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Abstract: The ATLAS detector is designed primarily for proton-proton col-
lisions, and potentially interesting events are selected by a three-level trigger
system. We have studied the performance of the ATLAS trigger system for
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Introduction

The purpose of heavy-ion physics is to study nuclear matter under extreme
conditions in nucleus-nucleus collisions. Quantum Chromodynamics predicts
a new phase of matter called quark-gluon plasma where quarks and gluons
are deconfined from hadrons. This state of matter probably existed also a few
µs after Big Bang. Thus, relativistic heavy-ion collisions provide the exper-
imental information on the fundamental prediction of the Standard Model.
They explore the physics of this new state of matter and give an information
about the beginning of our Universe and also about global features of our
Universe which are believed to be connected with characteristic properties
of this early evolution.

Objectives for heavy ion experiments are to find out what are the prop-
erties of matter formed in heavy-ion collision. We expect that the detector
ATLAS (and all other LHC experiments) will bring a lot of new information
and insight into properties and behaviour of quark-gluon plasma. Although
the ATLAS detector is designed primarily for proton-proton collisions it can
be well used to study the collisions of heavy ions. This thesis is concerned
with the performance of the ATLAS trigger system for Pb+Pb collisions.

First, we give a brief introduction to the heavy ion physics and we present
some results from RHIC experiments. Then we describe ATLAS detector and
ATLAS trigger system. Finally, several triggering strategies are proposed
for ATLAS heavy ion programme and their performance is also illustrated.
Thesis is focused mainly on calorimeter trigger, especially jets.

In the whole thesis the system of natural units1 is used.

1speed of light c = 1, Planck constant h̄ = 1
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Chapter 1

Introduction to Heavy Ion
Physics

1.1 The Standard Model

The Standard Model (SM), fundamental theory of modern particle physics, is
a quantum field theory describing three of the four fundamental interactions:
strong, weak and electromagnetic. The last interaction, gravity, is described
by Einstein’s general relativity and has no generally accepted quantum de-
scription. The basic entities of the Standard model are fermions and bosons.

Fermions

Fermions are half-integer spin elementary particles that make up all mat-
ter, they obey Fermi-Dirac statistics. They are divided into two groups:
quarks (q) and leptons (l). There are six flavours (types) of quarks (see ta-
ble 1.1) and leptons (see table 1.2) and for each quark/lepton there is an
anti-particle - anti-quark (ū) and anti-lepton (l̄.)

particle mass[GeV/c2] spin parity charge another quantum numbers

u 0.003 1/2 +1 2/3 I3 = 1/2
d 0,006 1/2 +1 -1/3 I3 = 1/2
s 0,1 1/2 +1 -1/3 S = −1
c 1,3 1/2 +1 2/3 C = 1
b 4,3 1/2 +1 -1/3 B = −1
t 175 1/2 +1 2/3 T = 1

Table 1.1: Quarks [1]
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particle mass[MeV/c2] spin charge

e 0.511 1/2 -1
νe < 10−5 1/2 0
µ 106 1/2 -1
νµ < 0.2 1/2 0
τ 1777 1/2 -1
νtau < 20 1/2 0

Table 1.2: Leptons [1]

particle mass[GeV/c2] spin parity

γ 0 1 -1
W+,W− 80.4 1 ×

Z0 91.2 1 ×
g 0 1 -1

Table 1.3: Intermediate bosons [1]

Intermediate Bosons

The standard model explains forces between particles through exchange
of mediating particles - intermediate bosons. All bosons have integer spin,
they obey Bose-Einstein statistic. Three kinds of bosons mediating three
different interactions exist, see Table 1.3:

Photons mediate the electromagnetic interaction between electri-
cally charged particles. The electromagnetic force is described by quantum
electrodynamics (QED).

The weak nuclear force, interaction between different flavour particles
is mediated by W+, W− and Z0. It is the only interaction which can change
particle flavour and it is in charge of most particle decays, for example β-
decay of neutron. In fact, the weak force is unified with the electromagnetic
force within the electroweak theory, see [2].

The strong interaction, force between color-charged particles (quarks
and gluons) is mediated by eight gluons. Gluons, in addition to other gauge
bosons, have also a color charge, so they are able to interact with themselves.
The strong interaction is described by quantum chromodynamics (QCD). A
short introduction to QCD is given in the next section, for details see [7].

The last boson predicted by SM is a massive scalar Higgs boson which
has not yet been observed. The role of Higgs boson in SM is explanation of
generation of masses. Together with gluons and W+ Higgs boson is capable
of self interaction. More information about Higgs boson can be also found
in [2].

The last interaction, gravity, is mediated by a hypothetical particle called
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graviton but it has not been successfully incorporated into SM yet.
A schematic overview of fermion and boson interactions is shown in

Fig. 1.1.

Figure 1.1: Overview of all possible interactions between particles in the SM.
Figure taken from [3].

1.2 Basics of Quantum Chromodynamics

QCD is a non-abelian gauge quantum field theory of interactions between
color-charged fermions and gluons. There are three colours: red, green and
blue and ”anti-colours” of anti-fermions. There is not similarity to the macro-
scopic colours, colour is just a new quantum number. The experimental ob-
servation that no free quarks and gluons are observed leads to the assumption
that only colour neutral particles exist. This extraordinary behaviour of the
nature is described inside the QCD theory where the coupling constant αS

significantly differs compared to electromagnetic coupling. A perturbative
approach (pQCD) can not be used in some cases and we have to use the
non-perburbative approach, lattice QCD for example, which describes space
as a set of discrete points and solve problems numerically on computers.
QCD has two main peculiar properties:

• Asymptotic freedom is a specific property of QCD related to the
dependence of the ”interaction strength” on the momentum transfer.
This property is usually expressed in term of so called running strong
coupling ”constant” which depends on transferred momentum Q2 [7]
as follows:

αS(Q2) =
αS(µ2)

1 + αS(µ2)
33−2nf

12π
ln(−Q2

µ2 )
, (1.1)

αS(Q2 → 0) → 0, (1.2)
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where nf is the number of flavours, µ2 is renormalization scale. De-
pendence of the coupling constant on the momentum transfer from
measurement is shown in Fig. 1.2.

Figure 1.2: Summary of values of αS from e+e− measurements as a function
of µ =

√
µ2 ≡

√
Q2 . Figure taken from [1].

The formula 1.1 can be rewritten as:

αS(Q2) ≈ 12π

(33 − 2Nf) ln Q2

Λ2

, (1.3)

where Λ ≈ 200 MeV is the momentum scale at which the QCD coupling
constant is infinite and where the perturbation calculation is clearly
meaningless. For a high-Q2 process1 (above 2-3 GeV), the coupling
constant becomes small enough for a pQCD framework. Formulas 1.1
and 1.3 are valid in next-to-leading order calculation (NLO).

• Confinement means that the force between quarks does not vanish
during theirs separation (it would take an infinite amount of energy),
only colour neutral objects exist. Quarks and gluons are confined in
composite particles called hadrons2. This effect is due to the gluons
self interaction and it is illustrated in Fig. 1.3 with phenomenological
potential of strong interaction obtained by lattice calculation [5]:

VS(r) = −4

3

αS

r
+ kr, (1.4)

1hard QCD process
2Baryons (proton, neutron, hyperons) consist of three quarks of different colours and

mesons (pions, kaons,...) consist of quark anti-quark pair
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where the first part is similar to Coulomb potential and dominates at
small distances r, the second term, where k ≈ 1GeV/fm is the color
string tension, dominates at large distance and it is responsible for
confinement. When trying to separate quarks, the energy of color field
between them grows up and new quark anti-quark pair is created when
it is energetically more favourable.

Figure 1.3: The QCD potential as a function of distance between quarks
obtained by lattice QCD, a is a lattice constant (i.e. distance between lattice
points). Figure taken from [4].

The dynamics of the quarks and gluons are controlled by the QCD La-
grangian [7]

L = ψ̄f [iγ
µ∂µ −mf ]ψf − 1

4
F µν

a F a
µν , (1.5)

where ψf represents bispinor of quark flavour f and the field strength tensor
FA

µν is defined as:

F a
µν = ∂µA

a
ν − ∂νA

a
µ −

√
4παSf

abcAb
µA

c
ν , (1.6)

where Aa
µ is one of eight (a, b, c =1..8) vector gluon fields, fabc are structure

constants of the SU(3) symmetry group. If we use the standard quantum
field theory framework, the Feynman diagrams, the Lagrangian 1.5 gives us
three basic diagrams, see Fig. 1.4. The first one shows emission or absorption
of a gluon, the next two show three and four gluons interactions which are
present in QCD in contrast to QED, where only the first kind of interaction
is possible, because photons have no charge. An introduction to QCD is
presented in lecture notes [7].
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Figure 1.4: Basic Feynman diagram of QCD. Figure taken from [6].

1.3 Quark Gluon Plasma

In contrast to confinement, QCD also predicts a phase of matter, where
quarks are not confined inside hadrons. It is only necessary to use the finite
temperature field theory (for an introduction see e.g. [8]) to describe the
system of interacting quarks and gluons. This is the new state of matter -
Quark Gluon Plasma. Equation 1.4 can be rewritten according to lattice
simulations to

VS(r, T ) = −4

3

αS

r
e

(

− r
λD(T )

)

+ k(T )r, (1.7)

where parameter k now depends on temperature T . The second confining
term (k(T )r) vanishes above temperature Tc ≈ 150 − 170 GeV. An expo-
nential dependence appears in the first term and it has the similar role as
Debye charge screening effect (λD is Debye screening length, λD ∼ 1/T )
in ordinary plasma physics: The Coulomb potential of two charges changes
significantly if these charges are placed to an environment which contains
charges of both signs ≡ plasma.

According to the Big Bang theory which describes development of our
Universe from an exploding initial singularity, this state of matter also ex-
isted a few µs after the Big Bang. As Universe expanded and cooled down,
it evolved through several phase transitions, one of them being transition
into QGP and later the transition of QGP to hadrons.

The idea of deconfinement is presented in Fig. 1.5, where the transition
into QGP is presented as a compression of hadronic matter by increasing
temperature, pressure or by adding more hadrons into fixed volume. After
phase transition, quarks are not longer confined inside hadrons but they are
still confined inside the volume of QGP.

There are several possibilities how to describe this transition: thermody-
namics and statistical physics, lattice QCD, string theory or AdS/CFT.

We will follow some calculation with simple phenomenological MIT bag
model taken from [11][12][13]. This model can describe some basic features of
QGP: energy density and pressure are calculated by using partition function.
This model describe QGP as an ideal gas with an outside vacuum pressure

9



Figure 1.5: Transition from hadron matter into QGP. Figure taken from [9].

bag constant B. Gluon energy density can be calculated using boson mo-
mentum distribution:

ǫg =
4πdg

(2π)3

∫

p3 1

e
p
T − 1

dp =
dgπ

2T 4

30
, (1.8)

where dg is the gluon number of degrees of freedom given by

dg = 2(helicity) × 8(colours) = 16. (1.9)

The energy density of quarks and anti-quarks can be written similarly
with Fermi-Dirac statistics as

ǫq̄ =
4πdq̄

(2π)3

∫

p3 1

e
p±µ

T + 1
dp (1.10)

The energy density of quarks (minus sign) with Fermi-Dirac statistics
can not be solved analytically. However, the formula for anti-quark energy
density differs with opposite sign of chemical potential can be solved analyt-
ically. The total energy density of quarks and anti-quarks can be calculated
and it is given by

ǫq̄ + ǫq = dq

(

7π2T 4

120
+
µ2T 2

4
+

µ4

8π2

)

, (1.11)

where µ is the chemical potential and dq is the number of degrees of freedom
for quarks which is for two flavours given by

dquark = 2(spin) × 3(colours) × 2(flavours) = 12. (1.12)

If we consider bag pressure B, the total energy density of the QGP
becomes

ǫQGP = 37
π2

30
T 4 + 3µ2T 2 +

3

2π2
µ4 +B. (1.13)
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The energy density of ordinary hadronic matter (HM) can be calculated
by the same way in a hot pion gas approach.

ǫHM = dpions
π2

30
T 4 =

π2

10
T 4, (1.14)

where dpions = 3 is the number of isospin degrees of freedom of pions.
We can derive formulae for pressure of QGP and hadronic matter by the

similar way

PQGP = 37
π2

90
T 4 + µ2T 2 +

1

2π2
µ4 −B, (1.15)

PHM = dpions
π2

90
T 4 =

π2

30
T 4. (1.16)

The transition should occur when the pressure of the hadronic phase is
equal to pressure of the QGP phase.

Now we can describe two extreme situations:

1. Baryon-free QGP - the chemical potential will be zero which means
that the number of quarks is equal to the number of anti-quarks. We
can calculate bag constant from the QCD scale parameter:
ΛQCD ≈ B1/4 ≈ 217 MeV/c [14] the critical temperature TC

TC =
(

90B

34π2

)

1
4

≈ 160 MeV. (1.17)

and density for the QGP ǫQGP ≈ 1.6 GeV/fm3.

2. Baryonic QGP at zero temperature and finite chemical potential and
the energy density and pressure can be again derived. The critical
chemical potential µC is given by

µC =

(

24π2

dq

)1/4

(1.18)

which leads to the critical baryon number density

nC =
dqµ

2
C

6π2
= 0.72/fm3 (1.19)

which is approximately five times more than density of normal nuclear mat-
ter.

Fig. 1.6 shows lattice QCD calculation of energy density and one can see
sharp rise of the energy density at a critical temperature Tc ≈ 170 GeV.
This can be interpreted as the phase transition into QGP. There is also
shown the massless non-interacting quarks approach - Stefan-Boltzmann
limit. This limit is not reached and it indicates that this description may not
be applicable at these temperatures, the system is not ideal gas and there
are still significant interactions among QGP constituents.
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Figure 1.6: The energy density in QCD from lattice calculation as a function
of the temperature scaled by the TC . The arrows on the top left corner
indicate Stefan-Boltzmann limit. Figure taken from [15].

Fig. 1.7 shows a QCD phase diagram based on lattice QCD (lQCD)
calculations and it is clear that there are two ways how to reach phase
transition into QGP - by raising temperature or chemical potential (cold
QGP). It seems that the cold QGP exists in neutron stars and the transition
into QGP by raising temperature can be reached in heavy ion collisions.

1.4 Heavy Ion Collisions

One of the methods how to create extremely hot and dense matter for QCD
transition from ordinary hadronic matter into QGP is the method of colli-
sions of heavy ions. Heavy ions are used because many of constituent nucle-
ons collide at the same time and large interaction region is created.

Fig. 1.8 presents an illustration of the heavy ion collision. We can imagine
heavy ion collision as two pancakes3 of nuclear matter passing through each
other with impact parameter b which is the transverse distance between
centres of colliding nuclei, see Fig. 1.8. Small impact parameters correspond
to central collisions and large impact parameters to peripheral collisions.
It is clear that direct measurement of impact parameter b is practically
impossible, thus several methods based on the particle multiplicity of events
were developed.

Constituent nucleons of the nucleus can be divided into two groups, the
first group called participants interacts strongly and creates a high density

3The longitudinal length in the motion direction becomes less than 1 fm because of
significant Lorentz contraction.
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Figure 1.7: QCD phase diagram. Figure taken from [10].

volume - fireball. Members of the second group are called spectators. Spec-
tators remain almost unaffected by the collision.

Geometric parameters of nucleus-nucleus collision can be calculated by
the Glauber model, which is described in section 1.4.2.

1.4.1 Space Time Evolution

Heavy ion collision is a complicated process which is difficult to describe
because various phases are expected to exist from initial collision to final
hadron matter. The space time evolution of heavy ion collision was first
described by Bjorken [16]. This Bjorken’s evolution model of the matter
created in HI collisions with values of some variables is shown in Fig. 1.9.

Two nucleus collide at time t = 0 and longitudinal position z = 0 and
free partons, mainly gluons, are produced. This system is not in a thermal
equilibrium and the dynamics can be described by series of colliding par-
tons which leads finally to local equilibrium. If the critical energy density is
reached, the QGP might be formed at proper time τ0. Due to the expansion
the system cools down. The system is evolving like a perfect fluid from this
time and dynamics of interesting variables such as energy density, pressure,
entropy and temperature can be described in hydrodynamics by equations
of motion [19]

∂ǫ

∂τ
+
ǫ+ p

τ
= 0 (1.20)

following from the energy momentum conservation of the perfect fluid

δTµν

δxµ
= 0, (1.21)
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Figure 1.8: Geometry of heavy ion collision.

where Tµν is the energy-momentum tensor given by

Tµν = (ǫ+ p)uµuν − gµνp, (1.22)

where gµν is the metric tensor and uµ is the four velocity.
At τC the system reaches a critical temperature TC and quarks recombine

into hadrons. Between τC and τH there is a coexistence of two phases and
after τH the system consists of interacting hadrons. Final step, called freeze
out, takes place at τF when hadrons stop to interact and produced particles
move away.

There are two basic classes of models aiming to describe HI collisions:

Microscopic models

These models are based on superposition of elementary processes - nucleon-
nucleon collisions. They use additional condition and phenomenological in-
teraction to affect the effect of heavy ion collision. But they do not take
into account the phase transition into QGP and only particular signatures
of QGP are incorporated as free parameters. For example MC simulator HI-
JING [17][18] is based on superposition of PYTHIA events and additional
free parameters such as the mean free path and energy loss dE/dx that are
used for simulation of hot and cold matter effects and jet quenching (see sec-
tion 3.3) for example. The description of one microscopic model which can
estimate some basic properties of HI collisions is described in section 1.4.2.

Hydrodynamical models
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Figure 1.9: Space-time picture of a nucleus-nucleus collision. Hyperbola
shows constant proper time τ = t

γ
=

√
t2 − z2 and also temperatures. En-

ergy and entropy density are also constant on hyperbola.

According to these models the system in thermal equilibrium would be
described as an ideal fluid. In hydrodynamical models the energy, momen-
tum, entropy and baryon number are conserved in the solution of equations
of state.

Two simple models are introduced here. Fermi-Landau model is different
from Bjorken model in the amount of stopping of the participants in the
collision area. The amount of stopping is equivalent to loss of kinetic energy
in a collision and it is defined in [33] as

〈δy〉 = |yb − 〈y〉|, (1.23)

where δy is average rapidity loss, yb is a beam rapidity and 〈y〉 is in [34]
defined as

〈y〉 =
2

Npart

yb
∫

0

y
dNB−B̄

dy
dy, (1.24)

where y is a baryon rapidity, NB−B̄ is called net-baryon number defined as
NB−B̄ = NB−NB̄ and Npart is the number of participants. The measurement
of average rapidity loss is shown in Fig. 1.10 and one can see that a linear
behaviour is broken at RHIC energies.

• Fermi-Landau model was proposed by Landau in [20]. In this model,
nuclei are completely stopped and all their kinetic energy is deposited
in the fireball. Material in fireball can be considered as an ideal fluid
that expands adiabatically. This description might be appropriate in
the case of a large baryon density µ and low temperatures such as in
neutron stars for example.
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Figure 1.10: Average rapidity loss from AGS, SPS and RHIC as a function
of beam rapidity. Figure taken from [35].

• Bjorken model proposed by Bjorken in [16] is based on partial trans-
parency of nuclei. Stopping is limited, nuclei pass through each other
and nucleons in overlap region might undergo several collisions. At very
high energies (above 100 GeV per nucleon) the nucleons have still a
lot of energy and move away from the collision region where they leave
a highly exited colour field which is then available for production of
new particles. If we describe this region (see Fig. 1.11) as cylinder (we
can neglect transverse expansion) with an area S as thickness z at the
formation time t = τ0 ≈ 1fm/c we can estimate energy density ǫB in
this region [16]:

ǫB = lim
∆z→0

E

S∆z
. (1.25)

Next, we consider similar relation for rapidity as in formula (13) in
Appendix A derived in [40] and its derivative with respect to z with
using relations for t and z analogical to formulas (18) and (15) in
Appendix A

y =
1

2
ln
(

t+ z

t− z

)

, (1.26)

t = τ cosh y, (1.27)

z = τ sinh y, (1.28)

dy

dz
=

cosh y

τ
, (1.29)

where y is rapidity defined in Appendix A. After that, we can rewrite
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Figure 1.11: Geometry of the initial state in heavy ion collisions. Figure
taken from [16].

formula (1.25) according [40] into

ǫB =
N

S

d〈E〉
dy

dy

dz

∣

∣

∣

∣

∣

y=0

=
N

S

d〈E〉
dy

cosh y

τ

∣

∣

∣

∣

∣

y=0

=
1

τπr2
0N

2/3

dET

dy

∣

∣

∣

∣

∣

y=0

(1.30)
where ET is total transversal energy, 〈E〉 is mean energy per nucleon
and in the last term we express S with nuclear radius r

r = r0N
1/3 (1.31)

with r0 = 1.18 fm. If we use concrete values τ = τ0 = 1 fm, the energy
density at RHIC Au+Au experiment at

√
sNN = 200GeV/nucleon is

estimated to be ∼ 5 GeV/fm3. But this value is only approximative
because this model is too simple. However, it can still provide basic
control between experiment and theoretical predictions.

1.4.2 Glauber Model

This simple model of collisions of two nuclei, first proposed by R. J. Glauber
in 1955 [21], is well described in [19] and in [22]. It assumes that inelastic
collisions of two nuclei A and B (number of nucleons in nuclei is A and B) can
be described as superposition of an equivalent number of nucleon-nucleon
collisions with the same inelastic cross section σin

NN as in vacuum. It is based
only on a geometrical picture of the collision and nucleons are moving on
straight lines which is a good approximation for high energies. However, a
lot of variables such as cross section and event multiplicity can be calculated
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in Glauber model and thus it provides basic description of many features of
heavy ion collisions.

We usually use Wood-Saxon nucleons distribution

ρ(R) = ρ0
1

1 + e(r−R)/a
(1.32)

where r is nucleus radius defined by formula (1.31) and a ≈ 0.5 fm is surface
diffuseness parameter. Now, we can define thickness function TA which is
the nuclear profile function in the plane perpendicular to the beam axis z.

TA(bA) =

∞
∫

−∞

ρ(bA, z)dz (1.33)

with normalisation

∞
∫

−∞

TA(bA)dbA = 1 (1.34)

Then the probability of a nucleon-nucleon collision between the nuclei A
and B at impact parameter b is expressed by formula

TAB(b)σNN =

∞
∫

−∞

∞
∫

−∞

TA(bA)TB(bB)t(b− bA − bB)σNNdbAdbB (1.35)

which define the nuclear overlap function TAB(b) and where t(b) is baryon-
baryon thickness function, thus σNN t(b)db is the probability for having
the nucleon-nucleon collision within the transverse element db. If we neglect
nucleon structure and we use delta function instead of t(b) we can rewrite
formula 1.35 into

TAB(b)σNN =

∞
∫

−∞

TA(b′)TB(b− b′)σNNdb′. (1.36)

There can be maximal A× B collisions and occurrence probability of n
collisions is given by [22]

P (n,b) =

(

AB

n

)

(TAB(b)σNN )n(1−TAB(b)σNN )AB−n =

(

AB

n

)

(1−s)nsAB−n,

(1.37)
where s is defined as

s = 1 − TAB(b)σNN . (1.38)

Now, we can estimate the total probability for having at least one nucleon-
nucleon collision in the A+B collision at an impact parameter b
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dσAB

db
=

AB
∑

n=1

P (n,b) = 1 − sAB = 1 − (1 − TAB(b)σNN )AB (1.39)

The total inelastic cross section σAB can be then written as

σAB =

∞
∫

−∞

[1 − (1 − TAB(b)σNN )AB]db (1.40)

If we consider a collision of hadron (B = 1) with heavy nucleus (A≫ B),
the relation for the total cross section can be rewritten as

σAh =

∞
∫

−∞

{1 − exp[ATB(b)σNN )]}db (1.41)

The average number of inelastic nucleon-nucleon collisions can be also
estimated

Ncoll(b) =
AB
∑

n=1

nP (n,b) = ABTAB(b)σNN . (1.42)

19



Chapter 2

Signatures of QGP

Properties of QGP, i.e. distributions of quarks and gluons are not directly
measurable, one should look for measurable observables, based on observ-
able particles. There are several observables which are sensitive to the col-
lision dynamics. However, an explanation of these observables is difficult
and disputable. It should be mentioned that heavy ion collisions need to be
compared to p+p an p+A collisions as the reference for medium effects.

This chapter briefly discusses several observables that are expected to be
measured at LHC. Some results from RHIC experiment are also shown. Jet
quenching effect with brief overview to the jet physics is introduced in the
next chapter Jets and Jet Quenching.

2.1 High pT Suppression

Figure 2.1: Nuclear modification factor for π0, η-mesons and direct photons
in the most central Au+Au collisions at

√
sNN = 200GeV from PHENIX

experiment. Figure taken from [23].

Measured hadron spectra, especially protons, antiprotons, pions and kaons
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are strongly influenced by interactions in a medium. High pT suppression of
hadrons might be caused by interacting partons with a medium by the gluon
”bremsstrahlung”. These partons later fragment into hadrons.

This effect is usually described by nuclear modification factor RAA which
is defined as

RAA ≡
d2NAA

dpT dη

Ncoll
d2Npp

bin

dpT dη

. (2.1)

It expresses a particle production of nucleus-nucleus collisions relative to
p+p collisions. An example of a particle spectra affection is illustrated in
Fig. 2.1, where the RAuAu for direct photons, neutral pions and η-mesons
from measurement at PHENIX experiment is shown. One can see a strong
suppression of neutral pions and η-mesons and no suppression of direct pho-
tons which interact only electromagnetically. This is the signature of strongly
interaction of the medium.

Figure 2.2: Nuclear modification factor in d+Au collisions at
√
sNN = 200

GeV compared to the nuclear modification factor in the most central Au+Au
collisions, BRAHMS experiment. Figure taken from [24].

Another interesting pT spectrum from experiment BRAHMS [24] is shown
in Fig. 2.2 where high pT spectra in d+Au an Au+Au collisions are com-
pared. It is evident that there is a significant suppression in Au+Au colli-
sions while d+Au collision are not suppressed which is in agreement with
our expectation.

2.2 Flow

The hydrodynamical models and equations of state can be studied through
group of effects called flow. Flow occurs more markedly in peripheral col-
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Figure 2.3: Illustration of the origin of the elliptic flow and a reaction plane
definition. Left : geometric asymmetry of the reaction zone in peripheral col-
lisions. Right : momentum anisotropy.

lisions as an consequence of asymmetry of the reaction zone and collective
motions of particles in this area, see left Fig. 2.3. This initial geometric
asymmetry generates pressure gradients which then generate flow, see right
Fig. 2.3.

The flow is usually quantified by Fourier harmonic coefficients vn as [26]

E
d3N

dp3
=

1

2π

d2N

pT dpT dy

(

1 +
∞
∑

n=1

2vn cos[n(φ− Ψr)]

)

(2.2)

where Ψr is the azimuthal angle of the reaction plane defined in the left
panel of Fig. 2.3 and φ is an azimuthal angle from this plane. The first
harmonic v1 is called directed flow and the largest observed harmonic is the
second one v2, called elliptic flow [26]

v2 = 〈cos[4(φ− Ψr)]〉 (2.3)

Measured elliptic flow at RHIC experiment compared with hydrodynami-
cal calculations is shown in Fig. 2.4. Figure 2.5 presents an elliptic flow scaled
with the number of quarks.

2.3 Hadron Production Cross Section

Existence of QGP can be disclosed by increased production of strange hadrons
or suppression of J/Ψ (bound state of cc̄) and other quarkonia state. J/Ψ are
primarily produced in hard parton-parton scattering due to its large weight
(see table 1.1). Its number might be reduced due to the Debye screening
demonstrated in the formula 1.7, the strength between c and c̄ is reduced
and probability for a bound state decreases. We can use quarkonia spectra as
thermometer of the medium because the suppression of production different
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Figure 2.4: Transverse momentum dependence of v2 for various kinds of par-
ticles compared with hydrodynamical calculations. Figure taken from [25].

quarkonia state occurs if size of quarkonia is greater than color screening
length which depends on temperature ⇒ different quarkonia states disasso-
ciate at different plasma temperatures, see Fig. 2.6.

Measurements of J/Ψ suppression from SPS experiment are shown in
the left panel of Fig. 2.7 as an example. Comparison with effect in normal
nuclear matter is also presented.

Another observable is ratio of K+/π+ and K−/π− (or another strange
hadron such as Λ or Ω− instead of K). A production of strange hadrons1

is significantly influenced in QGP by gluon fusion process gg → ss̄. This
process with relatively small mass of s quark leads to an increased abundance
of strange hadrons which can be seen in the right panel of Fig. 2.7.

2.4 Electromagnetic Probes

Electromagnetic probes include dileptons and direct2 photons measurement.
Advantage of electromagnetic probes is that they do not interact strongly
and thus they are almost unaffected by the medium. This confirms Fig. 2.1
where a nuclear modification factor for direct photons is shown. Photons are
emitted from the fireball during all stages of the collision so they provide a
direct measurement of the medium properties.

There are three dominant processes of direct photons production de-
scribed in NLO pQCD: quark-antiquark annihilation q+q̄ → γ+g, Compton
scattering g + q → γ + q and bremsstrahlung q + g → q + g + γ. More in-
formation can be found in [31]. Dileptons are mainly produced in Drell-Yan
processes q + q̄ → l+ + l−. More information can be found in [32].

1Hadrons containing strange quark s or s̄
2Photons not originating from π0 and η decays
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Figure 2.5: Elliptic flow scaled by the number of quarks nq as a function of
pT (left) and KET = mT −m (right) for several particle species obtained in
minimum-bias Au+Au collisions. Figure taken from [27].

Figure 2.6: Quarkonia as a thermometer for QGP.
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Figure 2.7: Left - Nuclear absorption calculations as a function of total ET

for the Pb+Pb collisions at
√
sNN=158 GeV at SPS, compared to measured

data from NA38 and NA50 experiment. The normalization factor Bµµ is
fixed as Bµµσ

J/Ψ
pp /σDY

pp = 52.8, and σDY is Drell-Yan cross section (Drell-Yan
process [28] is the annihilation of a quark-antiquark pair and the production
of a dilepton pair via an intermediate Z-boson or virtual photon). Figure is
taken from [29]. Right - K/π enhancement with respect to p+p collisions as
a function of

√
sNN . Figure taken from [30].
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Chapter 3

Jets and Jet Quenching

3.1 Jets in Hadronic Collision

Jets are theoretically well understood and experimentally achievable probes
of dense matter. Jets are created in a deep hadronic inelastic collisions where
two partons undergo a large momentum transfer - hard scattering. From
chapter 1.2 we know that free coloured partons do not exist in nature thus
they evolve through gluons and soft quark radiation and fragmentation pro-
cess into a narrow spray of colourless hadrons ≡ jet. These hadrons are then
detected in detectors. Creation of jet is illustrated in Fig. 3.1.

Figure 3.1: Jet on particle level.

Jet characteristics such as a total jet energy, jet shape1 and others are

1Jet shape and another characteristics will be defined farther in this section
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”footprints” of an properties of outgoing parton. It means that jets are
experimental signatures of partons. Jet components have small transverse
momenta relative to jet axis and parent parton momentum.

We distinguish jets on detector level which are more phenomenological
and they are shortly described in subsection 3.2, and their parent (hardly
scattered) partons which are well understood in QCD. These two views on
jets are connected with fragmentation which is still not understood from
first principles, thus we have to rely on models. Two main models exist, the
string and the cluster fragmentation model. Details of these two models are
described in [36].

In pQCD a cross section for the partonic process A + B → C +D +X
which leads to the most frequent dijet production is given by

dσpp

dy
=
∑

ab

∫

fa/A(xa, Q
2)fb/B(xb, Q

2)
Dh/cd(zcd, Q

2)

zcd

dσab→cd

dy
dxadxbdzc

(3.1)
where fa/A(xa, Q) and fb/B(xb, Q) are parton distribution functions (PDF)

of the parton a and b in hadron A and B. PDF characterise a probability of
finding parton with momentum fraction x in a initial hadron2. Dh/cd(zcd, Q

2)
is a fragmentation function (FF) of parton c and d into a hadron and σab→cd

represents the parton-parton cross section. The PDF and FF can not be
calculated by pQCD but they are parametrized by experimental data: PDF
from proton structure functions F2 obtained in deep inelastic scattering and
FF from e+e− interactions and hadronic collisions. More theoretical infor-
mation about jets can be found in [41].

3.2 Jets in Detector

Jet consists of particles at this level. These particles are detected directly as
tracks in trackers or their energy is detected in calorimeter. Now, we need to
decide which tracks or cells of the calorimeter is a jet consisted of. This is a
task of jet algorithms. There are various kinds of jet finding algorithms, every
experiment has often its own version but these are just modified versions of
one of the three basic types: cone algorithm3, k⊥ and anti-k⊥. When we have
jet constituents we can define several jet parameters.

3.2.1 Jet Parameters

Basic parameters [37] are jet transverse energy ET and position of the jet
axis given by pseudorapidity ηjet and azimuth φjet (see Appendix A):

2x ≡ pparton

phadron
3This algorithm is described in next section in details
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ETjet =
∑

i∈jet

ET i, (3.2)

ηjet =
∑

i∈jet

ET iηi/ETjet, (3.3)

φjet =
∑

i∈jet

ET iφi/ETjet, (3.4)

These variables are boost-invariant and summation is over all particles in a
jet. Next, we define a Lorentz-invariant opening ”angle” in η and φ space
between two objects as

Rij =
√

(ηi − ηj)2 + (φi − φj)2. (3.5)

Another often used variable is jT , which is a component of fragment’s pT

orthogonal to the direction of the jet axis. It is defined as

jT =
|~pjet × ~pfrag|

|~pjet|
≈ pfrag

T sinR (3.6)

where R is the angle between fragment and the jet axis with direction ~pjet.
Momentum fraction z, the ratio between the fragment’s pT along the jet

axis and jets pjet
T , is defined as

z =
~pjet · ~pfrag

|~pjet|2
≈ pfrag

T

Ejet
T

cosR (3.7)

If we want to describe the internal jet structure of a jet we can use
variable called jet shape given by

Ψ(r;R) =

∑

iET iΘ(r − RiJet)
∑

iET iΘ(R −RiJet)
, (3.8)

where summation is over all jet constituents and Θ(x) is Heaviside function
defined as

Θ(x) =

{

0, x < 0
1, x ≥ 0.

(3.9)

We can express this definition in words: the jet shape is a fraction of the
jet transverse energy given by the formula (3.2) and transverse energy of jet
constituents inside a smaller cone of size r around the jet axis. We can also
use differential jet shape defined as

ρ(r;R) =
1

∆r

∑

iET iΘ(∆r − |r −Ri|)
∑

iET iΘ(R−RiJet)
, (3.10)

or in the limit of ∆r → 0 as

ρ(r;R) =
dΨ(r;R)

dr
. (3.11)
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3.2.2 Cone Algorithm

In this section we present a description of cone jet algorithm with the same
parameters as we use for jet analysis in heavy ion collisions at the ATLAS
experiment. An underlying event background in heavy ion collision must
be subtracted before jets reconstruction, for more information about heavy
ion jet software see [39]. The cone algorithm is based on the iterative-cone
concept, with cone radius R [37]. A result of this algorithm is a cone where
particles or cells within the cone are jet constituents, a jet axis is the same
as cone axis and jet parameters are defined by formulas (3.2) - (3.4). The
algorithm uses a calorimeter tower with tower size 0.1 × 0.1 in η and φ for
heavy ion collisions at the ATLAS experiment. A jet is found according to
the following steps [37]:

1. Calorimeter towers with ET > E0 = 1 GeV (this value is used in p+p
ATLAS jet reconstruction) are considered as a seed towers for a jet
candidates in the next step.

2. A jet is then defined by all towers within an angle R = 0.4 (this value is
used in heavy ion ATLAS experiment) from the seed tower according
to equation 3.2-3.4.

3. If the jet direction does not coincide with the seed direction, previous
step is reiterated, replacing the seed tower by the current jet direction,
until a stable jet direction is achieved.

4. This process is repeated for all seed towers.

5. Now we have a long list of jets, one for each seed tower. Duplicates
jets are thrown away.

6. Some jets could be overlapping. Any jet sharing at least 50% of its
energy with a higher-energy jet is merged with this jet. Jets that have
less than 50% of its energy in common with a higher-energy jet is split-
ted from that jet. Parameters of these jets are than again recalculated
according to equations (3.2) - (3.4).

Cone algorithm has two problems - collinear and infrared safety. These
problems can be reduced by modification of cone algorithm by adding a
midpoint for each jets pair, more can be found in [42] and [43].

3.3 Jet Quenching

The main idea of jet quenching is based on the same assumption as hadron
high pT suppression in the section 2.1. A hard scattered parton traversing
through high energy density matter (QGP) may lose energy before it frag-
ments into a jet. If we compare jets in heavy ion collisions with jets in p+p
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collisions it could allows us to study the properties of the medium. Fig. 3.2
shows difference in fragmentation process in vacuum and QCD medium -
QGP.

Figure 3.2: Comparison of fragmentation in vacuum (left) and QGP (right).

First evidence for jet quenching comes from RHIC experiment from
studying nuclear modification factor (see section 2.1) and from studying
back-to-back correlation of hadrons from STAR experiment shown in Fig. 3.3.
In this figure one can see peak at ∆φ=0 called a near-side peak, formed by
pairs from the same jet and an away-side peak (for d-Au and p+p collisions)
at ∆φ = π formed by one particle from a first jet and one from an opposite
jet. The away-side peak is reduced in heavy ion collisions. This effect can be
explained if one jet is emitted from surface away from fireball and second in
opposite direction, through the fireball.

A QCD calculations predict energy loss of partons via gluon radiation4

in the presence of dense color medium as illustrated in right Fig. 3.2. A
collisional energy loss is negligible.

Since the energy loss depends on characteristics of the particle travers-
ing the medium [45] (energy E, mass m, and charge) and on the QGP
properties (T , particle-medium interaction coupling a, and thickness L) a
measurement of energy loss is extremely useful. There are several formalisms
and approaches for different scenarios and it is difficult to determine which
formalism is more realistic. However, in all formalisms there are several vari-
ables that are commonly used [45]:
The mean free path defined as

4It is similar effect such as bremsstrahlung for electrically charged particles in the
presence of electromagnetic fields
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Figure 3.3: Dihadron azimuthal correlations at high pT for p+p, central
d+Au and central Au+Au collisions. Figure taken from [44]

λ =
1

ρσ
, (3.12)

where ρ is the medium density5 and σ is a total cross section of the particle-
medium interaction.
The opacity, a number of scatterings of a particle, is defined as

N =
L

λ
(3.13)

The Debye mass characterizes the typical momentum exchanges and gives
the order of the “thermal masses” of the plasma constituents. It is given as

mD(T ) ∼ gT, (3.14)

where g is a coupling parameter.
The transport coefficient, it is an average transverse momentum squared
transferred to the traversing particle per unit path-length by the medium.
It is defined by

q̂ =
m2

D

λ
. (3.15)

Two theoretical calculations describing jet quenching are introduced in
this section. These two approaches differ in medium thickness where they
can be used. If medium is thin, λ≪ L we use Bethe-Heitler formula [45]:

∆EBH
rad ≈ αS q̂L

2 ln
E

m2
DL

. (3.16)

The situation is more complicated for thick medium i.e. λ >> L because
destructive effects of emitted gluons have to be considered. Our consideration

5ρ ∼ T 3 for an ideal gas
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is analogue of the electromagnetic interaction where the bremsstrahlung is
smaller for higher density medium - Landau-Pomeranchuk-Migdal (LPM)
effect. However, in the LPM approach, one has to differ between the soft or
hard gluon radiation. The formula for energy loss in the LPM region can be
written as [45]

∆ELPM
rad ≈ αS q̂L

2 for ω < ωC , (3.17)

∆ELPM
rad ≈ αS q̂L

2 ln
E

q̂L2
for ω > ωC . (3.18)

However, these formulas are valid only in an idealistic situation with
a static and uniform medium (the real medium rapidly expands and color
charge density decreases) and infinite parton energy. If we want to connect
the QCD calculation with experiment we have to turn to phenomenology.
Four phenomenological approaches have been developed: Path-integral ap-
proach to the opacity expansion (BDMPS-LCPI/ASW) which gives the same
results as LPM approach, Reaction Operator approach to the opacity ex-
pansion (DGLV), Higher Twist (HT) and Finite temperature field theory
approach (AMY). More information about these approaches can be found
in [45].

Part of implementation of energy loss in BDMPS-LCPI/ASW and DGLV
approach is a change of the fragmentation process in formula (3.1) for the
cross section. This can be done by shifting the fractional parton energy z

z∗ =
z

1 − ε
, where ε =

∆E

Eq
(3.19)

Also studying another jet properties defined in section 3.2.1, that can be
modified by the medium, will provide us additional information to under-
stand medium and fragmentation process.

Unfortunately, there is a group of effects called initial state effects that
can lead to a modification of high pT particle production. These so called
cold nuclear effect can be measured in in d+A or p+A collisions.

The first known cold nuclear effect is Cronin effect. Cronin et al. [46]
found that the cross section does not scale with number of target nucleons in
p+A collisions. This effect is caused by multiple scattering of initial parton
in nucleus. Cross section is then given by

E
d3σ

dp3
(pT , A) = E

d3σ

dp3
(pT , 1)Aα(pT ), (3.20)

where dependence of parameter α on pT for various particles is shown in
Fig. 3.4.

A next cold nuclear effect is nuclear shadowing - structure functions
F2(x,Q

2) per nucleon in nucleus differ from structure functions of free nucle-
ons. This effect is quantified by ratio FA

2 (x,Q2)/FD
2 (x,Q2), where structure

function of deuteron is taken as a reference.
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Figure 3.4: Plots of dependence parameter α on pT for a hadron production
at 300GeV. Figure taken from [46]

Present-day promising theory which aims to describe effect of cold nu-
clear matter at early stage of the collision is Colour Glass Condensate
(CGC). The basic idea is that the gluon (Colour) density in nucleus be-
comes high (Condensate) due to the Lorentz contraction, coupling αS be-
comes weak and gluons can start to fuse. Gluon fields evolve very slowly to
time dilatation (Glass). CGC gives good predictions (for multiplicities for
example). More can be found in [47].

33



Chapter 4

The ATLAS Detector

The ATLAS detector (A Toroidal LHC ApparatuS), shown in Fig.4.1, is one
of the two general purpose detectors at the Large Hadron Collider (LHC).
These two detectors are designed for p+p collisions at 14 TeV centre of mass
energy and built to perform precision measurements of the Standard Model
parameters, to search for the Higgs boson and to search for Supersymmetry
and other physics beyond the Standard Model.

Figure 4.1: The ATLAS detector.

Although ATLAS is primarily designed for p+p collisions, it turns out
to be well suited also for Pb+Pb collisions even at the extreme predicted
particle multiplicities up to dN/dη = 3000 in central events. The LHC will
provide Pb+Pb collisions at

√
s = 5.5 TeV per nucleon [38], energy density

may exceed 30 GeV/fm3 which will significantly increase probability that
new state of matter will be observed. The heavy ion programme of ATLAS
detector is mainly aimed on global variables, heavy flavour physics, low-x
physics and jet physics. There are several new possibilities in jet physics in
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comparison with RHIC experiments, full jet reconstruction will be possible.
Another advantage is significantly higher jet rate compared to RHIC.

There are other three experiments at LHC: ALICE, CMS and LHCb.
ALICE is dedicated heavy ion experiment and CMC has also heavy ion
programme.

The ATLAS detector consists of main four parts: inner detector, calorime-
ter system, muon system and magnet system. These parts cover the full 2π
in azimuth and η acceptance is shown in Fig 4.2.

Figure 4.2: η acceptance of the ATLAS detector and all its subdetectors.

4.1 Inner Detector

The purpose of the inner detector is to measure tracks of particles in mag-
netic field B = 2 T (peak 2.6 T). It covers |η| < 2.5. This measurement
provides information about pseudorapidity, azimuth angle, transverse mo-
mentum and vertices position. Inner detector consists of three subsystems,
two are based on silicon detectors and one on transition radiation detection.

• Pixel detector is the most inner part of the inner detector. Barrel is
consisted of the 3 cylindrical layers with the radial positions of 50.5
mm, 88.5 mm and 122.5 mm and endcap is consisted of three disks on
each side which are located 495 mm, 580 mm and 650 mm away from
the interaction point. Each of 1744 pixel modules with size of 50 µm ×
400 µm provides extremely precise measurement of two coordinates of
the track. Pixel Detector has over 80 million readout channels, which
is about 50% of the total number of readout channels. The intrinsic
accuracies are 10 µm (R − φ) and 115 µm (z). More can be found
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in [48]. We have studied occupancy using the most central HIJING
events and it should be less than 2% in HI collisions.

• Semiconductor Tracker (SCT) is the middle part of the inner de-
tector. It is similar to the pixel detector but instead of pixels it uses
two cross layers of 80 µm × 126 mm strips on each module. It is com-
posed of four module layers in the barrel (radial positions 30.0, 37.3,
44.7, and 52.0 cm) and endcaps are consisted of nine disks each. The
intrinsic accuracies are 17 µm (R − φ) and 580 µm (z). More can be
found in [48]. Occupancy should be less than 20% in the most central
HIJING events.

• Transition Radiation Tracker (TRT) is outer part of the inner
detector, it is based on transition radiation detection by gaseous straw
tube elements interleaved with transition radiation material [48]. It
can give about 36 hits for a particle. Each of 351000 straw tubes has
diameter 4 mm and they are up to 144 cm long. An intrinsic accuracy
is 130 µm per straw. More can be found in [48]. However, the TRT
can not be used for heavy ion physics due to the large occupancy.

Figure 4.3: Schematic diagram of the ATLAS EM calorimeter.

4.2 Calorimeter System

Purpose of calorimeters is particle energy measurement. Calorimetry is de-
structive measurement because particles are absorbed in a calorimeter ma-
terial. ATLAS calorimeter system surrounding the inner detector is divided
into two parts which cover |η| < 4.9.
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• Liquid Argon Calorimeter (LAr) is a sampling calorimeter where
liquid argon is used as the sampling (detection) material. There are
several parts of the ATLAS calorimeter that use this technology. Elec-
tromagnetic calorimeter with lead absorber in the barrel endcaps, a
hadronic calorimeter with copper absorber in the endcaps, and a for-
ward calorimeter absorber made from copper and tungsten. In the
barrel region there is also a thin layer called presampler to measure
energy loss in material in front of the calorimeter. More can be found
in [48].

Liquid argon calorimeter has very fine segmentation especially in first
layer that was designed for distinguishing of γ pairs from π0 and H
decays. Granularity in different layers of barrel part LAr is shown in
Fig. 4.3.

• Tile Calorimeter is composed from steal absorber and scintillators
as an active medium that are read out by wavelength shifting fibres
and photomultipliers. It covers the region η < 1.7 with inner radius is
228 cm and an outer radius is 423 cm. Granularity is 0.1 × 0.1 in η
and φ. More can be found in [48].

The ATLAS detector is also equipped with detectors in the very forward
region for luminosity and elastic scattering measurements but they will be
also used for heavy ion physics.

• Zero Degree Calorimeter (ZDC) is located at η = ±8 and it
consists of high segmented electromagnetic calorimeter followed by 2
hadronic calorimeter modules. It is designed for triggering and forward
mesons measurement. It will be able also to detect neutrons from spec-
tator fragments of heavy ion collisions.

• The LUCID gas Cerenkov detector with acceptance 5.3 < |η| < 6
is detector primarily designed for luminosity measurement.

4.3 Muon System

Muon spectrometer provides pT muon measurement by magnetic field B =
0.5 T in the barrel and B = 1 T in endcaps. Monitored Drift Tubes (MDT)
and Cathode Strip Chambers (CSC) at large pseudorapidities are used. It
extends from the radius 4.25 m to the 11 m and it is divided into barrel
covering |η| < 1 and endcaps that cover region up to |η| < 2.7. Triggering
on muons is possible in area |η| < 2.4 with using Resistive Plate Chambers
(RPC) in the barrel and Thin Gap Chambers (TGC) in endcap regions.
More can be found again in [48].
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Chapter 5

The ATLAS Trigger System in
Heavy Ion Collisions

The bunch-crossing frequency of p+p collisions is 40 MHz, leading to an in-
teraction rate of approximately 1 GHz at the nominal luminosity 1034cm−2s−1.
The data flow is of an order of 107 MBs−1. This rate is too large for the exist-
ing archiving system. The solution is to have a trigger system which selects
200 Hz of potentially interesting events, reducing the data flow to approxi-
mately 300 MB/s for archiving.

Since p+p and Pb+Pb collisions differ significantly in event rates and
event size (see table 5.1) it is clear that some modifications need to be made
to the default trigger configuration.

p+p Pb+Pb

High designed luminosity 1034 cm−2s−1 1027 cm−2s−1

Charged particles multiplicity 200 3000
Interaction rate 1 GHz 7.7 kHz

Event size 1.5Mb 5Mb
Maximum archiving rate 200Hz 60Hz

Table 5.1: Comparison between expectations for p+p [48] and Pb+Pb colli-
sions [38]

To achieve the desired reduction in trigger rate, ATLAS has a three-level
trigger system. The First-Level Trigger (L1) is hardware based. The High-
Level Trigger (HLT) is primarily implemented in software and is subdivided
into Level-2 (L2) and the Event Filter (EF). An overview of the trigger
system is shown in Fig. 5.1. After an event is accepted by the L1, the data
from pipeline memories are transferred through the derandomizer to the
read out Driver (ROD) out of the detector. The ROD is an interface to the
data acquisition (DAQ) system that defines the data format of the event and
provides error detection and recovery mechanisms. The data waiting for the
L2 decision are temporarily stored in the read out buffers (ROB). Events
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accepted by L2 are transferred to the event-building system and then to EF
for a final selection.

Figure 5.1: Overview of the ATLAS trigger system.

5.1 Level-1 Trigger

The L1 trigger is a hardware-based system which can use only simple al-
gorithms because of its small latency limit1 of 2.5 µs. It is situated partly
inside the detector mounted on the modules and partly outside. It uses only
a subset of the ATLAS detectors, particularly the calorimeters and muon
chambers with reduced granularity. The goal of L1 is to reduce the event
rate to 75 kHz. However, since the maximum interaction rate of Pb+Pb
collisions is 7.7 kHz [38] a rejection at L1 is not needed. Despite this fact we
need an efficient L1 trigger because it provides region of interest (RoI) that
are supplied to the L2 trigger. Events that pass the L1 selection conditions
are transferred from the detector-specific front-end electronics to the data
acquisition system.

The basic quantity for the calorimeter trigger is the ”trigger tower”, an
example of which is shown in Fig. 4.3. The trigger tower combines cells of
the actual calorimeter.

1L1 latency limit is given by the hardware specifications (size of pipelines, speed of
read out).

39



Figure 5.2: Description of the ATLAS trigger tower scheme for EM/Tau
RoI’s [48].

L1 creates the following types of trigger objects:

• EM/Tau RoI: electrons, γ, τ and single hadron candidates. These
objects are reconstructed by the electromagnetic calorimeter (electron,
photon) and hadronic calorimeter (τ and hadrons). The EM/Tau RoI’s
can be restricted by setting up to 16 thresholds. These thresholds pro-
vide criteria for electrons and γ hadronic veto and for EM/Tau iso-
lation. The electron/photon and τ/hadron finding algorithms cover
|η| < 2.5 and are based on a sliding window of 4×4 trigger towers with
granularity 0.1×0.1 in η and ϕ (see Fig. 5.2). Algorithms use six basic
elements [50]:

1. Four overlapping EM clusters (green in Fig. 5.2), each summed
over two electromagnetic towers. This element is used to measure
the ET of electromagnetic showers.

2. A hadronic core, four hadronic towers centred in the algorithm
window behind the EM clusters. This sum is used for isolation
tests in the hadronic calorimeters.

3. Four hadronic clusters, each summed in depth over the electro-
magnetic and hadronic calorimeters. These four hadronic clusters
are formed by individually summing two-tower EM cluster (item
1) with the hadronic core (item 2). This element is used to mea-
sure the ET of hadronic showers.

4. An electromagnetic isolation ring (yellow in Fig. 5.2) which con-
sists of 12 electromagnetic towers surrounding clusters. This sum
is used for isolation tests in the electromagnetic calorimeters.

5. A hadronic isolation ring (violet in Fig. 5.2) which consists of 12
hadronic towers behind the electromagnetic isolation ring. This
sum is used for isolation tests in the hadronic calorimeters.
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6. A 2×2-tower cluster RoI, summed in depth over the electromag-
netic cluster regions and hadronic core (item 2). Its center is in a
local maximum given by the sliding window algorithm.

The requirements for electron/photon RoI’s are:

1. The most energetic of the four clusters in the electromagnetic
calorimeter must be greater than one of the 16 thresholds.

2. The cluster RoI must be a local ET maximum compared to its
neighbours

3. Isolation requirements - the totalET in the electromagnetic/hadronic
isolation ring must be less than the corresponding electromag-
netic/hadronic isolation ring threshold.

4. The total ET in the hadronic core must be less than the chosen
threshold.

The requirements for Tau/hadron objects:

1. The most energetic of the four clusters in the electromagnetic +
had. calorimeter must be greater than a given threshold.

2. The cluster RoI must be a local ET maximum compared to its
neighbours

3. Isolation requirements, similar to that used for electron/photon
RoI’s.

• Jet RoI: hadronic jet candidate reconstructed by both hadronic and
electromagnetic calorimeter. There are two sets of thresholds: 8 thresh-
olds for central JET RoI’s (|η| < 3.2) and 4 thresholds for forward JET
RoI’s. The jet trigger algorithm is similar to the τ/hadron trigger, but
it uses a different granularity and a different cluster size. The basic
units are the ”jet elements”, which are formed by summing over 2×2
trigger towers, which means that the granularity is 0.2×0.2. Some jet
elements in the forward region (|η| > 2.4) have a different size which
implies that the JET RoI’s have also different size, as shown in Fig.
5.3.

The jet algorithm has two components [50]:

1. A 2×2 JET RoI

2. Jet windows which are used to measure the jet ET . The windows
are summed over 2 × 2, 3 × 3, or 4 × 4 jet elements. The jet
window slides in steps of one jet element. We use only the 2 × 2
because of the large backgrounds in heavy ion collisions.

There are two requirements for JET RoI’s:
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Figure 5.3: Granularity for triggering in outer region [49].

1. The cluster RoI must be a local ET maximum compared to its
neighbours.

2. The jet window ET must be greater than the jet threshold.

• Total ET : Total transverse energy. Four thresholds are available.

• Missing ET : Signature of neutral weakly interacting particles. A set
of 8 thresholds is available.

• Muon RoI: Muon candidate object reconstructed by the ATLAS
muon spectrometer. There are 6 independently programmable pT thresh-
olds available.

There are several other conditions for candidate objects to avoid multiple
counting of RoI’s. More information about the specifications of the L1 trigger
can be found in [48] and [49].

5.2 The Level-2 Trigger

The level-2 (L2) trigger is based on software selection algorithms running in
the processor farms to reduce the rate coming from L1 to about 900 Hz (in
p+p to ∼3 kHz). The L2 algorithms are seeded by L1 RoI’s so that only a
small fraction of the event is transferred to the L2.
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The L2 can access data from all subdetectors with full granularity and
latency limit2 is 40 ms; thus, it can use more sophisticated algorithms. The
L2 trigger refines the decision made by L1 and adds additional selection
criteria.

The L2 trigger consists of several steps which are grouped together into
a trigger ”chain”. Each trigger signature (e.g. a 60 GeV jet, or a 20 GeV
muon) corresponds to a set of algorithms that are executed sequentially.
There are two basic algorithm types:

1. Feature extraction algorithms (FEX) are used to access trigger
objects (e.g. clusters, tracks) which are used to create physics objects
(e.g. jets, electrons) to confirm the candidate RoI.

2. Hypothesis algorithms are used to reconstruct physics objects and
apply cuts to them to reject events.

A description of L2 jet trigger for p+p collisions with modification to
adapt it to heavy ion collisions can be found in chapter 7. More information
about other L2 trigger algorithms can be found in Ref. [48] and [52].

5.3 Event Filter

The Event Filter (EF) is also software based. In contrast to L2 it runs
after the event building, so it has access to the complete event. Its task is
to reduce Pb+Pb rate to 60 Hz, with events accepted by the EF archived
to mass storage. The EF first refines the L2 decision, and is seeded by L2
similarly to how L2 is seeded by L1 RoI’s. However, the EF uses algorithms
similar to those used for offline reconstruction, and we expect to adapt our
current offline scheme to the trigger in the near future.

2L2 latency limit is given by performance of L2 computer farm (500 multi-core com-
puters)
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Chapter 6

Tuning the L1 calorimeter
Trigger System in Simulations
for HI Collisions

The main aim of this work, simulations of the ATLAS trigger system, starts
in this chapter. We used PYTHIA [53] events with 70 − 140 GeV jets. The
jets were embedded into unquenched HIJING [17] events. Beside these two
collections we use minimum bias HIJING events. The full detector simu-
lation for testing the L1 trigger system was used. HIJING is a standard
software for generating underlying heavy ion events (further on called back-
ground) at the ATLAS experiment. We use the official software framework
called Athena1 [54], which provides the reconstruction, analysis algorithms
and software needed for the HEP computing at the ATLAS experiment.
We tested the influence of collision centrality on the trigger performance by
using three samples of different impact parameter, which controls the back-
ground multiplicity. The analysis was carried out for three impact parameter
selections, b=2, 6, 10 fm, which have average multiplicity dN/dη = 2700,
1700, 460.

Although we do not need any rejection at L1, we can not simply skip L1
because it provides RoI’s for L2. The trigger efficiency is strongly influenced
by the number of RoI’s that are transferred from L1 to L2. This number is
limited by the trigger specifications - sizes of readout drivers (RODs). The
limit for JET RoI’s is 92 (coming from the fact that there are two RODs and
48 RoI words in each, 4 words have to be subtracted for MET + JE trigger).
The limit for EM/Tau RoI’s is 64 which is important for heavy ion collisions.
If the number of RoI’s reaches the limit, the recording stops. This implies
that loose thresholds can cause an effective loss of a part of calorimeter. An
illustration of this effect is in Fig. 6.1, where the asymmetry in η is caused
by exceeding the maximum number of RoI’s.

The left plot of Fig. 6.2 shows the number of EM/Tau RoI’s for the

1We used versions 14.2.20 for our L1 trigger simulations
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Figure 6.1: Left : ET versus η distribution of EM/Tau RoI’s in electromag-
netic calorimeter for centrality b = 6 fm. Right : Dependence of JET RoI ET

on total ET in calorimeters for minimum bias HIJING events.
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Figure 6.2: Left : Number of EM/Tau RoI’s for a 3 GeV threshold for EM
RoI’s and 5GeV for Tau RoI’s. Right : Number of JET RoI’s for a 5 GeV
threshold.

lowest default p+p threshold. The right plot of Fig. 6.2 shows the number
of JET RoI’s for the lowest default threshold. Clearly we need to optimize
thresholds for EM/Tau RoI in order to accept as many interesting RoI’s as
possible, but to stay below the maximum allowed. Although the maximum
number of JET RoI’s is still under the saturation limit we have to optimize
these thresholds too, because of timing requirement at L2 (processing time
per one RoI is in order of units of ms and the latency limit of L2 is 40 ms).
L1 JET thresholds have to be set up as an optimal interplay between timing
requirement and efficiency.

Optimal thresholds can be estimated from Figs. 6.3 and 6.4 showing
differential and integral distributions of EM/Tau (left) and JET (right) RoI’s
for the different collision centralities. The broad peaks with the mean value
approximately 10, 30 and 50 GeV for b=10, 6 and 2 fm in distributions
are from HI background. It means that the background is ∼ 0.5, 2 and 3
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Figure 6.3: Left : Differential distribution for EM/Tau RoI ET . Right : Dif-
ferential distribution for JET RoI’s ET in |η < 2.4| for three centrality bins
(b = 2,6 and 10 fm).
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Figure 6.4: Left : Integral distribution for EM/Tau RoI’s ET . Right : Integral
distribution for JET RoI’s ET in |η < 2.4| for three centrality bins (b = 2,6
and 10 fm).

GeV per tower (0.1×0.1). ”Fluctuations” in tails of distributions are jets.
Especially the integral distribution is very useful for threshold setting: the
value on the y-axis is a number of RoI’s per event satisfying a given threshold
(value on the x-axis). However, these plots show distributions of RoI’s only
for |η < 2.4| because in outer region the situation is more complicated, more
details can be found in the section 6.2.

It is evident that number of RoI’s and its energy distribution signifi-
cantly depends on the centrality. Centrality can be characterized by total
transverse energy ET in calorimeters. Dependence of the energy of JET
RoI’s on the total ET is presented in right Fig. 6.1. This plot was obtained
by reconstructing ∼10000 minimum bias HIJING events.

We have developed three strategies for L1 calorimeter trigger to avoid
the saturation effect. Two of them are more sophisticated and designed for
nominal luminosity, the third one is simple and suitable for the first run.
These strategies differ in efficiency and in amount of modifications needed
to be made to the default trigger configuration and will be discussed later
in this chapter.
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6.1 e/γ and τ/hadron L1 Trigger
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Figure 6.5: Left : Differential distribution for Tau RoI’s ET . Right : Integral
distribution for Tau RoI’s ET for three centrality bins (b = 2,6 and 10 fm).

The e/γ and τ/hadron trigger share the same ”buffer” for RoI’s and the
reconstruction algorithm is very similar for both types of RoI. Algorithms
differ only in isolation conditions and in the requirement on maximum energy
of hadronic core which is for e/γ applied only if we require isolation. It
implies that most of RoI’s are e/γ and τ/hadron RoI’s together. Fig. 6.5
shows energy distribution of Tau RoI’s only. The distribution only for EM
RoI’s is practically identical with these in Fig. 6.3 and 6.4 because almost
every Tau RoI is also EM RoI.

#EM/Tau RoI
0 10 20 30 40 50 60 70 80 90 100

1

10

210

310
EM=10 GeV, Tau=14 GeV
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EM=9 GeV, Tau=14 GeV

Figure 6.6: Distribution of number EM/Tau RoI’s in minimum bias HIJING
events for three different combination of thresholds.

In the case of one threshold for the whole centrality range, optimal thresh-
olds were obtained from Fig. 6.6 where a distribution of number EM/Tau
RoI’s is presented from minimum bias HIJING events. Optimal thresholds
are 14 GeV (16 GeV with current p+p menu) for Tau RoI’s and 9 GeV (13
GeV with current p+p menu) for EM RoI’s.
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6.2 Forward and Endcap Region

It has been mentioned that the endcaps and forward calorimeters have a
coarser granularity (see Fig. 5.3). This leads to the effect that JET RoI’s in
this region have larger size which implies higher energy than in the central
region (as shown in left panel of Fig. 6.7). This can bias efficiency and
increase the number of RoI’s in the endcap and in an interface between
endcaps and forward regions. There is no such problem with EM/Tau RoI’s,
the distribution for these RoI’s shown in right panel of Fig. 6.7 is almost
uniform.
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Figure 6.7: Left : JET’s ET versus η distribution for centrality b=6 fm: strips
at large pseudorapidity are forward JET RoI’s. The ”U-shape” is caused by
coarser granularity in the endcaps. Right : EM/Tau’s ET versus η distribution
for centrality b=6 fm: uniform response in whole η range except near spikes
caused by detector material.

Naturally, this ”U-shape” significantly affects high ET part of spectra in
Fig. 6.3 and 6.4. Spectrum for full η range is shown in Fig. 6.8 where RoI’s
up to |η| < 3.2 are included (i.e. endcaps are included). One can see increase
of number of RoI’s around 50 GeV for b = 6 fm and around 90 GeV for b = 2
fm which is caused just by RoI’s in the region 2.4 < |η| < 3.2. This leads
to higher efficiency in this area because all thresholds suggested in the next
chapters are below these values. If we than search for an optimal threshold
we have to use distribution in Fig. 6.4 not in Fig. 6.8.

Forward jets are defined in 3.2 < |η| < 4.9, they can be seen as strips at
η=3.9 in left panel of Fig. 6.7. Their energy distribution is shown in Fig. 6.9.
HI events still have a significant average energy density per unit ∆η∆φ in
this area and the jets being superimposed on top of this. The Forward RoI
have more than 8 times the area of the JET RoI in central region and the
mean background energy of these RoI’s is approximately 250, 150 and 50
GeV for b = 2, 6 and 10 fm events (left panel of Fig. 6.9). Thus, it make
it difficult to estimate whether they contain jets at the trigger level. So we
will probably automatically accept all forward JET RoI’s (12 forward JET
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Figure 6.8: Distribution for JET RoI’s for |η < 3.2| for three centrality bins
(b =2,6 and 10 fm).

Figure 6.9: Left : Forward JET’s ET differential distribution for three cen-
trality bins (b = 2,6 and 10 fm). Right : Forward JET’s integral(right) dis-
tribution for three centrality bins (b = 2,6 and 10 fm).

RoI’s in each event) and the limit for JET RoI’s in central area will be then
reduced to ∼84.

6.3 Strategy no.1: Centrality-Dependent Thresh-

olds

This strategy is based on a possibility of using different trigger thresholds
for events with different centrality.

As a first attempt to optimize the L1 trigger, we use dijets to calcu-
late thresholds in order to have an average of five RoI’s per event that is
comparable to the number expected in p+p collisions. We can not provide
direct centrality measurement but event centrality can be determined using
the total ET trigger information as one can see in Fig. 6.10. Then we will
require a coincidence in Central Trigger Processor (CTP) between the total
ET and the threshold for EM/JET RoI’s:

49



SumE T [TeV]
5 10 15 20 25

N
0

20

40

60

80

100

120

140

160

180

200
b=2fm

b=6fm

b=10fm

ATLAS preliminary

Figure 6.10: Distribution of total ET for three centrality bins (b = 2,6 and
10 fm).

Figure 6.11: Left : Number of EM RoI’s with suggested thresholds. Right :
Number of JET RoI’s with suggested thresholds.

total ET < X TeV & RoI ET > Y GeV

We can use predefined thresholds for the EM/Tau and JET RoI’s but
certainly we will have to redefine the thresholds for total ET because the
current values in firmware, designed for p+p, are too low (the maximum
value is presently 650 GeV, while the total energy in peripheral collisions is
expected to be 2 TeV). All L1 p+p trigger thresholds can be found in Ap-
pendix B. The overall set of suggested thresholds obtained from distribution
in Fig. 6.4 is presented in the table 6.1. These thresholds were chosen to
provide good efficiency keeping reasonable RoI’s multiplicity.

Fig. 6.11 shows the distributions of the number of trigger objects for three
different centralities for suggested thresholds. One can see that distribution
of EM/Tau RoI’s (left panel of Fig. 6.11) is safely below the saturation limit.
The right distribution in Fig. 6.11 shows number of JET RoI’s in barrel
and endcaps (without forward region) but according section 6.2 there is a
significant increase of number of RoI’s in the endcaps and forward regions.
Numbers of RoI’s in different calorimeter parts are shown in Fig. 6.12.
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Figure 6.12: Number of JET RoI’s with suggested thresholds depending
on pseudorapidity position for centrality mix, i.e |η| <2.4 (central region),
|η| <3.2 (central region plus endcaps) and |η| <4.9 (whole calorimeter).

Total ET [TeV] JET
threshold [GeV]

EM
threshold [GeV]

Tau
threshold [GeV]

0-5 18 3 5
5-9 35 7 9
9-13 42 7 11
13-16 70 13 16
> 16 70 13 16

Table 6.1: Suggested trigger menu

6.3.1 L1 Jet Trigger Performance

The resulting efficiency can be found in left panel of Fig. 6.13. Jet identi-
fied by the L1 trigger was matched to an offline reconstructed jet found
by HIJetRec package with the cone algorithm with R = 0.4 and back-
ground subtraction, for detail see [38]. The matching criterion is Rij =
√

(ηL1 − ηRec.)2 + (φL1 − φRec.)2 < 0.4 and 0.5 in endcaps.
The efficiency can be further improved by optimizing thresholds for heavy

ion collisions (as shown in Table 6.2), see right panel of Fig. 6.13 and by
running jet-finding algorithms at L2, not only on JET RoI’s but also on
EM or Tau/hadron RoI’s. This can be seen in the right plot of Fig. 6.14,
where Tau/hadron RoI’s are also used. The matching criterion in this case is
R < 0.2. But in this case we have to pay attention to timing at L2 because
unpacking of these RoI’s will take additional processing time.

Fig. 6.15 shows η-dependent efficiency. It is evident that there is a drop-
off of efficiency for RoI with η = 2.95 - the green cluster in Fig. 5.3. This
can be explained by the fact that JET RoI must be a local ET maximum
- energy of this RoI must be larger than that in the neighbourhood. For
that one with η = 2.95 it implies that energy of the green cluster must be
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Figure 6.13: Left : Jet trigger efficiency without any threshold modifications
with respect to the rec. jet energy. Right : Jet trigger efficiency with threshold
modifications according table 6.2 with respect to the rec. jet energy.
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Figure 6.14: Jet trigger efficiency with respect to the rec. jet energy. Left :
With modified thresholds and if Tau/hadron RoI’s are included at L2. Right :
Tau/hadron and EM RoI’s are included as well.
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Figure 6.15: η-dependent jet efficiency at L1 for different centralities with
respect to the reconstructed jet energy.

Total ET [TeV] JET
threshold [GeV]

EM
threshold [GeV]

Tau
threshold [GeV]

0-5 18 3 5
5-9 25 6 8
9-13 38 7 10
13-16 50 8 12
> 16 60 9 14

Table 6.2: Proposed modification of trigger thresholds for ATLAS heavy ion
running.

larger than energy of blue and red cluster in Fig. 5.3. But the forward JET
RoI spans the whole range η =3.2-4.9, so its area is much larger than other
RoI’s. We proposed another strategy [51] for forward jet triggering2 but it
have not been tested because our data sample did not contain forward jets:

• We can set higher jet thresholds in FCAL in jet trigger menu. This
would help with the RoI multiplicity, but fluctuations in the underlying
event might still cause problems. It won’t stop ”depletion” around
|η|=3.

• We can set higher trigger tower noise threshold in the FCAL. This
might help with the ”depletion” and reducing the forward JET RoI’s
rate, but suffers same problem with fluctuations in the underlying
event.

Nevertheless, this should be tested on real data rather than on Monte Carlo [51].
Fig. 6.16 shows the η (left) and φ (right) resolution curves and Fig. 6.17

shows position resolution in R. These distributions were obtained from the
difference between the JET RoI’s and the nearest true jet. From left panel of

2Our first proposed strategy is to transfer all forward jets directly to L2
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Figure 6.16: Left : η-resolution of L1 jets with respect to the rec. jet position.
Right: φ-resolution of L1 jets with respect to the rec. jet position.
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Figure 6.17: Left : Distance R between L1 jets and the rec. jets in Pb+Pb
collisions. Right: Distance R between L1 jet and offline reconstructed jets in
p+p collisions. Figure taken from [56].

Fig. 6.17 is clear that jet finding algorithm works very well even in the heavy
ion collisions because mean of this distribution is less than 0.1 which is a
half of minimum step of sliding window. It is also comparable with position
resolution in p+p collisions shown in right panel of Fig. 6.17.

6.3.2 Limits for Total ET

We want to use L1 total ET sum in this strategy to estimate the threshold
for an event. However, there are some limits at several stages of the ET

summation [51]. The global ET sum will be treated as saturated (i.e. ET =215

GeV ≈ 32 TeV) if:

1. single Trigger Tower (TT) (em or had) > 255 GeV

2. jet element layer (2x2 TT, em or had) > 511 GeV

3. jet element (2x2 TT, em + had) > 1023 GeV
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Figure 6.18: Jet/energy modules. There are two kinds of JEMs differ in size

Figure 6.19: Left : ET distribution of trigger tower clearly under saturation.
Right: ET distribution of jet elements also under saturation.

4. jet/energy module sum (see Fig. 6.18) > 4031 GeV

In p+p collisions, saturation begins to become significant (10%) in events
with jets above 0.5 TeV. This is dominated by the single tower saturation.
Pb+Pb events can be saturated in the same way - by high energy jets, but
this is not a problem because in the case of saturation the value of total ET

will be set up to 32 TeV and then the threshold will be automatically same
as for the most central events. Fig. 6.19 presents ET distribution of trigger
towers (left) and jet elements (right). It is clear from these distributions that
a heavy ion event can not be saturated from underlying event at any of the
stages 1-3 and the only problematic stage of total ET summation could be
the JEMs shown in the Fig. 6.18. However, from distribution of JEM’s ET

in Fig. 6.20 it is clear that also JEMs do not mean any problem.
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Figure 6.20: ET distribution of JEMs. Two peaks are seen with coincidence
with two different kinds of JEMs in the Fig. 6.18.

6.4 Strategy no.2: Background Subtraction

We can perform a background subtraction already at L1 but it requires
significant firmware modifications [51]. The advantage of this method is that
the background is determined event-by-event and that it is also η dependent.
In previous strategy we used only clusters 2×2 of jet elements but the second
strategy uses also clusters 4×4.

If we assume that the jet is entirely contained in the 2×2 cluster, then
in a given event the ET in the 2×2 cluster is

E2×2
T = EJ + EB, (6.1)

where EJ is jet energy and EB is energy of background. While the EJ in the
4×4 cluster is

E4×4
T = EJ + 4EB. (6.2)

Thus, we can make the background-subtraction

EJ =
1

3
(4E2×2

T −E4×4
T ). (6.3)

The assumption that the whole jet ET is contained in the 2×2 cluster is
going to be wrong at some level, but as long as the fraction in the 2×2
cluster is large enough the idea still works - the result is still proportional
to EJ , just the constant of proportionality is less then 3. Results of this
subtraction are shown in Fig.6.21.

It is evident that subtraction works very well. Distributions for different
centralities are very close to each other and we can use only one threshold
to be under the saturation limit. This threshold was determined to be 12
GeV.
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Figure 6.21: Left : Differential distribution for Jet RoI’s ET Right : Integral
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Figure 6.22: Jet trigger efficiency with respect to the reconstructed jet en-
ergy.

6.4.1 L1 Jet Trigger Performance

We tested performance of this strategy and we compared results with first
proposed method as well as with p+p collisions.

The matching criterion was the same as the criterion used in the sec-

tion 6.3.1, i.e. Rij =
√

(ηL1 − ηRec.)2 + (φL1 − φRec.)2 < 0.4 and 0.5 in end-
caps. The crucial trigger parameter - efficiency is shown in Fig. 6.22 and it
can be also further improved by running jet-finding algorithms at L2, not
only on JET RoI’s but also on EM or Tau/hadron RoI’s.

The position resolution is the same as in section 6.3.1. Because we sub-
tract background we can compare JET RoI’s energy to the true jet energy.
The jet energy scale is defined as the ratio between the ET of the jet mea-
sured in the L1 and the reconstructed jet ET . In the left Fig. 6.23, the jet
energy scale is shown as a function of the true jet ET . The behaviour of
jet energy scale is given by combination of two effect. The calorimeter re-
sponse to hadronic energy is lower than response to electromagnetic energy.
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Figure 6.23: Left : Jet energy scale as a function of true jet ET . Right : Jet
energy resolution as a function of the true jet ET .

Figure 6.24: Left : The L1 jet energy scale as a function of reconstructed
offline jet ET in p+p collisions. Right : The L1 jet energy scale as a function
of reconstructed offline jet ET in p+p collisions with pile-up. Figures taken
from [56].

This is usually balanced by hadronic calibration which is not present at L1.
This can cause growing of energy scale above 40 GeV because the fraction
of electromagnetic energy deposited by a jet increases with the total energy
of the jet [56]. The growth at low energy might be caused by increasing
efficiency in each bin of histogram at these low energies and thus selecting
more energetic JET RoI’s [58].

One can compare jet energy scale in Pb+Pb collisions with those in p+p
collisions in left panel of Fig. 6.24 and in p+p collisions with pile-up3 in
right panel of Fig. 6.24.

Next useful parameter is the jet energy resolution defined as RMS|EL1
T −

Etrue
T |/Etrue

T . This parameter is shown in the right panel of Fig. 6.23 as a
function of the true jet ET . The jet energy resolution varies around 30% for

3There will be roughly 20 single p+p collisions during one bunch crossing at full
luminosity.
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Figure 6.25: Left : Comparison efficiencies (with respect to the rec. jet energy)
of the first and the second strategy. Right : L1, L2 and EF jet trigger efficiency
as function of offline reconstructed jet ET in p+p collisions with pile-up.
Thresholds is 10 GeV at each trigger level. Figures taken from [56].

all jet energies.
Left panel of Fig. 6.25 shows comparison of efficiencies of the first and

the second strategy for data sample with a mix of centralities. It is evident
that the second strategy gives better results.

It is also interesting and useful to compare efficiency in Pb+Pb colli-
sions with efficiency in p+p collisions. The right panel of Fig. 6.25 shows an
efficiency in p+p collisions with pile-up. If we compare efficiency in p+p col-
lisions with pile-up (the right panel of Fig. 6.25) and efficiency in peripheral
heavy ion collisions (Fig. 6.13 and Fig. 6.22), we can see that they are very
similar.

6.4.2 Forward Region

We have already noticed that the size of clusters differ in forward regions.
If we make the same assumptions as before, we get

E2×2
T = EJ + EB, (6.4)

E4×4
T = EJ + 2.2EB. (6.5)

We have to change factor in subtraction and it is tempting to start by
considering

EJ ≈ 2E4×4
T −E2×2

T = EJ − 0.2EB, ore more precisely (6.6)

EJ =
1

6
(11E4×4

T − 5E2×2
T ). (6.7)

This could help with the ”depletion” at η=2.95 in Fig. 6.15 and also with
multiplicity of forward JET RoI’s. However, fluctuations in the underlying
event might still cause problems in the forward region. These fluctuations
are characterized in Fig. 6.26 by width of the peak. This distribution shows
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Figure 6.26: Distribution of forward JET RoI’s ET after subtraction.
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Figure 6.27: Distribution of number of JET RoI’s for different L1 thresholds.

energy of forward JET RoI’s after background subtraction using the for-
mula 6.7. The data sample did not contain forward jet thus this distribution
characterize only background. This energy will be subtracted/added to a jet
energy in the forward region if we use this method.

6.5 Strategy for the First Heavy Ion Run:

Simple Trigger Menu

We are in a situation where different theoretical predictions for particle
multiplicity are strongly disagreeing at LHC energy. We expect luminosity
to be 1025cm−2s−1 for the first run which should give rate only ∼80 Hz. This
implies that there will be almost no selection from trigger. Only L1 trigger
will be employed, HLT will be in pass-through mode4.

We need a simple and flexible strategy to avoid any trigger bias and us-
able for very first data. A trigger menu build-up from a few simple thresholds

4This is the same situation as in p+p trigger at low rates
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fulfils the requirements. This menu can be easily changed or prescaled5.
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Figure 6.28: Jet trigger efficiency with 45 GeV L1 threshold with respect to
the reconstructed jet energy.

We can use plots in Fig. 6.27 as a starting point for construction of this
menu. These plots show distribution number of JET RoI’s in minimum bias
events for eight different threshold. Threshold 45 GeV turns out to provide
reasonable efficiency, presented in Fig. 6.28, and timing performance, see
chapter 7.3. This threshold is also used as a initial threshold for L2 study.

5Prescale is used to reduce the amount of events accepted by a certain trigger chain.
For instance for a prescale of 10, one event out of 10 events, fulfilling the chain, leads to
an accept of the event [59].
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Chapter 7

Testing the L2 Jet Trigger
Algorithm in Simulations
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Figure 7.1: Distribution of jet ET in L2.

Default p+p jet-finding algorithm at L2 is not adapted for heavy ion
collisions. Algorithm does not have an implementation of any background
subtraction, although it is absolutely necessary (as well as in the offline
analysis). This is evident from Fig. 7.1 which shows the distribution of jet
ET for different centralities. The input data contained jets with incident
parton energy 35 - 70 GeV.

There are two possibilities for L2 trigger, the first approach is based on
similar procedure as we present in the chapter 6.3, where threshold depends
on centrality characterized by total ET . The second approach is based on
background subtraction. We have implemented this strategy as a package
in ATHENA framework and we show performance of this strategy in next
chapters. The analysis of performance was carried out in ATHENA version
14.2.20 except of timing study. However, up to date version of package works
well with current ATHENA version 15.6.x.

The default p+p high level jet trigger chain is shown in Fig. 7.2. This
chain starts with result of L1 trigger because the available time budget at
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Figure 7.2: HLT jet trigger chain.

L2 of 40 ms per event does not allow unpack data from the full detector.
Features (i.e. energy and position) of JET RoI are improved and updated by
the Feature EXtraction algorithm (FEX) and then forwarded to a hypoth-
esis algorithm. The hypothesis algorithm for jets is very simple. It retrieves
the physics information produced in the FEX (T2CaloJet) and validate hy-
pothesis - ET threshold. The default jet FEX algorithm is more complicated
and it consists of three parts [56]:

• Data preparation tool - L2 jet algorithm has an access to the
calorimeter data in a rectangular region centred by L1 RoI with any
size. The size is parameter of the algorithm (default is 1.0×1.0). There
are two unpacking methods: cell-based method (T2CaloJetGridFrom-
Cells) uses full granularity and front-end board method (T2CaloJet-
GridFromFEBHeader) uses coarser granularity in electromagnetic calori-
meter but still full granularity for Tilecal. Front-End Board (FEB)
method turns out to be approximately two times faster than cell based
method [56].

• Jet finding tool (T2CaloJetConeTool) is a simple cone algorithm
with three iterations (parameter) and default cone radius R = 0.4
(it is also a parameter that can be changed) in region |η| < 3.2. Jet
finding tool has different parameters in the forward region (a window
size 4.9 > |η| > 3) because of the coarser granularity of the L1 forward
JET RoI. Different cone size is used for each iteration: the first iteration
R = 1.0, the second iteration R = 0.7 and the third iteration R = 0.4.
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Figure 7.3: Left : Relative η distribution of energy of background. Right :
Relative η distribution of energy of background for different centralities.

• Calibration tool (T2CaloJetCalibTool) is used because of different
response to the electromagnetic component of a hadron shower and
non-electromagnetic component. Weights are applied on EM layer and
hadronic layer. Data for calibration are saved in a database and it can
be simply changed.

7.1 L2 Jet Algorithm for Heavy Ions

This algorithm stems from p+p jet trigger algorithm but it had to be adapted
to special condition of heavy ion collision. We use default tools (unpacking,
cone tool and calibration) without any modification. We changed the top al-
gorithm1 and we have total ET and all JET RoI’s available in the algorithm.

Procedure to deal with background from underlying event is implemented
into top algorithm and it is founded on background subtraction. We can’t
use the ”standard” method of background subtraction as in the offline analy-
sis [61] because it is based on subtraction of η-dependent average cell energy
from all calorimeter cells but at L2 only small region around RoI is available.

Our implemented strategy is following: We use the standard p+p algo-
rithm and after that we subtract energy from jets as a function of L1 total
EL1Sum

T sum which characterizes the background. The amount of energy for
subtraction is directly proportional to the area of a jet SJet = πR2

Jet and total
EL1Sum

T sum and indirectly proportional to area of the calorimeter SCal.
Because the distribution of background is not uniform in whole η range

of calorimeter2 we use η-weighting of background Wη. Calibration weights
are applied in η bins of width 0.1. They were obtained by smoothing-up3 of

1We had to change base class from FexAlgo to AllTEAlgo, specifications can be found
in [60]

2This non uniformity of background is caused not only by η particle distribution but
it is also influenced by distribution of dead material in the detector.

3Concrete weights were obtained by weighted average (weighted by fraction of area of
corresponding jet in this bin) of values in η-bins belonging to jet with given η.
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relative η distribution of background shown in left panel of Fig. 7.3. We use
the same η-weighting of background for the whole centrality region because
the dependence on centrality is very small as can be seen in right Fig. 7.3.
Fig. 7.4 shows final weights as they are used in algorithm. These weights
will have to be redefined with the real data.

Figure 7.4: η-weights for background calibration.

Complete formula for event-by-event estimation of the jet background
EB

T is following

EB
T =

EL1Sum
T

SCal
SJetWη. (7.1)

Another modification to default algorithm is a protection against satu-
ration in the RoI number or total ET sum. If this happens, L2 is bypassed
directly to EF, event is accepted and algorithm sends a saturation flag to
EF.

Most of default monitoring histograms were not suitable for heavy ions.
We modified some of them and added new histograms. A complete overview
of monitoring histograms is presented in Appendix 8.

7.2 L2 Jet Trigger Performance

Results presented in this chapter were obtained with L2 jet trigger algorithm
adapted to heavy ions and with the cell-based unpacking method. Data
sample with jets with parton energy of 35 - 140 GeV and events with three
impact parameters were used as an input data. Analysis was carried out
within ATHENA version 14.2.20. without the application of η weights. η
weights were incorporated since version 15.5.3. and they will be tested on
new data whose production is ongoing. Thus, we expect better results. L1
jet trigger menu contains only one 45 GeV threshold.
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Figure 7.5: Left : Distribution of jet ET at L2 with default p+p trigger menu
for three centrality bins. Right : The same distribution after background sub-
traction at L2. The cut off at 40 GeV for b = 10 fm is caused by L1 45 GeV
threshold.
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Figure 7.6: Left : Jet energy scale as a function of the true jet ET . Right :
Jet energy scale as a function of the true jet ET . Two peaks at η ∼ 1.4 and
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Figure 7.7: Left : Jet energy scale for the L2 jets with subtraction as a func-
tion of the true jet ET for three centrality bins. Right : Jet energy scale for
the L2 jets as a function of the true jet ET , for four different η bins in p+p
collisions. Figure taken from [56].

Figures 7.5 present results of subtraction. It is apparent that subtraction
is not perfect and there is still large residual background from underlying
event mainly in central events (growth of fake jets around 30 GeV). This
significant enhancement of fake jets after subtraction originates from the
simple fact that L1 requires RoI to be local maximum and it picks up the
most energetic parts of background fluctuation4. This is confirmed by be-
haviour of an energy scale for different impact parameters in left panel of
Fig. 7.6. The energy of L2 jet is higher than true jet energy mainly at low
energies. The energy scale is defined as |EL2

T −ETrue
T |/ETrue

T . The left panel
of Fig. 7.6 shows behaviour of jet energy scale on η. It is evident that η
weights are absolutely necessary.

We can also compare relative energy scale (EL2
T /ETrue

T ) in Pb+Pb colli-
sions with energy scale in p+p collisions. Both distributions can be found in
Fig. 7.7. The energy scale is close to unity almost for all the energies (within
10% of unity), thus it is slightly worst comparing to the jet energy scale in
p+p collisions (within 2% of unity).

The jet energy resolution at L2 defined as RMS(|EL2
T − Etrue

T |/Etrue
T ) is

shown in left panel of Fig. 7.8 for different impact parameters. The right
panel of Fig. 7.8 shows jet energy resolution at L2 in p+p collisions. If we
neglect first energy bin with high uncertainty, the energy resolution decreases
from ∼30% for the lowest energies below ∼10% for energies above 100 GeV
in central collisions. Jet energy resolutions in peripheral collisions and in
p+p collisions are comparable, resolution in p+p improves from 12% for the
lowest energies to 4% for energies above 1000 GeV.

We also investigated the position resolution of L2 jets despite the fact

4Our HIJING settings of sizes of fluctuation is expected to be higher than in real
collisions and thus algorithm performance should be better.
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Figure 7.8: Left : Jet energy resolution as a function of the true jet ET in
Pb+Pb collisions Right : Jet energy resolution for the L2 jets as a function
of the true jet ET , for four different η bins in p+p collisions. Figure taken
from [56].

collision parameter η sigma of a Gaussian fit φ sigma of a Gaussian fit

Pb+Pb, b= 2 fm 0.08 0.06
Pb+Pb, b= 6 fm 0.07 0.04
Pb+Pb, b= 10 fm 0.02 0.01

p+p 0.0006 0.01

Table 7.1: Position resolution of L2 jet trigger.

that it is not such crucial parameter for trigger as energy resolution or ef-
ficiency. Distributions in Fig. 7.9 and left panel of Fig. 7.11 were obtained
from the difference between the position of L2 jet and its the nearest true jet
and it can be compared with resolution in p+p in Fig. 7.10. The standard
deviations of Gaussian fit are well-arranged and compared in Tab. 7.1. We
can see that peripheral Pb+Pb collisions are comparable to p+p collisions.

The L2 trigger efficiency is limited by the L1 efficiency (the maximal the-
oretical L2 efficiency is L1 efficiency) thus L2 efficiency without any thresh-
olds is the same as the corresponding L1 efficiency. Because at this moment
we have several possibilities for L1 trigger and we need a rejection at L2
it is essential to study the L2 trigger efficiency for some high thresholds.
Although the jet trigger menu at L2 is unknown at this moment and it
has to be discussed by whole ATLAS HI group, we illustrate the L2 trig-
ger efficiency for threshold 70, 100 and 150 GeV in left panel of Fig. 7.12.
These thresholds were chosen because they are significantly higher than L1
threshold 45 GeV which was used for this analysis to avoid an overlapping
of effect from two trigger levels. The left panel of Fig. 7.12 shows efficiency
for thresholds 35, 42, 70 and 100 GeV in p+p collisions without pile-up5.

The limited jet energy resolution and energy scale of the L2 system affects

5Analysis of jet trigger in p+p collisions with pile-up is not available
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Figure 7.9: Left : η-resolution of L2 jets with respect to the true jet position.
Right: φ-resolution of L2 jets with respect to the true jet position.

Figure 7.10: Left : η-resolution of L2 jets with respect to the true jet position
in p+p collisions. Right: φ-resolution of L2 jets with respect to the true jet
position in p+p collisions. Figures taken from [56].
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Figure 7.11: Left : Distance dR between L2 jets and the true jets in Pb+Pb
collisions. Right: Expected jet rate per event in minimum bias Pb+Pb col-
lisions. Figure taken from [38].
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Figure 7.12: Left : L2 trigger efficiency with respect to the true jet ET for
three thresholds in Pb+Pb collisions. Right: L2 trigger efficiency with respect
to the true jet ET for different thresholds in p+p collisions.

the L2 energy thresholds. This cause earlier initial slope of these efficiency
curves in Fig. 7.12. According Fig. 7.8 the energy of L2 jets is higher than
energy of true jets and true jets correspond to L2 jets thus have lower energy.
It causes that some true jets under the L2 threshold can pass.

Effect of downgraded efficiency curves without any thresholds (i.e. max-
imal L2 efficiency) can be reduced by proper prescale setting in the case of
good knowledge of efficiency curve. The jet rate as it is presented in Fig. 7.11
is too high at low energies to accept all events with these jets but we can
use downgrade of efficiency instead of prescale.

7.3 Timing Performance of L2 Jet Trigger

Latency limit of L2 is 40 ms per event. Although relationship between par-
ticular algorithms timing and the average time is not simple thanks to al-
gorithms parallelisation average time for individual algorithms is approxi-
mately limited by 40 ms.

The results of timing study in p+p collisions in [56] and comparison of
timing in different algorithm steps as we present in Appendix C in Fig. 11
and 12 unambiguously show that total processing time is dominated (∼90%)
by data unpacking. For this reason we use window with size 1.0×1.0 to un-
pack data around RoI position which gives significant reduction of processing
time with only slight impact on algorithm performance, for details see [56].

We tested our heavy ion L2 jet trigger algorithm on 10 000 minimum
bias events as well as on HIJING events with embedded jets and defined
centrality. Although there is a minimum number of real jets in minimum
bias events, they can be well used for timing study because the contribution
to processing time from jet is much smaller than contribution from underly-
ing event especially in central collisions. Minimum bias events also embody
proper distribution of impact parameter which is presented in Fig. 7.13. This
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distribution was obtained by the Phobos [57] Glauber MC simulator with
the inelastic nucleon-nucleon cross section σNN=72 mb was used. Its integral
distribution is also presented (the red curve).
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Figure 7.13: The blue curve: Differential distribution of event rate as a func-
tion of impact parameter. The red curve: Integral distribution of event rate
as a function of impact parameter.

The distribution of total precessing time for minimum bias events is
shown in left panel of Fig. 7.14 for two unpacking methods. FEB based
method with mean value 16 ms is almost two times faster than cell-based
method with mean 34 ms. The results of timing study are only approxi-
mative because they were carried out on unknown machines in BNL and
during reconstruction from Raw Data Object (RDO) files. We should use
Byte Stream (BS) files for proper study but it takes a lot of CPU time and
it is in progress. Reconstruction from RDO does not take in to account data
collection time from the detector Read Out System (ROS) that is approx-
imately 30% of processing time for the cell-based and 50% for FEB based
method.

We can compare these results with timing performance in p+p collisions
with jets without pileup6 that is presented in the right panel of Fig. 7.14
for two unpacking methods. Mean values in heavy ions with correction for
collection time from ROS are 32 and 49 ms for FEB and cell-based method
and particularly timing performance of FEB method is similar to cell-based
method in p+p collisions which gives mean value 22 ms. It is important that
average processing time in heavy ions is under the target limit for L2 trigger
algorithm.

Algorithm execution time depending on centrality is shown in Fig. 7.15
for both methods. It is evident that long tail at distributions in left panel of
Fig. 7.14 is caused by central events.

6Study with pileup is ongoing.
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Figure 7.14: Left : Total processing time per event of L2 jet algorithm in
minimum bias Pb+Pb collisions for two unpacking methods. Right: Total
processing time per event for L2 jet algorithm in p+p collisions for two
unpacking methods. Figure taken from [56].
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Figure 7.15: Left : L2 trigger efficiency with respect to the true jet ET for
three thresholds in Pb+Pb collisions. Right: L2 trigger efficiency with respect
to the true jet ET for different thresholds in p+p collisions.
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Chapter 8

Conclusion

The ATLAS trigger is designed to cope with p+p collisions at 1 GHz. We
have proposed modest changes to adapt it to heavy ion collisions. We de-
signed two different strategies for L1 trigger adapted to heavy ions where
we can have almost 100% efficiency for jets with ET > 60 GeV and 50% effi-
ciency down to 30 GeV in the most central HIJING events, see Fig. 6.13, 6.14
and 6.22 for centrality dependent efficiencies and Fig. 6.25 where compari-
son of these two strategies is presented. The proposed L1 trigger menu for
the first strategy can be found in Tables 6.1 and 6.2. The second strategy
uses background subtraction and only one threshold 12 GeV is needed. The
performance of each of these strategies was also presented.

For the first heavy ion run at low luminosity we proposed simple and
flexible strategy based on a trigger menu consisting of a few thresholds,
see Fig.6.27 . We study trigger behaviour for one 45 GeV threshold that
produce a reasonable number of RoI’s to reach target timing requirement
(see chapter 7.3) with keeping reasonable efficiency that can be found in
Fig. 6.28.

However, the strategy with background subtraction gives the best results,
but it requires significant firmware modifications. Therefore, the strategy
selection for HI trigger is question for future discussion in ATLAS HI group
and with trigger experts.

We also studied the performance of the L2 trigger. Default L2 jet al-
gorithm can not be used within heavy ion environment and adaptation to
specific characteristics of heavy ion collisions was absolutely necessary.

We implemented background subtraction into the ATHENA framework
tested its behaviour in heavy ion collisions. This method subtract back-
ground calculated event-by-event from total ET . We have implementation
of η calibration and some other features. Running of algorithm is monitored
by several histograms that can be found in Appendix C. Performance of this
algorithm in peripheral Pb+Pb collisions is similar to performance in p+p
collisions, more details can be found in chapter 7.1.

It is worth mentioning that real heavy ion collisions and especially their
background can differ significantly from simulations. Overall, we can con-
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clude that the ATLAS trigger is capable of use in heavy ion collisions.

The partial results of this thesis were presented at conference ”High-pT
physics at LHC 09” as an oral presentation, at conference ”Quark Matter
2009” as a poster and they are used in upcoming paper ”Heavy Ion Physics
with the ATLAS Detector at the LHC”.
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Appendix A

This Appendix contains kinematic variables and definitions which are fun-
damental to heavy ion physics. The coordinate system is centered around
the collision point with z axis in a beam direction. In whole high energy
physics is useful to use variables that transform simply when changing the
reference frame. Particles are characterized by four-momentum

P µ = (E, ~p) (1)

whose square gives invariant mass

P 2 = E2 − ~p.~p (2)

Very often used variables are Mandelstam invariants, like s;
√
s determines

center of mass energy

√
s =

√

P 2
1 + P 2

2 (3)

We need only transformation along beam axis it is useful to define trans-
verse momentum pT and longitudinal momentum p||

pT =
√

p2
x + p2

y, (4)

p|| = pz, (5)

or if we use polar angle (see Fig. 1) we can rewrite formulas for pT and p||
as

pT = p sinϑ, (6)

Particle

Particle

Figure 1: Illustration of a coordinate system
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p|| = p cosϑ (7)

and transformation along z axis is then given by
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p∗||
p∗T
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γf −γfβf 0
−γfβf γf 0
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E
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 (8)

where γ is Lorentz factor defined as

γf = (1 − βf)
−1 or (9)

γf =
Ef

m
, (10)

where m is invariant mass of system and Ef =
∑

Ei (summation is over all
particles in the system). β is particle velocity that can be defined as

~βf =
~pf

Ef
, (11)

where ~pf =
∑

~pi and summation is again over all particle in the system.
Similarly the transverse mass is defined as

mT =
√

m2 + p2
T . (12)

Transverse momentum pT is invariant under Lorentz transformation while
longitudinal momentum p|| not. Thus instead using longitudinal momentum
p|| it is common to use variable rapidity y defined as

y =
1

2
ln

(

E + pz

E − pz

)

=
1

2
ln

(

1 + β

1 − β

)

(13)

The rapidity is transformed under a boost along x axis from central mass
system (CMS) to laboratory system (LAB) (see Fig. 2) as

y = y∗ + tanh−1 βCMS (14)

Now the four-momentum of a particle can be rewritten in terms of trans-
verse momentum pT , rapidity y, transverse mass mT an azimuthal angle φ
as

E = mT cosh y (15)

px = pT cosφ (16)

py = pT sinφ (17)

pz = mT sinh y (18)

Next, we defined pseudorapidity η which is very useful because it depends
only on the polar angle ϑ:

η = − ln [tan (θ/2)] . (19)
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Figure 2: CMS and LAB system. This collision represents an example of
fix-target experiment.

For this reason it is easier to use the pseudorapidity than the rapidity or
polar angle. In the limit |p| >> m rapidity equals the pseudorapidity:

y
|p|>>m−→ η =

1

2
ln

(

p+ pz

p− pz

)

=
1

2
ln

(

1 + cos θ

1 − cos θ

)

= − ln [tan (θ/2)] . (20)
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Appendix B

This Appendix contains calorimeter part of L1 trigger thresholds available
for p+p run.

• 4 total Et threshold available: 150, 250, 360, 650 GeV

• 8 threshold for JET RoIs (for 4x4, 6x6 and 8x8 tower cluster ): 5, 10,
18, 23, 35, 42, 70, 120 GeV

• 4 threshold for Front JET RoIs: 18, 35, 70, 120 GeV

• 8 threshold for EM RoIs (1x2 tower cluster ): 3, 7, 13, 13I1, 18, 18I,
23I, 100 GeV

• 8 threshold for TAU RoIs (1x2 tower cluster ): 5, 6, 9I, 11I, 16I, 25,
25I, 40 GeV

• 8 threshold for Missing Et : 15, 25, 30, 40, 50, 70, 80 GeV

• 4 threshold for total energy from jets: 120, 220, 280, 340 GeV

For more precise information see [55].

1
I means isolation
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Appendix C

This Appendix contains an complete overview of histograms monitoring L2
jet algorithm. Plots presented in this appendix were obtained by reconstruc-
tion ∼2000 minimum bias events in ATHENA version 15.5.3.
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Figure 6: Left : Jet energy in hadronic calorimeter versus η distribution.
Right: Jet energy in electromagnetic calorimeter versus η distribution.
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Figure 7: Left : Jet η distribution. Right: Jet φ distribution.
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Figure 8: Left : Jet η versus φ distribution. Right: Distance dR between L1
JET RoI and L2 jet.
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Figure 9: Left : Distribution of number of jets. Right: Transverse energy dis-
tribution of subtracted background.
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Figure 10: Left : Total ET sum distribution. Right: Total ET sum versus
number of jets distribution.
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Figure 11: Left : Total processing time for the L2 jet algorithm. Right: Un-
packing time (cell based method) for the L2 jet algorithm.
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Figure 12: Left : Cone tool timing for the L2 jet algorithm. Right: Calibration
tool timing for the L2 jet algorithm.
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Figure 13: Left : Unpacking time (cell based method) of electromagnetic
calorimeter for the L2 jet algorithm. Right: Unpacking time (cell based
method) of hadronic calorimeter for the L2 jet algorithm.
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Figure 14: Left : Algorithm errors. Right: Conversion errors
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Figure 15: Left : Algorithm errors versus η. Right: Conversion errors versus
η.
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Figure 16: Left : Algorithm errors versus φ. Right: Conversion errors versus
φ.
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