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ABSTRACT

The response of the ATLAS calorimeters to electrons, photons and hadrons, in terms of the
longitudinal and lateral shower development, is parameterized using the GEANT package and a
detailed detector description (DICE). The parameterizations are implemented in the ATLAS Level-
1 (LVL1) Calorimeter Trigger fast simulation package which, based on an average detector geometry,
simulates the complete chain of the LVL1 calorimeter trigger system. In addition, pile-up effects due
to multiple primary interactions are implemented taking into account the shape and time history of
the trigger signals. An interface to the fast physics simulation package (ATLFAST) is also developed
in order to perform ATLAS physics analysis, including the LVL1 trigger effects, in a consistent
way. The simulation tools, the details of the parameterization and the interface are described.
The LVLL1 jet trigger thresholds corresponding to the current trigger menus are determined within
the framework of the fast simulation, and the LVLI jet trigger rates are estimated. Further, the
combination of ET¥$% signature with jet and 7 triggers is also discussed.

A study of the discovery potential of the ATLAS experiment of the neutral MSSM Higgs
bosons in the decay channels with multi b-jet final state topologies, namely H — h h — bbbb and
bb A/H — bbbb, is performed. The signal acceptance of the ATLAS LVLI jet trigger, based on the
determined trigger thresholds, is evaluated. Given the dominating jet trigger rates from the QCD
multi-jet processes, the b-tagging capability of the LVL2 trigger is essential for the Higgs discovery
in these channels. Canonical ATLAS b-tag/mistag efficiencies are applied on reconstructed jets.
Finally, 50 discovery contours in the (tanB3,m4) plane are derived.

ZUSAMMENFASSUNG

Das Ansprechverhalten der ATLAS Kalorimeter fiir Elektronen, Photonen und Hadronen wird
beziiglich der longitudinalen und transversalen Schauerentwicklung parametrisiert. Als Ausgangs-
daten dienen voll simulierte Ereignisse, die unter Verwendung des GEANT Programmpakets und
einer detaillierten Detektorbeschreibung (DICE) erzeugt werden. Die Parametrisierungen werden
in das Programm zur schnellen Simulation des ATLAS Level-1 (LVL1) Kalorimetertriggers integri-
ert, das mit einer vereinfachten Detektorgeometrie die vollstandige Kette dieses Triggers simuliert.
Dariiberhinaus werden auch die Effekte durch die zeitliche Uberlagerung mehrer Ereignisse im
Detekor unter Beriicksichtingung der zeitlichen Form und Vorgeschichte der Triggersignale ein-
bezogen. Auflerdem wird eine Schnittstelle zum Programmpaket fiir die ATLAS Physikanlyse
(ATLFAST) entwickelt, um Analysen einschlielich LVL1 Triggereffekten konsistent durchfithren
zu konnen. Die Simulationswerkzeuge, die FEinzelheiten der Parametrisierung und die Schnittstelle
werden beschrieben. Im Rahmen der ’schnellen Simulation” werden die LVL1 Jet-Triggerschwellen
fiir die entsprechenden Triggermeniis bestimmt und die LVL1 Jet-Triggerraten abgeschatzt. Weiter
wird die Kombination von E?%% -Signatur mit Jet und 7-Trigger diskutiert.

Eine Studie iiber das Entdeckungspotential des ATLAS Experiments fiir die neutrale MSSM
Higgs Bosonen in Zerfallskanilen mit Multi-b-Jet Endzustanden, namentlich H — h h — bbbb und
bb A/H — bbbb, wird durchgefithrt. Die Nachweiswahrscheinlichkeit des ATLAS LVL1 Jet-Triggers
mit den zuvor bestimmten Triggerschwellen wird untersucht. Angesichts der dominierenden Jet-
Trigger-Raten aus QCD Multi-Jet Prozessen ist fiir die Entdeckung des Higgs in diesen Kanalen
die b-tagging Fahigkeit des LVL2 Triggers unverzichtbar. Kanonische ATLAS b-tag Identifikations-
und Missidentifikationswahrscheinlichkeiten werden auf rekonstruierte Jets angewendet. Schlieflich
werden 50 Entdeckungskonturen in der (tan(3,m ) Ebene ermittelt.
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Introduction

The accumulated knowledge on the elementary particle physics during the last two decades
is compiled in a theoretical framework called the Standard Model (SM). This theory is able
to describe essentially all basic phenomena in the field of high energy physics with great
accuracy. The SM parameters have been measured with great precision at various experi-
mental facilities. One parameter is however essentially unknown, the mass of the scalar Higgs
boson, which according to theory can explain the symmetry breaking in the electroweak sec-
tor through the so called Higgs mechanism and is responsible for masses of all of the other
particles through its coupling to them. Direct and indirect searches at the LEP collider, till
its closure, have only put limits on the allowed mass of this hypothetical particle.

The Standard Model, despite its success in describing the experimental observations to an
amazing precision, has some short-comings which call for other more complete theories of
nature. One of the most attractive of these theories, beyond the Standard Model, is the
SUperSYmmetric extension to it, i.e. SUSY. The supersymmetric models have been discussed
the recent years and guide us where to look for new physics beyond the Standard Model.
Although the particle content of these models is quite rich and although they introduce yet
more parameters into the theory, some restricted versions of SUSY, making it possible to
perform searches and studies. One of these models is the Minimal Supersymmetric extension
to the Standard Model (MSSM) with a rich Higgs sector with five Higgs bosons, three neutral
and two charged, instead of the single neutral Higgs in the minimal version of the SM.

Tt is obvious that based on these arguments any future experiment should aim at the question
of the symmetry breaking mechanism and at searching for the Higgs particle(s). Based on the
latest results from LEP2 the next step in the particle physics should be a collider experiment
penetrating the TeV energy range. Such a program is the future pp collider, LHC, planned at
CERN, with related experiments, like ATLAS and CMS, and scheduled to start operation at
the year 2005. Here many open questions within the SM will be explored. Optimizations of
these future detectors rely strongly on the results obtained from Monte Carlo and simulation
studies.

Given the fact that the ATLAS detector will be operating at the LHC with high jet activ-
ity from the QCD processes, and considering its ability to measure and identify electrons,
photons, and muons, with high rejection against background jets, a critical point for the
trigger system is signal extraction based on multi-jet final states. It is not the efficiency on
triggering on jets, but the question of background rejection which degrades the acceptance of
interesting signals with multi-jet final state topologies. The reason for this is that in order to
be able to reduce the QCD jet rate to an acceptable level (a few percent of the overall trigger
rate) the trigger thresholds should be put quite high, whereas an efficient signal extraction



would require low thresholds. In ATLAS the second trigger level is not able to reduce the
jet rate for jets with a transverse energy in excess of about 50 GeV. Therefore the LVL1 jet
trigger rate goes through the trigger system essentially untouched. The only exception would
be if the jet under consideration happen to be a b-jet. In this case the special b-tag trigger
of the ATLAS Inner Detector could be used in order to achieve a higher acceptance (and
efficiency) on processes with multi b-jet topologies. In this case the jet trigger thresholds
could in principle be reduced at LVL1 so that the b-tag capabilities at the next trigger level
may be used to reduce the overall jet rate to an acceptable level. These issues are addressed
in this work for the Higgs searches in the neutral components of the MSSM Higgs sector.

The study presented here is performed using a simulation framework containing details of the
relevant subdetectors’ effects, the complete LVL1 trigger chain and the pile-up contributions
at low and high luminosities. In particular the implemented simulation tool contains detailed
parameterizations of the detector response and the longitudinal shower development between
the ECAL and the HCAL, as well as the lateral shower profile within each calorimeter type,
extracted form full detector simulation. This is done both for the electromagnetic and for
the hadronic particles. The effect of the Barrel/EndCap transition region on the response
of the calorimeters to different types of particles are also implemented in the simulation
tool. Furthermore, the pileup effect is simulated taking into account, apart from the average
number of minimum-bias events per bunch crossing, the time history of the calorimeter
signals. The offline analysis and the LVL1 trigger impact are performed in the same simulation
framework, which ensures consistency of the obtained results with and without the trigger
effects.

The central interest of this work is essentially the impact of the trigger system of ATLAS
detector on the discovery potential of the neutral MSSM Higgs bosons through their decay
channels with multi b-jet final states. The H — hh — bbbb and the bb A/H — bbbb decay
modes at small (1.5-3.0) and at large (30-50) tan 3 values and at intermediate to high m 4
(100 GeV-300 GeV) are studied in terms of the statistical significances with and without
the LVL1/LVL2 trigger effects. These are important decay channels given the fact that, for
the parameter sets considered here, the direct and associated production cross-sections are
large, and the bb decay branching ratios are dominating, resulting consequently in high signal
rates. The only serious background distorting this picture is the QCD jet events, making it
a demanding task to extract the signal efficiently. For this reason, multi b-jet final states are
in general difficult signals for the ATLAS trigger to extract effectively above the dominating,
and the much higher rate, multi-jet QCD background processes. Further, thresholds for the
level-1 jet triggers are determined and estimates on the expected level-1 jet trigger rates are
obtained. The acceptance of the level-1 jet trigger of the signal processes is estimated and
the impact of the level-2 special b-tag capability, of great importance for the decay channels,
is illustrated.



Chapter 1

Theory and Phenomenology

The present understanding of the elementary particles and their interactions is described by a
theoretical framework, known as the Standard Model (SM) [2, 3, 4, 5, 6]. This framework is an
interplay between local gauge field theories, described by appropriate Lagrangian densities,
and phenomenological symmetries observed in nature and experiments. Matter fields are
associated to a number of point-like (spin 1/2) (anti)fermions, (anti)quarks and (anti)leptons,
organized in three families (each with two flavours), whereas interactions are mediated by a
series of (spin 1) vector gauge bosons, summarized in Table 1.1.

Table 1.1: Matter fermions, lepton and quark multiplets, and force carriers, gauge bosons,
of the electroweak and strong interactions in the Standard Model. The multiplet structure
indicated in the table refers to the transformation properties of the left and right chiral fermion
fields under electroweak gauge symmetry operations. The strong interactions, mediated by
gluons, apply only to the quark fields. Each quark flavour appears as colour triplet in colour
space. In this connection the single gluon in the table represents 8 different (doubly colour-
charged) gluons.

Leptons Quarks Gauge bosons
electro-
Ve ur’g’b r,g,b drzgzb
e €Rr dr-9-b Up » Op v
L L
weak ,
b
V Cr’g’ b b
l’l’ r’g’ r’g’ :I:
( > UR < sr,g,b > SR ) CR w ’ Z°
k)L L
strong
b
Vr tho rgb  47,g,b
( . > TR < prs9-b bR ’ tR )
L L
interactions

Field theories describing the elementary particle interactions [24] obey the so-called local
gauge invariance principle [10], which could be described as follows: If the theory, i.e. the La-



grangian density function for the physical system, is completely invariant under a set of local*
field transformations described by a Lie-group' with parameters {6;}, then the theory is said
to be gauge invariant. Physical quantities, e.g. cross-section, are determined through pertur-
bation theory [8], by calculating the amplitudes of the corresponding Feynman diagrams [9]
to different orders. A simple perturbative interpretation of Feynman diagrams, containing
loops, generates ultraviolet divergences, when integrating over momentae propagating inside
the loops. Since the field theories describing the elementary particles and their interactions
should be renormalizable [14], these divergent integrals must be removed. The infinities are
absorbed into a redefinition of the physical parameters of the theory, e.g. couplings, through
a combination of regularization and renormalization procedures. Regularization consists of
rendering sense (or meaning) to the divergences by introducing a regularizing parameter. This
is done by, for instance, introducing an ultraviolet momentum cutoff, A, or by evaluating the
integrals over a fractional space-time dimension, d = 4—2¢. This re-expression of the infinities
in terms of the new parameter makes the divergent quantities finite and well-defined. The
contribution from the regularized loop integrals could in principle be split into a divergent
and a finite term. This splitting is not unique and a given choice of the finite term defines
a particular scheme. Clearly the regularized quantities still have divergent limits, e.g. when
letting A — 0o or € — 0. They are though removed from the final physical results through the
renormalization procedure. A consequence of the regularization/renormalization procedure
is that the renormalized quantities, e.g. the couplings, will however depend on an arbitrary
mass scale i, introduced into the theory through the renormalization. The regularized infini-
ties, after renormalization, are absorbed into so-called bare quantities, which are meaningless
and could not be measured experimentally. The only thing which could be measured is the
effective, i.e. u dependent, quantities. The mass scale could for instance be the energy scale
characterizing a given experiment, e.g. four-momentum transfer u? = Q2. Several methods
exist to perform the renormalization, and each introduces basically a (different) dimensional
scale. Physical quantities on the other hand should be independent of the renormalization
schemes. The invariance of the observable quantities under changes of the scale parameter p
is expressed by the so—called Renormalization Group Equations, RGEs.

1.1 The Standard Model

The Standard Model of the strong, weak and electromagnetic interactions is based on a
local non-abelian gauge field theory, with the symmetry group SU(3)cxSU(2)rx U(1)y.
Index C' refers to the quantum number of the strong interaction, the colour charge, L in-
dicates the chirality characteristic of the weak isospin group, and Y is the weak hyper charge.

The symmetry group of the strong interactions is the local non-abelian gauge group SU(3)¢
of the Quantum ChromoDynamics (QCD) [19]. Quarks form colour triplets, ¢ = (¢", ¢, ¢%)7,
in colour space with respect to the strong interactions, and interact with an octet of coloured
gluons. The QCD Lagrangian could be written as [1, 24, 25]:

1 i
Locp = =G G, + ) a(in, D" —mg)q (1.1)
q

*Local transformations of the group elements are functions of the space—time coordinates of the fields.
fThe members of a Lie—group are continuously differential functions of a set of parameters.



where a refers to colour states of the gluon, a = 1,...,8, and the sum runs over all quark
flavours ¢ = u,d, s,c,b,t. Quark masses, m,, are arbitrary parameters of the theory, which
have to be input from outside. The covariant derivative, D, acting on the quark fields, g,
and generating interactions, is given by:
)\a
Dt = 9" + zgngg‘,

where G% is the gluon field, g, is the strong coupling and A* are 3 x 3 hermitian, traceless
(Gell-Mann) matrices. The gluon field strength tensor, G5”, is given by:

G = O'Gl — 0"GY — gs fanc Gl G,

where ¢ are SU (3) structure constants, defined by the commutation relations of the group
generators: [T T = if®°T® with T® = A\%/2. The QCD Lagrangian is invariant under
simultaneous (infinitesimal) local gauge transformations of the quark, ¢, and gluon, G% fields.
The blown-up, and more informative, version of Locp reads as follows:

1 .
Laop = —(0GL — 9 GED,C% — 0,65 + Y alin* D, — ma)a
q

A
ju Ay
+ 9,Gh Xq:qw 5
2
— LG = GGG — T fue [ GLGLGIGE.

In this equation the first two terms are the kinetic terms for gluon and quark fields respec-
tively, giving rise to propagators. The third term, involving the group generators, represents
the colour interaction between quarks and gluons. The last two terms are cubic and quartic
gluon self-interactions. Theoretically, the self-interaction property of gluons is due to the
fact that QCD is a non-abelian theory and hence the group generators do not commute.

The (running) coupling constant of the strong interaction is to next-to-leading order given
by the formula [1, 24, 25]:

i [} 20inln($))

J(Q%) = 5 A2 L o), 1.2
@ = @ @) O -
/60 = %(11NC_2N}C)7
B = %(17N3 — 5NNy — 3C;Ny),

where N. = 3 is the number of colour charges, C; = %, Ny is the number of quark flavours
with a mass less than the squared four momentum transfer Q2 and A is the QCD scale
parameter of the order of a few MeV. It is obvious from this formula that ag(Q?) — oo as
Q? — A?, hence A, in a sense, is the scale at which the strong interaction becomes strong.
This in turn means that the methods of perturbative QCD are not applicable at small Q2.



The symmetry group of the (unified) electroweak interactions [13] is the SU(2),@ U(1)y
gauge group. The Lagrangian density is given by [24, 2]:

3
1 1 _ - .
L= 1 E WH Wi, — ZBWB’“’ + YLy Dypr, + YRV DR
i=1

with field tensors B, and W, given by:

BW = OMBY —'BH,

2

where By, is the singlet gauge field associated with U(1), and W, is the isotriplet gauge field
connected to SU(2). The SU(2) group structure constants are denoted by €ijk- Fermion
fields, v, g, refer to left and right chirality fermion fields. Left and right handed fermions
have different transformation properties under SU(2). Left handed fermions form doublets
under SU(2) symmetry operations, which transform the components of a doublet into each
other. Right handed fermions, on the other hand, transform trivially under SU(2) and
are singlets. Both right and left handed fermions transform non-trivially under U(1) phase
transformations. This multiplet structure of the electroweak interactions is indicated in Table
1.1. In the quark sector, the weak isospin quark eigenstates are not the same as their mass
eigenstates. The quark isospin eigenstates are obtained from their mass eigenstates by a
rotation in isospin space. The usual method is to rotate only the I3 = —1/2 members of the
quark families. Thus One considers the unitary transformation (change of basis from mass
to weak isospin):

dl
s = V| s ],
4 b

where V', the Cabibbo—Kobayashi-Maskawa (CKM) matrix [17] is given by the approximate
Wolfenstein parameterization [18]:

Vud Vus Vb 1—22%/2 A AX3(p — in)
V=1 Vea Vo Vea | = - 1—X2/2 AN? + 0\,
Vie Via Vi AN(1 —p—in) —AN? 1

where different parameters have the experimentally obtained values [1]: XA = 0.2196 £ 0.0023,
A=0.83+£0.04, n =0.3+£0.1 and \/p? + 7?2 = 0.440.1. The covariant derivative, generating
the interactions, could be expressed as:

. /Y . i Ti 7
DM Zau—'bg EBM‘FZQZEW#,
i=1

where T are Pauli matrices, ¢’ and g are SU(2) and U(1) couplings respectively. The weak
isospin, I = 7/2 = (711/2,79/2,73/2), and the weak hypercharge, Y, are the generators
of the SU(2);, and U(1)y gauge groups respectively. The weak hypercharge is defined as
Q = Y/2 + I3, where @ is the electromagnetic charge and I3 is the third component of the
weak isospin. The physical charged vector bosons, W*, are linear combinations of the first
two components of the field W = (W, Wo, W3) — W+, W=, W0, defined as:

1
+ .
Wi = E(Wlﬂzmwm) . W=Ws,



and the neural vector boson, Z*, and the photon, A*, are orthogonal and normalized linear
combinations of Wi and B*:

Ar = cos(Ow)B" + sin(Ow )W,
Zr = —sin(Ow)B" + cos(Ow )WY,

where 6y is the weak mixing angle. Requiring the photon to couple equally to left and right
handed fermions, with strength e, the electric charge, the following relations are obtained:

gsin(Ow) = g cos(Ow) = e = tan(Ow) =¢'/g .

Any mass term in this theory will break the Lagrangian invariance under the gauge trans-
formations of the group. Therefore, as it stands, all fermions and gauge bosons are massless.
This is contrary to the experimental results, where, for instance, all vector bosons of the
electroweak sector, except the photon, are massive. The same holds for fermions (including
perhaps the neutrinos). A method to generate mass for intermediate gauge bosons and the
fermions, without destroying the gauge invariance of the theory, is the spontaneous symmetry
breaking Higgs mechanism [12]. The usual method is to introduce new complex scalar fields,
the Higgs fields, into the theory. The gauge bosons and the fermions acquire masses upon
coupling to the Higgs field. The basic idea is to add extra symmetry-breaking terms, i.e. the
Higgs Lagrangian, to the original Lagrangian. These extra terms should, like the symmet-
ric part of the Lagrangian, be renormalizable. In the minimal symmetry-breaking scheme,
the simplest and the most general Higgs Lagrangian, which fulfills these requirements, is
[27, 28, 29]:

Liziggs = (Du®)| (D ®) = V(B1®) — p1.G ppp® — hpGiipr @',

where @ is the complex scalar isodoublet, containing the Higgs fields, with the quantum
numbers (I,Y) = (1/2,1) with respect to the SU(2)® U(1):

@:(¢+> _ L<¢1+z‘¢2>
¢’ V2 \ ¢3+ids

where ¢;, with ¢ = 1...4, are real scalar fields. The last two terms in the Higgs Lagrangian
are the Yukawa couplings of the ® field to fermions, giving them their masses. The fermionic

Yukawa couplings to the Higgs field are represented by the quantity Gy (which depends on
the fermion mass). The Higgs potential V' is given by:

V(®1®) = 42070 + \(9T®)?,

where A and p? are real constants, with A > 0. The second term in the Higgs potential is
responsible for the cubic and quartic Higgs self-couplings, and the parameter \ is the Higgs
(running) self-coupling. Taking 4 < 0, the minimum of the Higgs potential lies on the circle
ofe = |9 = —%MQ /A > 0. Quantum mechanically, the lowest energy state of the system,
the vacuum, gets a none zero expectation value (vev), i.e. it is not free of field. This vacuum
state is completely symmetric and infinitely degenerate. Choosing a given minimum of the
potential to be the vacuum, breaks the symmetry property of the vacuum state. This is
referred to as spontaneous symmetry breaking, since the symmetry of the vacuum state is
broken, whereas the Lagrangian itself is still symmetric. The common choice is to let only
the neutral component of the Higgs field to develop a real none zero vev:

3 = (0]d)0) = %(2)
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where v = \/—p?/\, i.e. the vev, is a real non-zero free parameter. Introducing the vev into
the Lagrangian mass terms of the fermions and the gauge bosons are obtained. The fact
that only the neutral’ component of the Higgs doublet acquires a vacuum expectation value
guarantees that the photon remains massless. This means that the electromagnetism is unbro-
ken by the scalar vev. Hence the symmetry breaking scheme: SU(2),@U(1)y — U(1)gum.
Masses of the W+ and Z° weak gauge bosons are obtained from the kinetic term of the Higgs
Lagrangian, by replacing ® with it’s vev, v:

M2 ISP M2 1( 2+ /2) 2 9202
- — v : = — v = —
w= 39 ’ Z= 39 T 4cos? (Ow)

Using the electroweak expressions for the masses of the gauge bosons one could determine the
vacuum expectation value of the Higgs field: v = (v2Gp)~"/? ~ 246 GeV, using ¢%/8M?, =
Gr/V2, where G is the Fermi coupling constant. By introducing excitations, H, about the
vev, through the replacement:

Y = = 0
H_\/i ’U+H J

a physical neutral scalar Higgs boson with a mass: MI2{ = —21> = \v?, enters the theory.
It’s couplings to the W and Z° gauge bosons are also determined:
2 2 2 2
A — 9" g2 9 0/2 g-/4 2
L =—W W *H+=W W *H"+ ———7,7’)H + ———— 7, 7'H
.z 2 # + 4 H * 2cos2(Oy) " + 2cos?(Oy) "

The Yukawa couplings give masses to fermions, i.e. fermion couplings to the Higgs field are
proportional to their masses: my = Gyv/ V2, where the index f stands for fermion.

The existence of the Higgs particle is a necessary ingredient of the Standard Model. Apart
from generating masses for the fermions and gauge bosons, it also cures some undesirable
infinities of the theory. The electroweak radiative corrections would be infinite and longitu-
dinal gauge boson scattering would grow without limit with energy, violating the unitarity
at high energy scales. In the minimal version of the SM a scalar neutral Higgs boson could
remedy these short-comings of the theory.

According to Grand Unified Theories (GUTSs) [20, 24, 31], the Standard Model provides only
an effective low energy description of a more fundamental theory. In these theories the group
structure of the SM is unified into a larger and simpler grand unified gauge symmetry group,
G, with for example only one coupling constant. This grand unification would occur at a
large mass scale known as the GUT mass scale, Mgyt or Mx ~ 105 GeV. Above this mass
scale the higher symmetry is unbroken, and leptons and quarks would belong to the same
multiplets of G. This grand unification could be tested by evolving the coupling constants
from their known values at the weak scale, u = Mzo, to the GUT scale, 4 = Mx, to see if
they really meet (or unify). In the SM this is not the case. Although the couplings approach
each other at about My, they do not unify. Evolving beyond the GUT scale, the hierarchy
of the couplings is changed.

#Probably this should be expressed the other way around: in order to ensure that the vacuum is electrically
neutral, only the neutral component of the Higgs field is required to develop a vacuum expectation value (vev).



1.2 Beyond the Standard Model

The Standard Model, pictured above, with a single SU(2) Higgs doublet, confronts with
theoretical problems when radiative corrections to the Higgs mass are calculated. Higgs self
coupling, at one loop, generates quadratically divergent contributions to the mass-squared
[27, 28, 29]. Theoretically these mass terms could be canceled by introducing large mass
counter-terms. In Quantum ElectroDynamics (QED) ultraviolet divergences, from radiative
corrections to photon self-energy, do also exist but are canceled, in the perturbative theory,
by a regularization/renormalization procedure. The renormalizability of the QED guarantees
a massless photon at every order of perturbation. The quadratic divergences of the Higgs
sector in the SM, on the other hand, could not be eliminated in this way. At each order of
perturbation one should introduce large mass-counterterms, by hand, in order to renormalize
the scalar Higgs boson mass and to keep it at < 1 TeV. By introducing a cutoff A in these
divergences, of the order of the largest mass scale in the theory, the corrections would be very
large (of the order of GUT scale). The Higgs mass in the SM is not bounded from above,
and approaches the largest mass scale in the theory. This is known as the Hierarchy problem.
There exist bosons with masses at the weak scale and scalar bosons with a mass at the GUT
scale, and nothing in between!

Several extensions to the Standard Model try to solve these problems. The most popular of
these are the SUperSYmmetric theories [21, 30]. SUperSYmmetry (SUSY) tries to tackle the
SM problems by introducing higher symmetry and new fields. It relates masses and couplings
of particles with different spins. Each particle in the SM is related to a supersymmetric part-
ner with a spin differing by 1/2. Fermions are related to scalar (spin 0) superpartners, vector
bosons and scalar Higgs bosons to (Majorana) fermion (spin 1/2) superpartners. Particles
and their superpartners (or sparticles) are combined into superfields. Supersymmetric opera-
tions change the spin of the particles by 1/2 but leave all other characteristics, i.e. mass and
all the other quantum numbers, unchanged. Table 1.2 summarizes the particle content of the
SUSY theory. In supersymmetry two complex scalar Higgs doublets are needed to break the
electroweak symmetry and to generate masses for gauge bosons and fermions. Spartners of
the Higgs bosons are spin 1/2 Higgsinos. Higgsinos mix with the superpartners of the elec-
troweak gauge bosons to produce electrically charged and neutral particles, called charginos
)2{52 and neutralinos )2?’2’3’4 respectively. Local supersymmetry requires super partners of
both the graviton® and the gauge bosons. In a global supersymmetric theory, on the other
hand, the gravitino would not be present. In the unbroken SUSY theory, all superpartners
have the same masses and couplings as the corresponding SM particles. The lack of any
experimental evidence for such a degeneracy, implies that supersymmetry must be broken.
In the broken SUSY, the superpartners of the SM particles could be heavy, possibly of the
order of 1 TeV, based on naturalness or hierarchy arguments. The masses of the ordinary
particles are generated at the lower weak scales. Couplings are not changed by the symmetry
breaking.

A new discrete multiplicative quantum number R = (—1)3B=L)+25 the R-parity, is assigned
to each particle. In this relation, B is the baryon number, L is the lepton number and §' is
the spin. This means that SM particles have even R-parity, whereas their supersymmetric
partners have odd R-parity. The mass of the SUSY partners of the SM particles are unknown
and are among the free parameters of the theory.

5The spin 2 graviton, the quantum of the gravitational field, has the gravitino superpartner with spin 3/2.



Table 1.2: Particle content of the SUSY model.

Particle Spin Sparticle Spin
quark ¢, 1/2 squark g, r 0

lepton ¢, p  1/2 slepton /1, r 0

photon vy 1 photino ¥ 1/2
gluon g 1 . gluino ¢ 1/2
W o BMUBMOS e W 1/2
Z 1 zino Z 1/2
Higgses H 0  Higgsinos H 1/2
Graviton G~ 2 Gravitino G 3/2

In the SUperSYmmetric GUT theories the couplings, as opposed to the SM case, do in fact
meet at mass scales of the order of Mx ~ 10'® GeV. The Standard Model does not include
the gravitational interactions, and hence could only be valid up to energies of the order
of the Planck mass, Mpgner = 1/V/Gn ~ 10! GeV with Gy the gravitational constant,
where gravitational effects become important. Superstring theories offer the most promising
unification of the elementary particles and their interactions, including a quantum mechanical
inclusion of gravity. Instead of starting from a point particle in space, in superstring theories,
one starts from a one-dimensional string. As a consequence the trajectory of a point in
space—time is a world—line, whereas that of a one-dimensional string is a world—sheet. A
world—sheet depends on both the usual space-time coordinate and the string parameters
defining the location of points along the string. Particles are assigned to vibrational modes
of closed strings, i.e. strings with their ends closed to form a loop or a ring. The fundamental
scale of string theory is the string tension with the dimension of mass squared.

1.2.1 Minimal Supersymmetric extension of the SM (MSSM)

In the Minimal Supersymmetric extension of the SM (MSSM) and with the assumption of
R-parity conservation SUSY particles are always pair produced and (cascade) decay to the
SM particles and the lightest SUSY particle (LSP). The LSP must be stable and weakly
interacting. The MSSM respects the same gauge symmetries as the standard model, namely
that of the SU(3)exSU(2),x U(1)y gauge group. The MSSM is assumed to be a theory
at the electroweak scale, i.e. an effective low energy theory. The supersymmetry, in this
effective theory, is broken by adding soft mass terms to the Lagrangian. These terms do not
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re-introduce quadratic divergences into the theory, hence the softness. The soft terms are
mass terms, bi-linear mixing terms (B terms) and tri-linear scalar mixing terms (A terms).
Over 100 free parameters, e.g. masses, exist in this theory.

In the Higgs sector of the MSSM, two complex scalar Higgs doublets [27, 28, 29, 30]:

0 +
m=() o om=(%)

with hypercharges —1 and +1 respectively, are introduced. The supersymmetric Higgs po-
tential is given by [28, 29]:
2 12
+
V= luf (P + | HoP) + 5=

2 ne 9 T 2
(IHL[* = [Hof*)" + S [H - Hol,
where p (< 0) is the Higgs mass parameter. The electroweak and SUSY symmetry breaking
is now implemented by introducing the soft SUSY breaking terms. The modified Higgs
potential then becomes:

V= (ul? + m3) 2 + (uf? + m3) |Faf? — pBey; (H - HY + hec.)

2 12 2
g°+g 2 . g9
+ S (P = |Hal*)" + 5 [HY - Hof?,
where m1, mo and B are new mass parameters. Apart from the third term, with the factor
1B, all other terms in this expression are positive. Hence for uB = 0 one obtains the trivial
vacuum, with zero vev, and no symmetry breaking is generated. To implement properly
the electroweak symmetry breaking, the parameters of the Higgs potential should satisfy the
relations:

(uB)? > (lul* +m3) (Iuf* +m3)

2 2
mi+m
|,U|2‘|'71 :

> |uBl,
5 |uB]

which contain the condition to guarantee the stability of the potential at large field values.
With a similar prescription as in the SM, the electroweak symmetry breaking is implemented
by letting only the neutral components of the Higgs fields to get non-zero vev’s:

= (" )=u. m=( )=

where v; and vg are real and positive (like v in SM). The W and Z° gauge bosons acquire
the masses:
1 1 2
Miy = S(f +v3)g* Mz =c(g°+¢7)(v +v3).

Before the symmetry breaking the two complex scalar SU(2), Higgs doublets had 8 degrees of
freedom (i.e. 8 real massless fields). Three degrees of freedom, the so—called Goldstone bosons
[11], have been absorbed by the W* and Z° gauge bosons giving them their longitudinal
degrees of freedom or equivalently their masses. This leaves 5 physical degrees of freedom.
The spectrum of the Higgs sector is then: a charged Higgs boson pair, H*, a neutral CP-
odd Higgs boson, A, and two neutral CP-even Higgs bosons, h and H, with m, < my.
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These physical mass eigenstates could not be derived in a straight forward manner, as in the
SM case, by simply introducing field excitations about the vev’s and identifying them as the
physical states. The physical states are mass eigenstates, which are obtained by diagonalizing
the corresponding mass matrices. The Higgs sector could now in principle be described by
two parameters after using the known W mass to specify v? + v3. These parameters are the
mass of the pseudo-scalar Higgs boson, M4, and the ratio of the two Higgs vev’s:

— 2 2 2|puB|
tanf} = v My = sin2B "’

where v,v2 > 0 and therefore 0 < 3 < 7/2. The couplings of the (neutral) MSSM
Higgs bosons to fermions and gauge bosons, at the tree level, differ from that of the SM
Higgs scenario with o and B dependent factors. The correction factors of the MSSM
neutral Higgs couplings to the massive fermions and gauge bosons, with respect to that
of the SM Higgs, are given in Table 1.3. The coupling of the charged MSSM Higgs,
H?*, which couples u-type to d-type massive fermions, at the tree level, is given by:
QJ%iLW [(mgqtan B 4+ my cot B) £ (mgtan B+ my, cot ) 5] where u and d stand for (massive)
down and up type fermions respectively. The CP—even neutral Higgs mixing angle, o, which
enters into many couplings, is at the tree level, in terms of m 4 and tan 3, given by:

2 2
tan2a:tan2ﬂ<%>, —m/2<a<0.
AT Mz

Table 1.3: SM Higgs boson couplings (vertex factors) and the corresponding correction factors,
at tree level, of the neutral MSSM Higgs bosons to massive fermions and gauge bosons.

SM MSSM (correction factors)
H h H 0
Jupe | g | _sme | e |y sang
dove | | e [ e | et
WW | igmw g" | sin(B—a) | cos(B — a) 0
24 ciogsn;fv g" | sin(B — ) | cos(B — ) 0

All masses and couplings in the MSSM Higgs sector, at the tree level, could be completely
specified in terms of m 4 and tan G parameters. But with the inclusion of radiative corrections
large effects are obtained, which depend on, for instance, top, scalar-top and scalar-quark
masses and different mixing parameters. As an example, the upper bound on the mass of the
lightest Higgs bosonY A gets corrections like m{ log(m;/my), where m; (m;) is the mass of
the top (scalar—top) quark mass. An interesting feature is that, regardless of the inclusion of
radiative corrections, for a very heavy A, i.e. M4 > M, or M4 — oo, the mass of H*, A and
H become large and degenerate, and only the lightest neutral CP—even Higgs, h, has a mass

TAt the tree level the upper bound on the lightest Higgs boson mass is given by: m; < cos 28 Mz < M2.
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(of the order of the weak scale). In this limit &« — 8 — 7/2, which implies a decoupouling
of the heavy Higgses, e.g. from gauge bosons. Whereas the h couplings become the same
as that of a SM Higgs. Another interesting feature is that, due to radiative corrections, the
mass of the lightest neutral CP—even Higgs boson, my, could be significantly larger than m .
At one-loop level mj, depends on the stop mixing parameter X; = A; 4+ p cotf in such a way
that the upper limit of m;, shows a maximum at a nonzero value of X;. This point is referred
to as mazimal mizing. At X; = 0, on the other hand, the upper limit on m; goes through
a minimum. Hence the X; = 0 point is referred to as the minimal mizing. An interesting
point is that, regardless of the inclusion of radiative corrections to the masses, for a given
set of parameter values, as tan 0 and squark masses, the is always an upper bound on the
lightest Higgs boson mass, my. The upper bound for large tan 5 (> 10) and/or for heavy A
(M4 > 300 GeV) saturates at values in the weak scale range (m; < 130).

Incorporating SUSY models into GUT theories, the so-called SUSY GUTSs, has resulted in
interesting observations. Assuming a mass of the order of 1 TeV for the SUSY particles and
running the couplings from their values at the weak scale to higher scales, it is observed
that the couplings do actually meet at an enrgy scale of the order of 106 GeV, which is
compatible with the energy scale Mx in GUT theories. Therefore this is assumed that the
couplings are unified at the high energy scale Mx ~ 10'® GeV into a single coupling!l gx.
In the so—called super—gravity inspired MSSM one assumes also gaugino mass unification
at the Mx scale, referred to as the common gaugino mass, my/,. A further assumption is
likewise a common scalar mass, mg, at the unification scale, Mx. And finally one assumes
a common soft supersymmetry breaking trilinear couplings, i.e. A;j  parameters, denoted
by Ag. These ad hoc assumptions make it possible to describe the SUSY model at the GUT
scale, completely, by only 5 parameters:

mo , m1/2 ) AO ) tanIB ) szgn(,u),

where the last parameter is the sign of the Higgs mass parameter (p # 0). The corresponding
quantities at the weak scale can then be calculated by evolving from Mx back to the weak
scale.

Il Actually the normalization reads: \/5/3g(Mx) = g'(Mx) = gs(Mx) = gx .
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1.3 Proton-proton interactions

According to the parton model a proton may be considered as a cluster of confined partons
(i.e. quarks, anti-quarks and gluons) [2, 7, 32]. Each virtual parton carries a fraction z of
the longitudinal momentum of the proton**. To first approximation, in collider experiments,
any intrinsic transverse momentum of the constituent partons could be neglected, assumed
small compared to high beam energies. Hence proton-proton interactions in the parton
model are described in terms of interactions between their constituent partons. At very
small p-p impact parameters a large momentum-squared, Q2?, may be transferred between
the interacting partons. This is referred to as the hard (i.e. high Q?) process. But a large
fraction of the p-p interaction cross-section is due to soft (i.e. low Q2), non-perturbative
subprocesses among their constituent partons. These soft processes can not be calculated
from first principles, i.e. using QCD perturbation theory. They are for instance described by
the exchange of Regge trajectories [22] containing a0, pT0 etc., which involve quark-pair
exchanges, and by Pomeron [23] exchanges composed of gluons (or something similar). The
disturbed protons fragment into multi-particle final states. These soft interaction events are
referred to collectively as minimum bias! events. Occasionally, depending on the kinematics,
the underlying partons undergo hard scattering (i.e. high Q?), which is predictable in the
framework of perturbative QCD. At small distances, or equivalently at high momentum
transfers, the strong coupling constant, as(Q?), due to the principle of asymptotic freedom,
becomes small for the perturbative QCD methods to be applicable on hard subprocesses.
The cross section for the overall process could then in principle be calculated by summing
over the cross sections of the underlying partonic subprocesses.

1.3.1 The parton distribution functions

The mere fact that the strong coupling a,(Q?) becomes large at low Q2 and that the per-
turbative QCD is only applicable at small enough a(Q?) (i.e. at large enough Q?) makes it
impossible to calculate parton distributions from first principles. It is, however, possible to
predict the distributions at a higher Q? once they are given at a different smaller Q2. The
latter should then be extracted from experimental data. The distribution of partons in the
proton has been obtained from lepton-proton and/or lepton-antiproton deep inelastic scat-
tering experiments. The parton distribution functions for proton are normally parametrised
as:

z-f(z)=C- 2% (1—2%), (1.3)

where «, 8 and «y are positive parameters and C' is a flavour specific normalisation constant, z
is the (longitudinal) momentum fraction of the proton carried by the partonif. The function

**Strictly speaking this is only valid in a frame where the proton’s mass and transverse momentum could
be neglected. This is called the infinite-momentum frame. At high energy p-p colliders the laboratory frame
is to a good approximation identical to the infinite-momentum frame.

' The notion minimum bias has an experimental justification, originating from the fact that any trigger
selection introduces bias to the experimental results: the trigger bias. No particular selection criteria need
to be applied in order to trigger on (or select) the soft (p-p) events. Consequently a trigger bias which is
minimum would be introduced. Hence the name minimum bias events.

HMore precisely z is the fraction of the proton’s four-momentum carried by the parton, assuming no
transverse three-momentum neither for the parton nor for the proton.
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f(x) is a density distribution, hence f(x)dz gives the number of partons between x and
z + dz. Since z is the (longitudinal) momentum fraction carried by the parton, zf(z)dz is
the momentum distribution of partons between z and z +dxz. A schematic view of the parton
distribution functions for gluons, valence quarks and sea quarks-antiquarks within the proton
at a fixed Q% based on these parametrisations is shown on figure 1.1. At small z, for a fixed
Q?, the valence quark density behaves as y/z, whereas that of sea quarks and antiquarks as
1/x.

0.8 xg(x)

Figure 1.1: Gluon, valence (sea) quark (quark-antiquark) parton distribution functions for
the proton. FEichten et al. (EHLQ) parametrisations.

Each parton can in principle radiate other partons via the so called splitting processes [26]
depicted in figure 1.2. A quark, on account of these QCD splitting vertices, is itself surrounded

q q g
q g g
g q g
P‘I—NI or P'I—>g Pg—>q Pg—>g

Figure 1.2: Parton splitting diagrams. The corresponding probability functions represented by
each diagram 1is also given beneath each process.

by a cloud of gluons and a sea of quark-antiquark pairs. As a consequence the number of
gluons, sea quark and antiquarks sharing the protons momentum increases with increasing
Q?. This in turn would mean a higher (lower) probability to find quarks with a small (large)
z. A sketch of this Q? evolution of the quark distribution function is shown on figure 1.3.

The existence of gluons and sea quark-antiquark pairs within a proton is due to radiative
processes. For this reason their number (at a fixed Q?) increases (logarithmically) with
decreasing z. An empirical observation is that quarks account approximately for only half of
the momentum carried by a proton. The rest is then associated to gluons.
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Figure 1.3: Qualitative evolution of quark distribution in a proton. Plotted are snapshots of
the distribution function at two different momentum transfer squared, i.e. Q> > Q%. Sea
q — @ pairs contribute at very low x values, which increases with increasing Q*. The arrows
indicate the change in the shape of the distribution with increasing Q° of the hard scattering.

1.3.2 The hard scattering subprocess

At high enough centre of mass energies, in a p-p collider, the constituent partons of the protons
could scatter on each other with a small impact parameter. In such high energetic partonic
interactions the outgoing partons will come out at a large angles to the beam axis. Given the
high momentums involved in these scatterings, a large scattering angle, in turn, would mean a
large transverse momentum of the scattered partons. The higher the centre of mass energy of
the p-p system (and therefore of the partonic sub-system) the higher the probability of such
so-called high p,. processes. In this respect proton-proton interactions could be subdivided in
(two partially overlapping) low and high transverse momentum domains, referred to as soft
and hard interaction regions respectively. In the parton model the hard scattering subprocess
in a proton-proton collision can be described schematically as shown on figure 1.4. The
kinematics of the hard partonic subprocess together with it’s relation to the original p-p
scattering is also shown on this figure.

The four-momenta of the beams are given by: Py = (E,P), Pp = (E,—P), where E
is the beam energy, and the three-momentum P||2. The probability of finding parton ¢
carrying a (longitudinal) momentum fraction z; in proton I is described by fi(z;), where
(i,I) = (a, A), (b, B). The four-momenta of the partonic sub-system are given by: p; = z; Ps.
Specialising to the case of the p-p colliders, i.e. beams with equal energies and equal but
oppositely directed momenta, the invariant centre of mass energy squared of the p-p system
s and that of the hard scattering sub-system § is then calculated as (see figure 1.4):

s = (Py+ Pp)*=(2E,0)* = 4E?, (1.4)
5 = (Pa +13b)2 = (zaPa + «Tbe)Z
~ Az,xyE? = zaxps =75,  (neglecting all masses) (1.5)

where § = z,xps = 75 is the invariant mass of the parton sub-system. In general x, # xy.
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Figure 1.4: kinematics of the partonic subprocess, and it’s relation to that of the proton-proton

system.

Therefore the laboratory frame, while being the centre of mass frame for the original p-
p collision, is not so for the partonic subprocess. Hence the partonic subsystem would in
general have a boost in the longitudinal direction (relative to the beam axis). The amount
of this longitudinal boost is given by the Feynman xz, where x = x, — xp.

Since incident partons taking part in the hard scattering carry, on average, only a given small
fraction of the four-momentum, the total c.m. energy is scaled down by a corresponding factor
in going from proton to parton system. The total energy available for particle production at
rest, in the hard scattering sub-process, would be the total energy in the centre of momentum
frame of the partonic sub-system. Considering the case © = x, ~ 3, for simplicity, a particle
created at rest in the laboratory frame of reference, will have a mass m ~ 2z+/s = 2z2E —
x ~m/2E (see equations 1.4 and 1.5).

The cross section for the hard process can be expressed in terms of the partonic subprocesses
as:

O(A+B—X) ™ Z/f;(xaa Q2)dxaf;?($ba Q2)dxb X &(a+bﬁc+d) )
a,b

where ¢ is the cross—section of the underlying (hard) parton—parton interaction and X repre-
sents any kinematically allowed final state. In the high energies involved in the hard scatter-
ings, the running coupling costant a,(Q?) is small, and the cross section of the hard process
can be calculated perturbatively in expansion series of a(Q?). Introducing § = z,z5 = 75

and keeping z, and 7 then:
dc,
=3 [ et =,

with:

dzq .
(0, Q) (0, Q%) x 6(5 = 75),

dLap !
dr % Z /
ab T
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where Cy;, is constant factor. dL,,/dr is called parton luminosity, since 6 - dL,p/dT gives the
particle cross section do/dt in proton collisions.

1.3.3 The fragmentation

Quarks, antiquarks and gluons, being coloured, are bound in colourless hadrons, a conse-
quence of the principle of QCD (colour) confinement. After the scattering, however, the
colour force will confine the partons into colourless hadrons. This process, referred to as
the hadronisation or the fragmentation, involves typically the creation of additional quark-
antiquark pairs, e.g. in the colour field between a scattered quark and the spectator partons.
A scattered parton (with a high pp ) manifests itself in a detector environment as a debris
of (hadronic) fragments called jet.

The hadronisation involves soft processes which are not calculable by the methods of pertur-
bative QCD. Therefore one should resort to parametrisations extracted from, and tuned to,
experimental data. The fragmentation of light quarks is usually parametrised as:

z-D(z)=C-(1—-2)7, (1.6)
where « is a constant, z is the fraction of the parton’s momentum carried by the fragmented
hadron and C' is a normalisation factor. The function D(z), usually denoted as D, is the so-
called fragmentation function and gives the probability of finding hadron A with a momentum

fraction z among the fragments of parton a.

Heavy quark fragmentation is parametrised as:

1 €
DHN=C.|1-=_-_%9 1.7
s Df =0 [1-1- 2], 1.7
where () denotes a heavy quark, i.e. ¢, b or t, and H denotes a heavy hadron fragment
of Q@ (H(Qq) for instance). The parameter g = 0.40 GeVQ/mQQ, with m, ~ 1.5 GeV and
my ~ b GeV. The top quark with a mass m; ~ 175 GeV, is very short lived and decays before
having time to hadronise. The normalisation constant is obtained by requiring [ D(z)-dz = 1.

It is obvious from the so—called Peterson fragmentation formula, i.e. equation 1.7, that the
heavier the quark the harder is the momentum distribution of its fragments. Kinematically
heavy decay products carry a large fraction of the momentum of the decaying particle. Being
coloured quarks will loose some fraction of their momentum to the surrounding colour field
to materialise (mostly light) quark-antiquark pairs. In this process the heaviness of the quark
plays also an important role. The heavier the quark the smaller the fraction of the momentum
loss. If then the heavy quark combines with one or more of the (in general lighter) quarks
and/or antiquarks, a heavy hadron (e.g. H(Qq)) would be produced. This heavy hadron will
then carry most of the heavy quark’s momentum. The result, as mentioned above, would
be a hard momentum distribution of the hadrons within the debris of a heavy quark. This
empirically confirmed behaviour is well described by the Peterson parametrisations.
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Figure 1.5: Peterson parametrisation for the fragmentation of heavy quark Q = c or b.

1.3.4 Kinematics

The momentum vector of an outgoing jet (or particle), in the p-p frame, makes an angle

with respect to the beam (z) axis. Hence the transverse and longitudinal momenta are given
by:

p:=p| =Ipl-cos(0) , pr=p.=|p|-sin(0).

It is customary, in collider experiments, to introduce rapidity, y, defined by:

1 ’ (E +p >
y = — —n .
2 E—p
For massless particles, or at (relativistically) high momenta, of interest at the LHC for in-
stance, one has in general the pseudo-rapidity, n, defined as:

14 4 =
%_}0—>—n tan 3 =n.

The pseudo-rapidity, n, is much easier to measure, as it does not require particle identification,
and is what is normally used experimentally.
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Chapter 2

Experimental facilities

Particle physicists believe that many of the fundamental questions left unanswered or even
raised by high energy experiments so far could probably be answered at still higher energies.
The new accelerator facility, CERN’s next big machine, due to start operating in 2005,
and it’s related experiments are being designed to answer these questions and to look for
theoretically predicted phenomena. However, they must also be prepared, as far as possible,
for unforeseen phenomena. This task is a great challenge and requires great effort on the
part of the physicists and engineers.

2.1 The Large Hadron Collider

The Large Hadron Collider, LHC [33], is planned to be switched on in the year 2005. The
collider ring is being installed in the existing Large Electron Positron, LEP, collider tunnel
at CERIN*. A consequence of this cost-effective strategy is that the LHC layout is defined,
and to some extent constrained, by the geometry of the LEP ring. The LEP tunnel is about
27 km round and is buried 100 meters below the ground.

The LHC will collide both protons (p-p) and heavy nuclei/ions (Pb-Pb) with a beam energy
of 7.0 TeV per unit charge. This would mean a center-of-mass energy of 14 TeV for the
p-p and of 1148 TeV for the Pb-Pb collisions!. The required beams would be produced
in the CERN’s existing particle sources and pre-accelerators (Linac/Booster/PS/SPS). A
schematic view of the CERN accelerator complex is shown in Figure 2.1, where the LEP /LHC
ring is also shown.

The LHC machine will be built with a two-ring system with parallel rings, one ring per beam,
with a two-in-one magnet structure operating in super-fluid helium (requiring complex cryo-
genic systems). A very advanced super-conducting magnet system and complex accelerator
technologies have been employed. A cross-sectional view of the LHC dipole is shown in Figure
2.2. The two-in-one magnet structure and the beam pipes, surrounded by super-conducting
coils, could be seen in this figure.

“European Organization for Nuclear Research, Geneva/Switzerland
fOur major interest here is the p-p operating mode and in the following everything refers to this option.
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Figure 2.1: The CERN accelerator complex (Linac/Booster/PS/SPS/LEP/LHC).

The design luminosity at the LHC will have a peak value of 10* ¢m=2s~!. The first three
years of it’s operation though, the LHC will run with a somewhat lower luminosity with a
peak value of 1033 em=2s~!. This will correspond to an accumulated luminosity of about
10 f6=' (30 fb=') and 100 fb~' (300 fb~"') after one year (three years) operation at low and
high luminosities respectively. Officially, after 57 years of operation an integrated luminosity
of at least300 fb~' should be collected. The very high luminosities are achieved by using
two counter-rotating beams made up of closely spaced bunches. In the p-p operating mode
the proton beams are comprised of 2835 bunches of 10'! protons each. The bunches have
a longitudinal spread (rms) of about 7.7 cm and are spaced 7.5 m apart corresponding to
25 ns bunch separation. This corresponds to a bunch crossing rate of 40 MHz. A tabular
representation of the main machine performance parameters in the p-p operating mode can

be found in Table 2.1.

A simplified schematic view of the LHC layout is displayed in Figure 2.3. The two beams
cross only in four intersections. The two general purpose experiments, i.e. ATLAS [35] and
CMS [36], are located at the two diametrically-opposite high-luminosity insertions of the
machine. Two other experimental utilities, i.e. ALICE [38] and LHCDb [37], are located at
two other insertion points as depicted in Figure 2.3. The beams cross from one ring to the
other only at these four intersections, where the experimental utilities are installed.
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Figure 2.2: The cross-section of the LHC guide dipoles, illustrating the two-in-one structure
of their superconducting magnets.

Table 2.1: Some of the main LHC p-p performance parameters.

Parameter Value
Ring circumference 26.66 km
Dipole field 8.386 T
Proton (center-of-mass) energy 7.0 (14.0) TeV
Protons per bunch, design (initial) | 1.05 x 10* (0.17 x 10'!)
Total number of bunches 3564
Number of filled bunches 2835
Bunch spacing (separation) 7.48 m (24.95 ns)
r.m.s x,y beam size 15.9 um
r.m.s bunch length 7.7 em (0.257 ns)
Design (initial) luminosity 10%* (10%3) em 257!
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Figure 2.3: Schematic view of the basic layout of the LHC.
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2.1.1 Physics goals

The physics motivation for LHC experiments is to search for the theoretically predicted Higgs
particle (or particles!), essential for the mass generation and SU(2) x U(1) symmetry breaking
mechanisms within the framework of the Standard Model (SM). Incidentally, alternative
schemes for symmetry breaking and mass generating mechanisms should also be investigated
if the Higgs boson(s) is not detected. In addition searches for new physics beyond the SM
such as supersymmetry, and performing studies and measurements on predicted (and possibly
unexpected) physics phenomena are also among the main topics of the program.

The combined results of direct and indirect searches for a SM Higgs boson at the four

experiments at LEP, ( ALEPH, L3, DELPHI and OPAL ), is illustrated in Figure 2.4.
Direct searches at LEP allow the exclusion

of a SM Higgs with a mass below 113.7 GeV 6 ;

at 95% confidence level [49]. This is indi- . A = |
cated in the figure by the grey region on the "'-__—0-02804’—‘0-00065 ; |
left. Direct searches are essentially based on 1 i+ 0.02755+0.00046 | 1
the so-called Higgs-strahlung process by the 41 : ' N

Z° boson, with the Z° boson decaying into
lepton or neutrino pairs and the Higgs bo- é
son decaying into a £t/ or mainly into a
bb pair. The result of the indirect searches 2
at LEP [48, 49] are based on precision mea-
surements of the minimal SM electroweak
parameters as well as the strong coupling ]
constant at the weak scale. A x? fit of the 0 Excluded :
theoretical models, including radiative cor- 10 102 103
rections, to the data, with the Higgs mass m., [GeV]

- H
as a free parameter, predicts at 95% con-
fidence level a mass for the Higgs particle Figure 2.4: Ax? distribution of the SM fit re-
below approximately 165 GeV. The results sults, for indirect Higgs searches at LEP, as a
of the global fit to electroweak data depend function of the Higgs mass. The solid line, and
on the central value of the parameters in- the gray band about it, show the official fit re-
volved. The running of the fine structure sults and the corresponding uncertainty. The
constant, «, due to quark loop contribu- dotted line illustrates the sensitivity of the pre-
tions, has a significant effect on the fit re- dicted Higgs mass on the running of the fine
sults. This is also shown in this figure. structure (constant) due to hadronic loops.

Preliminary

In the Minimal Supersymmetric extension of the Standard Model the obtained lower limit on
the mass of a light neutral Higgs boson is about? 88 GeV [48]. The Higgs boson, if it exists,
would have a mass theoretically bounded at about 1 TeV. The LHC will explore the entire
mass range up to this theoretical upper limit.

In the p-p collision operation mode, the LHC experimental program will be explored by
the two major detectors ATLAS [35] and CMS [36]. These general p-p experiments are
designed to cover the physics issues of interest in LHC in complementary approaches, i.e.
with overlapping physics program but with essentially different sensitivity to different final

FAIl the stated limits are 95% confidence level bounds.
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state signatures and topologies. They should investigate the question of compositeness of
the fundamental particles (i.e. quarks and leptons), the existence of further families (heavy
leptons, L, and heavy quarks, @), heavy gauge bosons (W’, Z’), leptoquarks (D — [ ¢q) and
to some extent the CP-violation in the B-sector. Most important of all though they should
detect the Higgs boson(s) if they exist, and supersymmetric partners of particles. In addition,
the quite abundant B hadron production at the LHC will be explored with the LHCb [37]
dedicated experiment.

SUSY searches are one of the essential programs of the LHC experiments. The assumption
is usually made that the R-parity is a conserved quantum number, implying that SUSY par-
ticles are produced in pairs and that the Lightest SUSY particle, the LSP, is stable (and
doubly produced). Quite complicated final states with many leptons and/or jets and a large
transverse momentum imbalance in form of E%““ signal are, in this case possible, through
cascade decay of the SUSY particles into two LSP’s and SM particles. As an example the
production cross-section of the squarks and gluinos are quite large, which decay into neu-
tralinos and charginos plus SM particles. Depending on their masses, relative to each other,
the production cross-section of the one or the other dominates. Because of the much smaller
parameter space of the (minimal) SUGRA models specific points have been investigated for
LHC SUSY discovery potential in detail. Apart from this models relaxing the conservation
of the R-parity are also being investigated for the discovery potential of the LHC.

The heavy ion program of the LHC, i.e. the Pb-Pb operation mode, will explore the quark-
gluon matter with a dedicated experiment, ALICE [38], to investigate different stages of
quark-gluon plasma production and the formation of the normal hadronic matter, the so-
called phase transition.

2.2 The ATLAS Experiment

The omni purpose p-p experiment ATLAS, A Toroidal LHC ApparatuS, will start exploit-
ing the full discovery potential of the LHC from the startup of the machine. A major focus in
the design and optimization of the ATLAS detector has been put on the discovery potential
of the mass generating Higgs boson(s). In addition, many expected physics processes and
also a large variety of physics phenomena beyond the Standard Model, like SUperSYmmetry
searches, have played an important role in the detector optimization. The primary goal is
a detector with the ability to cope with a broad range of important physics processes. This
is a great challenge considering the high interaction rate at the LHC conditions. Given the
total inelastic non-diffractive proton-proton cross-section of about 70 mb and the high design
luminosity at the LHC (£ ~ 103 em™2s~! = 10" mb~'s~!) an interaction rate of about
10° Hz is expected. Many cross-sections of interesting physics processes at the LHC are many
orders of magnitudes smaller. The proton-proton cross-sections and their corresponding rates
at the standard high luminosity are shown in Figure 2.5.
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Figure 2.5: Some characteristic proton-proton cross-sections and their corresponding rates in
the high luminosity environment of the LHC. Taken from [39].
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2.2.1 General detector description and basic design issues

A general purpose detector should be able to access the complex final state topologies ex-
pected in the LHC environment. It should be capable of providing many signatures using
electron, photon, muon, jet and missing transverse energy (E%iss ) measurements. Searches
for the Standard Model Higgs has been used as the primary benchmark for the detector op-
timization. Searches for particles of the Minimal Supersymmetric extension of the Standard
Model (MSSM) have played the role of a secondary benchmark resulting for instance in final
state signatures like Ef** from the undetected lightest stable SUSY particle (LSP). Based
on such studies some basic design principles and requirements for the ATLAS detector goes
as follows: a very good electromagnetic calorimetry in terms of energy/angular resolution
and efficient particle (e/y/7°) identification capabilities; hermetic calorimetry for jet and
missing Fp measurements; efficient tracking and lepton momentum measurements; efficient
7 and heavy flavour tagging and vertexing capabilities; precision measurements for muons;
measurements of particles at low momenta; large acceptance in 1 coverage. See [34, 35, 39].

The detector and the associated (read-out) electronics have to be fast and radiation resistant
due to the huge neutron and charged particle fluxes in proton-proton interactions over several
(at least 10) years operation at high luminosity especially in forward regions.

The ATLAS detector is segmented in a barrel and two endcap regions with ~ 42 m total
lenght and with ~ 22 m total height. The overall weight of the ATLAS detector is about
7000 tons. The detector is composed of three main components: the inner detector, the
calorimetry and the muon spectrometer. A three dimensional view of the overall layout of
the ATLAS detector is shown in Figure 2.6. In the following a short description of different
sub-detectors will be given. A complete and detailed discussion of these and the related issues
can be found in [35, 40, 41, 42, 44, 45].

Muon Detectors
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Figure 2.6: Ouverall layout of the ATLAS detector.
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2.2.1.1 Magnet system

The magnet system of ATLAS is a 2 T super-conducting solenoid surrounding the inner
detector in front of the barrel electromagnetic calorimeter and a super conducting air-core
toroid in the barrel and in the end-cap regions. The solenoid is installed in the same cryostat
as the barrel calorimeter, whereas the toroid magnets reside in their own cryostat with their
own cryogenic system. The air-core toroid system, with a long barrel and two inserted end-
cap magnets, generates a large field volume and strong bending power with a light and open
structure [35].

2.2.1.2 Inner Detector

Reconstruction of tracks and (secondary) vertices are the tasks of the inner detector [40].
Given the very large track density expected at LHC, high precision measurements on mo-
mentum and vertex resolution require fine-granularity detectors. The Inner Detector, ID,
is contained within a cylinder parallel to the beam axis, centered at the interaction point.
It covers the range |n| < 2.5, in accord with the other precision measurement systems in
ATLAS. The outer radius of the tracker cavity, constrained by the barrel calorimeter cryo-
stat, is 115 cm. The ID is mechanically divided in a barrel and two identical forward units.
A transition from barrel, layer geometry (parallel to the beam axis) to forward (also called
end-cap), disk geometry (perpendicular to the beam axis), is made starting at || < 1 in
order to minimize the amount of material traversed by particles.

Barrel SCT

Pixel Detectors
Figure 2.7: A 3D cut-away view of the ATLAS Inner Detector.

The ID combines high-resolution detectors at inner radii followed by continuous tracking el-
ements at outer radii. The high precision tracking detector layers are in the barrel arranged
on concentric cylinders around the beam axis, and in the forward directions mounted on
disks perpendicular to the beam axis. In the vicinity of the beam pipe (from 4 to 22 cm in
radius) high precision, silicon substrate, Pixel detectors are used to achieve highest granu-
larity (3 space points per track). The innermost silicon layer of the pixel detector located at
about 4 cm from the Interaction Point (IP), known as the B-layer, improves secondary ver-
tex measurements considerably, and is designed to be replaceable. Moving radially outward,
up to a radius of 56 cm, are Si-strip detectors, the Semi-Conductor Tracker (SCT),
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which provide 4 space points per track. Enclosing these is a straw tube Transition Ra-
diation Tracker (TRT) to improve momentum reconstruction, pattern recognition and
electron identification (36 points per track). The electron identification capability is added
by employing Xe gas to detect transition radiation photons created in a radiator between
the straws. The electronic channels of the TRT provide a drift-time measurement and two
independent thresholds. The detector can discriminate between tracking hits, passing the
lower threshold, and transition-radiation hits, passing the higher.

2.2.1.3 Calorimeters

Calorimeters will play an important role in detectors at the LHC. The ATLAS calorimetry is
required to measure the energy and direction of electrons, photons, jets and isolated hadron
(hadronic 7 decays), as well as missing and total transverse energies. It covers the range
In] < 4.9 using different techniques best suited to the requirements. A three dimensional
view of the ATLAS calorimetry is shown in Figure 2.8.

ATLAS Calorimetry

Hadronic Tile
Calorimeters

EM Accordion
Calorimeters

Forward LAr
Calorimeters

Hadronic LAr End Cap
Calorimeters

Figure 2.8: The ATLAS Calorimetry.
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The Electromagnetic calorimeter, ECAL [41, 42], system uses a sampling technique with
liquid argon as active medium and lead plates, bent in accordion shape, as passive material.
Signal readout is performed by three-layered copper-polyimide flexible printed circuit boards
placed between the absorber plates and held in place using honeycomb spacers. The necessary
drift field is provided by applying high voltage to the outer layers of the readout electrodes.

The barrel calorimeter covers the range 0 < |n| < 1.4, and is located inside the barrel cryostat,
right behind the super-conducting solenoid. It covers the radial distance from 1.5m to 2m
from the beam axis and is mechanically divided in two half-barrels, each subdivided in 16
modules. The bending axis of the absorber plates runs parallel to the beam axis. A uniform
sampling fraction in the radial direction is achieved by decreasing the folding angle and by
increasing the fold length between bends as moving outwards. A uniform sampling fraction
in ¢ can be achieved with sharp angles on the absorber folds if the ¢ amplitude of folds were
4 times the absorber spacing. With the chosen absorber type, though, sharp bendings are
not possible, leading to ¢ modulation of the response. This effect is minimized by making
the ¢ amplitude of the folds 4.067 times of the absorber spacing. The decrease in sampling
frequency with n is compensated by increasing the sampling fraction. This is done by using
two different absorber thicknesses, with a transition from thick to thin plates at |n| < 0.8.

The end-cap calorimeter covers the range 1.375 < |n| < 3.2 and is located inside the end-cap
cryostat. It covers in longitudinal direction, along the beam axis, from 3.6 m to 4.2m from
the interaction point. The accordion geometry is implemented by arranging the absorber
plates as the spokes of a wheel, with the bending axis of the folds running perpendicular to
the beam axis. A consequence of this geometry is that the folding angle and the wave height
must vary with the distance from the beam axis. Due to mechanical limitations each end-
cap calorimeter is divided into two coaxial wheels in order to cover the whole pseudo-rapidity
range. An inner wheel covers the range |n| < 2.5 and an outer wheel the range |n| > 2.5. Each
endcap is mechanically divided in eight wedge shaped modules. A constant lead thickness
together with a varying liquid argon gap could result in a strong variation of the calorimeter
response with 7. By feeding different regions of n with different values of the high voltage a
moderate compensation of the response can be obtained. Any residual non-uniformity should
be corrected by software after careful calibration in test beam.

To be able to measure the energy associated to the low momentum particles produced in
the interaction of electro-magnetic particles (e/y) with the (dead) material (1.4X, — 3X,
depending on n) in front of the calorimeters, a pre-sampler detector is installed in front of the
barrel calorimeter. In the end-cap, since for a given Er the average energy is larger than in
the barrel, the pre-sampler is less important. Only in the region 1.5 < |n| < 1.8, where the
amount of the dead material is more than 3X,, a pre-sampler is put in front of the end-cap
calorimeter.
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The Hadronic Calorimeter, HCAL, system covers the range |n| < 4.9 and uses different
techniques best suited for the different requirements. An important design parameter is the
thickness of the calorimeter to provide good containment for the hadronic showers and reduce
punch through for the muon system.

The Tile Hadronic Calorimeter [44] covers the range |n| < 1.6 and utilizes a sampling tech-
nique with plastic scintillator tiles, as active material, embedded in iron absorbers. It is
composed of one barrel and two extended barrels, subdivided azimuthally in 64 modules, and
is segmented in three layers. The pseudo-projective readout cells in 7 are built by grouping
wavelength-shifting fibers to a photo-multiplier. The calorimeter is placed behind the FCAL
(~ 1.2\ at n =0), and is ~ 7.2\ thick at n = 0.

In the end-cap regions, i.e. 1.5 < |n| < 3.2, the Liquid Argon Hadronic Calorimetry [41, 41]
takes over. Each hadronic end-cap calorimeter consists of two, equal diameter, independent
wheels. Copper plates are used as absorber material. The absorber plates in the second wheel
are twice as thick as those in the inner wheel (25mm vs. 50 mm respectively). The wheels
are divided in two longitudinal readout segments. The readout cells are fully pointing in ¢
and only pseudo-pointing in 7. The calorimeter is placed behind the FCAL inside the same
cryostat housing, and the thickness of it’s active part is ~ 12\.

The high density Forward Calorimeter, FCAL, covers the range 3.1 < |n| < 4.9, and is
integrated in the end-cap cryostat. It’s front face is at about 5m from the interaction point.
It consists of three longitudinal sections: the first one is in copper, while the other two are
tungsten. In each of them the calorimeter consists of a metal matrix with regularly spaced
longitudinal channels filled with rods. The sensitive medium is Liquid Argon, which fills
the gap between the rod and the metal matrix. The FCAL accommodates ~ 9\ of active
detector in a rather short longitudinal space.
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2.2.1.4 Muon Spectrometer

The muon spectrometer [45] is surrounding the calorimeters and defines the overall di-
mensions of the ATLAS detector. A schematic view of the muon detector system is shown
in Figure 2.10.
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Figure 2.10: The ATLAS Muon Spectrometer.

The performance of the muon spectrometer is optimized based on high-momentum final-state
muons, which are among the most promising physics signatures at the LHC environment. Low
transverse momentum muons are of major interest for b-physics and CP-violation studies.
The main components of the muon spectrometer are a system of three large super-conducting
air-core toroid magnets (one barrel and two end-caps), precision tracking detectors with high
intrinsic resolution, and a powerful dedicated (stand-alone) trigger system. Emphasis is given
to high-resolution performance over a pt range from 5GeV to 1TeV or more. In the range
In| < 1, magnetic bending is provided by a large barrel magnet consisting of eight coils
surrounding the hadron calorimeter. In the range 1.4 < |n| < 2.7, muon tracks are bent
in two smaller end-cap magnets inserted into the ends of the barrel toroid. The magnetic
deflection in the transition region, i.e. 1 < |n| < 1.4, is provided by a combination of barrel and
end-cap fields. An excellent muon momentum measurement is achieved with three stations
of high-precision tracking chambers. The resolution is limited by energy loss fluctuations at
low momenta and by detector resolution at high momenta.
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Precision measurements, over most of the pseudo-rapidity range, is provided by the
Monitored Drift Tubes (MDTs). The basic detection elements are round aluminium
tubes with central wires. The tubes operate with a non-flammable gas mixture at 3-5 bar ab-
solute pressure. To provide finer granularity, in order to cope with high rates, Cathode Strip
Chambers (CSCs) are used in the range || > 2. The CSCs are multi-wire proportional
chambers with cathode strip readout and with a symmetric cell in which the anode-cathode
spacing is equal to the anode wire pitch. The precision coordinate is obtained by measuring
the charge on the segmented cathode by the avalanche formed on the anode wire.

Two different types of detectors are employed for the muon Trigger Chamber system:
Resistive Plate Chambers (RPCs) in the barrel (Jeta| < 1.4) and Thin Gap Chambers
(TGCs) in the end-cap region. The RPC is a gaseous detector with a narrow gas gap formed
by two parallel resistive plates separated by insulating spacers. The TGC is designed similar
to multi-wire proportional chambers, with the difference that the anode wire pitch is larger
than the cathode-anode distance.
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2.2.2 Physics prospects

It is impossible to exploit the manifold of physics program of ATLAS and its performance
issues in this thesis. An exhaustive account of the physics performance of ATLAS is given in
reference’ [46]. The physics aspects of the ATLAS experiment covers essentially those of the
LHC p-p run mode program explained at the beginning of this chapter. For easier reference
here is a recapitulation of the main program items in a compact form:

e searches for the Higgs boson(s) within the SM and the MSSM framework and alternative
symmetry breaking schemes,

e searches for SUSY and determination of its parameters, like the masses of the super-
symmetric particles,

e searches for the alternative extensions, such as compositeness, technicolor, heavy quarks
and leptons (forth generation) and heavy vector bosons (W', Z'),

e measurements of the SM parameters, e.g. the mass of the W vector boson and the top
quark and the gauge couplings,

e measurements of CP-violation in B-decays (B — J/¢ K3).

In the following the searches in the Higgs sector of the SM and the MSSM will be explained
in some detail and the discovery potential of ATLAS will be addressed.

2.2.2.1 SM Higgs searches

The phenomenology of a scalar Higgs boson in
the minimal Standard Model has been explained
in the first chapter. A summarized version of the
Higgs properties including it’s couplings to bosons

quantum Q=0
numbers JPC = ot+
v.ev:w (V2GF)'/? ~ 246 GeV

coupling to

and fermions is reproduced in the table on the 2ME Jv
right. The mass of the Higgs particle is a free vector 'bosons

parameter of the theory. Based on theoretical ar- couph.ng fo V2my [ v
guments the SM Higgs mass is less than about fermions

1 TeV. self-coupling A=2M3; [ v?

The production mechanisms of a scalar Higgs boson depend on its mass. In hadronic inter-
actions the most important production channel of a scalar Higgs boson is the gluon fusion,
proceeding through a heavy quark triangle. The next important production mechanism in
a hadron collider is the vector boson fusion, where the vector bosons are radiated from the
incoming quarks. The associated production mechanisms, the so-called Higgs radiation or
strahlung processes, play a less important role. These production processes along with the
corresponding cross-sections are shown in Figure 2.11. It must be noted that the plotted
cross-xections correspond to calculations to leading order in the strong coupling constant
and any corrections due to higher order diagrams in the perturbation theory, although cal-
culable and known, are neglected. The reason for neglecting the K-factors (the ratio of the
higher order corrections to leading order calculations) is that the corresponding higher order
corrections for the QCD background are not known (or calculated) for all of the processes.

SFor a compact and summarized version of the ATLAS physics potential see for instance [72].
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Figure 2.11: SM Higgs production cross-sections (y-axis on the left) for the different produc-
tion mechanisms as a function of the Higgs boson mass. The corresponding number of events
for an integrated luminosity of 100 fb~' is also indicated (y-axis on the right). Taken from

[73].

As seen in Figure 2.11 the gluon fusion through a top-quark loop is the dominating production
process over the entire mass range in the LHC environment. The hypothetical Higgs particle,
when produced, will decay into fermionic and/or bosonic final states immediately after its
production. The total decay width of the Higgs boson in the SM is shown in Figure 2.12 as a
function of its mass. Since the Higgs boson couples to the mass, the dominant decay mode is
always to the kinematically allowed heaviest particles. Figure 2.13 summarizes the branching
ratios to accessible final states depending on the mass of the Higgs boson. The rise in the
total decay width at My ~ 160 GeV is due to the turn-on of the WTW ~ decay mode. At
Higgs masses below this threshold the dominant decay channel is the bb final state. Decay
branching ratios to other fermionic final states are at least 1 order of magnitude smaller in
this mass range. The branching ratio of the v+ rare decay mode shows a slow rise with the
Higgs mass up to around 130 GeV, where it reaches its maximum, and drops rather rapidly
beyond that. The branching ratio to v in this region is about 3 orders of magnitude smaller
than that of the bb channel. A SM Higgs with a mass in the intermediate range decays
predominantly into a pair of massive weak bosons. Above the tt threshold, decays into top
quarks become also important.
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Figure 2.12: Branching ratios for Higgs decays, as obtained from the HDECAY program [58].
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Figure 2.13: SM Higgs total decay width, as obtained from the HDECAY program [58].

36



In order to observe a possible signal from a Standard Model neutral Higgs boson, the expected
mass range, from about 110 GeV (LEP lower limit) to about 1000 GeV (theoretical upper
limit), is divided in several mass windows. In each window one or the other of the possible final
state signals, corresponding to different decay channels of the SM Higgs, could be extracted
efficiently above the background with reasonable significance. The choices in the specified
mass windows are based on intensive Monte Carlo simulation and analyzes on the signal rates
and signal-to-background ratios. The search strategy adopted by ATLAS for a SM Higgs is
compiled in Table 2.2, where the observable decay channels together with the corresponding
mass ranges are displayed. These benchmark processes put very severe requirements on
the overall detector performance and specially on the electromagnetic calorimetry. Detector
performance is absolutely crucial, specially for channels available for a relatively light Higgs
boson.

Table 2.2: Reliable decay channels for a discovery of the SM Higgs boson, depending on its
mass. The most important background for each case is also indicated. For details see text.

Mass range Sional important
(GeV) i backgrounds
99, 99 — VY
99 — H — vy
80 — 130 49 — 4y — 4V
gg, q@ — ttH — (lubtbb tt7 , tthb
()
120 180 |99 T H =227 =4l 27 Tn* — 4

gg — H—WW® = vty
180 - 600 | g9 - H — ZZ — llvy 47 — Wvv
99 —~ H— Z7 — vy 47 — vy

400 - 900 | g9 - H —WW — lvjy 47 — Wvv
g9 —~H — ZZ — 0y 47 —Wyg

> 600 g9 —~ H - WW — lvjj 47 — Wvv
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As seen in Figure 2.13 a light standard model Higgs, with a mass between about 80 GeV
to about 150 GeV, decays predominantly via the bb channel, which is completely swamped
by the QCD, pp — jet + jet + X, background processes. The most reliable channel in
this mass range is the H — vy with a pair of photons in the final state, which suffers from
two different backgrounds: the large irreducible pp — vy + X processes and the reducible
pp — 7 j/j v processes, where jets fake photons. The former requires a very good energy and
angular resolution for photon pairs, and the latter demands an excellent -y/jet separation.
For masses of the SM Higgs boson up to 2myz the H — ZZ(*)/Z(*)Z(*) decays with both
of the 7 bosons, either off-shell or on-shell, decaying into muon pairs are also accessible. In
this case no mass constraint on the parent Z boson could be applied. Above the 2m 7z mass
the H - ZZ — ¢lvv [ 0000 and the H - WW — fv jj decay channels, with £ = e/u, become
important.

The expected sensitivity to different decay channels as a function of the Higgs mass, for
an integrated luminosity of 30 fb~! and of 100 fb~', is displayed in Figure 2.14. The
H — ZZ®*) — 4¢ channel, with four charged leptons in the final state, is the so-called gold-
plated channel because of the clean and almost background-free final state signal. This
channel is accessible at intermediate to high mass range and is way above 50 discovery limit
already during the initial low luminosity run period.
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Figure 2.14: Expected observability of the Standard Model Higgs boson in ATLAS, in terms
of the statistical significances for various decay channels, as a function of the Higgs mass
and for an integrated luminosity of 30 fb~! (left) and of 100 fb~! (right). The statistical
significance for the combination of all the decay channels are also superimposed on both plots.
Taken from [46].
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2.2.2.2 MSSM Higgs searches

Searches in the Higgs sector of the Minimal Supersymmetric extension of the Standard Model
(MSSM) should be possible given the large discovery potential of the ATLAS experiment for
physics beyond the standard model. Couplings of the neutral Higgs boson in the MSSM,
depending on m 4 and tan (3, are in general different from those of the SM Higgs. As a conse-
quence the production rates and the branching ratios of the MSSM Higgses are different from
the SM Higgs. The production rate of the neutral CP—even Higgs bosons at certain regions of
the (tan 3, m4) parameter space may be lower/higher than in the SM case. Moreover, their
branching ratios to the important bosonic final states may also be lower. For this reason
experimentally more demanding leptonic decay modes of, for instance, the 777~ and the bb
final states must be utilized. As an example an excess of 7 leptons, in comparison to e/,
in the final state could signal a charged Higgs, with a much higher 77~ branching ratio
than the ee or the pup, which is not the case for a charged vector boson (with equal ¢/, with
¢ = e/T/u, branching ratios). Several intensive studies have been performed to analyze the
discovery reach of ATLAS in the MSSM Higgs sector. Contour curves representing the 5-o
discovery of the MSSM Higgs bosons, drawn on the conventional (tan 3, m 4) plane, is shown
in Figure 2.15. The exclusion contours deduced from LEP2 results for different center-of-mass
energies and luminosities are also superimposed on the same plots.
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Figure 2.15: The discovery potential of the ATLAS experiment in the Higgs sector of
the MSSM, in terms of the 5o discovery contours for different decay modes, in the usual
(tan 3, m ) parameter space for an integrated luminosity of 30 fb—' (left) and of 300 fb !
(right). The LEP2 limits corresponding to 175 pb~' and 200 pb~"! integrated luminosities per
experiment are also included. Taken from [/6].

It can be seen from the discovery contours that the neutral Higgs bosons, A/H/h, are de-
tectable in a large fraction of the (tan (3, m4) plane in complementary decay channels. The
tth — ttbb and the W/tth, h — v decay channels cover the moderate to high m4 re-
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gion of the parameter space for small to large tan (8 values after an integrated luminosity of
300 fb~!'. This is du to the fact that both the direct and the associated production of the
h Higgs boson, and its decay branching ratios to bb/~yy final states, approach asymptotically
to that of the SM Higgs boson for increasing tan 3 and/or my4. The neutral CP-even Higgs
bosons, h/H, may be detected simultaneously in the H — hh — bb~y~y / bbbb decay modes, at
intermediate m 4, ~ 200 — —350 GeV for tan 0 <~ 3. The A — Z h — £/ bb channel behaves
similarly, making it possible to detect The CP-odd neutral Higgs boson, A. Large tan ( re-
gion of the parameter plane is covered by the complementary A/H — pu /77 decay modes.
The 77 channel covers a larger area due to its much higher branching ratio, ~ 10%. The
ppe final state can on the other hand be extracted more efficiently. In general, as mentioned
above, the leptonic final states are favourable in the LHC environment. The charged Higgs
boson, H*, is detectable over a narrow band at low my4 for the entire tan 3 range through
the t = bH™ — b7v channel.
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Chapter 3

ATLAS trigger system

The ATLAS detector should operate in the hostile and high interaction rate environment of
the LHC and should manage to select efficiently expected rare interesting physics processes
while rejecting much higher-rate background. This is already explained in the opening of
the last chapter (see also Figure 2.5 on page 26). Given the high luminosity and center-of-
mass energy at the LHC, the real challenge is when one considers the fact that decisions
should be taken every 25 ns, corresponding to 40 MHz bunch crossing rate, whether an event
is a good candidate for new physics or not. On top of these comes the huge number of
channels from diverse, complex and large sub-detectors which should be processed in this
ultra short time interval. All these considerations necessitate an extremely selective trigger
system. A typical electronic signal, as for instance from calorimeter readout cells, have a
triangular shape with a duration of about 400 ns. These signals are shaped in order to clip
the long decay and to optimize the signal-to-noise ratio. An example of such a signal and
the corresponding shaped bipolar signal is shown in Figure 3.1. As seen in this figure the
duration of the peak of the shaped signal is about 100 ns, much shorter than the original
one. The negative undershoot, with a duration of about 300-400 ns and with a depth about
20% of the peak hight, has though some consequences on the trigger system. Calorimeter
signals from ~ 18 consecutive bunch crossings, each containing on average ~ 23 (~ 2.3)
p-p interactions at high (low) luminosity, pile up and influence negatively the accuracy of
the energy measurements. These two effects, which collectively go under the notion pile-up,
tend to degrade the energy measurement capabilities of the detector system which should be
compensated by appropriate trigger strategies.

The ATLAS experiment has adopted a three level trigger system [35, 39] to accomplish the
extremely difficult task of reducing the event rate from it’s nominal 40 MHz down to ~ 100 Hz
suitable for storage on tapes or similar recording devices. The ATLAS trigger system is shown
in Figure 3.2.

The LVL1 trigger [43] accepts coarser granularity data from the calorimeters and the muon
chambers at 40 MHz LHC bunch crossing rate. The output rate of the LVLI trigger is
limited to 75 kHz (upgradable to 100 kHz) implying an event reduction of roughly ~ 10~*
corresponding, on average, to 1 accepted bunch crossing in every 400. The level-1 trigger
must identify unambiguously the bunch crossing containing the interaction of interest and
introduce negligible dead-time. The target latency, i.e. the time taken to form and distribute
trigger decision, consisting of particle time of flight, detector response, signal collection in the
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Figure 3.1: An example of a drift current versus time of an ionization calorimeter, and the
corresponding bipolar shaped signal. The dots indicate the bunch crossings.

detectors, analogue signal processing, digitization, cable delay and digital processing, is ~ 2us
with a 0.5us contingency. Data from all detector-channels for each bunch crossing, during the
LVLI decision, are stored in front-end (on-detector) pipeline memories. When LVL1 accepts
an event, the data from all the pipelines are transferred via optical links to off-detector readout
cards containing the level-2 buffer memories, the so called Read-Out Buffers (ROBs). Regions
of detectors identified by LVL1 as containing interesting information, referred to as Regions
of Interest (Rols), are sent to the next level trigger in form of pointers in 7 — ¢ space.

The LVL2 trigger is essentially driven by the full granularity data from the Rols identified
by LVL1. The Rol data* are accessed from the ROBs via the de-randomizer buffers, which
absorb the instantaneous LVL1 rate and output data more uniformly. Full precision data
from the inner detector are also accessed by this trigger level. The event rate after this stage
of trigger should be reduced to ~ 1 kHz. The LVL2 trigger performs fairly complicated
processing to find tracks and measure their transverse momenta. Data processing by LVL2
has two phases, feature extraction and feature combination, and is performed in three steps:

1. Building physical quantities within each sub-detector (e.g. clusters and/or tracks) from
their cell and/or hit information. This reduces the amount of data.

2. Building objects by combining Rols from all sub-detectors. Particle identification, if
possible, is also performed at this stage.

3. Making global event decision by combining all objects. This should be considered as
some kind of topological trigger stage, where certain physics processes could be selected.

“Triggers for B-physics studies at low luminosity should operate in parallel with other triggers also opera-
tional at high luminosity. These studies require, in addition to muons with pr 2 6 GeV, low pr electron and
hadron triggers at LVL1, which will not be able to produce Rols for. For this reason the LVL2 trigger system
in such cases should also be able to process data without the Rol guidance from LVLI1.
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Figure 3.2: The ATLAS trigger system.

The first step could be performed in parallel in fast local processors for each Rol in each
sub-detector, with the exception of the transition region from barrel to endcap in the TRT
and precision tracker detectors. The second step in LVL2 data processing could be performed
in parallel for each Rol. The global event selection task is performed by global processors
organized in a farm of general purpose processors. The latency of LVL2 trigger is variable,
depending on the event complexity, and varies within the range ~ 1—10ms. The full detector
data, for each accepted event by LVL2, are transferred from the ROBs via the Event Builder
(EB) to the third and last level of trigger system to perform the final event selection and to
store or discard the event.

The Event Filter is the third and last level on the online event selection path of the AT-
LAS trigger system. Full event data from all sub-detectors at full granularity and precision
is accessed by the event filter. An important task of the ATLAS Data AcQuisition (DAQ)
system is to provide data for the event selected by LVL1/LVL2 triggers to the processor
farm (or array) of the event filter. These processors perform, at real time, highly complex
offline-like algorithms to select events based on physics signatures. The complete event re-
construction plus the subsequent decision will take, up to, ~ 1s. The latency depends on
the event complexity. The event rate at the output of the event filter is about 10-100 Hz. A
combination of event selection and data compression at this level will reduce the total data
rate for permanent storage.
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3.1 Level-1 Trigger, Functional overview

A functional block diagram of the ATLAS level-1 trigger system is shown in Figure 3.3. The
major components, as seen in the figure, are the calorimeter and the muon trigger systems,
the Central Trigger Processor (CTP) and the Timing, Trigger and Control (TTC) system.
Each trigger system receives input signals/data from the corresponding sub-detector, i.e. the
calorimeters and the muon chambers, performs trigger algorithms to identify and localize
high transverse energy depositions, and provides on the output data required by the CTP
system. The overall trigger decision, based on the combination of the calorimeter and the
muon triggers, is then generated in the CTP and distributed to other ATLAS subsystems via
the TTC system. As the name implies the TTC distributes in addition several other global
information, e.g. event and bunch—crossing numbers.

| Muon
L Calorimeters Chambers
Calorimeter Trigger Muon
Trigger
Ao ey
YE € T 2
T| [T
| | |
| I |
Y z
gs;
Central Trigger Processor 2
=]
| =
Timing, Trigger and Control g

Y Y

Front-End LVL2

Figure 3.3: Functional overview of the ATLAS Level-1 Trigger system.

The LVL1 trigger is a synchronous and pipelined — with custom designed electronic — system
running at the full LHC beam crossing rate of 40 MHz. The different algorithms of the trigger
systems are hard-wired into specific integrated circuits, either full customized or commercial,
programmable only at the parameter level. The level-1 trigger system is therefore a hard-ware
trigger. The trigger criteria (or parameters) will be adjusted after gathering some experience
from the initial running of the LHC.

44



3.1.1 Muon trigger

The LVL1 muon trigger is based on dedicated high granularity trigger chambers with a very
fast response time, being capable of identifying uniquely the bunch crossing of interest. A
schematic view of the trigger chambers together with the implemented muon algorithms is
presented in Figure 3.4.

I/HGC2:>

BOS

TGC 3

RPC2 IOW Py — TGC 1

5 15m

Figure 3.4: The ATLAS Level-1 Muon Trigger Chambers and algorithms.

Three stations of trigger chambers, with a 2-coordinate readout (n — ¢), are used to per-
form muon trigger algorithms. Triggering on low-pr muons (thresholds E4 ~ 6-10 GeV) is
performed by using the information from only two out of three stations. In the barrel region
(n < 1.05), the first two stations, whereas in the endcap region (1.05 < n < 2.4) the last
two stations are used for low-pr trigger algorithm. Triggering on high-pt muons (thresholds
Er ~8-35 GeV) requires information from all three stations. The principle of triggering on
muons is also illustrated in Figure 3.4. A hit in the RPC1 (TGC3) station, the so-called
pivot plane, in the barrel (endcap) is (virtually) connected to the interaction point. This
defines a road which passes through the other stations. The width of the road, depending on
the required pr threshold, is programmable and defines a coincidence window on the other
trigger stations. At least one hit within the coincidence window in the second (and third)
station is required for low(high)-pr trigger.
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3.1.2 Level-1 Calorimeter Trigger

The calorimeter trigger system is composed of three major components as illustrated in the
block diagram of Figure 3.5: The front-end Pre-Processor (PPr), the Cluster Processor (CP)
and the Jet/Sum-ET Processor (JEP).
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Figure 3.5: The TLAS Level-1 Calorimeter Trigger.
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Analogue signals from the electromagnetic and the hadronic calorimeter cells are summed
on-detector into separate sets of so-called Trigger Towers (T'Ts). The granularity of the TTs
is typically (with some exceptions in 2.5 < |n| < 3.2 region and specially in the FCAL)
(An x A¢) ~ (0.1 x 0.1), much coarser than the readout granularity of the calorimeters. An
example of this could be seen in Figure 2.9 on page 31 for the barrel ECAL. The TTs are
projective, i.e. pointing to the interaction point, and cover the region |n| < 4.9 (with full
coverage in ¢).
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The Pre-Processor performs all the necessary signal processing to provide the trigger mod-
ules/algorithms with the required inputs. It receives a total of ~ 7200 analogue signals on
twisted pairs via the line receivers and performs the following major tasks:

e digitizing the analogue inputs at the sampling rate of 40 MHz. This is done with
fast Analogue-to-Digital Converters (ADCs) with 10-bit dynamic range and 250 MeV
resolution. This gives a Least Significant Bit (LSB) of 0.25 GeV and a maximum Er
measurement of 256 GeV.

e performing the Bunch crossing Identification (BCID) based on the digitized signal.
Actually two tasks are performed here, the calibration of the transverse energy and the
assignment of a unique bunch crossing to the T'T signal.

e converting the 10-bit digital signal to 8-bit data, and at the same time performing
any residual (transverse energy) calibration, like pedestal subtraction and threshold
application against noise at the T'T level.

Several other more-or-less minor but important tasks are also performed by the PP, which
are not described here. For details of these and other related issues see [43] and [50].

The BCID process deserves some explanation here. The BCID is performed by implementing
a Finite-Impulse-Response (FIR) filter complemented by a sliding peak-finder to extract the
transverse energy deposit and at the same time to identify the bunch crossing of interest. The
FIR-filter multiplies, in parallel, the contents of a finite digital pipeline, containing digitized
samples of the analogue input signal, with separate filter coefficients. At each bunch-crossing
five consecutive ADC samplings are weighted with the corresponding FIR-filter coefficients
and summed up to give a measure of the energy deposit. The implemented peak finder
algorithm compares the FIR-filter output of BX-1 with the corresponding quantity from BX-
2 and BX (BX being the present bunch crossing). The BCID criterion is fulfilled if the
BX-1 semi-peak-integral is greater than that of the BX-2 and greater than or equal to that
of the present BX. The obtained peak-integral of the BX-1 is then calibrated in the LUT
mentioned above. Having determined the peak, the BCID logic could also easily identify the
bunch crossing of interest, by virtue of the fact that the rise time of calorimeter signals are
essentially constant (~ 50ns).

The digital output of the ADC, depending on the characteristic of the input analogue signal,
could have two different shapes, which has an impact on the following peak finding algorithm.
The analogue signals from trigger towers with a large amount of transverse energy-deposit
may become saturated and get a flat-top shape. In such cases the rising edge of the signals
are steeper than the non-saturated signals. And in addition the width of the signal peak, e.g.
the positive part of the bipolar signals, is in general much larger. The degree of saturation
determines the width of the flat-top. The effect would be that the digitized signal would
have several samplings with the maximum content, i.e. 250 GeV. The peak finder, in these
cases, could not identify a unique peak and the information would be lost. With the high
particle multiplicity at the LHC environment and with the relatively large trigger towers this
would certainly not be a rare case. For this reason an alternative scheme is also implemented
in the BCID logic to handle the saturated pulses, which uses the form of the rising edge of
the signal to obtain the bunch crossing of interest. There is actually an overlap between the
regions handled by each of these logics.
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3.1.2.1 Level-1 Calorimeter Trigger Algorithms

The requirements on the level-1 trigger algorithms are that they should be fast and easy
to implement on hardware processors, e.g. on ASICs and/or FPGAs. Some flexibility is
though foreseen in form of programmable parameters. The calorimeter trigger algorithms
are therefore simple and inclusive. At the level-1 trigger only the individual trigger objects
are of importance and not the topology of the event. But the determination of the trigger
criteria for different objects is of course based on intensive analysis on trigger rates, efficiencies
and their coverage. For an event accepted by LVL1 trigger, all these objects would be refined
by higher level triggers.

The LVL1 calorimeter trigger algorithms have very few parameters, related to the charac-
teristic attributes of the corresponding objects. Trigger objects are isolated electrons and
photons, selected collectively with the electromagnetic trigger, tauons, identified by single
hadron trigger, jets and global quantities: > Er and EM% | with associated triggers. The
individual trigger algorithms are performed in specific (sub-)modules, described below. All
level-1 calorimeter triggers, except the global ones, are based on a sliding window algorithm
to find (isolated) local ET maxima in a limited n-region of the calorimeters (¢ is fully cov-
ered). Windows are n x n trigger elements in n — ¢ space. A trigger element is the basic
component of the trigger algorithms with a dimension which depends on the trigger object.
These will be described in the following.

e/v Trigger

The electromagnetic trigger algorithm, with no distinction between electrons and photons
(hence the name), is performed by the cluster processor module. The trigger elements input
to the e/v trigger algorithm are the pre-processed trigger tower signals, referred to as the
trigger elements, in form of two separate maps for the electromagnetic and the hadronic
calorimeters. The e/~ Trigger covers the precision physics region || < 2.5 with an algorithm
implemented based on a sliding window of 4 x 4 trigger elements. Two such windows are
considered, in the ECAL and in the HCAL, overlapping each other completely as seen from
the interaction point. The central 2 x 2 trigger elements (or TTs), i.e. the core, in the ECAL
is then checked to be a local Er maximum. This is realized by requiring the E1 deposit in
the core, to be higher than the Er deposit in all possible 2 x 2 neighbouring clusters to the
right and to the top of the core, and at the same time to be higher than or equal to the Er
deposit in the all possible 2 x 2 neighbouring clusters to the left and to the bottom of the
core. This process is called a de-clustering’ and the core cluster, if a local Et maximum, is
known as the Rol cluster. The centare coordinate of the lower left trigger element within
the (e.m.) Rol is the Rol coordinate. The local Er maximum determination method just
explained, the so-called de-clustering, avoids in a simple way any Rol double counting. The
de-clustered Rol would now be flagged as an electromagnetic trigger object, i.e. e/v trigger,
if in addition the following conditions are also fulfilled:

= The Er deposit in at least one of the 2 x 1 or 1 x 2 trigger element combinations, called
the e.m. cluster, within the Rol, be higher than the electromagnetic cluster threshold.

TObviously the 9 2 x 2 (= (An x A®) ~ (0.2 x 0.2)) clusters within the 4 x 4 (= (An x A®) ~ (0.4 x 0.4))
trigger window overlap with all their neighbouring clusters.
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It must be noticed that the e.m. Rol cluster is defined differently than the e.m. cluster
(they have simply different sizes).

= The total ET deposit in the electromagnetic isolation ring, i.e. the summed Et in the 12
trigger elements surrounding the e.m. Rol, be lower than the e.m. isolation threshold.

= The total ET deposit in the central 2 X 2 trigger elements in the hadronic calorimeter,
right behind the e.m. Rol cluster, be less than the hadronic core veto threshold.

= The total Er deposit in the hadronic veto (or isolation) ring, right behind the e.m.
isolation ring, be less than the hadronic ring veto (or isolation) threshold.

If all these conditions are met, an e/~ trigger candidate has been found. The trigger window
is then slid, either in n or in ¢ direction, by one trigger element (or TT). The trigger criteria
are then once again for the new window position evaluated. This procedure is repeated
till the whole calorimeter is covered (|n| < 2.5). The simultaneous trigger windows in the
ECAL and in the HCAL are always fully overlapping — as seen from the impact point — and
slide at the same time to the same direction (or position). A pictorial representation of the
trigger elements and criteria is illustrated in Figure 3.6. A total of 8 sets of trigger parameter
combinations (Et thresholds) are foreseen, which serve as a means of classification of the
triggers. The multiplicity of the trigger objects passing each trigger set is counted and sent
to the CTP for further processing. The maximum number of the multiplicity count, which
could be sent to the CTP, for each Er threshold set is limited to 7 (three bits). The Rol
multiplicities sent to the LVL2 trigger do not suffer from this restriction.
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7/h Trigger

The (isolated) single hadron trigger, constructed to capture 7’s decaying hadronically, is also
performed by the cluster processor. It is based essentially on the same basic principles as the
e/~ trigger, but with few redefinitions of some trigger parameters (or elements). Here the Rol
cluster, also used to apply the de-clustering scheme, is the sum of the electromagnetic and
the hadronic 2 x 2 core clusters. The 7 Rol cluster is examined to be a local Er maximum,
according to the same scheme applied in the case of the e/ trigger, in a window of 4 x 4
e.m+had trigger elements. The trigger criteria in this case are:

= The Et deposit in at least one of the 2 x lem.+2 x 2had. or 1 x 2e.m.+2 x 2had.
trigger element combinations, called the 7 cluster, within the Rol, be higher than the
7 cluster threshold. The Rol cluster is also in this case different from the 7 cluster.

= The total ET deposit in the electromagnetic isolation ring, i.e. the summed ET in the
12 trigger elements surrounding the e.m. 2 X 2 core, be lower than the e.m. isolation
threshold.

= The total ET deposit in the hadronic isolation ring, right behind the e.m. isolation ring,
be less than the hadronic ring isolation threshold.

Here again the trigger window is slid by one trigger element sideways, i.e. in  and/or ¢ direc-
tions, till the region specified for the trigger is completely covered. The 7 trigger algorithm
together with it’s elements are explained in Figure 3.7. The multiplicity and the number of
threshold sets for this trigger is exactly the same as for the e/ trigger.
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jet trigger

The jet trigger algorithm is performed in the jet/energy-sum processor module, which receives
as input a e.m+had. map with a courser cell granularity. The trigger elements in this
case are basically (An x A¢) ~ (0.2 x 0.2) cells summed in ECAL and HCAL. The basic
trigger element (or smallest element entering the trigger algorithm) is referred to as the
jet element ((2 X 2)gcarn+meoar, summed trigger towers) in analogy to the e/y and the 7
trigger. The region covered by the jet trigger is |n| < 3.2. Three different types of trigger
algorithms, distinguished by their cluster, Rol and window sizes, are foreseen for the jet
trigger. Like the other triggers discussed so far, the jet trigger is also based on a sliding
window algorithm in all three cases. All three types of the jet trigger algorithm and the
corresponding elements are displayed in Figure 3.8. The largest trigger window considered is
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Figure 3.8: The ATLAS LVL1 Jet trigger algorithms/elements.

adx4(=(AnpxAdP) ~ (0.8 x 0.8)) jet element window. The 2 x 2 core cluster is used as
the Rol and de-clustering purposes. The Rol cluster is required to be a local Er maximum
by de-clustering, according to the applied method in the e/y (or 7) trigger case. The jet
cluster though here is defined! to be the window itself. A trigger is accepted when after the
de-clustering the total E1 deposit in the jet trigger window is above the jet cluster threshold.
The second window size considered for the jet trigger is a 2 x 2 (= (An x A®) ~ (0.4 x 0.4))
jet element combination. Here the Rol and the jet cluster are overlapping. The de-clustering
information could in principle be extracted from the 4 x 4 window case (it is actually the
same). The conditions for a trigger is the same as those for the 4 x 4 window size, with
the exception of the jet cluster size which is smaller, i.e. 2 x 2 jet elements. A 3 x 3
(= (An x Ad) ~ (0.6 x 0.6)) jet element window is another possibility, which obviously fills
the intermediate region. The size of the Rol is the same as for the other two window sizes, but

#The Rol then in this case could essentially be considered to be the core and the 12 jet elements in the
ring surrounding the core (or Rol) the halo of the jet.
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it’s location is not restricted to a given position within the trigger window. It could namely
be in any corner within the trigger window. The jet cluster Et is here the total E1 deposited
in the window that should pass the jet cluster threshold for a trigger. The de-clustering
algorithm though in this case is complicated than the other cases considered so far, and is
not fully implemented yet. Therefore in the simulations studying the jet trigger performance,
for instance, this option is not fully analyzed. In this case also 8 trigger threshold sets are
considered. Multiplicity for each threshold is sent to the CTP system.

> Er and E% triggers

The total and the missing transverse energy deposit in the calorimeters are global quantities
evaluated in the range |n| < 4.9 and are implemented in the jet/energy-sum processor. The
basic element size, in this case, is that of the jet elements, input to the JEP module. The
> E1 and the E%““ could be considered as a scalar and a vector sum of the E1 deposits of the
calorimeter cells — actually deposits in jet elements. The E%”ss quantity is actually calculated
in form of the transverse energy imbalance in z and y directions in the transverse plane, using
the ¢ information. The E%”ss trigger, specially when combined with other triggers, plays an
important role in the LHC experiments (e.g. in the SUSY searches). Four different thresholds
for each of these triggers are foreseen.

3.1.3 The level-1 trigger menu

The level-1 trigger algorithms are relatively simple, they look essentially for localized high Er
clusters (apart from EM%S and Y Er ) in order to be fast. For this reason the LVLI triggers
are inclusive. The level-2 trigger system uses the Rol information from the LVL1 trigger
objects in order to optimize the overall trigger items. The Global® LVL2 decision performs
a final trigger selection which is based on the final state properties of a given process, i.e.
based on the event topology. In order to optimize this path of decision taking, several studies
have been performed to optimized the performance of the trigger selection procedure. The
starting point has been a set of physics signatures of interest, prepared in such a way so as
to cover as much as possible of the ATLAS physics goals. A number of benchmark physics
channels have been proposed and studied in order to evaluate trigger performance and it’s
selectivity. The result of such global optimizations has been a set of trigger menus for different
trigger levels and physics programs. A complete discussion of these issues with much detailed
considerations on trigger menus is given in [47, 39].

Trigger criteria, in order to be able to capture the desired physics, should clearly be efficient.
This is what concerns the physics requirements, i.e. high efficiency for physics channels of
interest. Whereas what concerns the trigger, in the LHC experiments, is the rate. Clearly
the most efficient trigger is one that keeps everything, which is not affordable in this case.
The LVL1 trigger suffers from the huge number of QCD jets, which also fake almost all
other trigger objects, and muons, which are simply numerous in the LHC environment. A
compromise between physics efficiency and limits on trigger rates has motivated these physics-
oriented trigger menus. A list of the level-1 trigger menus at low and high luminosities is

$The major interest in this section is a discussion of the LVLI trigger menu and therefore any eventual (and
still un-clarified) overlap between the LVL2 trigger and the Event Filter, regarding the final state topology, is
irrelevant.
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given in table 3.1. This must noted that this trigger menu is not final yet and may be modified
when more trigger analysis results are available.

Table 3.1: The LVLI low and high luminosity trigger menus and the the corresponding rate
for each item. The notation convention in this table regarding the trigger name is as follows.
The first one or two letters refer to the trigger object: MU = u, EM =e/y, T =71/h, J = jet,
XE = E%”ss . This is followed by the trigger Er thresholds in GeV. The entry others leaves
room for triggers for other purposes, like calibration and monitoring. The letter I after some
of the thresholds indicates whether the trigger object, in addition to the applied threshold, is
also required to be isolated. And multiplication with a number, e.g. X2, stands for the trigger
multiplicity.

Low Luminosity High Luminosity
Trigger Rate (kHz) Trigger Rate (kHz)
MUG6 23 MU20 3.9

MUG6 x 2 1
EM20I 11 EM30I 22

MU10 + EM151 0.4
EM15Ix2 2 EM20Ix2 5
J180 0.2 J290 0.2
J75%3 0.2 J130x3 0.2
J55x4 0.2 J90x4 0.2
J50 + XE50 0.4 J100 + XE100 0.5
T20 + XE30 2 T60 + XE60 1
others 5 others
Total 44 Total 40

The evaluated total level-1 trigger rate, in the trigger menus, of about 40 kHz is less than
the canonical 75 kHz rate budget, in order to take into account the uncertainties involved in
various simulations. The quoted trigger rates should only be considered as indicative figures.
This safety margin leaves certainly also room for extra, and more specialized, entries. It
should also be noted that the trigger E thresholds quoted in the trigger menus for a given
trigger applies to the offline thresholds at the point where LVLI1 triggers are 95% efficient.
This means that the actual trigger thresholds are set at lower values. For an example of the
method to determine and apply the thresholds see the next chapter. Another point which
may be in place to mention here is the fact that the inclusive jet trigger thresholds are quite
high. The reason for this is that the additional jet rejection capability at LVL2 is small and
therefore the LVL1 inclusive jet thresholds should be set at a rather high value in order to
reduce the input rate to LVL2 trigger. Finally the combined and multiple trigger entries in
the menus should allow the application of lower thresholds on specific objects.
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3.2 Level-2 Trigger, Functional overview

Functionally the LVL2 trigger system processes the input data at several stages. The first
functional stage in data processing at LVL2 trigger is to collect ROI data from the ROBs
for events selected by LVL1 triggery. The data collection stage at LVL2 may, to a certain
extent, be combined with some sort of data preprocessing, e.g. zero—suppression or data
compression and/or reformatting, prior to the actual data transmission to the LVL2 processor
farm. The second stage of the LVL2 data processing is the feature extraction within each
sub—detector separately. Information obtained from different sub—detectors at this stage
is combined together in the subsequent one, in the so called object building stage. The
global-decision algorithms are applied at the last stage of the LVL2 trigger system!/l. In the
following a brief description is given for each of the stages mentioned above. The full and
detailed description is to be found in [39] and references therein.

3.2.1 Preprocessing

Information associated to the Rols is extracted from the ROBs at this stage. This is a process
depending strongly on the sub-detector type. For the precision-tracking detectors, i.e. the
SCT and the pixels, adjacent strips or pixels are clustered into hits that may correspond
to a single track. At this stage space points are determined and the local coordinates of
the wafers, in the form of strip/pixel numbers, are converted to n/¢/r global ones. In the
transition radiation tracker, TRT, all wires are scanned for hit information. Here the amount
of data transmitted from the ROBs is reduced by compacting and reformatting the ROB data
associated to a given Rol. In the case of the calorimetry the data is formatted in a manner
so that to keep the trigger towers belonging to a given ROB or Rol together. In general the
preprocessing in the calorimetry is nothing but collecting the fine—granular cell information
belonging to an Rol.

Preprocessing is a very time consuming process and no optimization on the algorithms as such
has yet been studied in detail in order to minimize the amount of computing time consumed
at this stage.

3.2.2 Feature extraction

Feature extraction algorithms for the LVL2 trigger analyze LVL1 Rol data at the level of
individual sub-detector system. This stage of data processing is the main part of the LVL2
trigger system. The overall LVL2 trigger performance in terms of efficiency and background
rejection is determined by the power of the algorithms at this step. Being the most important
stage, the corresponding algorithms are more complex than both the preceding and the
following stages. The algorithms will briefly be explained in the following. However, they
are not final and should be considered as prototypes. A major criterion for the algorithms is
that they should be fast and therefore relatively simple to implement in the LVL2 trigger.

T This the general case. Data processing without the guidance of LVL1 Rols will not discussed here.
ISpecial trigger algorithms are required for B—physics studies. These are described for instance in [39] and
are not discussed here.
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3.2.2.1 Level-2 muon trigger

The LVL2 muon trigger identifies muon tracks by using the information from the muon
spectrometer and calculates the transverse momentum of the muon accurately and at the
same time performs extrapolation to the inner tracker and calorimeter. The algorithms
are initiated by using the hit information from the fast LVL1 muon trigger, i.e. the RPCs
or the TGCs, with very low occupancy. Within the Rols, provided by LVLI1, a pattern
recognition of muon tracks in muon chambers, i.e. in MDT chambers, is performed using
position information. This is followed by a fit of tracks using drift-time. The last step is a
transverse-momentum fit.

3.2.2.2 Level-2 calorimeter trigger

The LVL2 trigger refines the LVL1 global and Rol information using full-granularity, full-
precision calorimeter information. The Rol information is in form of (n,$) position and Er
range of the trigger object. The position resolution is An x A¢ ~ 0.2 x 0.2 for jet triggers and
An x A¢ ~ 0.1 x 0.1 for others. The global information, calculated at LVL1 and provided
for LVL2 trigger, is in form of the vectorial and the total scalar E1 sum quantities.

The Rol-associated data from the ROBs are collected by LVL2 in An x A¢ regions of a size
depending on the LVL1 position resolution of the trigger object and on the LVL2 trigger
algorithm to be applied. First step is to verify the LVL1 decision by recalculating the cluster
and/or isolation E1 parameters for a given trigger object, and improving the cluster position
information. All other LVL2 trigger algorithms are performed in windows centered at this
position. Because of the steeply falling Er spectrum of the background, the refined Er
calculation, together with improved luminosity dependent calibrations, makes it possible to
optimize various trigger thresholds and to perform tighter Er cuts at LVL2. This will also
make it possible to have a better control on the LVL2 output rate.

The LVL2 photon and electron trigger objects are preselected (and formed) by first applying
the so called e/vy (or electromagnetic) cluster trigger, which is a calorimeter—only trigger.
The LVL2 e/~ cluster trigger, after ET and position improvements within the LVL1 Rols,
builds shower shape variables to discriminate electromagnetic clusters from jets. This is done
by studying:

e the leakage of the electromagnetic showers into the hadronic calorimeter,

e the lateral shower shape in the second calorimeter sampling,

e the energy deposition in the ECAL (fine—granular) first sampling.

Based on these quantities the LVL2 e/ trigger verifies whether the LVL1 Rol clusters are
compatible with e/y clusters (e.g. rejecting 7’s or hadronic showers with high e.m. frac-
tions). In this way a rejection with respect to that of LVL1 is achieved before the application
of the LVL2 photon and electron triggers. The final particle identification is performed later
by combining the tracking information from the inner tracker information explained later.

The LVL2 calorimeter 7 algorithm is based on the selection of isolated narrow jets associated
with few tracks in the tracking system. The shower shape and isolation quantities within
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windows are calculated in each calorimeter type separately. The first step in the LVL2
calorimeter algorithm is to refine and verify the LVL1 decision. The same algorithm as in
the LVL1 case is applied here, except that the more accurate and refined cell information
is used at LVL2. The second step is the 7 identification. Both these steps are performed
on quantities calculated using refined calorimeter deposits. The calorimeter quantities are
calibrated using the jet calibration, as opposed to the e/ trigger case above, where the
electromagnetic calibration is used. Finally the calorimeter cluster information is combined
with the inner tracker information to identify 7 candidates.

The LVL2 also treats jets in order to reduce the rate of events containing jets. This is done by
improvements in E1 and position calculations of jet measurements, which in turn is achieved
by refined energy calibration, refined jet definition and threshold adjustments. An important
point here is that in contrast to the e/ clusters for instance, where jets could be considered
as background, jets can not be classified as such.

A reduction of data transfer from the ROBs to the LVL2 system is minimized by building
(projecting calorimeter cells into) trigger towers (An x A¢ ~ 0.1 x 0.1). The LVL2 jet al-
gorithm starts with the application of an ET cut on calorimeter cells in order to eliminate
electronic noise contribution. Only cells passing this cut are included in the tower summa-
tion. Further, because of the non—compensating ATLAS calorimetry, the response to jets
is optimized by applying a weighting procedure during the cell projection into towers. This
weighting procedure is referred to as jet calibration, also mentioned above. The LVL2 jet
reconstruction algorithm is a cone algorithm with radius AR = \/An? + A¢? ~ 0.4 applied
on LVL2 trigger towers within a An X A¢ ~ 1.0 x 1.0 window around each LVL1 Rol.

3.2.2.3 Level-2 tracking trigger

The information from the inner detector regarding the presence of a high-pt track is an
important component in the reduction of the LVL1 e.m. cluster trigger rate from di-jet
events. Simple and fast algorithms search for track segments separately in the precision
tracker and in the TRT. The low-pT tracks required by B-physics necessitates full scan of
the TRT. The identified LVL2 Rols are then extended back to the precision tracker. The
combined information of the SCT and the pixel detectors (the precision tracker) is fed into a
common feature extractor. In addition, a stand alone pixel trigger is also implemented that
will make possible an impact-parameter measurement with good resolution, which provides
a b-tag (b-jet trigger).

3.2.3 Building and identification of trigger objects

The identification of trigger objects at LVL2 is performed by first combining the feature
information from different sub—detectors to form objects. The work to develop algorithms in
this area for the LVL2 trigger and also in the offline reconstruction software are in progress.
Therefore the algorithms are not final and not completely optimized. For details of the
algorithms and the selection cuts, together with the performance issues see [?].

The muon trigger rate could be reduced, with respect to that of the LVL1 and the subse-
quent LVL2 feature extraction (described above), further by using information from the inner
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tracker. Calorimeter information is used to determine whether the muon is isolated or not.
A core size with a radius of AR ~ 0.07(0.1) in (7, ¢) in the ECAL (HCAL), with an isolation
halo extending to AR ~ 0.3 is considered at the moment to discriminate between the isolated
muons and the muons within jets (except high-pt muons coming from b—decays which are
isolated).

The photon identification is based on the quantities used for LVL2 e/v trigger. In order
to reject jets, two further quantities are also calculated. These are the shower shape in 7
direction in the ECAL in the second and in the first samplings, which is broader for jets than
for photons. The electron identification requires a track inside the inner detector associated
with the reconstructed calorimeter cluster. This reduces the trigger rate due to jets faking
electromagnetic trigger. The 7 trigger rate is reduced by likewise using the information from
the inner tracker.

For completeness it must be noted that the global LVL1 quantities, i.e. the x —y components
of the ET**® and the total scalar E1 are recalculated at LVL2. These quantities will essentially
be used in combination with other triggers.

3.2.4 The level-2 trigger menu

As in the case of the LVLI trigger, a set of trigger items, optimized for specific benchmark
physics channels, are determined and put together in form of trigger menu. The current LVL2
trigger menus for low and high luminosity runs are compiled in Table 3.2. As could be seen
from this table, the trigger items are quite similar to those given in the LVLI trigger menu.
Due to the more accurate energy measurement at LVL2, the indicated thresholds are (in most
of the cases) the actual trigger thresholds applied. For the low luminosity case a B-physics
trigger menu is also implemented, which goes under the “B-physics” entry in Table 3.2 and
specializes in the low momentum muon trigger combined with other relevant signatures, e.g.
reconstructed di-electron mass or B-meson mass, for CP violation studies in B-sector.

It must be noted that in addition to the trigger items tabulated in form of trigger menus
for LVL1/LVL2 trigger combinations, specialized triggers to cover specific physics topics, e.g.
QCD studies, are likewise under investigation. Perhaps one of the most important and crucial
trigger item belonging to this latter category is the implementation of a b-jet tag trigger using
the impact-parameter measurement in the precision tracker. This special trigger will prove
useful in reducing the LVL1 jet trigger rate for multi b-jet final state signals.
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Table 3.2: The LVL2 low and high luminosity trigger menus and the the corresponding rate
for each item. The notation convention in this table regarding the trigger name is similar
to that of the LVLI1 case, except that the greek letters are used to indicate the objects, and
small roman letters to specify signal characteristics, like isolation (an appended “i” after the
threshold). The entry others leaves room for triggers for other purposes, like calibration and
monitoring. The B-physics trigger item covers the very low pt muon trigger for CP violation
studies and is not discussed further here.

Low Luminosity High Luminosity
Trigger Rate (Hz) Trigger Rate (Hz)
1420 200 1201 200

pw6x2 + mp 10

110%2 80
€201 100 e301 600
elbix2 ~few Hz e20ix2 20
~v40i 100 ~v60i 400
~v20ix 2 5 ~v20ix2 200
4180 100 5290 120
j75%3 80 71303 80
755 x4 40 790x4 80
750 + xE50 250 7100 + xE100  ~few 100
720 + xE30 400 760 + xE60 ~few 100
p6i 4 elbi 15 1101 4 eldi 20
B-Physics 1130
others 100 others 100
Total 2400 Total 2000
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Chapter 4

The level-1 calorimeter trigger
rates from fast simulation

A first attempt to estimate the LVLI1 trigger rates has been performed by using a fast sim-
ulation® containing a simplified parameterization of the detector response and a complete
implementation of the LVL1 calorimeter trigger chain as explained in [54]. The trigger rates
presented in this chapter have either a global character, e.g. E%ms , or are objects built of
several trigger towers, e.g. jets, which therefore, to first approximation, are basically not
affected by the fine details of the detector performance issues. Trigger objects implemented
to capture electromagnetic particles, i.e. the e/+ trigger, and the hadronic decay of the 7
lepton, i.e. the 7/hadron trigger, which rely heavily on the internal structure of the shower
developments, e.g. the isolation criterion, can not be studied reliably in this way and will
need the extentions/modifications explained in chapter 5.

4.1 Introduction

Missing transverse energy will be one of the distinct signatures at LHC to select interest-
ing physics processes. Many extensions of the Standard Model include weakly interacting
particles which, if produced, at LHC, will escape detection. Their presence will however
be signaled by an imbalance of transverse momentum. Among the basic building blocks of
the level-1 calorimeter trigger is the summation of the total transverse energy deposited in
the calorimeters. Together with the scalar sum ) Er also the components E; and Ey in
the plane transverse to the beam axis are computed in the jet/energy-sum processor of the
level-1 trigger system. Although the E%”ss trigger itself is not included in the basic level-1
triggers [47], it’s combination with the single jet and tau triggers is important to allow for
triggering on interesting events with low jet or tau thresholds.

Due to the large cross section, QCD 2-jet events dominate the E%”ss trigger rate at low
values of missing transverse momentum [53, 54]. Their contribution depends strongly on the
achievable E%i“ resolution. This resolution is mainly determined by the detector acceptance,
the calorimeter response and resolution and the hardware realization of the EMS trigger.

“For a detailed description of these issues and extensions/modifications to these see chapter 5 and 6.
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These effects have been studied using the same simulation chain as the one used to obtain the
results presented in this chapter and can be found in [51]. In the following some trigger rates
obtained at low and at high luminosities are presented and some conclusions are extracted,
which are discussed in the last section.

4.2 Level-1 Trigger Rates at Low Luminosity

4.2.1 Contributions to the EF***¢ Spectrum from QCD Jet Events

The calculation of the inclusive E%i“ spectrum is affected by large uncertainties, since in
addition to the contributions from physics channels, also contributions from instrumental
effects are important which can not be calculated reliably at present. Among such effects are
machine induced backgrounds, beam gas interactions as well as contributions resulting from
extreme tails in the detector performance.

In the present note an attempt is made to calculate the contribution of QCD jet and minimum
bias events to the E%”ss spectrum. These events will add a significant contribution to the
EMiss trigger rate given their high production cross section together with resolution effects
of the missing transverse energy measurement in the trigger.

In order to simulate the total inelastic proton-proton cross section of 70 mb, the following
procedure has been applied: in the QCD jet simulation using the PYTHIA Monte Carlo
program [56, 57| the Pr cutoff value, which has to be introduced in order to cutoff the
divergent tree-level cross sections, has been chosen such that the total QCD jet cross-section
corresponds to 70 mb. This cross section value is obtained for a cutoff value of 4.3 GeV.
Applying this procedure assumes that typical minimum bias events can be described by low
Pt tree level QCD jet production. Since in any case the contributions of low Pt jet or
minimum bias events to the EM%S spectrum are small for large values of missing transverse
momentum, the uncertainty introduced by using this method is considered to be small. For
the low luminosity simulation the ET¥$$ spectrum as well as the trigger rates have been
calculated without pile-up as well as with the superposition of 2.3 minimum bias events on
average.

The reconstructed E%i“ spectra at the trigger level for the simulated events are shown in
Figure 4.1. Due to the degraded E7'**® resolution the spectrum is found to be slightly harder
if on average 2.3 minimum bias events are added.

These spectra can be directly turned into level-1 E%ms trigger rates. They are shown in
Figure 4.2 as a function of the E%iss threshold.

In Figure 4.3 the Pt spectrum of the generated leading parton is plotted for the case where
2.3 minimum bias events have been added. On the same figure the accepted cross sections of
events passing E%ms thresholds of 40 and 60 GeV are shown. As can be seen, no events with
low Pt partons contribute to the accepted trigger rates for high E%i“ at low luminosity.
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Figure 4.2: Inclusive EI’Z”SS trigger rates from QCD jet events as a function of the E%”ss

threshold used in the level-1 trigger.
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Figure 4.3: The Pr spectrum of the leading parton of the generated QCD jet events. The
fraction of events accepted passing various E7"*** thresholds is indicated by the dashed curves.
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4.2.2 Combined Trigger Rates: Jet + E'#

A combination of the E%”ss trigger in association with the single jet trigger is among the basic
level-1 triggers of ATLAS. Before the combined trigger rates are evaluated, it is important to
establish the relation between the jet energy scale and the level-1 jet trigger scale. Differences
between these scales might arise from the different geometrical size of the jet windows, since a
cone with a radius of 0.4 or 0.7 is used in the reconstruction while a fixed window of An x A¢
= 0.8 x 0.8 is used in the trigger. In the following a comparison is made between the jets
reconstructed offline by using the ATLFAST algorithm [67] and the so called level-1 jets.

In Figure 4.4 the trigger acceptance is shown as a function of the reconstructed offline jet
transverse momentum. Only jets with a Pt above 15 GeV are used. The acceptance has
been determined for various trigger thresholds with values at 10, 20, 30, 40 and 50 GeV. In
addition, Figure 4.5 shows the ratio between the energies reconstructed at the trigger level
to the ones reconstructed offline using the full calorimeter information. Part a) shows the
correlation between the ratio of trigger energy to jet energy as a function of the jet Pp. In part
b)-f) this ratio is shown for various bins of the jet Pp. As can been seen, the distributions are
broad at low Pt values, which indicates that low thresholds have to be used to trigger with
high efficiency on low Pt jets. This on the other hand will lead to a significant increase in
trigger rate resulting from fluctuations in the underlying event structure. From these curves,
the trigger cluster thresholds have been determined such that the reconstructed jets of a given
Er will be accepted with an efficiency of 95%.

Using these thresholds the trigger rates have been determined. The results are shown in
Figure 4.6 for the case where 2.3 minimum bias events have been superimposed on average.
The rates are given as a function of the E®** threshold for different jet thresholds. Trigger
rates for specific combinations of jet and E%““ thresholds are also given in Table 4.1 for
the case where no pile-up events are superimposed and in Table 4.2 for the case where on
average 2.3 minimum bias events are added. As mentioned above, these rates have been
determined for a threshold setting on the trigger clusters which correspond to an efficiency
of 95 % with respect to the offline jets. As can be seen, for low E%““ thresholds there is a
significant increase in trigger rate due to the pile-up addition. This increase is moderate for
E%”ss thresholds beyond ~ 50 GeV. If instead of the trigger clusters the thresholds of the
reconstructed jets are used directly, i.e. with an ideal threshold curve, the rates as given in
Table 4.3 are obtained. They can be considered as lower limits for the combined jet—i—E%”ss
trigger rates at level-2. The deviations from the true level-2 rates will be smaller the closer
the level-2 scale is to the offline jet scale.
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Table 4.1: Level-1 trigger rates (in kHz) for various combinations of E**¢ and jet Et thresh-
olds, without the superposition of minimum bias pile-up.

| EP (GeV) | 20| 30 40| 50] 60| 80| 100 |
EJ(jet) > 0 GeV | 129.3 [ 20.5 | 4.89 | 1.38 [ 0.45 | 0.052 | 0.003
E(jet) > 20 GeV | 67.9 | 13.6 | 3.80 | 1.17 | 0.40 | 0.049 | 0.003
ED(jet) > 30 GeV | 37.0 | 7.7 | 2.34 | 0.80 | 0.30 | 0.032 | 0.002
E(jet) > 40 GeV | 23.1 | 4.9 | 1.40 | 0.49 | 0.18 | 0.029 | 0.002
EY(jet) > 50 GeV | 154 | 3.5|0.97 | 0.35 | 0.13 | 0.023 | 0.002
Ef(jet) > 60 GeV | 9.7 | 2.7 | 0.77 | 0.26 | 0.10 | 0.018 | 0.002
E(jet) > 80 GeV | 4.3 | 1.7]0.53 | 0.17 | 0.06 | 0.014 | 0.001

Table 4.2: Level-1 trigger rates (in kHz) for various combinations of E**¢ and jet Et thresh-
olds, including 2.3 minimum bias events (low luminosity).

| EFs (GeV) | 20] 30| 40] 5] 60] 80[ 100 |
EJ(jet) > 0 GeV [ 1003.5 | 138.9 [ 24.89 [ 5.24 [ 1.17 [ 0.056 | 0.010
Ed(jet) > 20 GeV || 764.5 | 124.3 | 23.72 | 4.98 | 1.08 | 0.054 | 0.009
El(jet) > 30 GeV | 338.0 | 74.2 | 14.71 | 4.50 | 0.99 | 0.050 | 0.009
EJ(jet) > 40 GeV | 131.2 | 25.9 | 5.19 | 1.95 | 0.19 | 0.033 | 0.003
Ed(jet) > 50 GeV | 65.1 | 14.6 | 1.41 | 0.45 | 0.15 | 0.027 | 0.002
EY(jet) > 60 GeV | 32.0 | 6.9 | 1.03|0.34 | 0.11 | 0.021 | 0.002
EY (jet) > 80 GeV 5.7 2.0 0.64 |0.19 | 0.07 | 0.008 | 0.001

Table 4.3: Level-1 trigger rates (in kHz) for various combinations of ET%** and jet Er values,

assuming an ideal threshold behaviour.

On average 2.3 minimum bias events have been

superimposed. These rates can be considered as a crude estimate (lower limit) of the level-2

rates.
| EF5 (GeV) | 20| 30| 40] 50| 60| 80] 100 |
EY(jet) > 0 GeV [ 1003.5 | 138.9 [ 24.89 [ 5.24 [ 1.17 [ 0.056 | 0.010
ES %(jet) > 20 GeV | 414 | 98| 2.73|0.81 | 0.26 | 0.048 | 0.009
E%(Jet) >30GeV || 21.1| 56| 1.66|0.55| 0.17|0.037 | 0.003
E2(jet) > 40 GeV | 122 | 3.8| 1.13|0.37 | 0.13 | 0.030 | 0.002
EY(jet) > 50 GeV 6.9 | 25| 0.78 | 0.26 | 0.095 | 0.019 | 0.001
EY(jet) > 60 GeV 43| 1.8] 0.63]0.20 | 0.068 | 0.009 | 0.001
EY(jet) > 80 GeV 1.7 | 0.8] 0.35]0.13 | 0.048 | 0.006 | 0.001
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Figure 4.4: Examples of trigger efficiency curves for trigger cluster thresholds in the range
10-60 GeV in 10 GeV steps. The reference scale is the reconstructed jet energy of ATLFAST
using a cone algorithm with a radius of 0.7.
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Figure 4.5: Ratios between the energy in the trigger cluster and the reconstructed ATLFAST
jet energy using a cone algorithm with a cone radius of 0.7. Plot a) shows the ratio as a
function of the jet Ep, plots b) — f) show the ratio for various bins of the jet Ep.
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Figure 4.6:

On average 2.3 minimum bias events have been added to the hard collision.
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Level-1 trigger rates at low luminosity using the combined jet and Ejmiss signa-
tures. The rates are given as a function of the EF"*® threshold for different jet thresholds.
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4.3 Level-1 Trigger Rates at High Luminosity

4.3.1 Combined Trigger Rates: Jet + Emi®s

The analysis described above has been repeated for a high luminosity scenario at LHC. In
this case 23 minimum bias events have been added on average on the hard scattering process.
The calorimeter shaping functions, the complete pulse history and the BCID algorithm are
applied as described in Section 2.

The results obtained for the E%““ spectrum and for the accepted events at the parton level are
given in Figure 4.7 and Figure 4.8. Clearly visible is the degradation in the E%i“ resolution,
which is reflected by the much broader spectrum. At high luminosity also events with small
parton Er values pass the E%”ss cuts of 40 and 60 GeV.
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Figure 4.7: Contribution of QCD two jet events to the Egi”ss spectrum, high luminosity.

The inclusive E$% trigger rate and the combined rates including jet requirements are given
Figures 4.9 and 4.10. In order to obtain trigger rates in the kHz range, ET"*® threshold
around 100 GeV have to be set.

As in the case of low luminosities the trigger rates for specific combinations of jet and E%”ss
thresholds are given in Table 4.4. These rates have been determined for a threshold setting
on the trigger clusters which correspond to an efficiency of 95 % with respect to the offline
jets. If instead of the trigger clusters the thresholds of the reconstructed jets are used directly,
i.e. with an ideal threshold curve, the rates as given in Table 4.5 are obtained. They can be
considered as lower limits for the combined jet—i—E%”ss trigger rates at level-2. The deviations
from the true level-2 rates will be smaller the closer the level-2 scale is to the offline jet scale.
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Figure 4.8: Fractions of accepted events in the EFS trigger from QCD jet events for various

Eg’}i“ thresholds, high luminosity.

Table 4.4: Level-1 trigger rates (in kHz) for various combinations of E™%$ and jet Er thresh-
olds, including 23 minimum bias events (high luminosity).

| B¢ (GeV) | 60.]80. ] 100.] 120. ]
EQ(jet) > 60. GeV || 484 | 93 7] 0.6
E%.(jet) > 80. GeV || 298 | 59 0.1 | <0.1
T(Jet) > 100. GeV || 112 | 58 | < 0.1 | < 0.1
E%(jet) > 120. GeV || 110 | 58 | < 0.1 | < 0.1
E%(jet) > 150. GeV || 41| 0.2 | <0.1 | <0.1

Table 4.5: Level-1 trigger rates (in kHz) for various combinations of EM%$ and jet Er values,
assuming an ideal threshold behaviour. These rates can be considered as a crude estimate

(lower limit) of the level-2 rates.

| EP*5 (GeV) [ 60. [ 80.] 100.| 120. |
EO 9.(jet) > 60. GeV 2 04]<01|<0.1
E(jet) > 80. GeV || 1.1 02| <01]|<0.1
E%(Jet) > 100. GeV | 0.6 0.1 <0.1|<0.1
E%(jet) > 120. GeV || 0.4 0.1]<0.1|<0.1
E%(jet) > 150. GeV || 0.1 | < 0.1 | < 0.1 | <0.1
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Figure 4.9: Inclusive Egi”ss trigger rates at high luminosity from QCD jet events as a function
of the EF'**® threshold used in the level-1 trigger.
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Figure 4.10: Combined trigger rates at high luminosity, jets + Egi”ss.
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4.4 Conclusions

In this section the level-1 rates for triggers using the E%iss signature have been estimated.
Together with the inclusive EZ** rate the rates for various combinations of the Ef** trigger
with other triggers like the jet and the tau trigger have been estimated for both low and
high luminosity run scenarios. The trigger rates are found to be dominated by QCD two jet
production. The superposition of minimum bias pile-up events leads to a degradation of the
E%”ss resolution and therefore to an increased trigger rate at a fixed threshold.

At low luminosity, trigger rates in the kHz range could be achieved for an E?** threshold of
~60 GeV. This threshold can be lowered if in association to the E%”“—signature at least one
jet is required above a certain E1. For example, the combinations of 60/0, 40/60 or 30/100
GeV for the EZ% /Er(jet) thresholds lead to trigger rates in the kHz range.

At high luminosity, this rate can only be kept if the E%ms threshold is raised significantly.
Without any jet requirements a threshold in the order of 120 GeV has to be set. Also in this
case, the threshold can be lowered if in addition a jet with E1 > 100 GeV is required.

73



Chapter 5

Simulation framework

Monte Carlo simulations in experimental particle physics are general composed of three lay-
ers. The innermost layer, the kernel (or the core), is the simulation of physics processes. The
next layer contains detailed simulation of the detector and it’s effects. The outermost layer is
the simulation of a trigger system along with the corresponding algorithms. In ATLAS simu-
lations, the inner most layer, the kernel, is almost exclusively performed by the PYTHIA [57]
package. Nevertheless there exist several good event simulation packages which are and have
been used for specific processes. Experimental observations and theoretical/phenomenological
improvements are constantly used to update these packages in order to supply physicists with
tools rich in physics. Computations in this layer, thanks to the rapid technological progress
in the computing branch, is not a time consuming process. The output of this layer is a set
of 4—-momentum information of stable (or upon request also unstable) final state particles.
This is the input to the next layer.

The second layer, namely the detector modeling level, is the bottle neck of the overall simu-
lation process. A detailed parameterization of the various sub—detector materials, the active
and absorbing parts together with the dead material present in the support constructions of
the detector, and the simulation of the response of different sub—detectors to different parti-
cle types are among the tasks of the second layer. Simulations in this layer contain, among
others, the shower development in the detector system based on various material composi-
tions of the sub—detectors. These simulations are often referred to as the full simulations. In
ATLAS, the full simulations are performed by the package combination DICE+GEANT. The
GEANT package [62] is a detector material and geometry description tool. It is a general de-
tector description package which could be used to define a user specific detector system. The
DICE package [63] is the ATLAS interface to GEANT. The combination of these two pack-
ages goes under the nick name GEANT. Test beam results are iteratively used to fine-tune
the performance of this package. This part of the simulation consumes a lot of computing
time. Therefore, one is usually restricted to partial events with low statistics, or to a limited
number of single particle samples.

The last layer in the simulations is the trigger performance. It receives as input the output
from the foregoing layer, in the form of hit information or energy deposition in detector cells.
The official ATLAS trigger simulation utility is the ATRIG* package. Different levels of the

*Another closely related tool is the ATRECON [64] package, which reconstructs different ATLAS relevant
quantities. This package is used internally by ATRIG [65].
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ATLAS trigger system are simulated in this layer. A full simulation based on these three
layers is very expensive, regarding time consumption issues, and produces large amount of
data. Certainly the former is the most important of both.

It would be therefore desirable to have a simulation of the central layer, the detector per-
formance layer, which contains the major impact of the relevant sub—detector and is fast
enough to allow production of large samples for high statistics studies. The ATLAS Level-1
Calorimeter Trigger Fast Simulation (L1CT) package' is such a simulation tool developed
to perform both offline analyzes and trigger specific studies. The L1CT simulation tool is
not only able to perform a relatively fast study of the LVL1 calorimeter trigger effects and
its impact on physics processes, but is also able to carry out realistic off-line physics anal-
ysis on account of its realistic parameterized calorimetry features. The overall structure (or
flowchart) of the simulation code is depicted in Figure 5.1. The simulation starts by gener-
ating an event using the PYHTIADB.7 [56] physics generator. The output is fed into several
routines, which simulate the calorimeters and trigger chain. The effect of the solenoidal mag-
netic field on the charged particles is then simulated in an approximate manner. Calorimeter
simulations contain: parameterized calorimeter response (including the effects of the inner
detector material and the Barrel/EndCap transition region) and resolution effects, electro-
magnetic/hadronic shower profile parameterization as well as the addition of pile-up. Reso-
lution, response and shower profile parameterizations are performed on data obtained from
fully simulated DICE/GEANTS3 single particle samples. Hence, the inner detector effects
are implicitly contained in the response and resolution parameterizations of the calorimeters.
Results from this stage are compiled in the form of trigger tower maps in the electromagnetic
and in the hadronic calorimeters, which are then fed into the next level of simulation, i.e.
the trigger. A complete simulation of the LVL1 calorimeter trigger chain is incorporated into
the existing code: e signal shaping, e tower building, e electronic noise, e signal digitizing,
e BCID as implemented in the hardware, ¢ LUT and e implementation of the trigger algo-
rithms (e/7, 7/hadron, jet, E2$ and 3" Er ). In addition pile-up is modeled in a realistic
fashion. Several results obtained with an earlier version of this package (with no shower
parameterization) have already been published as ATLAS notes [47, 54, 55, 55]. An analysis
on the effect of the different trigger steps on the resolution of the EM**$ distribution could
also be found in [51]. Further, some results obtained with (the old version of) this package
is presented in different ATLAS trigger and physics TDRs. An exhaustive description of the
simulation code is unfortunately not possible here, and the above mentioned notes and/or
documents should be consulted.

tAccessible from: http://www.kip.uni-heidelberg.de/~mahboubi/I1ct.html

75



PYTHIA

(PHYSICS )

MAGNETIC FIELD
( TRACKING )

Y

TRIGGER TOWERS
(Ad * An)=0.1%0.1
(Ad * An) =02 % 0.2

Y

CALO. RESPONSE

.

Y

Electronic Noise

)

EVENT GENERATOR »[

+ @ T = 0.2: Barrel & 2.0: EndCap
ENERGY SMEARING - _775_ /_'Y_ T _C_l_ - E:_II h' _S """
+ E alo. Ce cans
e.m. / had. @ Various Energies, in Barrel/EndCap
L L L4 r ———————————————————————
ongitudinal / lateral niy/e
ENERGY SHARING

ATLFAST (modified)
( AS OFFLINE REFERENCE )

GEANT/DICE SIMULATION

Ty

@ Various Energies

| Calo. TN Scans

@ Various Energies |

Pile—Up GENERATION |

Low / High Luminosities

s

Signal Shaplng ( Bipolar )

Pile—up addltlon

(2.3/23 m.b. events/BX )
Standard datacards

( read from disk )

Bipolar signal shaping

-
Signal digltlzatlon (10 bits FADC )
+
Bunch Crossing Identification (BCID)
+

Look Up Table ( 10 —> 8 bits LUT )
& Noise Threshold

J

Pile-Up events
written to disk
7 time slices only
.

Signal time history

~\

JET Elements 0.4X0.4 & 0.8X0.8
E.M. + HAD. JET Trigger
(9 bits) .
Algorithms

e
e.m. + had./tau

Trigger Algorithms

) |

Sum-ET & ET-Miss

Trigger Algorithms

|

Figure 5.1: Block diagram of the L1CT package showing important aspects of the simulation

environment.

76




Introduction

The effects of the calorimetry, such as energy response and resolution, shower development
within a given calorimeter type and energy sharing between the hadronic and the electro-
magnetic calorimeters, are parameterized based on the data extracted from fully simulated
DICE/GEANTS3 single particle samples. The electromagnetic and hadronic particles, in
these full simulations, are represented by photons () and charged pions (1) respectively.
In some occasions electrons have also been used to extract the effect of the calorimetry. A
shower shape parameterization is performed on a cell map with the granularity of the level-1
calorimeter Trigger Towers (TTs), i.e. (A¢ x An) ~ (0.1 x 0.1) in ECAL and HCAL, with
no segmentation in the longitudinal direction in any of the calorimeters. Energy deposits
in different cells are reconstructed using modified ATRECON [64] and/or ATRIG [65]
packages.

Two features of the L1CT code are of special importance which have a non-negligible effect
on physics analyzes. These effects are essentially absent in other physics studies performed by
fast simulations so far. And even if included they are in a very crude and probably optimistic
and naive manner. These are the effects of the pile-up and the calorimetry, e.g. calorimeter
response to different types of particles, longitudinal and lateral shower developments and
the transition region. Pile-up simulations, even in the full simulations, is quite limited,
i.e. only a few number of fully simulated pile-up events are available. Pile-up simulation
and it’s incorporation into the code does deserve some explanation. It takes into account,
depending on the luminosity, the average number of minimum bias (or low pr ) events, at
each bunch crossing plus the time history of the shaped signals. This means that a trigger
tower signal at a given time slice (or bunch crossing) has contributions not only from the
average number of minimum bias events but also from all the ~23 bunch crossings earlier
in time. These simulations are quite time consuming (specially at high luminosity) and are
therefore simulated once and for all, for both luminosities, and are dumped into separate files
for future usage. The implemented BCID algorithm needs data from at least 7 consecutive
bunch crossings. Therefore, per event, 7 time slices about the peak are written to pile-up
files. During the actual physics simulation, a pile-up, either low or high luminosity, is read
from the appropriate pile-up file and added to the signal.

After this general explanation of the simulation tools, a more specific topic, namely the
parameterization of the calorimetry effects is presented here. It must be noted that only the
general idea is outlined, and no numerical results and no fine—details of the parameterizations
are given. The layout of this chapter is as follows. Data sets used in the parameterizations are
explained in section 5.1. parameterization of the energy response and resolution and studies
on energy calibration are presented in section 5.2. The effect of the transition region on the
energy response is discussed in section 5.3. The method applied to parameterize and simulate
shower profiles in the longitudinal, i.e. the energy sharing between the ECAL and the HCAL,
and in the lateral directions, i.e. within each calorimeter type separately, is explained in detail
in section 5.4. And finally some conclusions and final remarks are discussed in section 5.5.
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5.1 Data samples

Different data sets have been used to extract parameters to describe the behaviour of the
calorimeters for different particles, electromagnetic and hadronic, at various energies, ranging
from low to moderate and/or high, at selected n and/or n ranges. Data samples together
with the information extracted from each set is compiled in Table 5.1. In all these samples
the inner detector, the magnetic field and all the calorimeters are switched on. (The muon
chambers are also switched on although they are of no importance in the studies presented
here.) Electronic and pile-up noise are switched off. Also no calibration and/or threshold is
applied on cell deposits.

Table 5.1: Fully simulated DICE/GEANTS3 data samples.

Particle | Energy (GeV) ‘ n ‘ Extracted
0.2, 0.3, 0.4, 0.5 .
¥ 1.0. 2.0, 5.0, 10, 0.2, 2.0 Resolution/Response

~ 0270304 05, 1.0,
2.0, 5.0, 10., 20., 50.

Resolution/Response
ECAL/HCAL Energy Sharing

0.2 0.3 | Longitudinal (ECAL/HCAL)

0.2, 2.0

K 10., 20., 50., 100. 1.9 - 2.0 Lateral Energy Sharing
at 10., 20., 50., 100. (1)3 ) g'g Lateral Energy Sharing
0% 15., 30., 90. 0.0 - 2.6 Response/calibration
e 15., 30., 90. 0.0 - 2.6 Response/calibration
Tt 15., 30., 90. 0.0 - 3.2 Response/calibration
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5.2 Energy resolution and response

Two different types of scans have been performed in order to study and parameterize the
energy resolution and response of different particle types, i.e. electromagnetic and hadronic,
in different calorimeter regions, e.g. transition region. The generated scans are:

©® Energy scans at discrete energies ranging from 0.2GeV to 50GeV for pions,
and from 0.2GeV to 10GeV for photons. Each energy is generated at two fixed
n’s, i.e. n=0.2 and n=2.0, representing each calorimetry region, i.e. barrel and
endcap respectively. (First two rows in Table 5.1)

® Pseudo-rapidity scans at 15GeV, 30GeV and 90Gev with electrons, photons
and pions. The 7 scans cover a range from 0. to 2.6 for e/y and from 0. to
3.2 for 7t samples. (Last three rows in Table 5.1)

5.2.1 Electromagnetic particles

Electromagnetic particles, as mentioned above, are represented by photon samples. The
energy deposit of photons are reconstructed by performing a (weighted) sum of the deposits
in the Pre-Sampler (PS), ECAL and HCAL calorimeters according to the formula:

Egeco. = Eps + Ercar, + Erncar,

where EReco. is the reconstructed energy. When possible, the distribution of the reconstructed
photon energy, normalized to it’s nominal energy, is described with a Gaussian fit function.
Some examples of these distributions are shown in Figure 5.2. As seen in this figure, the
distribution of the reconstructed energies of photons with an energy below 1.5 GeV have
large tails toward low fractional energy deposits. For photons in this very low energy range,
the reconstructed energy does not follow a pure Gaussian distribution because of the relatively
high energy loss in the material (including the inner detector) in front of the electromagnetic
calorimeter.

The energy resolution, i.e. the ratio of the sigma to the mean of the gauss fit to the recon-
structed energy, as a function of the nominal energy is shown in Figure 5.3. The dotted curve
is a parametric resolution function of the form: “—% @ b, with the sampling a and the constant
b terms, fitted to the data. It should be noted that the resolution function for photons used
in the ATLFAST package, obtained from test beams, describes this energy dependence quite
well down to energies above 1.5 GeV. The coefficients obtained here and those quoted in the
ATLFAST package are very similar. On the other hand, the lower the energy of the photon
the higher the fractional energy loss in the material in front of the ECAL. For photons with
an energy less than 1.5 GeV, the ECAL energy distribution is broad (in fact completely
smeared) with no well-defined mean, and is shifted toward lower fractions so that it cannot
be described by parameterized functions of this type. This behaviour of the response to very
low energy photons, i.e. E, < 1.5GeV, which is of great importance for the trigger perfor-
mance, is therefore handled differently in the L1CT code. Histograms at discrete energies
(below 1.5Gev in the energy scan samples) are filled with these distributions, and are used
to randomize the ECAL energy deposit of low energy photons.
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Figure 5.2: Ezamples of the reconstructed photon energy (normalized to the nominal energy).
The corresponding Gaussian fits (when possible) are also shown.

To study the response to photons, the ratio of the means of the Gaussian fits, corresponding
to the average visible energy in the calorimeters, to the incident energies g,—:, are plotted, in
Figure 5.4, against the corresponding nominal energies. It is seen clearly in this figure that
the response of the calorimetry to photons with an energy in excess of a few GeV is very close
to unity. The superimposed dotted curve in Figure 5.4 is a parameterized response function
describing the data points. For photons with an energy less than 1.5 GeV, a slightly different
approach is applied. Instead of taking the mean of the Gaussian fit, the average value of the
distribution is considered and a response curve is produced which is only used for intra- or
extrapolation purposes (see next paragraph).
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Figure 5.3: Fractional energy resolution for photons as a function of the nominal energy. The
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Figure 5.4: Response of the calorimetry to photons as a function of the nominal energy. The
dotted curve is a parameterized function describing the data points.

In the fast simulation, for a given photon energy falling in the low energy range (E, <
1.5GeV), the energy fraction deposited in the ECAL is randomized from the energetically
nearest histogram and the response is scaled to the correct energy by inter- or extrapolation
using the corresponding response curve. For photons with energies of 1.5 GeV or more the
ATLFAST resolution function, which is essentially the same as the one in Figure 5.3, and the
above explained response functions are used to smear the energy.
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5.2.2 Hadronic particles

Hadrons are represented by samples of charged pions, i.e. 7. Some examples of the distri-
butions of the energy deposit of charged pions in the electromagnetict and in the hadronic
calorimeters, normalized to the incident energy, are shown in Figure 5.5. The reconstructed

200

300 — - = | Constant 178.1
- 1500 C | Me .6918
- 150 — | Sighma 2642
200 — 1000 E
C 100 —
100 — 500 50
0 = \ \ oL \ \ 0 \ \ \
0 04 08 12 16 2 0 04 08 12 16 2 0 04 08 12 16 2
em. distrib. 2GeV had distrib. 2GeV 2.0 GeV, uncalibrated
400 = 800 — 300 — | Constant 264.0
- Mean 7462
300 600 200 [ LSig 1763
200 400 =
100 200 | 100 —
0 \ \ L \ 0 - \ 0 = \ N
0 04 08 12 16 2 0 04 08 12 16 2 0 04 08 12 16 2
em. distrib. 5GeV had distrib. 5GeV 5.0 GeV, uncalibrated
[ E Constant 353.6
400 400 | Mean | 7990
300 = Sigmﬂ 1329
200 — \‘
200 200 = I \
100 —
oL \ \ \ \ 0 \ \ \ = \ \
0 04 08 12 16 2 0 04 08 12 16 2 0 04 08 12 16 2

em. distrib. 10GeV had distrib. 10GeV 10.0 GeV, uncalibrated

Figure 5.5: Total energy deposit of pion in the calorimeters, normalized to the nominal pion
enerqgy.

energies, obtained by summing the electromagnetic and the hadronic contributions, normal-
ized to the nominal particle energy, is also shown in the same figure. The visible energy of
a hadron with an energy in excess of 10 GeV is about 20% lower than the nominal energy.
This is due to the non-compensating effect of the calorimetry in ATLAS: hadrons are seen on
the electromagnetic scale. Here again a Gaussian fit to the total reconstructed energies has
been performed and the ratio of the sigma to the mean of these fits are then plotted against
the nominal energies. The obtained resolution curve is shown in Figure 5.6. Superimposed
on this plot is a fitted parametric resolution function which describes the data points.

iThe electromagnetic in this case means the sum of the energies seen in the ECAL and in the Pre-Sampler.
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Figure 5.6: Fractional energy resolution for pions as a function of the nominal energy. The
dotted curve is a parameterized function describing the data points.

The response to hadrons is studied by first calibrating the reconstructed energy given by

Ereco. = (Eps+ Egcar) + 8- Encar,

where « and (3 are calibration constants which are, essentially, energy and pseudo-rapidity in-
dependent. These calibration (weight) factors are determined by performing, in the MINUIT
[66] environment, a minimization of the quantity:

i [ E; peco. — B\
X2=ZZ< 1,lteco. ]) ’
Ej i=1

gj

where N; is the number of events in a given sample with energy E;. The o;’s are the
resolutions at E; energies. The result is: o ~ 1.30£0.02, 3 ~ 1.13+0.03. An example of the
application of these calibration factors on the energy deposits of 20 GeV positively charged

pions is demonstrated in Figure 5.7. As seen in this figure the resolution gets worse by about
3% as a result of the minimization.

The value of the means of the Gaussian fits to the reconstructed (or calibrated) energies nor-

malized to the corresponding nominal energies are plotted against the corresponding incident
energies in Figure 5.8.
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Figure 5.7: Reconstructed energy of a 20 GeV positively charged pion in the barrel before (left)
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dotted curve is a parameterized function describing the data points.

84



In order to be able to describe the behaviour of the calorimeters’ response to pions, the
response function is divided in two regions, below and above 1GeV. Two different parametric
functions are fitted to the data points, which are also plotted on the corresponding plots. It
should be noticed on the response curves in Figure 5.8 that pions with an energy below half
a GeV practically do not enter the calorimeters.

An instructive study has been the correlation between the fractional energy deposits in the
ECAL and in the HCAL. This is shown in Figure 5.9 which plots these two fractions against
each other for some representative energies. There are several points which should be noticed
on these plots. Low energy pions (in the MeV range) often deposit most of their energy in
the electromagnetic calorimeter. For higher energy pions, one observes a band of data points
showing both the effect of the resolution and response of the calorimeters. Another point
which is of importance is the high density region on this band at very low electromagnetic
energy fractions which in fact shifts to even lower values with increasing pion energies. This
high density region is seen as a narrow peak at low values of the distributions for the fractional
energy deposit in the ECAL in Figure 5.5. This effect is discussed later in section 5.4.

In the fast simulation, the fractional energy loss in the ECAL and in the HCAL is randomized
from the energetically nearest histogram, and the response (for E; > 0.15GeV) and/or
resolution (for for F, > 1GeV) is rescaled to the correct energy by inter- or extrapolation.
For pions with a very low energy (E; < 150MeV) no rescaling of the random fractions
obtained from the lowest energy histogram is performed.
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5.3 Barrel-EndCap transition region

The effect of the transition region on the energy response has been studied for photons,
electrons and charged pions by performing n scans across the transition region. These scans
serve also as a check of the n dependence of both the calibration factors (used for energy
reconstruction) and the response functions alike.

Figure 5.10 shows the effect of the transition region on the response of the calorimetry to
electromagnetic particles, i.e. /7.
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Figure 5.10: The effect of the transition region on e/7y energy response.
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It is seen in Figure 5.10 that the energy response in the range 1.4 < |n| < 1.8 is decreased and
goes through a minimum at about |n| & 1.5. The effect for the transition region for electrons
and photons is parameterized by

R(n) =1—eap{=b-(n—a)’—d-exp(~c-(n-a)’)},

where a, b, ¢ and d are constant parameters. This means that the slight difference of the
response to electrons and photons, with the same energy, across the transition region is
neglected. Another effect, which is obvious from figure 5.10, is the energy dependence of the
response to electromagnetic particles. This is already corrected for, when the response from
previous section, obtained from energy scans, is applied (these are both multiplicative factors
on the visible energy). It must be noted that this energy loss of the electromagnetic particles
in the transition region affects predominantly ECAL deposits.

The response to charged pions, e.g. 30GeV, across the transition region is shown in Figure
5.11 (the filled dots). In this case, since the energy deposits in both calorimeter types, i.e.
electromagnetic (e.m.) and hadronic (had.), are of importance, the change in the fractional
deposits in both calorimeters are considered. The observed dips in the overall response, i.e.
e.m.+had., at || about 1.0 and 1.5 could be related to the feed-through and the Barrel-
EndCap transition region respectively. The energy loss on the border of the hadronic endcap
region is due to incomplete shower containment — a larger fraction of the shower energy is
deposited in the forward calorimeters as the showering particle approaches the border of the
endcap. This is more prominent for the HCAL deposits, most probably due to the transverse
size of the shower.

The behaviour of the response of the calorimeters to charged pions is described by a paramet-
ric (cubic) spline function. Two sets of spline functions have been fitted to the e.m.+had. and
e.m. responses, and the parameters are determined. The response of the hadronic calorimeter
is then derived from the fitted distributions. The result of this parameterization is also shown
in Figure 5.11 (the empty boxes).
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Figure 5.11: n scan of the response of the calorimeters to 30 GeV w™, the filled bullets
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through/transition region etc. . The empty bozes on the upper two plots show parametric
(cubic) spline fits to describe the data points. These two functions are used to derive the
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5.4 Shower profiles

Having studied and parameterized the energy resolution, response and loss in the transition
region for electromagnetic and hadronic particles, a parameterization of the shower profiles
has been performed. Major aspects of this parameterization is described in this section. Data
samples used to study shower profiles are single particle scans in both n and ¢ directions
uniformly distributed within a trigger cell (see 3rd and 4th rows in Table 5.1 on page 78).
Two different cell positions, in the Barrel and in the endcap, are considered.

Before proceeding, the nomenclature (or definitions), used in the following, are clarified. A
given simulated single particle (y or %), after traversing the inner detector (and other mate-
rial in front of the ECAL) and moving through the magnetic field, enters the electromagnetic
calorimeter. The point, on the front face of the ECAL, where the particle enters the calorime-
try is referred to as the impact point. The coordinate of the impact point, (¢7p,nrp), is used
to identify the trigger cell (or tower, in the LVL1 terminology,) hit by the particle. This
cell is referred to as the hit cell, and the coordinate of the center (¢¢c,nc) of the hit cell is
determined. The ¢, n components of the distance of the impact point to the center of the
hit cell are calculated as: (A¢, An) = (¢rp — ¢c,nrp — nc). The hit cell, depending on
(A¢p, An), is divided in four quadrants. The quadrant containing the impact point is called
the hit quadrant. Figure 5.12 explains these pictorially. Quadrants are further numbered
counter clockwise with the number 1 being the upper right quadrant, in the figure.

Hit Cell
| Hit
‘Qﬁ‘ | Quadrant
PO
Q |
N,
| p
| <
<
AN | Impact
| Point

Figure 5.12: Definition of the impact point, hit cell and hit quadrant explained in the text.
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5.4.1 Electromagnetic showers

The energy of a showering electromagnetic particle is almost entirely deposited in the elec-
tromagnetic calorimeter. The very small leakage of the electromagnetic showers into the
hadronic calorimeter is modeled in the fast simulation by depositing it in a single trigger cell
in the HCAL right behind the hit cell (in the ECAL), see next section. In the electromagnetic
calorimeter, on the other hand, a cluster, composed of a number of trigger cells, would be
needed for a complete shower containment. A 3 x 2 trigger cell matrix’ about the hit cell, has
proved to be adequate as the electromagnetic cluster (Core + Halo). The parameterization
goes as follows. Trigger cells within a 3 x 3 cell matrix, centered on the hit cell, are considered
in the parameterization procedure, which are numbered in a counter clockwise fashion. For
a given hit quadrant, an appropriate 3 x 2 sub-matrix (i.e. the electromagnetic cluster) is
parameterized. These are graphically displayed in Figure 5.13.

Hit Cell
parametrized
Secondary Cell
parametrized
S Cells
not considered
4 3 3 2
s I L
6 7 7 8 . Hit Quadrant
Quadrant 2 Quadrant 1
o n 3 Hit Cell ‘
Quadrant 3 Quadrant 4 Parametrized
4 3 3 2
Parametrized
5 i j 1 Cells
6 7 7 8

Figure 5.13: Trigger cell and hit quadrant numbering scheme.

$The convention adopted for the indices, in this and in the following sections, is that the first index always
refers to the ¢ and the second index to the n direction.
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5.4.1.1 Longitudinal

The first step in the shower parameterization is to determine the fraction of the incident
particle energy deposited in the HCAL. This is done by parameterizing the normalized cu-
mulative distribution of the fractional HCAL deposit. An example of the HCAL distribution
together with the corresponding normalized integrated distribution is shown in Figure 5.14.
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Figure 5.14: Normalized distribution (top) of the fractional deposit in the HCAL, and the
corresponding normalized cumulative distribution (bottom,).

As seen on the abscissa of the plots in this figure, HCAL deposits are very low fractions of
energy (of the order of 1% and less). A parameterized (modified Fermi-Dirac) function is
then fitted to the cumulative distribution at each energy. The parameters of the fit function,
determined in this way, depend on the incident particle energy. The energy dependence of
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the parameters is then described by an appropriate functions with constant coefficients as
a function of the particle energy. The same procedure is applied both to the Barrel and to
the EndCap samples. This means that two sets of, in general, energy dependent parameters,
for the Barrel and for the EndCap regions, are obtained. The Barrel set is used for n < 1
and the EndCap set for the rest of the n coverage. In Figure 5.15 an example of the original
fitted function and the function obtained using the parameters derived¥, using this method,
is shown.

At the time of the simulation, depending on the n region, it is decided whether the Barrel
or the EndCap parameter set should be used. Being energy dependent, the values of the
parameters in the selected set are then calculated for the corresponding incident energy. The
fraction of the energy deposited in the HCAL, defined as

Encar
fhad.(Enominal; 77) = 7=

Enominal ,

is then calculated by inserting these parameters in the inverse of the parameterized normalized
cumulative function (the parametric fit function). This fraction of the energy is then deposited
in the trigger cell, in the HCAL, right behind the hit cell in the ECAL.

T The original distribution could then be regenerated by randomizing from the inverse of the parametric
function.
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Figure 5.15: Ezxamples of the parameterized normalized cumulative distribution of the frac-
tional energy deposit in the HCAL. To be seen on the plots are the original histogram, the
fitted function and the resulting function obtained by inserting the derived parameters, for
10Gev (top) and 100GeV (bottom) photons in the barrel.
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5.4.1.2 Lateral

An electromagnetic shower, in the ATLAS environment, is more smeared in ¢ direction than
in the 1. This is because of the solenoidal magnetic field within the inner detector which
deflects charged particles inside the shower in ¢ direction. Therefore depending on the hit
quadrant (containing the impact point) six cells, 3 in ¢ and 2 in 7 directions, including the
hit cell, are considered to parameterize the lateral shower profile. The possible 3 x 2 clusters,
corresponding to the hit quadrant, are described in Figure 5.13. The adopted numbering
scheme is also indicated in this figure. The distribution of the fraction of the energy deposit
in the ECAL, given by (note the normalization)

fe.m. = ‘EE,'ELAL =1- fhad.a
nominal
within these six trigger cells should now be parameterized. From now on all quantities are
normalized to the energy deposit in the ECAL, i.e. all fractions refer to the ECAL deposits.
The distribution of the fractional energy deposit in the hit cell plus it’s two ¢ neighbours,
i.e. the three cells numbered as 3, 0 and 7 in Figure 5.13, is defined as:

E3 + Ey + Ey
f307 = ST AT f(|A77|),

Egcar
as a function of the absolute value of the distance in 7 of the impact point to the center of
the hit cell, |An|, is shown in Figure 5.16. The interpretation of the result is straight forward:
the closer the hit point to the center of the hit cell, i.e. |[An| — 0, the larger the fractional
energy deposit in the central slice of the trigger cells, i.e. in the 3, 0 and 7 cell combination.
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Figure 5.16: Fractional energy distribution in the ECAL, deposited in the hit cell and it’s two
nearest ¢ neighbours. On the plot on the bottom, because of the symmetry of the distribution
about the cell center in n, obvious from the top plot, the same distribution is plotted against
the numerical value of the impact point distance to the center of the hit cell.
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The two dimensional distribution in Figure 5.16, for a given energy, is partitioned on the |An|
axis in several slices, and the distribution within each slice is projected onto the f397 axis.
In the f3p7 distributions within a given slice a prominent peak with a tail at low fractions is
observed. The location and width of the peak and the tail fraction are position dependent,
i.e. |An| dependent. The peak in each slice is fitted with a gauss function and the integral
of the tail of the distribution outside 30 of the mean of the gauss fit is determined. Some
examples of these gauss fits are shown in Figure 5.17.
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Figure 5.17: Some examples of the gauss fits to the peak of the fso7 distributions within each
|An| slice (see text).
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The mean and sigma of the Gaussian fits, as well as the tail fraction in each slice, is now
fitted with parametric functions as a function of |An|. An example of these fits is shown in
Figure 5.18. Fit parameters obtained in this way are now, in general, energy dependent. The
energy dependence of the parameters, for the Barrel and for the EndCap samples, is then
separately described by appropriate functions with constant coefficients. The constants are
determined through a fit procedure. In addition, the shape of the tail of the distributions is
also modeled in an approximate way, e.g. flat or triangular.
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Figure 5.18: Ezamples of parameterization of the mean and the sigma of the gauss fits and
of the tail fractions.
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Next, the ratio of the fractional energy deposit in the hit cell, i.e. fg, to that of the hit cell
plus the two nearest ¢ neighbours, i.e. f3g7, are parameterized. A plot of this ratio, denoted
in the following by o versus the distance of the impact point to the center of the hit cell
in ¢, i.e. |A¢|, is shown in Figure 5.19.
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The % versus |A¢| distribution is parameterized in a similar manner as described in the

f307 case above. Some differences are, for instance, the form of the parametric functions
and the fraction and the shape of the tail. Here again, depending on 7, two different sets of
parameters, for the barrel and for the endcap, are obtained. At this stage the fraction of the
energy deposit in the ECAL, which should be deposited in the hit cell, is fully determined
(parameterized).

In Figure 5.20 the correlation between the fractional energy deposit in the nearest ¢ neighbour
and the hit cell, both normalized to the energy deposit in the hit cell plus it’s two nearest
¢ neighbours, i.e. to f3g7, is shown. The nearest ¢ neighbour of the hit cell is, according
to the cell numbering scheme adopted here, either 3 or 7, whichever one is closer to the hit
quadrant (see Figure 5.13). This distribution is parameterized by slicing the distribution on

the % axis and approximating the peaks in each slice by a half Gaussian with a mean at
u(%) =1- % and a sigma parameterized as a function of % The other ¢ neighbour

of the hit cell gets the rest, i.e. {2203 — 1 Jo _ Jfsorfr

f3or faor f3or
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Figure 5.20: Correlation between the energy deposits in the hit cell and in it’s nearest ¢
neighbour, both normalized to the f3o7 fraction.
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In order to respect the topology of the shower, the correlation between the hit cell’s nearest
¢ cell and it’s nearest 7 cell closest to the hit quadrant (one corner of this cell touches in fact
one edge of the hit quadrant) is also parameterized. Notice that the former is normalized to
the deposit in the hit cell plus it’s two nearest ¢ neighbours, whereas the latter is normalized
to the energy deposit in itself plus the other two (nearest and next to nearest) ¢ cells, which
are touching the hit cell. An example plot showing this correlation is found in Figure 5.21.
The histogram title on these plots describes the normalization scheme just explained.
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(Fr01flf 455 0 (F,01f S 515 VS (Fr01f)/f 39,

Figure 5.21: Correlation between the enerqy deposits in the hit cell’s nearest ¢ neighbour and
it’s nearest i cell closest to the hit quadrant. For details see text. For cell numbering see
Figure 5.13.

This distribution is parameterized by dividing it in two sections. The content of the first bin
on the plot in Figure 5.21, i.e. % < 5%, is approximated with a Gaussian, and the rest of
the distribution is sliced on the abscissa axis where each slice is approximated with Gaussian
fit functions. Finally, the mean and sigma of these gauss fits are parameterized as a function
of % Example of these fits are reproduced in Figure 5.22.
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Figure 5.22: Fit procedure to the distribution of Figure 5.21. See text for details.

At this point the energy content of four cells of the original six trigger cells (the 3 X 2 matrix
in Figure 5.13) is parameterized. A short cut is now applied: the remaining energy, seen in
the ECAL, is divided between the remaining two cells!l in the same ratio as the deposits of
their corresponding neighbours in 7 direction 7 cell deposits.

IThe remaining two cells are: the hit cell nearest neighbour in 7 direction closest to the hit quadrant and
its neighbouring cell in ¢ direction farthest from the hit quadrant.
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5.4.2 Hadronic showers

Hadronic showers are parameterized by considering a 5 x 4 trigger cell matrix in HCAL
and/or ECAL. A 3 x 2 sub-matrix, in HCAL and/or ECAL, has proven to be adequate to
describe the core of the charged pion shower. In order to contain as much of the shower as
possible, 14 cells surrounding the core matrix are considered to describe the shower halo. To
make cell references more clear, a numbering scheme is also introduced in this case. Core
cells are numbered as in the electromagnetic case in previous sections. Trigger cells within
halo are numbered depending on their position relative to the hit quadrant™. For a graphical
description of these see Figure 5.23.

3 4 5 6 6 5 4 3
2 7 7 2
. . [ ] Hit Quadrant
1 8 8 1
14 9 9 14 Hit Cell
( parametrized )
13 | 12 | 11 | 10 10 | 11 | 12 | 13
Quadrant 2 Quadrant 1 Primery Cell
( parametrized )
13 | 12 | 11 | 10 10 | 11 | 12 | 13
14 9 9 14 Secondary Cell
( parametrized )
1 w8 s | m 1
2 7 7 2
3 | 4 5| 6 6 | 5| 4|3 Cells not considered
Quadrant 3 Quadrant 4

Figure 5.23: Numbering scheme of the trigger cells within the halo of a hadronic shower
(either ECAL or HCAL).

“*For instance trigger cell 8 is always closest to the hit quadrant.
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5.4.2.1 Longitudinal

The longitudinal shape of the hadronic showers is implemented by randomizing from pre-
filled 2-D histograms at different n positions for a number of discrete energies. As already
explained in detail in section 5.2.2, these histograms contain the fractional energy deposit in
the ECAL and in the HCAL against each other.

5.4.2.2 Lateral

The basic cluster size for a hadronic shower has been taken to be a 5 x 4 trigger cell matrix in
HCAL and/or ECAL. Hadronic showers exhibit two distinct profiles. The distribution of the
fractional energy deposit in the ECAL, obtained by projection on the ECAL axis in Figure
5.9, contains a large narrow peak at small energies. As explained in section 5.2.2 the position
of this peak moves to smaller fractions with increasing energy. They actually correspond to
a fixed energy of the order of 500 MeV, which is clearly seen in Figure 5.9 for the 1GeV
pion case. This energy deposit corresponds simply to the energy lost by a minimum ionizing
particle, mip. A mip signal within the ECAL indicates that the hadron has penetrated the
ECAL, and has started showering in the HCAL. For this reason this type of shower is referred
to as a late shower. Another type of a hadronic shower is when the showering starts already
in the ECAL, known as an early shower. Hadronic shower types are visualized in Figure 5.24.

Halo

Core

Figure 5.24: Different types of hadronic showers explained in the text.
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Late showers

Late showers are parameterized as follows. Parameterizing the ECAL energy fraction is easy.
The mip deposit in the ECAL is put entirely in the hit cell. The energy fraction deposited
in the HCAL, i.e. fgcar = EHE—CO“ = 1 — frcar, is now distributed among the trigger
cells within a 5 x 4 matrix, chosen according to the hit quadrant illustrated in Figure 5.23.
This is done by first parameterizing the distribution of the fraction of the HCAL deposit
contained in the 3 X 2 core sub-matrix, i.e. foore = Eicg:&. The same method as the one
used to parameterize the longitudinal leakage of the electromagnetic showers into the HCAL
is also applied here. Parameters of the fit obtained in this way are energy dependent and are
described by appropriate functions, with constant coefficients, as a function of the energy.
Normalizing to the energy content of the shower core, the energy fractions of the trigger cells
within the 3 X 2 core sub-matrix are then parameterized according to the same strategy used
to parameterize the lateral profile in the case of the electromagnetic showers. Finally, the
halo deposit is parameterized. The distribution of the fractional energy deposit in each of
the 14 trigger cells in the shower halo, normalized to the HCAL minus the core deposit, is

shown in Figure 5.25.

™, 50 GeV, HCAL/Barrel

HAD., distribution all quadrants

o I I | I I I | I I I | I I I | I I I | I I I | I 1 I |
2 <4 S 8 10 12 14

HAD., average profile all quadrants

Figure 5.25: Fractional energy distribution among trigger cells within shower halo.
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It is not straight forward to parameterize this distribution, hence the following short cut is
applied. A hint of a pattern is observed in the distribution of the average fractional energy
content of each cell within the halo, normalized to the halo energy, when considering the
position of the cells relative to the hit quadrant. This can be seen in Figure 5.25 the bottom
plot. From this figure it is seen that trigger cells can be ordered according to their average
content, starting from cell number 8 with the highest average content and so on. This pattern
(or order) does not change drastically for different energies (for cells with high fractional
content this is a very good approximation). The fraction of the entries below 1% for each
cell is then parameterized, as a function of energy. At the time of simulation, starting at the
top of the ordered list of cells, it is decided, based on a random number, whether a fraction
below 1% should be deposited in that cell or not. (The 1% limit for that cell is first obtained
by the energy dependent parametric functions.) A fraction below 1% is generated for that
cell if this is the case, otherwise a randomized fraction between 0.01 and 1 is deposited in
that cell. The amount of the energy which should be deposited in the next cell in the ordered
list is then determined with the same method. This procedure is continued until either the
available energy is used up or the last cell in the list is processed. The remaining energy, if
any, is then distributed between the cells in the same ratio as their energy content (after the
first pass).

Early showers

The parameterization in this case goes essentially along the lines explained above for the
hadronic part of the late hadronic showers. Both ECAL and HCAL deposits are handled in
the same way.
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5.5 Summary and global performance examples

The parameterization described here makes it possible to perform detailed and at the same
time relatively fast simulations of the ATLAS calorimeters’ response to different particle
types. It provides a powerful tool to generate samples with high statistics for physics analyzes,
needing a realistic detector performance effects, very fast. As a result of the parameterization
the visible energy — obtained from the nominal energy by applying such calorimeter effects
like response, resolution, non-compensation (in the case of hadrons) and transition region —
of an incident particle is deposited in a collection of cells, of 0.1 x 0.1 granularity, in both the
ECAL and the HCAL. Effectively the shower is described through its average profile, with
fluctuations superimposed. Hence, as opposed to other fast simulations, the electromagnetic
and hadronic showers:

e are not pencil-like, which deposit all their energy in only one trigger cell,

e do not deposit all their energy in only one calorimeter type, either in the ECAL or in
the HCAL,

e and do not deposit all the energy in the calorimetry, not taking into account effects like
response and transition region effects.

In the following some examples of the performance of the fast simulation explained here is
presented. In Figure 5.28 the distribution of the electromagnetic cluster energy obtained
from the fast simulation is compared to that from the full simulation, for photons in the
barrel at four different energies. It is seen that the shape of the distributions, i.e. the peaks
and in particular the shape of the tails, are well described. In Figure 5.27 the corresponding
efficiency curves for a 20 GeV photon in the barrel as a function of the e.m. isolation threshold
for 4 different hadronic leakage are compared. Thus a 95% efficiency for an e.m. isolation of
2 GeV and a had. leakage of 2 GeV is required both in the full and fast simulations. The
important point is that the curves agree very well in all these four cases.
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Figure 5.26: Comparison of photon e.m. cluster energy distributions at different energies
in the barrel obtained form the fast (asterisk) and from the full (histogram) simulations.
Generated refers to the fully simulated sample whereas simulated to the fast version.
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Figure 5.27: Efficiency plots for a 20 GeV photon in the barrel for the full () and the fast ()
simulations. The 95% efficiency points are shown with dotted lines.
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Finally, for 50 GeV charged pions the e.m. and had. deposits (separately, together and against
each other) and the transverse profiles (in the ECAL, HCAL and both) of the shower are
shown in Figures 5.28 and 5.29 respectively.
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Figure 5.28: Distributions of the energy deposits of 50 GeV charged pions in the barrel in
e.m., had. and e.m.+had. calorimeters, plus the e.m. versus had. distribution.
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Figure 5.29: Awerage lateral shower profile for 50 GeV charged pions in the barrel.
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A set of efficiency plots for tauons obtained by the fast simulation is shown in Figure 5.30.
To be noticed, for instance, is that for a hadronic isolation less than 4 GeV the 95% efficiency
can not be achieved no matter how high the e.m. isolation.
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Figure 5.30: Efficiency plots for a tauon as a function of the e.m. isolation threshold for
various had. isolation.
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Chapter 6

Jet calibration and rate

The L1CT package, introduced in the previous chapter, has an interface to the fast simulation
tool called ATLFAST [67], which is considered as the offline reference. This means that
quantities like acceptance, trigger threshold and/or efficiency for the level-1 trigger objects are
determined based on the corresponding entities in the ATLFAST so—called banks (or common
blocks), which are considered as the offline quantities. An example of such a threshold
determination for the level-1 calorimeter jet triggers will be worked out in the following
sections. Being too optimistic a simulation tool, in terms of the calorimeter response and
pile-up effects, the original ATLFAST package and its interface are modified in several ways.
The details of these modifications is discussed in this section.

6.1 Introduction

In the original ATLFAST package for all stable (and, in the calorimetry, visible) particles,
i.e. electromagnetic and hadronic, only one type of calorimeter map is filled, referred to as
the cell map. Further, particles do not develop showers and deposit all their energy in a
single cell. Pile-up effects in ATLFAST are modeled in a very simple way, and transition
region effects are missing. For these reasons, and in order to have a coherent picture in
the analysis on the level-1 calorimeter trigger impact in particular, a modification of the
ATLFAST package has been performed. A first step in modifying the ATLFAST code is to
combine and interface the L1CT calorimeter maps to the ATLFAST cell-map. In this way
the modifications will be transparent to the ATLFAST package and the usual, i.e. default,
cluster finding algorithms can be applied on this new map. The modification is done by first
summing the ECAL and HCAL trigger maps filled by the L1CT package, after the application
of the response (including the transition region effects), resolution, longitudinal/lateral shower
simulation and addition of pile-up, and then copying this map onto the corresponding cell-
map in ATLFAST. As explained above, ATLFAST applies it’s cluster finding routine, which
uses a cone algorithm method, on this map and classifies different entities like electrons,
photons and jets. The transverse energy of the electromagnetic quantities suffer, at this
stage, from the transition region effects and should be corrected. Hence, the transverse
energy of electrons and photons falling in the transition region are modified by using the
inverse of the corresponding function in Figure 5.10 on page 87.
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6.1.1 Jet calibration

Due to the non—compensating effects of the ATLAS calorimetry, the visible energy of a jet is
in general less than the energy of the parton initiating it. Therefore the transverse energy of
the jets should be calibrated to their correct values. For this purpose, large samples of prompt
photon processes are generated in PYTHIA, utilising the modified version of the interface
explained above. The transverse energy of the jet is then normalised to the transverse energy
of the photon. In order to do this properly and unambiguously, both initial and final state
radiation are switched off in the event generation phase in PYTHIA. In this case the outgoing
jet and photon in the final state are back—to—back in the transverse plane, i.e. in a plane
perpendicular to the beam axis. Three cases are considered, namely samples with no pile-up,
and samples with low and high luminosity pile-up. In order to populate a wider energy range
for jets, two samples for each case are generated, one with pt < 100 GeV at the parton
level and one with pt > 100 GeV. The jet finding algorithm, as already mentioned, is the
ATLFAST default, namely the cone algorithm. The cone radius, AR = \/An? + A¢?, is at
low luminosity taken to be AR = 0.5 and at high luminosity to be AR = 0.4. When no
pile-up is added the cone size is as in the low luminosity case. The jet E calibration factors,
« and , are defined according to the condition:

E%et(calibrated) = a(Er,n) EIECAL + B(Er,n) EJIfCAL = E},

where By = EECAL 4 pHCAL — E%et(uncalibrated). The quantity E%et(uncalibrated) refers
to the transverse energy of the jet reconstructed by the ATLFAST package based on the new
cell-map. The jet calibration constants are then determined by minimising the quantity:

;o E}. — (a(Er,n) EECAL 4 B(Ep,n) EHCAL)
_ 7 ,

using the MINUIT [66] program. The jet calibration factors depend both on the transverse
energy of the jet and on its 1 (direction). Therefore a two dimensional minimisation is per-
formed by dividing E%et in several intervals, and by binning 1 in each of these intervals.
Some examples of the energy dependence of the jet calibration constants in different n bins
are shown in Figure 6.1. In each n bin an energy dependent function is fitted to the data
points. The result of this calibration is shown in Figure 6.2. Calibration constants obtained in
this way span a two dimensional surface. Separate sets of calibration factors are determined
for low and high luminosities and and also for the case with no pile-up added. No parameter-
isation on the n dependence of the factors is performed. The parameters of the fit functions
become vectors in each E%et bin, with indices indicating the relevant n bin. The three sets
of calibration factors, obtained in this way, are then incorporated into the ATLFAST code.
This means that a given identified jet is calibrated to the nominal parton energy according to
its E1 and its n-value using these calibration factors. The resulting calibration constants are
then incorporated into the ATLFAST code. It must be noticed that in the prompt photon
samples, used for the jet calibration, jets are either from gluons and/or from light quarks. As
a result the jet calibration factors are average values, and might need some minor, or in some
cases major, corrections based on the type of the parton initiating the jet, like a b-jet. Hence,
the application of the same calibration factors to the b-jets, will, in general, not reproduce
the b-parton E1 . These should then be re-calibrated to their correct nominal energies, which
will be explored in the next chapter.

114



The complete package, i.e. LICT plus the modified ATLFAST and the implemented inter-
face, is then used to perform the analysis presented in the next chapter. A block diagram,
illustrating the simulation framework as described here, is given in Figure 6.3. As indicated
in the figure, the transverse energy of the jets in the ATLFAST package are also corrected
for the E1 of any muons happen to fall within the jet cone, the so-called non-isolated muons.
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Figure 6.1: Dependence of the calibration parameters o (left column) and (B (right column)
on the reconstructed transverse jet energy, E{,ﬂet(uncalibrated). Three n bins, barrel (top),
transition region (middel) and endcap (bottom), are shown as examples of the behaviour of
the ECAL () and HCAL (B) calibration factors.
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Figure 6.3: Block diagram of the L1CT interface to the modified ATLFAST package. See text
for details.
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6.2 The level-1 calorimeter jet triggers

The ATLAS level-1 trigger menu, explained in chapter 4, has foreseen three types of jet
triggers. These are the inclusive, the three—jet and the four—jet triggers, with the corre-
sponding (luminosity dependent) off-line thresholds. In order to be able to study the LVL1
calorimeter jet trigger acceptance, jet trigger thresholds must be determined. This is done
by first assigning to each offline jet, reconstructed by the modified ATLFAST package, a
corresponding LVL1 calorimeter trigger jet in the L1CT package. An offline jet has a radius
of AR = \/An? + A¢? = 0.5 (0.4) at low (high) luminosity. A LVLI trigger jet, on the
other hand, is a 8 x 8 = 0.8 x 0.8 (4 x 4 = 0.4 x 0.4) trigger-tower window at low (‘high)
luminosity. The smaller window size at high luminosity reduces the contribution of the larger
pile-up effects at high luminosities to the jet E1 at LVL1. Jets at LVL1 are found by the jet
algorithms explained in chapter 4. The direction of an offline jet is the E1 weighted (¢, n)
coordinate of the offline cells taking part in the reconstruction of the jet. That of a LVL1
jet, on the other hand, is given by the Rol coordinate, which as explained in chapter 4 is the
coordinate of the lowest left jet element (0.2 x 0.2) within the 2 x 2 Rol cluster.

Assignment of a LVL1 jet to an offline jet is per-
formed as follows. Both jet maps, i.e. offline and
LVL1, are ordered in descending E1 . The dis- i
tance of all offline jets to all LVL1 jets, defined as | s |
AR = \/(77120[ - njet)Q + (¢Ro[ - ¢jet)27 are plOt' :
ted in Figure 6.4. A cut has been applied on this i
distribution in order to be able to correlate a LVL1 | 2w |
jet to an offline jet. Starting from the offline jet i
with the highest E1 , LVL1 jets are scanned, also
starting from the highest ET , as can be seen from .
the figure, for their Rol distance to the offline jets | ., |
direction. The first LVL1 jet which falls within a i
distance of 0.3 of the offline jet is flagged and as-
signed to that offline jet. This procedure is contin- P P P

30000
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o b b b b i e
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

ued till the offline jets or the LVL1 jets (which ever Al(offine - LVLLjet)

sooner) are exhausted. Clearly several ambiguities,

regarding the eventual correlation between E1 and Figure 6.4: Distribution of the distance,
distance, are involved. However, they don’t occur AR, between the direction of the offline
that often, and hence don’t affect the threshold de- jets and the Rol of LVLI jets as defined
termination drastically. in the text.

6.2.1 Jet trigger thresholds

The correlation between the reconstructed offline jets and the corresponding LVL1 trigger
jets, obtained as described in the previous section, is illustrated in Figure 6.5.
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Figure 6.5: Correlation between the LVL1 calorimeter trigger jets, calculated in L1CT, and
the (calibrated) offline jets, computed by the modified ATLFAST. The distribution is not
diagonal which is due to: 1) the much larger cone size of the offline jets relative to the size
of the correspoding tLVL1 jet trigger window, 2) the digitization of the trigger tower signals
and the limited dynamic range of the jet element construction of the (pre-)summing in the
pre-processing and/or jet processing stage of the LVLI trigger system.

The LVL1 jet trigger thresholds, for 90% efficiency at a desired offline jet Et , are determined
from this 2—dimensional distribution. To do this the offline jet Et axis is sliced in several
intervals and each slice (or interval) is projected separately on the LVL1 trigger jet Et axis.
In each slice a jet trigger threshold is determined such that the Er of, at least, 90% of the jets
in that slice be above the threshold. Examples of such threshold determinations are shown
in Figure 6.6 for three different thresholds used by the jet triggers in the LVL1 trigger menu
at low luminosity. The determined thresholds in all of the offline jet Er slices, both at low
and high luminosities, plotted against the E1 of the corresponding offline jet Er are shown
in Figure 6.7.
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Figure 6.6: Ezamples of the LVLI calorimeter jet trigger threshold determinations. The
illustrated examples correspond to jet thresholds used in the LVLI trigger menu. The required
thresholds for at least 90% (offline) efficiency, indicated by the hatched areas, are also given
on the plots. (The thresholds are obtained assuming inclusive triggers within the indicated jet
Er intervals.)
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6.2.2 The LVL1 jet trigger rates

The LVLI1 calorimeter jet trigger thresholds, corresponding to 90% efficiency at the offline
jet E1 , can be read—off from the plots in Figure 6.7. Using these thresholds the LVL1 jet
trigger rates for the low and high luminosity cases, displayed in Figure 6.8, can be estimated
for any offline jet E1 for 90% efficiency.

The trigger rates read from the figure are roughly 600 Hz at low and about 300 Hz at high
luminosity for each jet trigger type. It should be noted that these jet rates are larger than
the corresponding rates quoted in the trigger menus. One major difference between the two
evaluations is the pile-up simulation, which is more detailed here. Another point is the jet
definition, in terms of the cone size for offline jets, which is not unique and well-defined,
and consequently may be different in each case. Yet another difference is the effect of the
calorimeter response being simulated in more detail here. In addition the thresholds can be
determined either to obtain a given rate or a given efficiency.

Considering the jet triggers in the LVL1 trigger menu the following thresholds are obtained:

e Low Luminosity: single/three/four jet trigger: 113/31/17 GeV,

e High Luminosity: single/three/four jet trigger: 196/76/45 GeV,

These trigger thresholds will be applied on the signal and background samples in the next
chapter to obtain an estimate on the signal acceptance and the just quoted background rate.
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Chapter 7

Observability of the neutral MSSM
Higgs bosons in multi b-jet decay
channels

In this chapter a detailed study on the observability of the neutral MSSM Higgs bosons in
the decay channels with multi b-jet final state topologies® in the ATLAS environment will
be presented. These channels are the bb H — bbbb and the H — hh — bbbb decay modes,
at low and high tan 8 values respectively. The production cross-section and the branching
ratios for both channels are high for the tan # and mass values studied. The selectivity of
the combined LVL1/LVL2 jet triggers are essential for these channels, which suffer from the
huge QCD multi-jet background. Having to do with b-jet final states, the ability of the LVL2
specialized b-tag jet trigger is essential to reject the dominant jet activity from QCD multi-
jet processes. Representative offline selection algorithms, with adjustable parameters, are
analyzed, and, based on specific choices of parameters, estimates on the ATLAS discovery
potential, in terms of the statistical significance defined as the ratio of the signal to the
square-root of the background contribution, are obtained. In what follows, the impact of the
LVL1 calorimeter jet triggers on the acceptance of these processes is presented and possible
improvements in the acceptance of the combined LVL1/LVL2 trigger system are discussed.

7.1 Introduction

In order to evaluate the level-1 calorimeter jet trigger acceptance and, at the same time, to
perform the required offline analysis, large samples of the signals and the QCD background
have been generated using the PYTHIA physics generator. The signal samples are generated
using a modified version of PYTHIA, which is improved in the MSSM Higgs sector, containing
radiative corrections to masses cross-sections and branching ratios for instance. The cross-
sections and the branching ratios, quoted in the following, stem, however, from more accurate
Monte-Carlo programs [60] and differ slightly from the values obtained from this modified
version. Hence, all results regarding the rates are normalized to these more accurate values.

“For other discussions/analyzes on this topic see for instance [70, 69, 46].
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While 2-loop corrections to the production cross-sections of the signal samples are available,
the same is not the case for all the background processes. For this reason the K-factors on the
signal channels are not included in the calculations. In the following, after a description of
the so called b-jet recalibration procedure, the essential characteristics of the QCD multi-jet
sample, being the common background to both channels studied here, is described first.

7.2 Re-calibration of b-jets

The jet calibration procedure, explained in the previous chapter, averages the gluon and
the light quark jets, which generally have different internal topologies than the jets initiated
by the b-quarks. As mentioned in chapter 1, the hadronization of heavy quarks is well
described by the peterson fragmentation. Hence the fragmented B-hadron will in general have
a higher p distribution. In addition a B-hadron does, in almost 20% of the cases, also decay
semi-leptonically into muonic or electromagnetic final states, with missing transverse energy
due to the associated lepton neutrinos. The jet calibration implemented in the simulation
environment does not take this into account. Hence, the visible energy of a b-jet will in
general be lower than its nominal energy. For this reason, before being able to perform offline
analysis on the signal and on the background, the final state b-jets must be re-calibrated to
their correct Ep .

To re-calibrate the b-jets, and in order to be able to cover a larger Et range, signal samples
with heavy neutral (CP-even) MSSM Higgs with a mass of 300/500 GeV decaying into bb
final states, i.e. the bb H — bbbb decay channel, are used to derive the energy dependent b-
calibrating factor, oz(E%). The transverse energies of the b-jets are then recalibrated to their
nominal values according to: Eb(calibrated) = a(ES.) - Eb(uncalibrated). The mass of the
heavy Higgs is reconstructed by using the offline jets labeled as b-jets coinciding with a parton
b-jet. The coincidence is determined based on the criteria that a parton b-jet should be the
closest jet falling within a cone of radius AR = \/An? + A¢? = 0.1 about the Ep weighted
center of gravity! of a b-labeled offline jet. Further, only the two b-jets, which according to
the information in the partonic part of the event history are emitted in the decay of the Higgs
boson H, are used for the mass reconstruction and the following recalibration procedure. The
associated offline b-jets are excluded from the recalibration procedure. The reconstructed bb-
mass appears in a lower value than the nominal H Higgs mass, when using the uncalibrated
b-jet transverse energies. To move this bb mass peak to its correct location the Er of the
contributing b-jets should be calibrated accordingly. The calibration is performed by dividing
the transverse energy of the b-jets in several sub-intervals. The 1 dependence of the calibration
factors are averaged out. The calibration factor in each of the b-jet transverse energy interval
is determined by performing a common global minimization using MINUIT, according to the
function:

i (mbb(ai(E%),aj(E%?)) - mH>2

ag
n=1 H

where oy is the width of the uncalibrated bb-mass distribution. The summing in the formula
above runs over the number of events and the indices 7 and j refer to E% intervals. The

This is the usual definition of the jet direction (or axis) in the (7, ¢)
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superscripts bl and b2 on the transverse energies of the b-jets correspond to each of the b-jets
from the Higgs decay. The obtained calibration factors, for low and high luminosities, as a
function of the transverse energy of the b-jets are shown in Figure 7.1 for tan 8 = 30 case.
The calibration factors do not depend on tan 3 and vary slightly with the H mass. The
slight dependence on the mass of the Higgs is neglected in the determination of the b-jet
recalibration factors. As seen in the figure the recalibration factors approach asymptotically
to value of about 1.30 at high transverse energies. At low transverse energies (E1 <~ 80 GeV)
the calibration factors are approximated with constants, in order not to introduce artificial
boost in the E of the jets in this region.

2
19 = tan(B) = 30
18 — MSSM: (bb)H — (bb)bb my = 300/500 GeV
L7 ¢ Low Luminosity
1.6
15
4 = 0y °
13 = g 2
2 b
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g B b b b b b b b b L
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16 -
15 e
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Figure 7.1: The b-jet recalibration factor as a function of its Ex for tan 8 = 30 with a heavy
Higgs mass of 300/500 GeV. The factors are obtained by correcting the mass distribution of
the two b-jets, produced in the H — bb decay, to the nominal Higgs mass. For details of the
procedure see text.
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The performance of the calibration is illustrated in Figure 7.2, which shows the Higgs mass
distribution constructed with (to the right) and without (to the left) the application of the
b-jet calibration factors. As seen the position of the bb mass distributions, after recalibration,
are shifted to their correct mass. The price to pay is a degradation of about 30% in the width
of the distributions.
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Figure 7.2: The uncalibrated (to the left) and calibrated (to the right) bb mass distribution in
the H — bb decay process for an H Higgs mass of 300/500 GeV as indicated on the plots. The
calibrated myy is obtained by recalibrating the corresponding b-jets according to the calibration
factors shown in figure 7.1.
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7.3 The QCD multi-jet background sample

The special multi-jet final state signals studied in this chapter both suffer from the over-
whelming QCD multi-jet background. This is the dominant background relevant for these
channels, being a mixture of both reducible and irreducible background. The largest contri-
bution to the QCD multi-jet sample is from the gg — bb process followed by the gb — g¢b
and the gg — gg processes with gluon radiation together with gluon splitting into bb. The
necessary low pr cut-off, to regulate the diverging tree-level matrix element calculation, is set
such that the total inelastic, non-diffractive, pp cross-section of ~ 70 mb is obtained. In order
to cover a wide range of jet transverse energies, the QCD background samples are divided in
four intervals, also referred to as bins, as follows?:

e 43 GeV < pr < 20 GeV = o~ 68mb,
e 20 GeV < pr < 50 GeV = o ~0.6mb,
e 50 GeV < pr < 100 GeV = o ~ 21 ub,
e pr > 100 GeV = o~ 1.44 ub,
where pr refers to the transverse energy of the partons. Each interval enters into calculations

weighted according to it’s cross-section. The E1 distribution of the four leading jets in each
QCD sub-sample is shown in Figures 7.3 and 7.4 at low and high luminosities respectively.

The expected LVLI1 jet trigger rates based on the thresholds determined in the previous
chapter are shown in Figure 7.5. It is seen that the rate at the low luminosity case is almost
double as much as in the high luminosity case. The reason for this behaviour is the high
thresholds applied at high luminosity.

fThe samples are generated based on the CTEQ2L parameterization of the parton distribution functions.
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The jet transverse energies plotted here are all b-jet recalibrated quantities. For more discus-
sion on this see sections 7.5.83 and 7.6.5.
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7.4 Offline analysis, general aspects

Features of the offline analysis that is common to both of the signal samples studied here are
discussed in this section, while details on the selection criteria depending on the kinematics
and/or topology of the specific signals is discussed later in their appropriate sections. The
corresponding offline analysis of the QCD background is, in one important aspect, handled
in a different manner than the signal samples, which will also be explained here.

The extraction of these multi b-jet final state
signals, with respect to the offline analysis,
and at the same time the rejection of the huge
QCD multi-jet background, relies to a large
extent on an efficient b-tagging feature of the
ATLAS LVL2 trigger system. In principle the
b-tag efficiency is correlated to the rejection
against other jet types, R;, j = u, d, s, c, g,
the higher the b-tag efficiency the lower the
jet rejection. This behaviour is illustrated in
Figure 7.6. The commonly used average effi-
ciencies for b-tagging is about 60% for low
and about 50% for high luminosity. This
gives an average rejection of u-type jets of
about 100 (200), and of g-jets of about 50
(100) and of c-type jets of about 7 (10) at
low (high) luminosity. See [39].

10* : : : :
P ! ! . ® u-jet
; : . O gjet
Yoo, | :
3 P Teey LW ocet
10 = .o L Ter
- f ° f f
- : e : :
B ‘ L PO !
I e ! ! :
N LIRS |
107 By Tl ey
- Lo Op @ :
C ‘ m o |
- u ‘ 8, !
D m | %
10 o m Q
= . . - o)
E ! ! ;. m o eg
B f f f ® «©
o ‘ ‘ ‘ .
1 o e b P b \‘%_
0 0.2 0.4 0.6 0.8 1

&
Figure 7.6: Background-jet rejections as a
function of b-tag efficiency. Taken from [39].

In general the jet rejection factors are both n and pr dependent, degrading with increasing
|n| and decreasing pr , being most significant at low pt (< 30 GeV'). This is shown in Figure
7.7. In addition a b-mistag probability for c-jets of about 10% and for light jets of about 1%
both at low and high luminosities are also applied.
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To analyze the signal, all jets in the samples undergo a randomized b-tagging procedure. The
tagging is performed by flagging each jet as a b-jet, in the following referred to as a b-tagged
jet, or as a non-b-jet. This is performed by using the information on the id of each jet stored
in the jet bank of the event. Hence a b-jet, based on the b-tag efficiencies just discussed, is
tagged as a b-jet in 60% (50%) of the cases at low (high) luminosity. On the other hand a
c-jet, based on the b-mistag probability, is tagged as a b-jet in about 10% of the cases. A
light quark or a gluon jet is in 1% of the cases tagged as a b-jet. The appropriate selection
criteria, like kinematical cuts, are then applied on these b-tagged jets.

The situation is radically different for the QCD background sample, being dominated by light
quark or gluon jets. Considering the multi b-jet final states for the signals and the smallness
of the b-mistag probabilities, a background sample with a huge number of events will be
required to be able to obtain enough statistics after the application of the signal extraction
criteria. For this reason the background samples are handled in the following way. All jets are
assumed to be b-tagged and participate in the offline analysis procedure at equal footing. A
given jet carries, so to speak, a weight factor equal to its probability to be identified (or more
correctly to be tagged) as a b-jet. These weight factors are nothing but the above described b-
tag/mistag (depending on the jet type) probabilities. A jet combination passing all the event
selection cuts contributes with a weight obtained as the product of the weight factors of the
contributing jets. If several jet combinations pass a selection algorithm, the event weight is
obtained by summing the corresponding weights obtained for each of these combinations. In
principle the concept of weighted events is equally well applicable in the case of the signal
samples and should reproduce the results obtained by the randomized b-tagging procedure
(probably + a few %).

However, before being able to perform offline analysis, all b-jets must be re-calibrated to their
correct Er . The b-jet re-calibrations, discussed in the previous section, are applied to all
b-tagged jets in the event. For the QCD background sample, all jets are re-calibrated.
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7.5 H — hh — bbbb

To be specific two representative points in the conventional (m4 , tan (3) plane have been
considered in order to study this channel. The MSSM parameter set are selected such that
all the supersymmetric particles are too heavy (fixed at ~ 1 TeV) to be allowed as decay
products of either of the Higgs bosons. Hence all SUSY decay modes of both the heavy
and light neutral CP-even Higgs bosons, H and h respectively, are kinematically closed (or
forbidden). The mass of the neutral CP-odd Higgs boson, A, is taken to be m4 ~ 300 GeV.
Two values of the ratio of the vacuum expectation values of the neutral components of the
two Higgs isodoublets, namely tan f = 1.5 and tan 8 = 3.0, are considered. The former gives
the light neutral CP-even Higgs, h, the mass mj ~ 80 GeV, whereas the latter results in a
slightly heavier h boson with mj; ~ 100 GeV. The masses of the heavier neutral CP-even
Higgs, H, and the neutral CP-odd Higgs, A, are degenerate for this choice of m 4, irrespective
of tan 5. With this specific parameter set in the (m 4 , tan 3) plane, with 2m;, < mpg < 2my,
the H — V'V decay (, with V representing a vector boson,) is strongly suppressed with
respect to that of the SM case (except for tan 3 < 1). On the other hand, the H — hh
decay mode is open, whilst the ¢t final state is kinematically not available. In addition the
top and bottom trilinear couplings, A; and A, respectively, and the Higgs mass parameter,
, are set to zerof. The variation of my and my, as a function of m, for the two tan 8
values considered here are illustrated in Figure 7.8. These masses are obtained using the
HDECAY package [58] and include the most significant two-loop radiative corrections. As
seen on this plot the H and A boson masses are (to a good approximation) degenerate in the
range m > 250 GeV. The mass of the h boson saturates at its, in general tan 3 dependent¥,
maximum for m4 > 200 GeV.

The production cross-section of the neutral CP-even Higgs, H, via the gluon fusion through
triangular top-quark loop, as calculated in HIGLU program [59, 60], is shown in Figure 7.9 as
a function of m 4, for the two tan 3 values considered here. This is, as in the case of the SM
Higgs, the most important production mechanism at LHC. Other production mechanisms,
as shown in Figure 2.11 on page 35, due to vertex correction factors in Table 1.3 on page
12, are strongly suppressed and contribute with negligible amounts. The production cross-
sections in Figure 7.9 are calculated to Leading and Next-to-Leading Order (LO/NLO) in
the strong coupling (constant) «g. The corresponding K-factors, i.e. the ratio of the NLO to
the LO cross-sections, are also superimposed on the plots. It is seen that the higher order
diagrams have a large effects on the production cross-sections, e.g. ~ 1.6 at m4 ~ 300 GeV'.
Nevertheless, in the analysis presented here only the Leading order cross-sections are taken
into account, since the corresponding K-factors for the QCD background processes are not
completely calculated and/or not known.

This corresponds to the minimal (squark) mixing scenario, which, for a given set of (other) parameters,
results in a lightest possible light neutral CP-even Higgs boson h.

TOf course the maximum accessible mass of the k boson does not increase without limit with increasing
tan (3, but in turn saturates itself to a value depending on the specific model under consideration. The absolute
maximum, as discussed in chapter 1, is about 130 GeV, which is obtained in the case of maximum mixing.
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In Figure 7.10 the H — hh and h — bb branching ratios, as obtained from HDECAY Monte-
Carlo program, for tan (3 values considered here, are shown on plots: (a) and (b). It is seen
that the h — bb branching ratio is almost constant over the entire range of m4 and do not
vary much with tan 8. On the other hand, the H — hh branching ratio shows large variations
with both m 4 and tan 3. This behaviour is understood by considering (c) and (d) plots in the
same figure. The difference in the shape of the H — hh branching ratio for m 4 < 160 GeV
for the two tan (3 cases is due to the fact that for small tan 3 the light neutral CP-even Higgs
boson, h, is very light so that kinematically the heavier neutral CP-even Higgs boson, H,
can decay into hh final states with the H — bb and H — WW branching ratios suppressed.
Whereas for the larger tan [ this is not the case, and the h boson is heavy enough so that the
H — hh decay channel is kinematically closed for m4 < 170 GeV', and H bb and H - WW
branching ratios are important.

As seen in Figure 7.10, for m4 ~ 300 GeV, the H — hh branching ratio is roughly 65%, and
the h — bb branching ratio is of the order of 90%. This means that the overall branching
ratio for this channel is about 50%. The gg — H production cross-sections (at one-loop
level) together with the H — hh and h — bb branching ratios, as obtained form HIGLU and
HDECAY Monte-Carlo’s, for the case under study here are compiled in Table 7.1.

Table 7.1: The gg — H production cross-sections and the H — hh and h — bb branching
ratios for the parameter sets in the (ma, tan [3) space studied here.

mp = 300 GeV tan3 = 1.5 tan 3 = 3.0
mp, 76 GeV 97 GeV
oro(gg — H) 2.71 pb 0.95 pb
BR(H — hh) 69% 60%
BR(h — bb) 86% 84%
o xXBR 1.5 pb 0.5 pb
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Figure 7.10: Branching ratio plots, as obtained from HDECAY, for the light and heavy neutral
CP-even Higgs bosons, H and h respectively, for tan  values discussed in the text. In the
figure, a) and ¢) are for tan = 1.5, whereasl?f)g and d) are for tan 3 = 3.0.



The Er distribution of the recalibrated b-jets and the coinciding final state b-parton jets,
produced in the decay of the h bosons are illustrated in Figure 7.11. It is seen that the
b-jet recalibration procedure has, to a good approximation, reproduced the corresponding
partonic distributions. To be observed is that the mean Er , of the b-parton jets, ranges
from about 100 GeV to about 40 GeV. Needless to say, the Er distributions of the partonic
b-jet are independent of the luminosity, hence a similar result is also obtained in the high
luminosity case. These observations justify the kinematical cuts applied on the recalibrated
ET of the b-tagged jets in, so to speak, the preselection phase of signal extraction algorithm
to be discussed in a later section.
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Figure 7.11: The Ev distribution of the parton b-jets and the corresponding recalibrated offtine
b-labeled jets, produced in the h h — bbbb decay, ordered in Et . The distributions correspond
to the tan 3 = 1.5 case (at low luminosity). In the labeling on the plots N7 stands for
"Next-to”.
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The reconstructed jets in an event are ordered according to their E1 . The position of a given
jet in this ordered list is referred to as the jet index in the following. Hence, the leading jet
in the event have the index 1, and so on. In addition, true b-jets in the event are referred to
as b-labeled jets. A set of interesting plots is the distribution of the index of the b-labeled
and the b-tagged jets initiated by the parton b-jets produced in the decay of the h decays.
Various distributions are illustrated in Figure 7.12 for the low luminosity case. Figure 7.12
illustrates, for the low luminosity case, various distributions of the index of the b-labeled and
the b-tagged jets initiated by the parton b-jets produced in the decay of the h decays. The
a) and b) histograms show the distribution of the index and the index-sum, respectively, of
the b-tagged jets for the accepted events. The histograms in ¢) show the distributions of the
number of b-labeled jets before and after b-tagging procedure. It is seen that only about 5% of
events have four b-tagged jets. whereas before the b-tagging more than 25% of the events have
four true b-jets, corresponding to a reduction of roughly (g5—t4g)* ~ (0.60)* ~ 0.13. From a)
and b) histograms it could be seen that although in about 30% of the accepted events the
four b-tagged jets are the leading jets in the event, the probability of having the four b-tagged
jets among the six leading jets is not negligible, and should only be neglected if background
rejection issues are of importance. These observations do also justify the selection criteria to
be mentioned in the signal extraction section later.
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Figure 7.12: The distribution of index of labeled/tagged b-jets, produced in the h — bb decays.
The distributions correspond to the tan 3 = 1.5 case. In a) the occupation percentage of the
four b-tagged jet indices is plotted for accepted events (i.e. each accepted event has 4 entries
in this histogram). In b) the sum of the indices of the entries in a) are plotted (i.e. 1 entry
per accepted event). In c) the percentage of the b-labeled/tagged jets in the b-tag n acceptance
region are plotted.
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7.5.1 The LVL1 signal acceptance

The LVL1 calorimeter jet trigger acceptance is obtained by applying the LVL1 jet triggers
on the signal samples. An example of the obtained results is shown in Figure 7.13. The
acceptance does not depend on tan (3, and therefore only the results for the tan 8 = 1.5 point
for both low and high luminosities are shown. The LVLI calorimeter jet trigger acceptance
is a combination of all jet trigger acceptances, which is the fourth bin in the histograms
plotted in the figure. The overall acceptance at low luminosity, as seen in the figure, is about
68%. At high luminosity the acceptance is as low as about 9%. The first three bins indicate
the acceptance for each jet trigger acting alone. And finally the last bin shows the overlap
between the jet triggers in the LVL1 menu. As seen on this figure the acceptance at high
luminosity is quite low and essentially, with this set of trigger thresholds, the signal could
not be selected efficiently. Lowering the trigger thresholds will help to increase the efficiency,
but at the same time the jet trigger rate will increase. For a discussion see section 7.7.
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Figure 7.13: Signal acceptance of the LVL1 calorimeter jet trigger (menu) at a) low and
at b) high luminosities. The first three columns on each plot give the acceptance for each
jet trigger type. The "ORed” column is actually the real LVLI acceptance. The "ANDed”
column represents a measure of the overlap between the jet trigger types.
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7.5.2 Signal extraction

The H — hh — bbbb signal is extracted by selecting events according to the following
requirements:

e There have to be at least four b-tagged jets within the region |n| < 2.5 each with
pr > 15 GeV (pr > 40 GeV) at low (high) luminosity. These pr cuts are applied
on the re-calibrated b-tagged jets as explained above. (In fact several pr cuts have
been studied which will be explained below.) The invariant mass for all possible bb
combinations are constructed for events passing this cut.

e There have to be at least two exclusive bb combinations with an invariant mass, myy,
within a mass window of +£20 GeV about my;. (Here exclusive means that the four
b-tagged jets should be different.) The 4b invariant mass, i.e. my,, is reconstructed for
all of these complementary bb combinations within the m; mass window.

e At least one my, need to be within a window of +£26 GeV about my. The four-momenta
of the b-tagged jets within this window is rescaled/! according to my, = my, in order to
get an improved my, invariant mass reconstruction, i.e. a better mass resolution.

The quoted mass windows in the above selection criteria cover a range of about 1.5-2-0
about the nominal masses of the Higgs bosons, with o being the mass resolution in each case.
Several variations of the above selection criteria, all affecting the acceptance after the first
step of event selection algorithm above, have been investigated. Four different pt cuts on the
b-tagged jets, i.e. 15 GeV, 20 GeV, 30 GeV and 40 GeV, both at low and high luminosities
have been applied. In addition, in each case, the selection is supplemented with the extra
requirements that the b-tagged jets entering the event selection procedure are within the four,
five or six leading Er jets in the event. An additional analysis with no restriction on the
position of the b-tagged jets has also been performed.

In Figure 7.14 an example of such an event selection procedure for tan 8 = 1.5 at low luminos-
ity is illustrated for prfj “* > 15 GeV. The dark-gray hatched histogram in these plots refer to
the distributions obtained without the application of the LVL1 calorimeter jet trigger, and the
superimposed light-gray hatched histograms, in each case, illustrate the same but after the
application of the LVL1 trigger. Plot a) shows the distribution of the reconstructed invariant
2b mass for all bb combinations in the events. The vertical full lines indicate the window
about my,. Plot b) shows the invariant 4b mass distribution for all exclusive bb combinations
falling within the h mass window. This is the second step in the event selection explained
above. The vertical lines indicate the mass window about my. An event is selected if it has
at least one entry in this mass window. For the signal events in almost all the cases only one
4b combination per event is reconstructed within this window. But this may not necessarily
be the case for the QCD background sample. Therefore in order to reduce the background
contribution (or rate) to the selected events, and extra condition may be supplemented to the
above criterion. By considering only the 4b combination inside the my mass window, which
minimizes the value of the expression +/(mq(bb) —my)2 + (ma(bb) — my)2, where indices 1

IThe application of the rescaling of the four-momenta of the b-tagged jets to their parent h boson, serves
only to obtain a better resolution on the reconstructed ma, and does not affect the overall offline acceptance
for this channel.
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and 2 label the two reconstructed 2b masses within the mj; mass window, one could reduce
the contribution from the QCD background. The Et of all four b-tagged jets contributing
with their invariant 4b mass to this window are then rescaled to the nominal mass of their
parent h boson, i.e. my. The reconstructed invariant 4b mass using these rescaled Et of
the b-tagged jets is shown on plot ¢). Plot d) is also derived from b) and shows the same
distribution as in ¢) but with the extra minimization just pointed out.
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Figure 7.14: Ezample of the signal extraction procedure for tan 3 = 1.5 at low luminosity.
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The overall acceptance of the offline event selection for this channel is illustrated in Table
7.2, which also summarizes the average percentage of events surviving after each offline cut
as explained above. At low luminosity an overall acceptance of about 2% of the signal is
to be expected for both tan 3 values. In case of the high luminosity the acceptance is quite
small, basically due to the large transverse energy cut on the b-tagged jets. The application
of level-1 trigger will of course reduce these fractions further. The effect of LVL1 calorimeter
jet trigger on the offline acceptance of the signal is shown in Table 7.3. It is seen that the
effect at low luminosity is acceptable, whereas at high luminosity the already small offline
acceptance is dramatically reduced to a very tiny fraction of the events. As mentioned earlier
reducing the jet trigger requirements (in the trigger menu) the situation will improve, with
the side effect that the background jet rate will also increase. Giving that the extra jet
rejection capability at LVL2 is quite limited, this choice may not be a desirable solution. But
any definite conclusion requires more analysis on this part. The increased acceptance of the
signal at LVL1, due to a reduction of the applied LVL1 jet trigger thresholds, is illustrated
in Table 7.4 for two reduced threshold sets.

Table 7.2: Signal acceptance after each offline selection cut at low and high luminosities for
tan B values under study. For more information on each cut criterion see the text.

Low Luminosity

tan 3 > 4 jets > 4 jets > 4 jets mp, mg
with |n| < 2.5 | with pr > 15 GeV | b-tagged | mass window | mass window

1.5 95.8% 28.5% 4.7% 4.0% 2.1%

3.0 96.5% 30.2% 5.2% 4.4% 2.0%

High Luminosity

tan 3 > 4 jets > 4 jets > 4 jets mp, mEr
with |n| < 2.5 | with pr > 40 GeV | b-tagged | mass window | mass window

1.5 95.4% 9.9% 0.7% 0.50% 0.3%

3.0 96.1% 10.1% 0.7% 0.6% 0.3%
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Table 7.3: The offline, LVLI calorimeter jet trigger and the LVL1 plus offline acceptances at
low and high luminosities for tan 8 values considered here. The LVL1 calorimeter jet trigger

thresholds are the nominal thresholds determined in the previous chapter.

Low Luminosity
tan 3 offline LVL1 Trig. | LVL1 + offline
acceptance | acceptance acceptance
1.5 2.0% 67.6% 1.6%
3.0 2.0% 67.0% 1.5%
High Luminosity
tan B offline LVL1 Trig. | LVL1 + offline
acceptance | acceptance acceptance
1.5 0.3% 8.8% 0.04%
3.0 0.3% 7.7% 0.03%

Table 7.4: Same as Table 7.8 but only for the high luminosity and for two different sets
of successively lower LVLI calorimeter jet trigger thresholds to illustrate the enhanced of-
fline+LVL1 acceptance. The (offline) jet thresholds are indicated on the title row in each
table. The applied LVLI jet trigger thresholds, as usual, correspond to 90% efficiency for the

offline jets with the given Er .

Jx1: 250 GeV Jx3:100 GeV Jx4:70 GeV
offline LVL1 Trig. | LVL1 + offline
tan 3
acceptance | acceptance acceptance
1.5 0.3% 25.9% 0.1%

3.0 0.3% 24.4% 0.1%
Jx1:225 GeV  Jx3:85 GeV  Jx4:60 GeV
tan 3 offline LVL1 Trig. | LVL1 + offline

acceptance | acceptance acceptance
1.5 0.3% 38.3% 0.2%
3.0 0.3% 36.8% 0.2%
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7.5.3 Background contribution

Applying the signal extraction criteria to the background sample, by utilizing the weighted
event procedure explained earlier, an estimate of the background contribution is obtained. All
exclusive 4b combinations within each event are considered in this case and no minimization
criteria is applied. The total number of events, remaining after the selection criteria, in each
pr interval of the QCD background sample is then normalized based on its cross-section and
each selected event is weighted with its probability as explained above. The obtained 2b and
4b mass distributions, corresponding to those of the signal, are shown in Figure 7.15.
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Figure 7.15: Plots a) and b) are equivalent to the corresponding ones in Figure 7.1} for the
signal. Plot ¢) is derived from b) by applying the concept of weighted events. The dark-
and light-gray hatched histograms show the results before and after the LVL1 calorimeter jet
trigger algorithm. The mass windows are indicated with parallel lines. By selecting only one
of the entries in the mass window in c) the contribution of the background could be reduced.
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A visual comparison of the signal and background is illustrated in Figure 7.16. It must be
noted that the minimization requirement mentioned above is not applied on any of these
distributions.
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Figure 7.16: The (a) and (b) plots in this figure correspond to plot (b) for the signal in Figure
7.1} and to plot c) for the background in 7.15 respectively. They serve only to illustrate the
shape of the distributions for the two cases.
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7.5.4 Results

The signal observability in terms of signal (S) to background (B) ratio and the statistical sig-
nificance of the signal, defined as the ratio of the signal to the square-root of the background,
are tabulated in tables 7.5-7.8. For each luminosity four different p cuts, i.e. 15 GeV,
20 GeV, 30 GeV and 40 GeV, on the jets for each tan 8 value are studied. The signal and
background rates for 3 years low and high luminosity runs are also reproduced in the tables.
It must be noted that the figures in these tables do not include the effect of the minimiza-
tion procedure mentioned in the previous section for the background sample. But the signal
sample does contain this effect. This means that the entries in the table are worst cases.
Considering these statistical signal significances only, several selection criteria may be suited
to extract this channel efficiently. Choosing a 15 GeV (40 GeV) jet pr cut at low (high)
luminosity and in addition requiring the 4 b-tagged jets, used to reconstruct the H mass, to
be within the first 5 highest Er jets in the event, the 50 discovery contour plot shown in
figure 7.17 is obtained.
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Figure 7.17: The 5-0 discovery contours for low (left) and high (high) luminosities for the
decay channel studied in this section.
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Table 7.5: Expected number of signal and background events after having accumulated 30 fb~! (low)
and 300 fb~! (high) luminosity. The corresponding signal (S) to background (B) ratio in percentage and
significance is also given. For more details see text.

4 jets: ET > 15 GeV all jets 6 leading jets 5 leading jets 4 leading jets
tan(B) | sample/ratio || Low L High £ Low L High £ Low L High £ Low L High £

S 836 726 647 285 464 124 187 -

1.5 B 29602 12330 14981 2568 4914 463 1070 -

S/B(%) 2.8 5.9 43 11.1 9.4 26.8 17.5 -

S/VB 4.9 6.5 5.3 5.6 6.6 5.8 5.7 -

S 347 234 279 109 204 66 64 -

3.0 B 54193 14284 20550 1797 7077 283 2032 -

S/B(%) 0.6 1.6 1.4 6.1 2.9 23.3 3.1 -

S/VB 1.5 2.0 2.0 2.6 2.4 3.9 1.4 -
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Table 7.6: Expected number of signal and background events after having accumulated 30 fb~! (low)
and 300 fb~! (high) luminosity. The corresponding signal (S) to background (B) ratio in percentage and
significance is also given. For more details see text.

4 jets: ET > 20 GeV all jets 6 leading jets 5 leading jets 4 leading jets
tan(B) | sample/ratio || Low L High £ Low L High £ Low L High £ Low L High £

S 783 617 629 264 457 119 186 -

1.5 B 18223 5209 12902 1962 4359 242 1032 -

S/B(%) 43 11.8 4.9 13.5 10.5 49.2 18.0 -

S/VB 5.8 8.6 5.5 6.0 6.9 7.7 5.8 -

S 324 198 272 104 202 66 64 -

3.0 B 31974 5607 16757 1133 5905 126 1965 -

S/B(%) 1.0 3.5 1.6 9.2 3.4 52.4 3.3 -

S/VB 1.8 2.6 2.1 3.1 2.6 5.9 1.4 -
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Table 7.7: Expected number of signal and background events after having accumulated 30 fb~! (low)
and 300 fb~! (high) luminosity. The corresponding signal (S) to background (B) ratio in percentage and
significance is also given. For more details see text.

4 jets: ET > 30 GeV all jets 6 leading jets 5 leading jets 4 leading jets
tan(B) | sample/ratio || Low L High £ Low L High £ Low L High £ Low L High £

S 591 430 505 197 393 98 174 -

1.5 B 3819 1600 3616 602 2296 128 923 -

S/B(%) 15.5 26.9 14.0 32.7 17.1 76.6 18.9 -

S/VB 9.6 10.8 8.4 8.0 8.2 8.7 5.7 -

S 253 123 225 91 175 54 62 -

3.0 B 8360 2982 6632 629 3030 116 734 -

S/B(%) 3.0 4.1 3.4 14.5 5.8 46.5 8.4 -

S/VB 2.8 2.3 2.8 3.6 3.2 5.0 2.3 -
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Table 7.8: Expected number of signal and background events after having accumulated 30 fb~' (low)
and 300 fb~! (high) luminosity. The corresponding signal (S) to background (B) ratio in percentage and
significance is also given. For more details see text.

4 jets: ET > 40 GeV all jets 6 leading jets 5 leading jets 4 leading jets
tan(B) | sample/ratio || Low L High £ Low L High £ Low L High £ Low L High £

S 343 228 306 129 258 83 136 -

1.5 B 1016 681 1001 335 963 114 565 -

S/B(%) 33.8 33.5 30.6 38.5 26.8 72.8 24.1 -

S/VB 10.8 8.7 9.7 7.0 8.3 7.8 5.7 -

S 142 75 131 o4 105 38 47 -

3.0 B 1153 668 1103 254 1064 112 534 -

S/B(%) 12.3 11.2 11.9 21.3 9.9 34.0 8.8 -

S/\VB 4.2 2.9 3.9 3.4 3.2 3.6 2.0 -
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7.6 bbH — bbbb

Four different representative points in the conventional (my4, tan ) plane have been con-
sidered for this study. As before the supersymmetric particles are assumed heavy (fixed at
~ 1 TeV) so as the decay into SUSY particles is forbidden (i.e. the SUSY-OFF case). The
tan 3 values considered here are 30 and 50, each with a heavy neutral CP-even Higgs, H,
of mass 300 GeV and 500 GeV. At large tan B values the associated production of the neu-
tral CP-even/odd heavy MSSM Higgses, i.e. bb H/A, is enhanced. The A and H are mass
degenerate from about m4 ~ 150 GeV at these high tan 8 values, with similar production
cross-sections and bb decay branching ratio’s.

The total production cross-section of the neutral (CP-even) MSSM heavy Higgs boson asso-
ciated with bb quarks through gluon scattering and ¢ interactions ( through Higgs radiation
or Higgsstrahlung from vector bosons), i.e. ggqGd — bb H, as a function of m, is plotted in
Figure 7.18. The cross-sections are calculated for tan 8 = 30, 50 at one- and two-loop orders
using the HQQ Monte Carlo program [60]. In what follows only the leading order results are
considered in the calculations.
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Figure 7.18: MSSM neutral CP-even heavy Higgs associated production cross-section,
o(gg, qq4 — bb H) for tan 3 =30, 50 as obtained from HQQ program [60].

The corresponding H — bb branching ratio’s, as obtained from HDECAY, are shown in figure
7.19. The H — 777 branching ratio contributes with about 11-14% to the decay width
of H/A Higgses for these tan (3 values. To be observed is that, whereas the cross-section
decreases rapidly with increasing m 4 (or myr), the branching ratio’s are almost constant over
the mass range m4 > 200 GeV.
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The cross-sections (at one-loop level) and the H bb branching ratios for the parameter sets
studied here are compiled in Table 7.9.
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Figure 7.19: MSSM neutral CP-even heavy Higgs, H, branching ratios for tan 8 = 30, 50 as
obtained from HDECAY [58] using O(as) (LO) and O(a2) mass formulas.

Table 7.9: The gg, qG@ — bb H production cross-section and the H bb branching ratios for the
four parameter sets in the (ma, tan 3) space studied here.

mpg/ma [GeV]

tan 3 = 30

tan 3 = 50

o (LO) = 17.65 pb
oA(LO) =17.71 pb

o (LO) = 48.60 pb
o4(LO) = 49.20 pb

oxBR= 3.39 pb

300 BR(A/H — bb) = 88% | BR(A/H — bb) = 88%
oxBR=31.12 pb oxBR= 86.06 pb
o (LO) = 1.96 pb o (LO) = 5.46 pb
o4(LO) = 1.94 pb o4(LO) = 5.38 pb

500 BR(A/H — bb) = 87% | BR(A/H — bb) = 87%

oxBR=9.43 pb
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In Figure 7.20, the Er distributions of the partonic b-jets, are plotted for the associated (left
column) as well as for the H decay product (right column) b-jets, at H masses 300 GeV
(upper row) and 500 GeV (lower row). These distributions are essentially independent of the
tan (3 values. In each case the Et distribution of the harder (the full line) and the softer (the
dashed line) b-jet is shown. It is seen that the the Et distributions for the associated b-jets
are in general broader than those of the b-jets produced in the decay of the Higgs boson. An
important observation is that while the peak position of the Er distributions for the b-jets
from H decay (for the leading and the next-to-leading jet separately) are at higher values
compared to the corresponding ones from the associated b-jets, the mean of the distributions

are almost comparable.
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Figure 7.20: The Er distribution of the partonic b-jets produced in the bb H — bbbb process.
The a plots are for the mpg = 300 GeV and the b plots for the my = 500 GeV case. The Er
distributions of the associated b-jets is suffived with the digit 1 and that of the H decay product
b-jets is suffized with the digit 2. In each case the leading (full-line) and the next-to-leading
(dashed-lin) jet distributions are shown.
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The Er distribution of the recalibrated offline b-jets, coinciding with the partonic final state
b-jets for the low luminosity scenario, is illustrated in Figure 7.21. The distributions shown
on the plots in this figure are similar to those in Figure 7.20. An important point to be noted
here is that b-jets enter these plots only if both members of the corresponding b-jet pair are
detected. As can be seen the plots for the associated b-jets are less populated than those for
the H decay product b-jets. This means that the n distribution of the associated b-jets is
broader than that of the H decay b-jets, i.e. in most of the cases only one of the associated
b-jets fall within the b-tag n-acceptance window (|n| < 2.5).
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Figure 7.21: The Er distribution of the offline b-jets produced in the bb H — bbbb process.
The a plots are for the mpg = 300 GeV and the b plots for the my = 500 GeV case. The Er
distributions of the associated b-jets is suffized with the digit 1 and that of the H decay product
b-jets is suffized with the digit 2. In each case the leading (full-line) and the next-to-leading
(dashed-lin) jet distributions are shown.
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The correlation of the E1 of the two offline b-jets resulting from the decay of the H boson is
in turn shown in figure 7.22. This distribution could be used to optimize event selection by
applying cuts on the jets in order to reduce contamination from b-identified jets not being
the interested ones. It is seen that the distributions are almost independent of tan [3.
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Figure 7.22: The correlation between the Er of the leading and the next-to-leading b-jets
produced in the decay of the H Higgs boson at low luminosity.
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The index (right column) and the sum of the indices (left column) of the b-jets produced in the
decay of the Higgs boson, after ordering the offline jets in descending Et , are shown in figure
7.23. The entries in these plots have passed the kinematical cuts (b-tagged, n acceptance
and Et cuts) to be defined later in the event selection section. The important point to be
observed here is that as seen on these plots the decay product b-jets are in most of the cases
within the four leading jets of the event, with the (1,4), (2,4) and (3,4) combinations less
favored. This observation is confirmed by considering the plots in the right column in the
figure, showing the sum of the indices of the b-jets from the H decay.
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Figure 7.23: The distributions of the indices, and the corresponding sums, of the b-jets ini-
tiated from H decay products. The a plots refer to myp = 300 GeV and the b plots to
mp = 500 GeV. The plots with the suffix 1 show the indices of these b-jets in the (descend-
ing in Er ) ordered list of the event jets, whereas the plots with the suffiz 2 show the sum
of these indices. The contributing events have passed the kinematical cuts defined in event
selection section.
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7.6.1 The LVL1 signal acceptance

The acceptance of the LVL1 calorimeter jet trigger(s) at low and high luminosities are shown
in Figure 7.24 for the jet trigger thresholds obtained in the previous chapter. An interesting
point here is the rather high LVL1 jet trigger acceptance (column 4 in the plots) for both
cases, of the order of 90%. Another point is the high acceptance of the individual jet triggers,
i.e. the inclusive (first column), the three (second column) and the four (third column) jet
triggers. Considering the LVL1 jet trigger rate plots of the QCD background in Figure 7.5
on page 131.
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Figure 7.24: The LVLI1 calorimeter jet trigger acceptance at low (top) and high (bottom,)
luminosities. The first three columns indicate the acceptance of each of the LVL1 jet trigger
algorithms, i.e. the inclusive, three and four jet triggers. The fourth column is the overall
LVLI calorimeter jet trigger acceptance. Whereas the last column serves only to illustrate the
overlap of the jet triggers.
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7.6.2 Signal extraction

The bb H — bbbb signal is extracted by applying the following cuts:

e At least four b-tagged jets in the event. At this point a geometrical cut is implicitly
also applied. This is because a b-tag requires the jet to be within the b-tag n acceptance
range, i.e. || < 2.5.

e The four leading jets of the event should be tagged as b-jets.

e The leading jet, passing the previous cut, should have an Et in excess of 100 GeV
(150 GeV) for my = 300 GeV (mpy = 500 GeV'). The next-to-leading along with the
other jets in the event, also passed the previous cut, should have an Et greater than
50 GeV (70 GeV) for mpy = 300 GeV (mpy = 500 GeV'). The same E1 cuts are applied
both at low and at high luminosity.

e The myy, invariant mass is reconstructed and events with at least an entry within a mass
window of about 1.5 X o7, where o7 is the mass resolution, about the parent Higgs mass
are accepted. Three different methods are used to reconstruct mp,: a) only the two
leading jets, passing the previous cuts, b) all bb combinations within the three leading
jets, and ¢) all bb combinations within the four leading jets are considered. The mass
window is about 60 GeV for my = 300 GeV and about £80 GeV for my = 500 GeV'.
See mass plots in Figure 7.2 on page 127.

The above cuts could be justified as follows. The only obvious offline handle for this channel
is the reconstruction of the bb-mass which should give back the mass of the parent H boson.
Additional kinematical cuts applied on the Er of the b-tagged jets could improve the selec-
tivity of the signal and at the same time reduce the background contribution. By considering
the correlation plots in Figure 7.22 and the corresponding Et profiles of the leading and
the next-to-leading b-jets, from the Higgs decay, in Figure 7.21 and at the same time taking
into account the index of these b-jets as shown in Figure 7.23, the applied kinematical cuts
can be justified. The kinematical cuts on the leading and next-to-leading b-tagged jets are
determined in such a way as to keep about 90% of the entries in each profile plot in Figure
7.21, so as to keep the heavily populated region in the correlation plots in Figure 7.22. From
the Et distributions, shown in Figures 7.3 and 7.4 for the QCD samples, these Er cuts will
reduce the background contribution to large extent. For a given mass the selected Er cuts
do not depend on tan 3, and depend only on the Higgs mass, and to first approximation the
applied cuts are not optimized for the relatively small luminosity effects (with the argument
that different jet cone sizes adopted, namely 0.5 at low and 0.4 at high luminosity, remedies
the effect.)

The corresponding reconstructed my,, at low luminosity, is shown in Figures 7.25 and 7.26
for my = 300 GeV and for my = 500 GeV respectively. By selecting the entry with a recon-
structed myy, closest to the real Higgs mass, the reconstructed distributions, superimposed as
shaded histograms on the corresponding distributions, are obtained (see figure captions).

161



4000
3500
3000 —
2500
2000
1500 =
1000 =
500
0:\\\\\\\\‘\\\‘\\\‘\\\\‘\\\\‘\\\\\\\\’_J\_‘H—‘\J_!_’_‘\_l_\‘\ﬂ;
0 100 200 300 400 500 600 700 800 900 1000
-1
Rate (30 fb™) vs. my, (GeV)

i 20000

10000 — c

r 17500

8000 — b) 15000

i 12500 -

6000 =

r 10000 |

4000 - 7500 |-

i 5000 =

2000 — -

r 2500 &

0 L L1 ‘ L1 | ‘ L1 1 ‘ | | ’_L E L1 1 ‘ L1 | ‘ L1 1 ‘ | | I
0 200 400 600 800 1000 0 200 400 600 800 1000
Rate (30 fb) vs. m,, (GeV) Rate (30 fb) vs. m,, (GeV)

Figure 7.25: The myy, distributions for mg = 300 GeV for an integrated luminosity of 30 fb='.
Only events with four leading jets tagged as b-jets and passing the geometrical/kinematical
cuts contribute to the distributions. The invariant my, is reconstructed by using: a) only the
two leading b-tagged jets (the tight cut), b) all bb combinations within the three leading ones,
c) all bb combinations within the four b-tagged jets. The entries in the shaded histograms
superimposed on the plots correspond to the accepted events with an entry within the applied
mass window, and serve only to illustrate: 1) the position and width of the applied mass
window and 2) the rate of accepted events. For an explanation of the various selection criteria
see text.
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Figure 7.26: The same as in Figure 7.25, but for mg = 500 GeV.
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7.6.3 Background contribution

Upon application of the selection criteria on the background samples the my, distributions
shown in Figure 7.27 are obtained after accumulating 30 f6=' of luminosity. The mass dis-
tributions are obtained by utilizing the concept of weighted events as explained earlier. The
weighting factor for a given event is obtained by multiplying, depending on the id of the jet,
the b-tag/mistag efficiencies of the four b-tagged jets passing the selection criteria. For events
contributing more than once to the mass window, the weight factors are summed accordingly.
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Figure 7.27: The same as in Figure 7.25, but for the QCD background sample and with the
applied selection cuts corresponding to those optimized for the my = 300 GeV case. The
concept of weighted events is applied to produce these plots for the various selection criteria
(see text).
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Finally, in Figure 7.28 it is illustrated that the signal does not suffer much form the applied
Er cuts (after b-tagging) and that the background rate is only reduced when the b-tagging
procedure is applied. Otherwise the rate will be too large to allow any signal to be extracted.
The upper plot is due to signal: the entries in the original (not shaded) histogram are due
to events passed the b-tagging, but with no E1 cuts applied. The light-grey shaded histogram
is after the application of the E1 cuts. The lower plot is due to background: the entries
in the original (not shaded) histogram are due to events passed |n| < 2.5 cut, but with no
ET cuts and no event weighting applied. the entries in the light-grey shaded histogram is
due to events passed also the E1 cuts but with no event weighting applied. And the dark-
grey shaded histogram is after the application of the event weighting procedure. The rate
reduction due to b-tagging procedure is evident from this figure. The dark shaded region of
the histograms, in both cases indicates the applied mass window cut.
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Figure 7.28: The Signal and background my, distributions for tan 8 = 30 and mg = 300 GeV
for an integrated luminosity of 30 fb=' for the tight selection algorithm after the LVLI trigger.
For details see text.
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7.6.4 Results

The signal and background rates, for an accumulated luminosity of 30 f6~! and of 300 fb— ',
for the three different selection cuts are compiled in tables 7.10 and 7.11 for m4 = 300 GeV
and my = 500 GeV respectively. The observability of the signal in terms of signal (S) to
background (B) ratio and the statistical significance, defined as the ratio of the signal to the
square-root of the background, are also indicated in these tables for the respective selection
algorithms. The effect of the LVL1 calorimeter jet trigger on the acceptance of this channel
is also reproduced in the table. To be noticed is the positive effect of the LVL1 calorimeter
jet trigger on the S/B and S/v/B. The reason for this behaviour is the higher acceptance of
the LVLI jet triggers of the signal and its relatively higher jet rejection on the background
sample than on the signal.

For the tight selection algorithm, including the effect of the LVL1 jet trigger, the 5o discovery
contour plots shown in Figure 7.29 are obtained. For comparison the 5o discovery contours for
the bb A/H — bb7 11 decay channels, at low and at high luminosities are also superimposed
on the plots in Figure 7.29. It is seen that the four b-jet final states do cover a large area of
the (m 4, tan () plane in the large tan § region. It can also be observed the 4b channels serve
as a complementary discovery channel to the 77 decay mode for m 4 < 400 GeV, whereas for
A masses larger than this they will provide a better discovery chance.
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Figure 7.29: 5-0 discovery contours for low (left) and high (high) luminosities for the tight
selection algorithm. For details of the selection criteria see text.
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Table 7.10: Expected number of signal and background events after having accumulated
30 fo~! (low) and 100 fb~' (high) luminosity. The corresponding signal (S) to background
(B) ratio in percentage and significance is also given. For more details see text.

Low Luminosity
mg Offline
300 GeV tan = 30 tan 8 = 50
No. of Lea.d ng two three four two three four
b-tagged jets
S 1.14-10* | 2.58 -10* | 3.07-10* || 2.80-10* | 6.05 - 10* | 7.75 - 10*
B 6.65-10% | 1.28 -10° | 1.96 - 10° || 6.65 - 103 | 1.28 - 10° | 1.96 - 10°
S/B 1.71 0.20 0.16 4.21 0.47 0.40
S/vVB 139.7 72.0 69.4 343.3 169.1 175.1
my L1CT + Offline
300 GeV tan = 30 tan 8 = 50
No. of Lea.d ng two three four two three four
b-tagged jets
S 1.14-10* | 2.58 -10* | 3.07-10* || 2.80-10* | 6.05-10* | 7.72- 10*
B 6.65-10% | 1.28 -10° | 1.96 - 10° || 6.65 - 103 | 1.28 - 10° | 1.96 - 10°
S/B 1.71 0.20 0.16 4.18 0.47 0.39
S/VB 139.7 72.0 69.4 340.9 168.5 174.4
High Luminosity
mir Offline
300 GeV tan B = 30 tan B = 50
No. of Lea.d e two three four two three four
b-tagged jets
S 5.64-10% | 1.22-10° | 1.51-10° || 1.37-10° | 3.13-10° | 3.79 - 10°
B 3.06 -10° | 9.58 - 10° | 1.37-10° || 3.06 - 10° | 9.58 - 10° | 1.37 - 10°
S/B 0.18 0.13 0.11 0.45 0.33 0.28
S/VB 101.8 124.4 129.5 248.3 319.9 324.4
mir L1CT + Offline
300 GeV tan B = 30 tan B = 50
No. of Lea.d ng two three four two three four
b-tagged jets
S 2.59-10* | 7.89-10* | 1.07-10° || 1.37-10° | 3.13-10° | 3.79 - 10°
B 2.75-10° | 8.33-10° | 1.14-10° || 2.75-10° | 8.33-10° | 1.14 - 10°
S/B 0.09 0.09 0.09 0.24 0.25 0.23
S/VB 49.4 86.5 100.4 124.2 228.8 246.2
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Table 7.11: Expected number of signal and background events after having accumulated 30 fb~!
(low) and 100 fb~! (high) luminosity. The corresponding signal (S) to background (B) ratio in
percentage and significance is also given. For more details see text.

Low Luminosity
my Offline
500 GeV tan B = 30 tan B = 50
No. of Lea.d g two three four two three four
b-tagged jets
S 1.36 - 10% | 2.90- 103 | 3.60 - 103 || 3.41-10% | 6.70-10° | 8.43-103
B 2.66-10% [ 2.99-10% | 3.52-10% || 2.66-10 | 2.99 - 103 | 3.52 - 103
S/B(%) 0.51 0.97 1.02 1.28 2.24 2.40
S/vVB 26.4 53.0 60.6 66.0 122.6 142.2
my L1CT + Offline
500 GeV tan B = 30 tan B = 50
No. of Lea‘d ng two three four two three four
b-tagged jets
S 1.36-10% | 2.90-10% | 3.60-10% || 3.41-10% | 6.70 - 10° | 8.43 - 103
B 2.66-10% | 2.99-10% | 3.52-10% || 2.66 - 103 | 2.99 - 103 | 3.52 - 103
S/B(%) 0.51 0.97 1.02 1.28 2.24 2.40
S/vVB 26.4 53.0 60.6 66.0 122.6 142.2
High Luminosity
myy Offline
500 GeV tan B = 30 tan B = 50
No. of Lea.d ng two three four two three four
b-tagged jets
S 6.53-10% | 1.31-10* | 1.70-10* || 1.72-10%* | 3.20- 10* | 3.92 - 10*
B 2.72-10% [ 1.19-10* | 1.72-10% || 2.72-10% | 1.19-10% | 1.72 - 10?
S/B(%) 2.40 1.10 0.99 6.34 2.70 2.28
S/vVB 125.3 119.9 130.0 330.2 293.9 299.0
myy L1CT 4+ Offline
500 GeV tan B = 30 tan B = 50
No. of Lea.d ng two three four two three four
b-tagged jets
S 6.37-10% | 1.27-10* | 1.66 - 10* || 1.72-10%* | 3.20- 10* | 3.92 - 10*
B 1.49-10° | 1.06 - 10* | 1.58 - 10* || 1.49-10% | 1.06 - 10* | 1.58 - 10*
S/B(%) 4.29 1.20 1.05 10.90 2.92 2.40
S/vVB 165.3 123.7 132.2 420.1 301.2 300.9
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7.7 Discussion

From the study, performed here, on the MSSM neutral Higgs decay channels with multi
b-jet final state signatures, the follwing observations and conclusions can be inferred. The
acceptance of the current LVL1 jet trigger, as implemented in the trigger menus, is in gen-
eral high (~ 90%) at large tan 8 (2, 30) and intermediate to large m4 (ma = 200 GeV)
at both low and high luminosity runs. While at low tan 8 (< 3.0) and intermediate m 4
(200 GeV < my < 350 GeV) the acceptance is moderate (~ 70%) at low and very low (~
few %) at high luminosity. The former has been studied via the bb H — bbbb decay channel
and the latter via the H — hh — bbbb. In spite of the high rate of the signals in their
respective regions in the MSSM parameter space, they suffer from the much higher rate QCD
background contributions. Reducing the LVL1 jet trigger thresholds combined with the b-tag
capability of the LVL2 trigger may be utilized to achieve a higher overall, i.e. LVL1 4+ offline,
acceptance especially for the high luminosity case for the low tan 3 channel. The special four
b-jet final state topology, common for both decay modes, already rejects a large fraction of
the background, but nevertheless a better signal to background ratio and statistical signal
significance is desirable. Different additional kinematical cuts and requirements optimized to
the properties of the signals were also applied in order to cover as large an area of the MSSM
parameter space as possible.

The 50 discovery contour for the low tan (3 region covers a small region of the (m 4, tan 3)
parameter space as a complementary channel to the area covered by other decay channels,
eg. H — hh — bbvyy and tth — ttbb. In this case additional selection criteria like the
angular distance between the two b-jets produced in the light Higgs decay could also be used
to reject a fraction of the background events. But in any case the extraction of signal above
background is not easy and at high luminosity an extremely difficult task if at all possible.

In the case of the high tan g the situation is different. At small A masses (m4 < 400 GeV')
it complements the 77 / uu decay modes, whereas at higher m 4 it covers a larger parameter
space than, for instance, the 77 channel. Here the situation is rather different than in the
low tan 0 case above. Signal extraction, due to its hard b-jet distributions, is less difficult.
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Summary and Conclusion

This work has been performed within the framework of the ATLAS experiment at LHC lo-
cated in CERN. A detailed fast simulation environment, based on an existing code, has been
developed containing detailed parameterization of the essential effects of the calorimeters,
like response, longitudinal and transverse shower shape, and transition region effects, as ob-
tained from the so-called full simulations. Essential details of the parameterization procedure
has been described. A detailed pile-up implementation is another powerful feature of this
simulation tool. An interface of the simulation package to the official ATLAS particle-level
fast simulation program, ATLFAST, has also been implemented. Detailed pile-up simulations
for low and high luminosities have also been performed and incorporated into the simulation
code. The complete LVL1 trigger chain is also implemented in this code. This simulation
package was used to obtain the results presented in this work.

The effect of the combination of the E%”ss trigger with the jet trigger has also been discussed,
which can be used to reject QCD background, or to lower the jet trigger thresholds applied at
LVL1, for processes with genuine E%”ss signatures. The jet trigger thresholds for the LVL1
jet triggers (defined in the trigger menu) were obtained and where applied on signal and
background samples studied here. The LVLI rates for the various jet triggers, and based on
the thresholds, defined in the current LVL1 trigger menu has been estimated using the LVL1
jet trigger thresholds also determined here within the simulation tool. The overall LVL1 jet
trigger rate is at low luminosity estimated to be about <2 kHz and at high luminosity about
<900 Hz. It must be noted that the rate at low luminosity is higher than the official quoted
value in [39] by a factor > 2. The reason for the disagreement in the obtained results, apart
from being evaluated in different simulation environments, is a matter of definition. It makes,
for instance, a difference if one obtains the thresholds based on the rate, or on the jet trigger
efficiency, requirements. The latter method has been applied here for a 90% inclusive jet
trigger efficiency.

The observability of the MSSM neutral Higgs bosons with four b-jet final state topologies at
small and at large tan [ regions for intermediate to heavy A/H bosons was studied. Further,
the acceptance of the LVLI trigger on the signal was also investigated. The acceptance of
the LVL1 jet trigger of the bb A/H — bbbb channel, having a large cross-section and a high
branching ratio (~ 90%) in the parameter space considered here, the acceptance is high
in spite of the high jet thresholds required in the LVLI1 trigger menu. The reason for this
is the fact that the A/H Higgs bosons are heavy and produce jets with high Er , which
can be triggered on effectively. For the light Higgs, on the other hand, the situation is
different. The final state jets are usually not that high energetic, due to the lower mass,
to allow an acceptance as efficient as in the heavy Higgses by the LVL1 jet trigger. Hence,
the signal acceptance is particularly low at high luminosity. The effect of the QCD multi-
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jet background processes has also been evaluated for both decay channels by applying the
appropriate selection cuts. For both cases also the 50 discovery contours, based on the
statistical significances, were obtained. At small tan S and intermediate m4 regions the
obtained contours complement the H — hh — bbyy, H — Z Z*) — 40 and A — Z h — 00 bb
channels. At large tan § the 4b final state channels studied here add to the area covered by
the 77 / pp channel at high A masses (m4 > 500 GeV).

Selection criteria can, in principle, still be optimized, for instance:

at small tan 6 by applying a cut on the angle between the bb combinations to select the
signal more effectively (this has actually been performed resulting in a reduction by a
factor of 2 of the background and a loss of at most 5% of the signal).

at large tan 0 by requiring only one of the multi-jet triggers in the LVL1 trigger menu — the
LVL1 3-jet trigger, for example, and not the overall jet trigger. This reduces the QCD
background rate by a factor of about 2-3 and results in a signal loss of about 5-10%
(depending on luminosity).

The trigger requirement mentioned above could also be used in the small fan 3 case in addition
to the other selection cuts. Eventual correlation between the cuts (either between these or
between these and the earlier cuts) should of course be studied.

In conclusion it must be noticed that the results obtained here are based on a simulation tool
that can be considered as the most realistic fast simulation used for different analyzes so far,
e.g. in the Physics TDR [46]. Another important point which should be mentioned is that
the obtained significances do not contain any contribution from systematical uncertainties.
Systematics due to uncertainties in the higher order corrections to the matrix elements (the K-
factors) are in general known and evaluated for the signal but not for all the QCD background
processes, and therefore has not been included. On the other hand the uncertainties in the
parton distribution functions are are known and controllable, and have an effect of about
10-20% depending on the choice of the pdf (changing from CTEQ2L to CTEQ4L/M or
CTEQSL/M for instance). Other systematic effects, due to experimental features, like the
calorimeter calibration effects and/or the jet energy scale, can not be estimated properly, to
be included in the calculations of the signal significance. This should await the completion
of the LHC and the ATLAS detector.
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