the signal trace. This is meant to act as a strain relief for the fragile
centre conductor.

In FCal3, there are 802 chevron or regular shaped ICB’s and 110 irregular shaped ones
for a total of 912 readout channels. The irregular shaped ICB’s are used along the outer

and inner perimeter of the module face.
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Miniature coaxial cables

The signals are transfered from the electrodes to the electronics via 25 €2 copper coaxial
cables with polyimide dielectric and insulation. The polyimide insulation consists of a very
thin glue-less tape wrapped over the cable.

The signal cables are grouped in bundles of 64 referred to as harnesses. Each harness
has a one-hundred pin micro-D connector from which 36 pins are used as ground and 64
as signal. A total of 16 harnesses are used for FCal3, and therefore there are on average
7 unused cables per harness.* Further details on the assembly, testing and cleaning of the

cables will be given in section 5.2.2.

Standoffs

Stainless steel standoffs are screwed onto the module face to maintain the prescribed distance
between FCal2 and FCal3. A polyimide cap covers the end of each standoff to maintain
electrical isolation of the modules with respect to one another, and to prevent the production

of copper particulates from the contact of the standoffs with the end-plates.

5.2.2 Electronics and Cabling
Electronics

From the face of the modules, the cables are directed outward to the outer absorbers where
the harnesses are placed in troughs and directed away from the IP toward the back of the
end cap cryostat. The cables are then looped up to the summing boards which are located
on the back of the Hadronic End-cap Calorimeter (HEC) module. There are five micro-
D connectors (four input and one output) and 64 transformers on each summing board.

Signals from four ICB’s are transmitted through four 25€2 striplines to a summing node via

4A total of 16 harnesses times 64 cables per harness gives 1024 cables. Only 912 cables are required since
there are 912 ICB’s. This leaves 1024 - 912 = 112 unused cables. Over 16 harnesses, this makes 7 unused
cables per harness on average.
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a blocking capacitor. The high voltage is transmitted to the signal cables via a 1 or 2 M2
resistor. A 1:2 step-up auto-transformer is then used to transform the 6.25 Q impedance
as seen coming out of the summing node back to 25Q.5 The transformer output is then
transmitted through another 25 ) stripline to the output connector. From the output
connector of a summing board, the signals are transmitted to the vacuum feedthrough
through a bundle of cables similar to the ones used to transmit the signals from the module
to the summing board, called pigtails. There are 28 summing boards in all: 4 are used for
FCal3, 8 for FCal2 and 16 for FCall. At the vacuum feedthrough, the signals are transmitted
to flex cables through thermally sealed connectors and are carried to the outside wall of the
cryostat where they are transmitted to the Front End Boards (FEB). Signals get shaped
and stored on an analog Switched Capacitor Array (SCA) in the FEB. It is only after a

trigger occurs that the signals are digitised and sent out to the readout.

Organisation

The cabling for the FCal is organised in the following manner. Electrodes are grouped to
form a tube groups connected by an ICB. Tube groups are grouped together to form readout
tiles and readout tiles are grouped to form trigger towers. There are sixteen sectors or ‘phi
slices” and each is divided in four trigger towers in eta. All modules have four trigger towers
per sector, but the number of electrodes per tube group and the number of tiles per trigger
tower, are different for each module.

In FCal3, there are 8224 electrodes, 9 electrodes per tube group, 4 tube groups per
tile, and 4 tiles per trigger tower. This makes: 4 cables x 4 tiles x 4 trigger towers, or
one harness of 64 cables per sector. The cabling of the whole module then, requires 16
harnesses. In FCal2, there are 10200 electrodes, the number of electrodes per tube group is
6, and there are 8 tiles per trigger tower. This makes: 4 cables x 8 tiles x 4 trigger towers,

and thus two harnesses are necessary for each sector or 32 harnesses for the entire module.

5 Zout = Zin - 02, 50 250 = 6.250 x 22
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FCall has 12260 electrodes and only 4 electrodes per tube group. 64 harnesses are therefore

required for its cabling.

Cable layout, ICB mapping and nomenclature

Physics considerations like the electromagnetic shower maximum and minimisation of un-
instrumented space between the modules as well as the very large number of cables, demand
a careful examination of the layout and mounting of the signal cables. In FCall, the ICB’s
and cables are connected on the face closest to the IP, to protect them from the intense
radiation that occurs at shower maximum near the rear face of the module. This config-
uration also minimises the non-sensitive space between FCall and FCal2, designed to be
7.2mm between pins and 15.5mm between end-plates. Both FCal2 and FCal3 signal cables
are connected on the rear face of the modules, further away from the IP. The space between
FCal2 and FCal3 is 17.2 mm between pins and 31 mm between end-plates, and the space
between FCal3 and the copper plug is 53.6 mm between the pins of FCal3 and the face of
the plug.

A full size mock-up of FCal3 was used to determine a suitable cable layout on the module
face. The mock-up was also used to determine the angle or direction at which the cables
should be soldered onto the ICB’s. The ICB’s were installed on a full quadrant of the
mock-up and cables with diameter of 1 mm were soldered to each ICB. The cables were then
grouped and laid out in various ways in order to find the most appropriate configuration.

It was determined that only two soldering angles were required: ‘up’ and ‘down’, defined
with respect to a right pointing chevron. The diagram in Figure 5.9 shows the definitions of
‘up’ and ‘down’. Furthermore, it was also determined that all four harnesses used to cable
one quadrant in FCal3, were to be laid in the trough aligned with the middle of the next
quadrant in the clockwise direction. This is to minimise the difference in path length from
ICB to trough for the cables in a quadrant. Figure 5.10 on page 61 shows models of the

cable layout on the face of the FCal3 and FCal2 modules. Each curved line running on the
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Figure 5.9: Definition of ‘up’ and ‘down’ cable solder direction with respect to a regular
chevron shaped ICB.

module face represents a cable harness.

The mapping of an ICB/cable assembly to a particular location on the face of the module,
uses a labelling scheme based on the nomenclature defined in the technical drawing of the
module. Figure 5.11 on page 62 shows a quarter section of the technical drawing of FCal3-
C. The nomenclature identifies each chevron with its location in a tile within a phi slice.
The ICB/cable label identifies the location of each ICB/cable on the module face, to which
connector pin the cable is attached, and of which harness it is a member. Such a scheme
is essential for the proper installation of the ICB’s onto the module face and also for the
soldering of the cables to the ICB’s.

The following labelling scheme has been used. There are two series of digits for each
label, one identifies the cable number, and the other identifies the ICB location. Each
cable assembly is identified by specifying the module, the harness, the cable, and the solder
direction. The ICB location is identified by specifying the sector, the tile and the chevron

number. Here is an example of a label:

(C3.05.1.39 UP
05.06.3
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(a) Cable layout for FCal3

(b) Cable layout for FCal2

Figure 5.10: Models for cable layout for FCal3 and FCal2.
The cables are laid out across the adjacent quadrant (FCal3) or octant (FCal2) in order to

minimise the difference in path length from ICB to point of exit at the circumference of the
module for neighbouring cables.
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Figure 5.11: Quarter section of FCal3-C from the technical drawing, showing sector 0 to 4,
labelled PHI 0, PHI 1, PHI 2, etc., trigger towers labelled 1A, 2A, 3A, 4A, and 2A, 2B,
20, etc., tiles (four per trigger tower) with numerical addresses, and chevrons labelled 1, 2,

3, 4 within each tile. Irreqular shaped ICB’s are found on the outside and inside perimeter
and are labelled 3C1 to 3C36.
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In the upper row of digits ‘C3’ identifies module C of FCal3. ‘05.1” identifies the harness
number, ‘39’ identifies the cable in this harness, and ‘UP’ refers to the solder angle or cable
direction. In the lower series of digits ‘05’ refers to the sector on the module face, ‘06’ refers
to the tile number in that sector, and ‘3’ refers to the chevron number within that tile. This
nomenclature was chosen by the author and the same nomenclature is used by the FCal2
group in Toronto.

This labelling scheme was used to generate tables for every cable harness and a series
of verifications and cross-verifications by members of the group were performed to ensure
accuracy. A similar procedure was followed to verify and finalise the FCal2 tables. The
assembly of ICB’s and the subsequent soldering of the cables for FCal2 and FCal3 were then
done commercially. The assembly included populating all ICB’s with electrical receptacles,
soldering the receptacles on the signal side of the boards, soldering the cables to the ICB’s,
cleaning the cable assemblies and testing them to ensure proper electrical connections and

isolation of signal from ground.

ICB/cable inspection, preparation and cleaning

Upon receipt of the assembled harnesses, a careful inspection of the soldering of each
ICB/cable assembly is done, followed by a continuity check. This check is used to ver-
ify that there is no short between the signal and ground connections and that the labels
identify the correct ICB/cable. Each cable is then cleaned and a signal pin, is inserted
in each of the seventeen contacts of the ICB. This is done to decrease the insertion force
necessary to press on the ICB’s in place on the face of the module during the cabling of
the module. Appendix C describes the inspection, preparation and cleaning of the cable

harnesses in detail.
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Cable installation

Installation of the cables, scheduled to take place in August of 2002, begins with a high
voltage test of each electrode. If shorts or trips are found, the electrodes are pulled out and
then repaired or replaced. A recorded capacitance measurement of each electrode element
follows, after which the ICB/cables are mounted on the module. A continuity check is then
performed to assure that all ICB’s are in their designated location, followed by another HV
test where the voltage is applied to an entire harness from the micro-D connector and the
leakage current is monitored. If shorts or trips are detected, each electrode connected by
the 64 ICB’s must be probed to determine the defective ones.

The application of the cables will be done one quadrant at a time, and in the counter-
clockwise direction (refer to Figure 5.10). Quadrant 3 will be cabled first and the harnesses
temporarily attached at the top of quadrant 1. Quadrant 4 will be cabled next and its
harnesses attached to their exit point in the middle of quadrant 3, following which quadrant 2
will be cabled and its harnesses attached at their exit point on quadrant 4. Finally, to cable
quadrant 1, the harnesses from quadrant 3 will be detached from quadrant 1, quadrant 1
will be cabled and its harnesses attached to their point of exit on quadrant 2, and then the
harnesses from quadrant 3 set back into the trough aligned with the middle of quadrant 1.
This will complete the cabling of the module.

The schedule of events that will follow the cabling of the FCal can be outlined as follows.
A cold test where the modules will be placed in LAr and tested for shorts is scheduled for
the fall of 2002. The assembly of the FCal in the support tube will take place around the
end of November and a beam test will follow. The final stages include the assembly of the

FCal in the end-cap cryostat and of the cryostat into ATLAS.



Chapter 6

Signals from Extra Dimension in

ATLAS

Will extra spatial dimensions be revealed at the LHC through the ATLAS detector?
Monte Carlo studies have been conducted to determine the likelihood of such an incredibly
exciting discovery and the results of some of these are presented in this chapter.

Some studies of the sensitivity of the ATLAS detector are model dependent while some
claim to be model independent, meaning that they do not depend on a particular model
of ED. Such studies usually involve running a simulation several times, each time varying
the value of some of the parameters. The models that have received the most attention are
those which allow large extra dimensions like ADD. In these models, the floating parameters
are the number of ED and the fundamental mass scale. Since the fundamental mass scale
is directly related to the size of the extra dimensions, it is straightforward to get one from
the other.

Section 6.1 gives an outline of issues related to the detection of missing transverse energy
with an example to illustrate them. In Section 6.2, studies on the sensitivity of ATLAS to
ED are discussed and their results summarised. [40] The discussion is primarily concerned

with graviton production and graviton exchange, and is followed by some comments on

65
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studies of Kaluza-Klein gauge boson production.

6.1 Detecting Missing Transverse Energy

Good measurement of the missing transverse energy is needed for two reasons. Firstly, Efrniss
is an important signal for new physics and secondly, reconstruction of a narrow invariant
mass distribution for particles involving neutrinos among their decay products requires good
E%‘iss resolution. The reliable and precise measurement of an event with missing transverse
energy is related to the performance of the calorimeters: good energy resolution, good
response linearity and hermetic coverage are required.

The primary reason to include a forward calorimeter system in ATLAS which extends
the coverage to |n| < 5, is to allow the study of interactions giving rise to missing transverse
energy signals, and jet tagging or identification. Signals with missing ET are most often
caused by undetected neutrinos, but gravitons propagating into dimensions inaccessible
to us, would also leave a missing energy signature. Below is an example taken from the
results of a simulation presented in references [26] and [38] which illustrates how missing
transverse energy signals are used to reconstruct the invariant mass of the A, one of the
Higgs type particles predicted by supersymmetry. Analyses of this kind including missing
mass determination, would also apply to other new particles that may be produced at the
LHC.

Consider the decay of this neutral particle, A — 77 over a mass range from 100 to
500 GeV. If Fy and FE, are the energies and @ and s are unit vectors in the average
directions of the measured 7-decay products (electrons, muons or jets), and if p™iss, p?liss
are the projections onto the x and y axes of the measured p%iss, then the energy of the two

neutrino systems from the two 7-decays E,; and E, o, can be obtained by solving the two
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coupled equations:

pxmiss == El/l (ﬁl)z + EV2(62)$ (61)

P = By (iih)y + Eval(iia)y (6.2)

From this, the invariant mass of A can be reconstructed as:

m,r = /2(E1 4+ E,1)(Fs + Ep)(1 — cosf) (6.3)

where 6 is the angle between 7 and is.

miss
y

miss

- , an excellent resolution is

Since m,, is very sensitive to the measurement of p and p

very important for the mass reconstruction.

The resolution of each component of the EM four-vector, i.e. o(p2is) and a(p}r,“iss),
are defined as o(Ap,) and o(Ap,), where Ap, and Ap, are given by:

Apx = E(px)gen - E(px)rec (64)

Apy = E(py)gen - Z(py)rec (65)

The terms X(py)gen and 3(py)gen are the sums of the x and y components of the momenta
of all the generated particles (neutrinos and muons excluded) without any pseudo-rapidity
restrictions, and the terms X(px)rec and X(py)rec are the sums of the x and y momenta
reconstructed from the calorimeters. The sum of all transverse energy in the calorimetry

system is given by:

where ‘PRE’ represents the pre-shower detector, ‘ECAL’ represents the electromagnetic
calorimeter, ‘HCAL’ represents the hadronic calorimeter, and «, 3, v are calibration con-
stants.

Section 9.2.1.3 of the ATLAS detector and physics performance design report [38] states

that the resolution of each component of the EEFiSS vector, as calculated at the particle
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level for A — 77 events with mass ma = 150 GeV, degrades from 2.3 GeV to 8.3 GeV
if the calorimeter coverage is reduced from |n| < 5 to || < 3. The resolution of each
component of the Elfniss vector, as obtained with a full simulation of A — 77 events with
mass ma = 150 GeV, was found to be 7 GeV. The main contributions to this resolution
come from the barrel (about 5 GeV), the end-cap region (about 4 GeV) and the forward
region (about 3 GeV). The contribution from the forward region is the smallest because
transverse energy decreases with increasing rapidity. The parametrisation of the resolution
as a function of the total transverse energy measured in the calorimeters obtained from the

full simulation over |n| < 3 is:

o(p®®) = 0.46 x /S Er (6.7)

where ET is in GeV. If the restriction in n coverage is removed then the resolution is

improved and becomes:

o(p®) = 0.39 x \/SEr (6.8)

A more intuitive explanation of why it is necessary to have coverage in the forward
region, is that since the energy of particles in jets increases with increasing rapidity, even
small angles of incidence with respect to the beam axis will give rise to substantial transverse
energy. If these highly energetic particles incident at small angles are not detected and their
energy accurately measured, this would translate in false missing transverse energy signals,
thus degrading the Elfliss resolution.

The above example shows how missing Er from two tau decays is reconstructed. In the
case of graviton production the signature would be simpler and the calculation easier since
there would be a single hadronic jet back to back with missing momentum. The total pr

miss

from the jet must be equal to the total pi'> carried off by the invisible graviton.



CHAPTER 6. SIGNALS FROM EXTRA DIMENSION IN ATLAS 69

6.2 Sensitivity to Extra Dimensions

It was seen in Chapter 2 that extra dimensions could manifest themselves in a variety of
ways that include the production and exchange of Kaluza-Klein gravitons, the production
of massive gauge bosons and other KK-resonances, as well as the production of mini black
holes and other exotic physics phenomena. Gravitons produced from a high energy collision
between two partons would probably disappear into ED and leave a signature of a hadronic
jet with unbalanced missing transverse energy. The exchange of a virtual graviton between a
pair of quarks or gluons and a pair of vector bosons or fermions, would lead to deviations from
known cross-sections that would most likely increase with energy. Massive KK excitations
of the SM gauge bosons like the Z* or W* would decay through the same channels as the Z
and W but would have much larger masses.

A number of studies on the sensitivity of the ATLAS detector to signatures of ED have

been done and the results of some of these are discussed below.

6.2.1 Graviton Production

For direct graviton production, the best sensitivity is to a decay mode leading to the signa-
ture jet + E%‘iss and so only this class of events will be considered in this discussion. The
backgrounds to events of this kind are jet + W or jet 4+ Z. The integrated cross-section for
the processes leading to the production of a jet with transverse energy and to an equivalent
amount of E¥sS for various values of the number of ED §, and quantum gravity mass scale
Mp, is shown in Figure 6.1. The cross-section is given as a function of the transverse jet
energy cut and the dominant background of jet + 7 — vv is shown in black. In general, as
the transverse jet energy cut is increased it becomes easier to distinguish the signals from
the background but the cross-section decreases. The blue lines correspond to different mass
scales in the case where 6 = 2. As might be expected, the case with the lowest mass scale

(Mp = 4TeV) has the largest cross-section. The green indicates the case where 6 = 3 and
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Figure 6.1: Integrated cross-section for the processes leading to the production of a jet with
transverse energy in conjunction with an equal amount of E%ﬁss at the LHC for various

values of & and Mp. § is the number of ED and Mp :MPL(4+H) is the quantum gravity scale.

each green line is labelled with a mass scale value. The yellow shows the case for § = 4.
Looking at the configuration of the different cross-sections for different combinations of §
and My, it becomes apparent that it may be very difficult to distinguish the cross-section for
0 =2 and Mp = 5TeV from the one for 6 = 4 and My = 4TeV for example. Determining
0 and Mp, separately likely requires the study of a number of different signals.

Figure 6.2 shows the Effniss distribution for the background and the signal events. The
total background for all jet+V is shown in black and signals are shown in red with different
symbols corresponding to different combinations of 4 and M up to 6 = 4 and M = 5TeV.

As the E%liss increases, the signal events stand out from the background but also decrease
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in number.

Figure 6.2: Distribution of the missing transverse enerqgy in the background and in the signal
events after the selection and for an integrated luminosity of 100fb~'. The contribution of
the three main backgrounds is shown together with the signals for several values of (6, My ).

The selection criteria used at high luminosity are the following;:
e Jets with pr > 100 GeV within |n| < 3.2, in conjunction with EXsS > 100 GeV.
e Rejection of isolated leptons (efficiency of 98%).

e Final selection of events using a cut of IS5 > 1TeV.

The results of the simulation are based on an integrated luminosity of 100 fb~!, equivalent
to about 1 year of data taking at high luminosity (£ = 103*cm=2s7!), and are summarised
in Tables 6.1 and 6.2.

Table 6.1 shows the number of background events for each type of background. The

dominant one is clearly the jet + Z with the subsequent decay Z — vv. The reason why the
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Table 6.1: Number of background events in Monte Carlo study on the ATLAS sensitivity to
graviton production.

‘ Number of Background Events ‘
jet+7Z (vv) | jet+W (7v) | jet +W (uv) | jet+W (ev)
523 151 14 12

Table 6.2: Summary of Monte Carlo study on the ATLAS sensitivity to graviton production
for various combinations of the number of ED and mass scale.

Sensitivity to graviton production
) ‘ Mp (TeV) ‘ Events ‘ Smaz = S/VB
2 5 1430 54.0
7 366 13.8
9 135 5.1
3 5) 705 26.7
7 131 5.0
4 ) 391 14.8
7 53 2.0

contribution to the background from jet + W(7v) is much larger than the contribution from
the other two W decay channels is that although the branching fraction for W — [v is about
10.5% for all leptons, lepton rejection is efficient only for electrons and muons. The tau has
a very short lifetime and often decays to a lepton and two neutrinos making it difficult to
identify.

In Table 6.2, the first column labelled ¢, shows the number of ED. The second column
labelled My, shows the multi-dimensional Planck mass or the quantum gravity mass scale
in TeV. The third column shows the total number of events selected and the last column
gives the sensitivity of the ATLAS detector to signals corresponding to the combination of §
and Mp,. Looking at the values of the sensitivity in this last column it is clear that most are
well above the discovery limit of 5 and only one is below this limit. But, it is experimentally

difficult to disentangle 6 and Mp. The above results are taken from studies discussed in
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references [19], [41], [42].

The sensitivity of an experiment to a particle production process is most often estimated
statistically by the ratio of the number of events selected to the square root of the number
of background events. It is generally accepted that to claim the discovery of a new particle
or interaction, the ratio S/ VB must be greater or equal to 5. This is usually referred to
as the 5-o effect and means that if, for example, the result of an experiment is reported as
Z = 5.854+0.03, it is meant that if one were to perform a large number of similar experiments
with the same number of measurements per experiment, then the true value x would be in
the interval [5.70, 6.00] in more than 99.9% of the cases. [43]

It is important to note that in the ADD model and other similar models, § = 2 with
Mp ~ 1TeV is disfavoured from astrophysical and cosmological considerations. In fact these
constraints, the main one being the cooling rate of the supernova SN1987, indicate that for
6 =2, MPL( tn) > 84TeV. This and other bounds on the number of ED and mass scale are

discussed in references [12], [44], [45].

6.2.2 Graviton Exchange

Graviton exchange between a pair of partons and a pair of fermions or vector bosons will
cause deviations from the known cross-sections. The Drell-Yang process hi+ho — [T17+X;
an interaction between hadrons that produces a pair of leptons and something else, has a
well known cross-section. Deviations from it could be an indication of KK-graviton ex-
change. Furthermore, deviations from the Standard Model di-lepton and di-photon produc-
tion cross-section, would also be a possible indication of graviton exchange. The calculation
of the cross-sections including the contribution from KK graviton exchange are discussed in
references [46] and [47].

The Monte Carlo studies on the di-lepton and di-photon cross-sections the results of

which are presented in reference [48], used the following event selection criteria:

e Transverse momentum of each lepton or photon p%’l > 50GeV and separation || <
2.5
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e Invariant mass of lepton or photon pair has upper limit M, ; < O.QMPL( Am) and

lower limit M '%‘,lﬁ > My set at 800 GeV or optimised to improve signal to noise.

Figure 6.3 shows four plots of the di-lepton invariant mass distribution, and Figure 6.4
shows the maximum reach at the 50 level (the discovery limit) for di-lepton production with
different combinations of the number of extra dimensions n, and the mass scale Mg. The
invariant mass distributions and maximal reach for di-photon production are very similar
to the ones for di-lepton production, and are thus not shown here.

Among the conclusions drawn by the authors of the study, as is illustrated in Figure 6.4,
was that through the process of di-lepton and di-photon production, the ATLAS detector
will permit us to probe theories of gravity with extra dimensions up to a mass scale of about
5 to 6.5 TeV for low luminosity and up to 6.5 to 7.9 TeV for high luminosity, depending on
the number of extra dimensions. For each value of n considered there is an optimal lower
cutoff on the invariant mass, where the reach in the mass scale Mg is maximal. Comparing
Figures b) and d) of 6.3, it was also found that in order to disentangle the dependence of
observables on n from the one on Mg, it is important to go beyond the leading term for the
summed graviton propagator. [48] In d) the distributions for Mg = 4.7TeV and n = 2, 3, 4, 5
are closer together at 4 TeV than the separation between the distributions shown in ¢) for
the full and leading term graviton propagator calculations. Therefore, for the case of n = 3,
the leading term calculation for the invariant mass distribution could be confused with the
case of n = 4 or even n = 5. Table 6.3 gives a summary of the sensitivity of ATLAS to
graviton exchange. The first column gives the number of ED, the second column labelled
Mg** lists the maximum quantum gravity mass scale for the corresponding number of ED
to which the ATLAS detector will have sensitivity, the value of which is given in the last

column.
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Figure 6.3: Di-lepton invariant mass distributions. Figures a) and b) show plots of the mass
distribution for number of ED n = 3 and mass scale Mg = 4.7 TeV. In a) the quark-quark
and gluon-gluon contributions are shown separately, and the SM background as well as the
total signal+background are shown. Figure b) shows the total signal calculated with the full
expression for the summed graviton propagator and the one calculated using only the leading
term. The total signal for n = 3 and different values of Mg are shown in c¢). Figure d)
shows the total signal for Mg = 4.7 TeV and various values of n.
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Figure 6.4: Di-lepton production: mazimal reach at the 5o level in the mass scale Mg as a
function of the lower cut M. The solid lines represent the reach at low luminosity with
integrated luminosity of 10 fb=1, and the dashed lines are for high luminosity with integrated
luminosity of 100 fb~1. Each line is labelled by the number of ED, n.

6.2.3 Kaluza-Klein Gauge Bosons

A wvariation on models with TeV scale ED, where only gravitons can propagate in the
bulk, allows gauge bosons like the v, W and Z to propagate in all dimensions. This gives
rise to Kaluza-Klein towers of gauge boson excitations observable in four dimensions as
massive particles. The constraints on the distortion of electroweak parameters from precision
measurements at LEP give a lower limit on the lightest resonance of any gauge boson of
about 4 TeV.

According to one study based on a model with only one extra dimension, the leptonic
decay of excitations of v and Z bosons provide a striking signature which can be detected at
the LHC. Azuelos and Polesello in reference [49] conclude that with an integrated luminosity
of 100fb~! a peak in the lepton-lepton invariant mass will be detected if the compactification

or quantum gravity mass scale is below 5.8 TeV. A limit of Mg < 13.5TeV can be obtained
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Table 6.3: Summary of Monte Carlo study on the ATLAS sensitivity to virtual graviton
exchange for various combinations of the number of ED ¢, and maximum mass scale Mg**.

‘ Sensitivity to graviton exchange ‘

| 6 | MP> (TeV) | Events | Spaw = S/VB |
2 7.9 104 14.2
3 7.2 158 16.0
4 6.8 104 14.2
5 6.5 63 12.8

with an integrated luminosity of 300 fb~! if no peak is observed. If a peak is observed, the
study of the angular distribution of the two leptons may allow ATLAS to distinguish the
KK excitations from alternative models yielding similar signatures.

Figure 6.5 shows the invariant mass distribution for electron-positron pairs up to 8 TeV.
The SM background distribution is shaded and the peaks shown are contributions from

leptonic decays of gauge boson excitations at 4, 5 and 6 TeV.

6.2.4 Summary

There are many models of ED with different phenomenological implications and experimen-
tal signatures, and only a few have been presented here. Monte Carlo studies performed by
members of the ATLAS collaboration show that the sensitivity of the ATLAS detector to
signatures of graviton production, graviton exchange, and KK gauge boson resonances will
allow us to probe the parameter space (n, Mg), where n is the number of ED and Mg is
the mass scale at which gravity becomes strong compared with the other forces. ATLAS
will allow us to confirm or rule out a number of models of ED for a region of the parameter
space up to the following limits: (4, 5TeV) for graviton production, (5, 6.5TeV) for graviton
exchange, and (1, 5.8 TeV) for KK gauge boson production, all for an integrated luminosity
of 100fb~!. Note that the limit of (n, Mg) = (1, 5.8 TeV) for the sensitivity to KK gauge

boson production, is derived from a model that is different from ADD-type models and does
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Figure 6.5: Invariant mass distribution of eTe™ pairs. The lowest lying KK excitation of
gauge bosons is at 4 TeV. The standard model invariant mass distribution for ete™ is
shaded.

not have the constraint of n > 2.



Chapter 7

Conclusion

The experience of spacetime is possibly the most basic aspect of all experiences. All objects,
beings, sounds, light and sensations arise within and are permeated by spacetime, and yet its
structure remains one of the most mysterious aspects of our world which warrants detailed
scientific investigation. The ATLAS experiment is one tool that will allow us to do this.

ATLAS was originally conceived to uncover the mechanism through which different
particles acquire different masses and thus would provide an answer to a question that
has puzzled physicists for decades. As a general purpose detector ATLAS is also applicable
to a search for evidence of a spacetime structure with multiple extra spatial dimensions.

The LHC and the ATLAS detector will give us the opportunity to investigate many
aspects of the fundamental interactions between the constituents of matter, and through
this, allow us to test and verify the validity of assumptions made in order to explain basic
physical phenomena. Testing of models that are based on scientific intuition and speculative
assumptions is essential for a more complete understanding of the physical world.

A number of models which include extra spatial dimensions have experimental conse-
quences at the TeV energy scale and will therefore be tested at the LHC with the ATLAS
detector. Semnsitivity studies have shown that the observation of signals from graviton pro-

duction, graviton exchange and KK-gauge boson resonances is possible over a substantial
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range of LHC energies. This permits testing over a wide range of the models’ parame-
ter spaces. The sensitivity of ATLAS to signals of ED with signatures of missing Fr relies
mostly on the calorimetry system, and the resolution of missing ET relies on the hermeticity
of the calorimetric coverage. The forward calorimeter is very important in the achievement
of close to hermetic coverage.

The parameters in models like the ADD model are the number of ED, n, and the

quantum gravity mass scale, MPL( The assumptions used in the ADD model to explain

44n)"
the reason why there seems to be two fundamental energy scales separated by 16 orders of
magnitude are that there are at least two compact ED and that the quantum gravity scale
is close to the electroweak scale (between 1 and 10 TeV). Monte Carlo studies of signals
of ED in ATLAS show that the parameter space of n and MPL( 44n) AN be probed up to

the case of n = 4 and MPL( = 5 TeV for graviton production, and up to n = 5 and

4+n)

M )y = 6.5 TeV for graviton exchange in ADD-type scenarios. The production of KK

PL(4+n
gauge bosons in an alternative scenario with one ED can be probed up to a mass scale of
5.8 TeV. All the above limits are based on an integrated luminosity of 100fb~".

The construction of the ATLAS detector is well under way and on schedule. All FCal-
C modules are at CERN and the capacitance testing on the FCal3-C electrodes has been
started. The next step will be the cabling of the module. Work on the cabling of FCal2 and
FCall will follow.

In 2007, the startup of the LHC and of ATLAS will mark a new beginning in the science
of high energy physics that will undoubtably revolutionise our current understanding of the

universe and of its constituents, and even possibly reveal a hidden spacetime structure with

multiple extra dimensions.



Appendix A

Pseudorapidity

The pseudorapidity is an angular variable defined as

n = —In [tan(6cn /2)]

where ¢y is the scattering angle in the centre of mass frame.

The rapidity is defined as

7}1]0 E +pL
y_2 E—pL

(A1)

(A.2)

where F is the energy and py, is the longitudinal momentum, i.e. momentum along the axis

of propagation.

The pseudorapidity n is a useful approximation to the rapidity in cases where the mass

and momentum of a particle are not known, and it is used with the azimuthal angle ¢ to

represent the direction of an outgoing particle with respect to the interaction point.

Since both y and n are invariant under a Lorentz transformations, they are useful in

the parametrization of collisions between hadrons where the center of mass frame is not the

same as the lab frame.

Figure A.1 shows the relationship between the pseudo-rapidity and the scattering angle

in the center of mass frame. We see that a range of angles from 1 to 90 degrees corresponds
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approximately to the pseudo-rapidity range 0 to 5 where, a pseudo-rapidity of 0 corresponds

to a scattering angle of 90 degrees.

Pseudo-Rapidity vs. Scattering Angle
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Figure A.1: Plot of n vs. Ocm, the pseudorapidity versus the scattering angle in the centre
of mass frame. The detector components of ATLAS and their respective range of  coverage
are indicated on the felt side of the plot.



Appendix B

The Metric Tensor g,

A simple and useful way to conceive of a tensor is to view it as a mathematical structure
which holds information in the form a an array of numbers. Tensors are usually represented
as a letter followed by upper (T*), lower (T},), or mixed indeces (T%,). The number of
indices can be interpreted to correspond to the dimensionality or the rank of the tensor. In
this case two indeces describe a two dimensional tensor or second rank tensor. A scalar is
a tensor of rank zero, and a vector is a rank one tensor. It is therefore natural to represent
a second rank tensor, (a tensor with two indeces), as a matrix. The metric tensor is a set
of numbers, that contain information about some of the characteristics of the spacetime on
which it is defined. The metric tensor is necessary in order to calculate the distance between
points.

The dot product combines row and column vectors in a particular way. ‘Regular’ vectors
are represented as column vectors and row vectors are called dual vectors or covectors. The
name dual or covector serves to emphasize a correspondance between a given vector and its
associated dual vector.

The function of the metric tensor can be viewed as two-fold: If supplied with a vector,
the metric tensor will produce the associated dual vector. If supplied with two vectors, the

metric will produce a number that will be the scalar product of the two. Simply, the metric
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tensor provides a mechanism through which two vectors can be combined and their dot
product is the result.

To summarize, at the most basic level, the distinction between vectors and dual vectors
is not made and two ‘vectors’ are combined using the dot product to produce a scalar. The
reason why the use of a metric is not usually required in everyday calculation is that the
metric which describes our everyday three-space is the identity matrix and so a three-vector
has the same components as its associated covector. In four-space however the metric tensor

is given by the so-called Minkowski metric 7,

-1 0 0 O
0 1 00
Nuv = (B.1)
0O 010
0O 0 0 1

and so the associated covector of a four-vector (ap, a1, as,as) is (—ag, a1, as, as), where the
time component of the four-vector has changed signs.
Spaces different than our everyday space often have metrics different than the Minkowski

metric and so it becomes essential in order to do any calculation involving distances. !

The word space refers to a space, a region of spacetime. “Our” space refers to the space around the
earth and one can imagine that since the space around a neutron star or a black hole may be very different
than the space around the Earth, the metric tensor used to make calculation in such a space must be quite

different than 7, .



Appendix C

Cable inspection and cleaning

procedures

This process sheet describes the procedure for the cold cable testing and cleaning to be done
at Carleton University for all FCAL3 cold cable harnesses.

The most important thing to remember is that great care must be taken in handling
the cables. The 64 cables that make up a harness are miniature coaxial cables and have a
diameter of less than 1 mm. The center conductor is tiny and very fragile. The outer and
inner insulators are made of a thin kapton tape wound around the center conductor (inner),
and ground braid (outer). The cables must be handled very delicately and softly. They
should not be bent or squeezed tightly.

The procedure begins with the unpacking of the harness from its box and ends with the
re-packing of the harness in the same box. Each box is labeled with the harness number
found on the connector of the harness. Mindfulness of the order in which the harness boxes
are kept is important, in order to keep the process clear and simple. Latex gloves should be

worn to handle the cables.

1. Unpacking cable harness.
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Open the box, and make sure that there are three QC sheets. They are from Dataplex
and should be kept in the box. Pull out the plastic bag that contains the cable harness
and carefully take the harness out. Leave the little bag containing small nuts and bolts

in the large plastic bag.

2. Connecting cable harness to test unit.
Carefully unwind the cable harness and lay it flat on the table near the testing station.
Carefully take off the small tie and ziplock back covering the connector on the end of
the harness and connect it to the test unit. Be very careful in mating the connector

ends in order not to damage the pins that are very small and fragile.

3. Connecting test probes.
If the testing is done by two people it is recommended that one person sits near the
test unit and the other near the interconnect boards (ICB’s). Each person holds one
of the probes from the digital multimeter (DMM). The probe with the alligator clips
is used on the test unit and the probe with the pointed tip is used on the ICB’s. The
person testing the ICB’s should have two sheets: one ‘Assembly’ table for the harness

and one QC sheet on which the harness number must be hand written.

4. Preparing ICB’s.
The person handling the cable ends with ICB’s should carefully choose a bundle of
eight and disentangle it from the other bundles. The ICB’s from that bundle should

be laid flat on the table and spread out one from the other.

5. Testing ground connections.
With the alligator probe attached to the ground connection, the metal coaxial con-
nection on the test unit, each ICB ground trace must be tested by touching it with
the pointed probe until the DMM emits a audible ‘beep’. Each signal trace must
also be tested with the pointed probe but no ‘beep’ should be emitted. Bare cables

must also be tested. The ground is the outer metal braid and the signal is the center
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conductor. If no ‘beep’ is emitted, then make sure that the connections are correct
and try it again. Bare cables require a little more attention. If the DMM still does
not emit a ‘beep’, make a note of it on the line corresponding to the cable number on

the ‘Assembly’ table as well as one the QC sheet.

6. Testing signal connections.
Following this, each signal connection must be tested individually. Choosing one ICB
from the same bundle, read out the cable number written on the small label and
verify that it is the same as the last too digits of the top series of numbers on the big
label. The metal ‘pin’ on the test unit must be fully inserted in the corresponding test
connection. There are 64 test connections, one for each cable. They are grouped in
groups of ten, the upper row corresponds to the odd numbers and the lower row to
the even numbers. Attaching the alligator clips to the inserted metal pin and touching
the signal trace with the pointed probe should cause the DMM to emit a ‘beep’. If
it doesn’t, make sure that the connections are correct and try it again. If the DMM
still does not emit a ‘beep’, make a note of it on the line corresponding to the cable
number on the ‘Assembly’ table as well as on the QC sheet. Test the ground trace
to make sure that it does not cause the DMM to emit a ‘beep’. If it does, check the
connections and try it again. If it still does take note of it on the corresponding lines
on the two sheets. If the connection is good, verify that the series of numbers on
the label correspond to the ones on the ‘Assembly’ table and then put a check mark
beside the cable number on the table. It is important to verify that the cable has been
soldered in the proper direction; UP or DN with respect to a right-pointing ICB. If it
is a bare cable, and the big label has a printed series of numbers, then write ‘IRR’ on

the corresponding line on the table.

7. Visual inspection.

When a bundle has been tested, perform a visual inspection of the soldering of the
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10.

11.

cables and contacts on the ICB’s. There should be a uniform solder ‘fillet’ around
each contact and there should not be any pointed tips on the surface of the ICB.
There should be no bits of solder or anything inside the contacts. The contacts should
be round and undamaged. The center conductor should be soldered in the center of
the outside signal trace and the ground braid to the central ground trace. The inner

insulator should be centered over the gap between the ground and signal traces.

. Testing signal connections II.

Repeat steps 5, 6 and 7 until the entire harness has been tested. When it is finished,
staple the two sheets you have been using to the three QC sheets in the harness box.
This makes a total of five QC sheets. The topmost sheet should be the QC sheet
on which the cable harness number has been written by hand. Any ’bad’ connection

should be reported to Guillaume or Ernie.

. Disconnect cable harness.

Carefully disconnect the cable harness from the test unit using a screwdriver and lifting
each side of the connector little by little, alternating sides not to stress the pins. Once
disconnected, cover the harness connector with its original ziplock bag and secure it
with the tie. Then hang it on the harness hanger in order with respect to the other

harnesses on the hanger.

Remove tape.

Tie each bundle of eight cables with a removable plastic tie at the two ends. The
tie near the connector end should be tight enough not to slide but not very tight to
damage the cables. The tie near the ICB’s should be loose enough to slide without
restriction along the bundle. Each bundle is taped at many points along the length of

the harness. Remove all the tape on the harness.

Remove small labels.

Once all the tape has been removed, using the stainless steel tweezers, very, very
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12.

13.

14.

carefully remove the small cable number labels stuck to the cables. Do not use force
and do not poke or scrape the cable. Moving the tip of the tweezers along the cable,
slide it under the label and pull out away from the cable. The labels will unwrap will

a little effort. Be very careful not to damage the cable’s outer surface.

Wipe cables.

Working with one bundle at a time, untie the plastic tie near the ICB’s and using a
kimwipe moistened with ethanol, wipe each cable in the bundle from the top to the
bottom. Wipe softly in one direction and on all sides of the cable. Wipe many times
if necessary but do not wide ‘hard’. This will lead to squeezing and possibly kinks in
the cable. look closely to make sure that there is no sticky residue left on the cable.
Once each cable in the bundle has been wiped clean, tie them with the same tie and

repeat the same procedure with each bundle.

Final check.
Once each cable in the harness has been wiped clean, carefully take it off the hanger
and place it on the table over the green coloured paper for better contrast. Inspect

each cable to make sure that there is no residue left.

Re-packing cable harness.

The cable is now ready to be shipped and must be packed in its box. Carefully roll
up the cable in a loose circle taking the time to ensure that the cables do not get
entangled. Take a clean plastic bag and insert the harness into it. Fold the top of the
bag over and put a piece of plastic tape to keep it closed. Put the bag in the box and
close it. The five stapled QC sheets should be placed on top of the bag containing
the harness. Place the box with the other ‘clean’ harness boxes, mindful of the order
of the cable harnesses. They should be stacked neatly, away from objetcs that could

caused them accidental damage.
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