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abstract
The ATLAS detector at the LHC recorded data with an integrated luminosity of
142µb−1from lead-lead collisions at

√
sNN = 2.76 TeV. A sample of 1223 Z bosons

was reconstructed through the muon decay channel with high purity, enabling the most
accurate measurement in heavy ion collisions conducted with Z bosons so far. The Z
boson properties are studied as a function of transverse momentum and rapidity. The
production rate of the Z boson is measured differentially with event centrality. Further-
more the azimuthal distribution of the Z boson emission with respect to the event plane
is used to uncover potential modifications due to the collision geometry. Within statis-
tical and systematic uncertainties, the per-event yield is proportional to the number of
binary collisions estimated by the Glauber model, and the flow of the Z boson is found
to be consistent with zero.
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Chapter 1

Introduction

At the beginning of this millenium evidence emerged of a new and exciting state of mat-
ter. Heavy ion programs carried out at at the Relativistic Heavy Ion Collider (RHIC) at
BNL, and the Large Hadron Collider (LHC) at CERN, have established that a hot and
dense matter is produced in relativistic heavy ion collisions. This matter embodies a
state where quarks and gluons are deconfined. This medium imposes significant energy
loss on energetic color charge carriers that pass through [1, 2]. An understanding of
the modification requires accurate knowledge of the production rates of particles before
they loose energy. To this end several studies have focused on particles unmodified by
the medium. The PHENIX experiment at RHIC measured highly energetic photons [3],
and the ATLAS and CMS experiments provided the first measurements of Z, W and
photons at the LHC energy [4, 5, 6, 7]. The results shown so far, based on measure-
ments from the 2010 LHC heavy ion running, are limited in statistics but were able to
show that the production rate in heavy ion collisions of particles with high momentum
transfer are proportional to the mean number of binary collisions, 〈Ncoll〉. This corre-
sponds to a representation of the heavy ion collision as a superposition of individual
nucleon-nucleon collisions.
An interesting evolution of the measurement is to correlate particles modified by the
medium to unmodified particles, the first providing a handle to accurately study medium
effects imposed on the latter. An example of this is Z-jet events. The Z boson is a heavy
color neutral boson supposedly unaffected by the medium, while the jet originating
from quark production will undergo modifications [8]. If reliable results should emerge
from this measurement however it is essential to prove that the Z is in fact, as predicted,
unmodified by the medium. This is the subject of this thesis, where a precise measure-
ment of Z boson production in lead-lead collisions at

√
sNN = 2.76 TeVusing the muon

decay channel is presented.
The thesis is organized as following. In the next chapter some of the theoretical ground-
work is laid down, providing background for the mechanisms studied but also explana-
tions of the tools used in the analysis. The third chapter contains details of what makes
everything possible: the machinery. From the immense particle accelerator to the mas-
sive ATLAS detector and down to the reconstruction algorithms, an overview is given
covering essential building blocks before any physics analysis can be started. In chapter
four, the many details of the analysis are carefully described, before arriving at chapter
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five, the results.
The ATLAS detector also measures Z bosons in the electron channel. For consistency
and an increase of the number of Z bosons measured, the muon channel was studied
in parallel with the electron channel. The electron analysis is not included in this the-
sis, but the framework for both analyses the data, analysis methods and presentation of
the results are to far extent the same, and conducted in cooperation. The results, with
both lepton channels combined, demonstrate that the production of Z bosons in heavy
ion collisions is proportional to 〈Ncoll〉, as parametrized by the Monte Carlo Glauber
Model. Inspection of the Z emission angle with respect to the second order event plane
shows that the elleptic flow coefficient v2 of the Z boson is consistent with the view of a
particle unaffected by the asymmetric shape of the initial collision geometry.
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Chapter 2

Theory

This chapter contains descriptions of theoretical topics related to several parts of the
analysis performed with ATLAS data. These concern the production and decay of the
Z boson, the properties of the quark gluon plasma (QGP) and the type of measurements
that can help to understand the latter.

2.1 Z boson production

The Z boson, the neutral mediator of the weak force, is mostly created through the the
Drell-Yan process (qq̄ → Z → µµ) shown in Figure 2.1. The Drell-Yan process can
occur with or without initial-state gluon radiation. Z bosons can also be produced in
association with jets, as is shown in Figure 2.2.

In the Drell-Yan mechanism one quark from one of the nucleons from one the impend-
ing nuclei annihilates with an antiquark from the other nucleus into a vector boson
(either a photon, W or Z) with a large invariant mass. When pictured in a proton-proton
collision, the momentum transfer can be written as

Q2 = (x1 p1 + x2 p2)2 = M2
Z,W,γ, (2.1)

where xi is the momentum carried by a parton as a fraction of proton momentum pi.
To leading order (LO) the double differential Drell-Yan scattering cross section for the

q

q

Z

µ

µ q

q

g

Z

µ

µ

Figure 2.1: Left: Z boson production through qq̄ annihilation, also known as the Drell-
Yan channel. Right: NLO process consisting of Drell-Yan Z production with initial-
state gluon radiation.
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Figure 2.2: Left: Z boson production through gluon Compton scattering resulting in a
Z + 1 jet event. Right: NNLO process consisting of a Z + 2 jet event.

neutral current (NC) reaction p+p→ (Z/γ)X → µµX can be written as [9]

d2σ

dMdy
=

4πα2(M)
9

2M P(M) Φ(x1, x2,M2). (2.2)

Here M is the invariant mass of the Z decay products and y is the boson rapidity. P(M)
is a propogator term and Φ a parton distribution function. In the NC Drell-Yan process,
the boson can either be a photon or a Z. In case of photon exchange P(M) and Φ are
given by

Pγ(M) =
1

M4 , Φγ = Σqe2
qFqq̄, (2.3)

Fqq̄ = x1x2 [q(x1,M2) q̄(x2,M2) + q̄(x1,M2) q(x2,M2)]. (2.4)

Here eq is the electric charge of quarks. The corresponding γZ interference term is
described by

PγZ =
κZνµ(M2 − M2

Z)

M2[(M2 − M2
Z)2 + (ΓZ MZ)2]

, ΦγZ = Σq2eqνqFqq̄, (2.5)

v f = I f
3 − e f sin2 Θ, a f = I f

3 [ f = µ, q], κz =
1

4 sin2 Θ cos2 Θ
, cos Θ =

MW

MZ
. (2.6)

The interference contribution is proportional to the vector coupling of the muon νµ.
For the muon, Iµ3 = −1/2 (see Table 2.2) and as sin2 Θ ≈ 1/4, νµ is small which means
contribution of the γZ interference term cross section is also small. The pure Z exchange
can be written as

PZ =
κ2

Z(ν2
µ + a2

µ)

(M2 − M2
Z)2 + (ΓZ MZ)2

, ΦZ = Σq(ν2
q + a2

q)Fqq̄. (2.7)

As shown in the left of Figure 2.3, the pure Z term dominates around 90 GeV while
the photon term dominates at low mass. At high mass the photon and Z contribution to
the cross section is similar. On the right side can be seen that the cross section for Z
boson production is correlated with the center of mass energy, as the coupling constants
run with energy. At the heavy ion LHC energy of

√
sNN = 2.76 GeV with the Z cross

section with decay to the lepton channel is approximately 0.3 nb.
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Figure 2.3: Left: Z → ee cross section as a function of invariant mass integrated over
the boson rapidity yZ . The Z resonance determines the cross section around 90 GeV, at
low mass photons have the main contribution and at large mass both boson contributions
are similar [9]. Right: Production cross section for Z bosons in the energy domain in
the LHC decaying through the lepton channel. The theoretical predictions based on
NNLO QCD calculations are shown for proton-proton and proton-antiproton colliders
as a function of

√
s [10].

2.2 Total and partial widths of the Z boson

The Z boson is unstable and decays after a very short time (in the order of 10−24s)
into quark and lepton pairs. The most dominant decay modes are listed in Table 2.2.
Approximately 70% decays into quark pairs and another 20% to neutrino pairs. The
remaining 10% consists of decays to charged lepton flavours. The three channels are
equally likely since coupling of the leptons to gauge bosons is flavour-independent. The
partial width of any of the modes is

Γ(partial) =
GF M3

Z ρ

6π
√

2
(c2

A + c2
V ) F. (2.8)

Here GF is the Fermi Constant. For the case that the Higgs boson is not a scalar but has a
more complex isospin structure a factor is included that modifies the relative magnitude
of the neutral current compared to the charged current, ρ = M2

W/M
2
Z cos2 θW (to date

experimentally 1). cA and cV are the axial vector coupling factors, see Table 2.2. The
values of F are:

Z → νν, F = 1,
Z → ``, F = (1 + 3α/4π),
Z → QQ̄, F = 3(1 + αs/π).

Here α and αs are the running coupling constants. For leptons, F represents a QED
corrections for final state radiation (FSR) of photons. For the decay to quark pairs F
contains a colour factor (Nc = 3) and another QCD factor for gluon radiation by the
quarks. A calculation of the total width based on the assumption of Nν = 3 neutrino
flavours results in Γtotal = 2.49. This assumption was confirmed later in experiment and
has the current measured value Γtotal = 2.4952 ± 0.0023 [11].
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Mode Fraction (Γi/Γ)
ee ( 3.363 ± 0.004 ) %
µµ ( 3.366 ± 0.007 ) %
ττ ( 3.370 ± 0.008 ) %
`` ( 3.3658 ± 0.0023 ) %

invisible ( 20.00 ± 0.06 ) %
hadrons ( 69.91 ± 0.06 ) %

(uu+cc )/2 ( 11.6 ± 0.6 ) %
(dd + ss +bb )/3 ( 15.6 ± 0.4 ) %

cc ( 12.03 ± 0.21 ) %
bb ( 15.12 ± 0.05 ) %

g g g < 1.1 %

Particle vector axial
e -0.038 -0.5
µ -0.038 -0.5
τ -0.038 -0.5
νe 0.5 0.5
νµ 0.5 0.5
ντ 0.5 0.5
u 0.192 0.5
d -0.346 -0.5
c 0.192 0.5
s -0.346 -0.5
t 0.192 0.5
b -0.346 -0.5

Table 2.2: Left: Decay modes of the Z boson [11]. Right: List of axial and vector
couplings for fermions assuming sin θW = 0.231 [12].

2.3 Particle decays

The properties of a very shortlived particle like the Z boson can only be recovered
through the properties of the decay products. A 4-vector q of each decay product is
formed with their energy E and 3-momentum p: q = (E, p). The inner product of the
parent 4-vector corresponds to the invariant mass q2 ≡ E2 − |p|2 = m2 of the system. It
can be calculated with 4-momentum conservation from the 4-vectors of all j daughter
particles as follows

q2 = (
∑ j

i=1 qi)2

=
(∑ j

i=1 Ei∑ j
i=1 pi

)2

= m2.

(2.9)

The full 4-vector of the mother particle is then recovered with q =
(
m2+p2

p

)
, with p =∑ j

i=1 pi. It will be relevant to recover the kinematic parameters of the mother particle in
the detector coordinate system:

y = 1
2 ln E+pz

E−pz
,

φ = arctan(py, px).
(2.10)

2.4 Heavy Ion collision geometry

In the LHC two soon-to-collide lead ions move towards at each other close to the speed
of light. In the lab frame, the usual spherical shape of the nuclei becomes Lorentz
contracted along the beam direction. The flattened volumes approach each other with
a Lorentz invariant displacement from center-to-center called the impact parameter b.

10



Following the optical limit approximation, it is assumed that the nucleons carry suffi-
cient momentum that the nucleons will essentially move undeflected through each other,
as depicted in Figure 2.4. For a matter of generality the projectiles shown here have dif-
ferent radii (as for instance in Cu+Au collisions). During the collision an overlap area
of the nuclei is created. Let us focus on a small area at a displacement s with respect
to the center of the target nucleus and a distance s − b from the center of the projectile
(which nucleus is the projectile and the target is just a matter of preference for colliding
beam experiments). The probability per unit transverse area of a given nucluon existing
in that location is T̂A(s) =

∫
ρ̂A(s, zA)dzA, with ρ̂(s, zA) the probability per unit volume,

normalized to unity, for finding the nucleon at location (s, zA). A similar expression
follows for the projectile nucleus. The probability per unit area for nucluons being lo-
cated at the displacement for both the projectile and the target is the product of the two
T̂A(s)T̂B(s − b)d2s. The integral over all values of s defines the thickness function T̂ (b),
with

T̂AB(b) =

∫
T̂A(s)T̂B(s − b)d2s. (2.11)

The thickness function has the unit of inverse area. It can be interpreted as an effective
overlap area for which a given nucleus in A can interact with a given nucluon in B. The
probability of an interaction occuring is given by T̂ (b)σNN

inel, where σNN
inel is the inelastic

nucleon-nucleon cross section. One can express the probability for n inelastic inter-
actions between nucluon A and B (with A an B nucluons respectively) as a binomial
distribution:

P(n, b) =

(
AB
n

) [
T̂AB(b) σNN

inel

]n[
1 − T̂AB(b) σNN

inel

]AB−b
, (2.12)

where the first term gives the number of possible combinations that give n interactions,
the second term represents the probability for having n interactions and the last term
the probability of having a complementary number (AB− n) of misses. The summation
over all possible number of n interactions will naturally give the total probability of at
least one interaction occuring,

d2σAB
inel

db2 ≡ pAB
incl(b) =

AB∑
n=1

P(n, b) = 1 −
[
1 − T̂AB(b)σNN

inel

]AB
. (2.13)

If the orientation of the colliding nuclei is random, i.e. the nuclei are not polarized, the
vector b can be replaced by a scalar and the total cross section can be written as

σAB
inel =

∫ ∞

0
2π b db

{
1 −

[
1 − T̂AB(b)σNN

inel

]AB
}
. (2.14)

The expectency value for the number of collisions as a function of b is

Ncoll(b) =

AB∑
n=1

nP(n, b) = AB T̂AB(b)σNN
inel. (2.15)
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Figure 2.4: The side and beam-line view of two colliding nuclei. The impact parameter
determines the overlap shape, which combined with the nuclear density function is used
to calculate the probability density of an interaction at a given point.

Finally, the number of nucleons involved in the collisions (Npart) the nucleons involved
in the collisions are only counted once. This number is given by [13, 14]

Npart(b) = A
∫

T̂A(s)
{

1 −
[
1 − T̂B(s − b)σNN

inel

]B
}

ds2 +

B
∫

T̂B(s − b)
{

1 −
[
1 − T̂A(s)σNN

inel

]A
}

ds2.

(2.16)

These parameters will be useful to study correlations in event centrality with obser-
vations such as particle spectra and flow. But it is necessary to determine the input
parameter b, or the event centrality.

2.5 The Glauber Model

High energy collisions of macroscopic objects, like lead nuclei, can be characterized
by the emission of a large number of particles. The Glauber model was contrived to
describe the underlying structure of this chaotic spectacle. It pictures the nucleis tra-
jectory as a straight line along the collision direction and describes nucleus-nucleus
interaction in terms of interaction between the constituent nucleons and nuclear density
distribution. As nuclei consist of nucleons, it is a natural concept to think of the col-
liding systems as a combination of proton-proton, proton-neutron and neutron-neutron
collisons. What the model would have to take into account is which nuclei participate,
and how often, in the collision. Although this looks like a very complicated problem,
there exist a variety of methods to make these estimations that have been developed and
improved in the course of various heavy ion experiments.
The Glauber model itself has various input parameters, which are given by experimental
data. The most important are the nuclear density distribution and the energy dependence
of the inelastic nucleon-nucleon cross section.
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The nucleon density can be parametrized by a Fermi distribution (also known as the
Wood-Saxon distribution) with three parameters:

ρ(r) = ρ0
1 + w(r/R)2

1 + exp( r−R
a )

, (2.17)

where ρ0 is the nucleon density in the centre in the nucleus, r the distance to that centre,
R is the nuclear radius, a to the skin depth, and w characterizes deviations from a spher-
ical shape. For s208Pb, R = 6.62fm, a = 0.546fm and w = 0fm [15]. These values are
determined in low-energy electron scattering experiments. The Monte Carlo Glauber
model, which can be used to determine the number of binary collisions (Ncoll) and the
number of participants (Npart), positions nucleons at the correct relative positions. The
nucleons move towards each other along straight paths and interact if their transverse
distance d is less than the ”hard disk” radius, provided by the inelastic nucleon-nucleon
cross section d0 =

√
sNN/π. A nucleon is a participant if it interacts at least once.

The number of times every participant interacts determines Ncoll(number of binary col-
lisions).
The cross section of nucleon collisions involves interactions with low momentum trans-
fer, therefore it is impossible to calculate it using perturbative quantum chromodynam-
ics. The cross section used to determine Ncolland Npartis derived from extrapolations of
the elastic and total cross sections, and is taken to be 64 ± 5mb.

Figure 2.5: The Glauber Monte Carlo results on the number of participants as a function
of impact parameter, and the number of binary collisions as a function of participant
pairs, and the number of binary collisions as a function of participant pairs. The right
figure is plotted with a power law fit showing that Ncoll ∝ Ncoll

3/2

The Glauber Monte Carlo used to produce the results in Figure 2.5 does not assume
nuclei to be smooth densities (as in the ”optical limit approximation), but rather takes
into account the local density fluctuations event-by-event. The average number of par-
ticipants and collisions vary monotonically with the impact parameter.

2.6 Centrality estimation

As has become clear from the description of the Glauber model, the impact parameter
is an important parameter. Not only for estimation of Ncoll and Npart, but as will be
discussed in the section on flow also for the shape of the overlapping area. To define
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Figure 2.6: leftLeft: Energy deposition in the forward calorimeters (FCal) of the ATLAS
detector. The activity in the detectors is directly translated in event centrality classes
[16]. Right: Track multiplicity in different centrality classes, also constructed with
ATLAS data.

centrality classes for the lead-lead collisions experimental quantities (e.g. energy de-
position

∑
ET in the calorimeters) are related to a geometric quantity (e.g. Ncoll). For

example the 10% of events with the highest energy deposition should correspond to
10% of events with the highest values of Npart. Figure 2.6 shows the total transverse en-
ergy (

∑
ET) deposited in the forward calorimeters (FCal) of the ATLAS detector, which

cover 3.1 < η < 4.9. The FCal is used as opposed to energy deposition in mid-rapidity
to avoid biasing the centrality measurement with jets. The energy deposition is directly
projected to event centrality classes. The figure on the right hand side shows the track
multiplicity in centrality classes determined with the FCal distribution. It demonstrates
that the quantities associated with event centrality have overlap in bordering classes.
The sharper the falloff of these shapes the more precise the determination of the event
centrality. Table 2.1 lists Ncolland Npartfor different centrality bins.

Bin Ncoll Npart

0-5% 1683 382.1
5-10% 1318 330.3
10-20% 923 260.7
20-30% 559 186.4
30-40% 322 129.3
40-50% 173 85.6
50-60% 85.1 53.0
60-70% 37.9 30.1
70-80% 15.1 15.1

Table 2.1: The average number of binary collisions and number of participants esti-
mated by the Glauber Monte Carlo model [17].
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Figure 2.7: Phase diagram for nuclear matter.

2.7 Quark-gluon plasma

In most if not all of our current universe coloured particles are subject to confinement,
which is the restriction of quarks to packages of colourless combinations called hadrons.
From three colours (and three anti-colours) combinations can be formed that consist of
either two quarks, a quark-antiquark pair called a meson, or three quarks (or antiquarks)
called baryons. Colourless combinations of more than three quarks have not yet been
observed. It was hypothesized in the 1970’s [?] that a phase transition might occur if
nuclear matter was subjected to extreme temperature and/or energy density, creating a
new matter where quarks and gluons would be deconfined. In collider experiments the
critical energy density εC ∼ 1 GeV/fm3 (an order of magnitude higher than in normal
nuclear matter) and the associated critical temperature TC ∼ 170 MeV could be reached
with heavy ions colliding with high enough center of mass energy. The border of the
phase transition is shown in Figure 2.7. The indications of a new matter were first
signaled at SPS, but finally proven at the RHIC, where gold ions where accelerated
to
√

sNN = 130 GeV [18]. The new matter formed at collision point evolves through
several stages.

Initial stage (τ < 0). Two heavy ion move towards each other, strongly Lorentz
contracted close to the speed of light. Due to the Lorentz contraction a Color
Glass Condensate (CGC) is formed, a saturation of gluons in the nucleus.

Pre-equilibrium stage and thermalization (τ . 0.1 f m/c). The first moments after
the impact the excited QCD medium takes time to achieve loval thermalization.
During this first stage particles with high mass and/or large transverse momen-
tum are formed, socalled Hard Probes, such as are heavy quark pairs (cc̄and bb̄),
weak bosons (Zand W±) or very energetic gluons or quarks that form jets during
hadronization.

QGP expansion and hadronization (τ . 10 f m/c). The QGP in equilibrium seems
to be governed by hydrodynamic laws describing a perfect liquid. Particles sen-
sitive to the strong force undergo interaction with the medium. During the expan-
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sion hadronization takes place at the border of the matter, until the entire medium
is converted in hadrons.

Hadronic expansion and decoupling (τ . 20 f m/c. The hadronic avalanche from
the border of the medium expands and decouples from the system.

The stages of the QGP evolution are not yet completely understood. However there are
several signatures of the QGP that can be studied, sometimes isolating a specific stage,
that are useful to make comparisons to model predictions.

2.8 QGP signatures

The main goal of the HI program is to discover the properties of the QGP such as its
equation of state (EoS), temperature, order of phase transition, transport coefficient etc.
Several measurements to achieve this have been proposed including collective flow,
strangeness enhancement, charmomium suppression, jet quenching and more.

2.8.1 Flow

It was mentioned in the description of the evolution of the QGP that the medium can be
described as a perfect liquid. This includes a collective flow of particles along pressure
gradients, which results in the emission of more particles in the direction of the largest
pressure gradients. These can give insight in the EoS. Several types of flow can be
distinguished:

Longitudinal flow, describing the collective motion of particles in the beam di-
rection

Radial flow, describing particles emitted from source with a common velocity
field independent of direction

Transverse flow, when the velocity field is independent of the azimuthal angle

Elleptic flow, describing the emission pattern which is has a preferential direction
with respect to a certain azimuthal angle.

Radial flow is azimuthally averaged and receives contributions form all expansion stages.
Elleptic flow is generated mostly during the early stages of the QGP, providing a way
to help understand the thermalization and EoS of the QGP.
The observed azimuthal flow can be expressed as a Fourier series in azimuthal angle
φ [19]:

E d3N
dp3 = d2N

2π pTdpT dη

(
1 + 2

∑∞
n=1 vn(pT, η) cos(φ − Φn)

)
,

vn = 〈cos n(φ − Φn),
(2.18)

where dN
pTdpT dη is the pseudorapidity (η) distribution of the transverse momentum (pT)

dependent hadron spectra. vn and Φn represent the magnitude and direction of the
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Figure 2.8: Left: Event plane geometry showing the orientation of the reaction plane
ΦR [?]. The pressure gradients are strongest along the short axis of the elliptical shape
of the overlap area. Right: vn dependence of pT.

nth−order harmonic, respectively. The nth−order harmonic has n-fold periodicity in
the azimuth. At low pT, the first harmonics are known as directed flow v1, elleptic flow
v2, or triangular flow v3. Large values of v2 are associated to the behaviour of the QGP
as a perfect liquid, as it requires a hydrodynamical models with a shear viscosity to en-
ergy density ratio. But furthermore v2 can help to distinguish between different models
of the initial geometry and give information on initial state fluctuations.

2.8.2 Jet quenching

It has been seen that high transverse momentum muons are supressed at rates up to a
factor 5 lower than expected assuming QCD factorization holds in every binary colli-
sion. This measurement is characterized by the ratio of the yield in Pb+Pb with p+p
divided by the number called binary collisions, called the nuclear suppression factor

RAA =
1

Ncoll

d2NA+A/dydpT

d2Np+p/dydpT
. (2.19)

The suppression is the result of interactions and energy loss of particles in the dense
medium. As shown in Figure 2.9 the suppression in central collisions is stronger than
the suppression in peripheral collisions, due to the higher energy density and tempera-
ture in central collisions, as well as a longer average path length for particles traversing
the medium.
Another, but similar effect is the modification of jet properties. In proton collisions jets
are often formed, with similar energies in a back-to-back fashion. The modification of
back-to-back jet energies is a measurable with a jet asymmetry observable

AJ =
ET1 − ET2

ET1 + ET2
, ∆φ >

π

2
. (2.20)

The jet asymmetry is plotted on the right in Figure 2.9 for central lead-lead events
measured in the ATLAS detector. Although the effects of the medium are clearly visible,
the underlying mechanism of in-medium modification is clouded due its effect on both
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Figure 2.9: Left: Suppression of particle spectra as a function of pT measured by AL-
ICE. Suppression is strong in central events, while for peripheral events the spectra are
more similar to QCD factorization expectations [20]. Right: Jet asymmetry in central
heavy ion collisions (solid black) compared to p+p data (empty circles) and simulation
without in-medium particle modification (yellow bars).

jets. A more ideal situation would be one where the exact direction and energy of the
parton resulting in a modified jet are known. This is possible if the jet is produced back-
to-back in association with a weak boson like in Figure 2.1, if the decay particles of the
boson don’t interact with the medium, as is the case with decay to leptons. With the
energy and the direction of the high pT parton known, the effect of the medium on the
measured jet can be studied more precisely.
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Chapter 3

The ATLAS experiment

This chapter will give a very short introduction to the LHC before moving on to the more
relevant details of the ATLAS experiment which concern the subject of this thesis.

3.1 Large Hadron Collider

The Large Hadron Collider (LHC) is an accelerator facility built in the tunnel of the
preceding Large Electron-Positron Collider (LEP) which was in operation from 1989
until 2000. The LHC, which started operation in 2008, can accelerate protons and heavy
ions at unprecedented energies. The design capabilities reach up to a maximum center
of mass energy of

√
s = 14 TeV for protons and a nucleon-nucleon center of mass

energy for lead nuclei of
√

s = 5.52 TeV. This energy has not yet been reached. Fol-
lowing construction errors that caused considerable damage to the LHC shortly after its
startup in 2008, the machine has accelerated up to half the design energies, from 2009
to 2011. In 2012 was the beam energy was increased by 1 TeV to

√
s = 8 TeV for the

proton-proton run.
Figure 3.1 shows a schematic overview of the accelerator complex at CERN. The LHC
can only take in particles at some minimal energy. Protons and heavy ions have to go
through several stages, largely made up of repurposed CERN accelerator experiments,
before being inserted in the beam pipe. Protons are inserted in the linear LINAC 2,
which accelerates protons to 50 MeV, after which there are inserted in the Proton Syn-
chotron Booster (not pictured), where they are further accelerated to 26 GeV before
being inserted in the Proton Synchotron (PS). PS delivers protons at 26 GeV to the Su-
per Proton Synchotron (SPS) from where the protons are finally injected in the LHC at
450 GeV beam energy. The first few stages are different for the lead nuclei. These are
inserted in LINAC 3 from where they go into the Low-Energy Ion Ring (LEIR) which
is used as an ion storage and cooling unit. From LEIR they are injected into the PS from
where they follow the same trajectory as the protons.
Four main experiments at the LHC (ATLAS, ALICE, CMS and LHCb) have a detecor
placed at Interaction Points along the ring.
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Figure 3.1: CERN’s accelator complex.

Figure 3.2: Overview of the ATLAS detector.
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3.2 ATLAS detector

The ATLAS detector is a forward-backward symmetric detector with respect to the in-
teraction point. The detector consists of three main subdetectors.

• Inner detector (ID). The center of the detector is made up of the ID. As can be
seen in Figure 3.2, the ID consists of a pixel detector, semiconductor tracker
and transition radiation tracker immersed in a 2 T solenoidal field. The tracking
provides pattern recognition, momentum and vertex measurements.

• Calorimeters. Around the ID sit high granularity liquid-argon (LAr) electromag-
netic sampling calorimeters which provide energy and position measuruments
within the pseudorapidity range |η| < 3.2. Hadronic scintillator-tile calorimeters
range up to |η| < 1.7, but is extended in the end-caps to match the outer |η| limits
of the end-cap electromagnetic calorimeters. The LAr forward electromagnetic
and hadronic calorimeters (FCal) extend pseudorapidity coverage to |η| = 4.9.

• Muon spectrometer (MS). The only particles likely to make it through the calorime-
ters are muons (and neutrinos). These are detected by the MS, which surrounds
the calorimeter. An air-core toroid system generates bending power and three
layers of high precision tracking chambers measure muons passing through. The
MS contains special trigger chambers for fast decision making on potentially in-
teresting events.

Aside from these detector elements, the system much be able to use intelligent decision
making and provide fast readout. The triggers, initially designed for proton-proton inter-
actions, enable to take informed decisions in the necessary reduction of approximately
1 GHz of interactions at design luminosity (1034 cm−2 s−1) to the 200 Hz maximum
rate acceptable for data recording. The trigger system is built up in three levels. The
Level-1 (L1) trigger scans a subset of detector information to decide whether or not to
reject the event, reducing the data rate to approximately 75 kHz. Two subsequent trig-
gers, Level-2 (L2) and the event filter, are called the high-level triggers. Together they
bring the data rate down to approximately 200 Hz.
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Figure 3.3: Top: The Inner Detector (ID). Middle: Electro-magnetic and hadronic
calorimeters. Bottom: The Muon Spectrometer (MS).
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3.3 Inner detector

The Inner Detector, designed to provide tracking measurements for charged particles,
is placed around the collision point where in heavy ion collisions up to 5000 particles
emerge. In proton-proton collisions, operations are slightly less challenging but with
approximately 1000 particles still results in a very large track density. To achieve the
high-precision measurements required for momentum and vertex reconstruction the de-
tector needs fine granularity. This is provided by the pixel and silicon microstrip track-
ers (SCT), used in conjunction with the straw tubes of the Transition Radiation Tracker
(TRT). The pixel detector provides the highest granulatity around the vertex region with
a minimum pixel size in R−φ× z of 50× 400 µm2. Particles cross typically three layers
of this detector and eight strip layers of the SCT. The stereo strips are positioned in lay-
ers at an angle (40 mrad), providing four spacepoints for the measurement. The pixel
detector has 80.4 million readout channels while the SCT has 6.3 million.
The TRT consists of 4mm straw tubes, for tracking up to |η| < 2.0. The tubes are posi-
tioned parallel to the beam axis and are 144 cm long. A charged particle typically leaves
36 hits while traversing the TRT, which can be measured with an intrinsic accuracy of
130 µm per straw. The TRT has approximately 351,000 readout channels. Despite the
low granularity, the momentum measurement is significantly improved due to the ex-
tension of the measured track.
During the 2012 heavy ion run, the TRT was suffering from unresponsive areas. There-
fore TRT information was not used in track reconstruction. For muons the impact this
is very small, as their measurement depends more on the MS.

3.4 Muon spectrometer

Precision measurements in the direction of the muon track coordinates over most of
the η range is provided by Monitored Drift Tubes (MDT’s) located between and on the
eight coils of the superconducting barrel toroid magnet. The drift tubes contain wires
which are mechanically isolated. At large rapidities Cathode Strip Chambers (CSC’s)
with higher granularity cover the range 2 < |η| < 2.7. CSC’s consist of multiwire pro-
portional chambers with cathodes segmented into strips. The trigger system, illustrated
in Figure 3.4 covers the pseudorapidity range |η| < 2.4 with Resistive Plate Chambers
(RPC’s) in the barrel and Thin Gap Chambers (TGC’s) in the end-cap regions. Besides
their purpose as trigger they improve the muon measurement by measuring the coordi-
nate in the direction orthogonal to the one determined by the precision chambers.
The transverse momentum of the muons can be measured from about 3 TeV down to
3 GeV. At lower transverse momentum, muons at midrapidity are unlikely to punch
through the calorimeters.
The performance of the large MS depends on the alignment of the muon chambers with
respect to each other and to the rest of the detector. Approximately 12000 aligment
sensors monitor deformations and relative positions of the MDT chambers enabling
measurements of under 30 µm. In addition the magnetic field is continuously moni-
tored by approximately 1800 Hall sensors, in order to make correct extrapolations for
muon tracks. The alignment accuracy is overestimated in 2011 simulations, leading
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to too optimistic muon pT resolution in the reconstruction. This is corrected for with
designated muon momentum smearing code in the analysis.

3.5 Forward detectors

ATLAS has three detectors to cover the forward region. Two of them are mainly used for
luminosity measurements but for this analysis the most relevant one is the Zero-Degree
Calorimeter (ZDC). It is located at ±140 m from the interaction point, right before the
point where the beam-pipe containing bunches moving in opposite directions is again
splitted into two seperate one direction beam-pipes. The ZDC modules use layers of
alternating quartz rods and tungsten plates to measure neutral particles at pseudorapities
|η| ≥ 8.2.

3.6 Triggers

The L1 trigger searches for interesting events using information from a subset of detec-
tors. The high transverse momentum muons are identified by the trigger chambers in
the barrel and end-cap regions of the MS while reduced-granularity information from
the calorimeters is used for activity there. All L1 information goes to a central trigger
processor which takes into account the general trigger menu, a specified set of require-
ments composed to define an interesting event using available triggers. This includes
prescaling of certain triggers (a prescale of 0.5 means that even if the trigger fired, there
is a 50% chance this trigger will decide to keep the event). The L1 trigger is used to
define Regions-of-Interest (RoI). Full information from the RoI, including the type of
feature identified and the criteria passed for L1, is sent to the high-level trigger. This is
approximately 2% of total event data. Finally events are passed on to the event filter.
Each step reduces the event rate through trigger requirements and prescales.

3.7 Muon reconstruction algorithms and track fitting

The muon reconstruction is based on digitized information from the detectors. Several
algorithms are designed for various reconstruction aspects, e.g. pattern recognition,
track fitting, vertex determination and energy measurements.
Detector information is used to reconstruct muons that can be categorized in four types,
called combined, stand-alone, segment tagged and calorimeter tagged muons.

• Combined muon. Muons are charged particles that leave a track in the ID and
in the designated MS. Combining information from the ID and the MS provides
maximal parameters for a global fit, which result in a optimal momentum and
vertex resolution. If a track in MS is succesfully combined with a track in the ID
to perform a global fit, a combined muons is made.
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Figure 3.4: Schematic of the muon trigger system. In blue letters (BIL, EML etc.) is
shown the MDT chambers, which are the precision detectors not used for the trigger.
The trigger dedicated detectors are placed close to the MDT’s, in magenta the TGC
(end-cap) and in red the RPC (barrel).

• Stand-alone muon. For MS tracks that are not combined with ID tracks, recon-
struction is based on MS information only. From an extrapolated track back to
the beam line the muon properties are calculated.

• Segment tagged muon. If an ID track can be extrapolated to straight line segments
in the MS, but the MS does not have a complete track, a segment tagged muon is
made.

• Calorimeter tagged muon. An ID track associated to an energy deposition in the
calorimeter compatible with the hypothesis of a minimum ionizing particle, but
not associated to a track in the MS makes a calorimeter tagged muon. These
muon candidates are usually low transverse momentum muons. They are not
used in heavy ion reconstruction.

Many algorithms contribute to the formation of these types of muon candidates and
they are continuously under development. The oversight given here will reflect the
status existing during the analysis.
The muon reconstruction algorithms are divided in two socalled ”chains”, called MUID
and STACO. The chains are formed by two sets of algorithms applied seperately for
reconstruction. The MUID chain consists of the following algorithms:

• Moore and Muid Standalone. Moore uses hit information in the MS to produce
standalone segments and tracks. Muid Standalone extrapolates the Moore track
to the vertex and uses a vertex constraint to determine the track parameters at the
vertex. Muid Standalone outputs the muon properties at the vertex.

• Muid Combined. Produces combined muons by performing a global refit of a MS
track combined with an ID track.
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Figure 3.5: STACO algorithm efficiencies as a function of pseudo-rapidity η for the
Muonboy (blue), Staco (red) and the MuTag+Staco (green) algorithms from a simula-
tion with 100 pT muons [21].

• MuGirl. Starts from an ID track and performs a search for associated segments
and tracks in the MS. If a full track refit is possible a combined muon is made.
Otherwise a tagged muon is made.

• MuTagIMO. Tries to associate ID tracks to Inner-Middle-Outer Moore segments
and produces a tagged muon.

STACO is built up in a similar fashion but with different algorithms:

• Muonboy. Uses hit information in MS to produce segments and tracks which are
extrapolated to the vertex.

• Staco combines an ID track with a MS track using a statistical method to produces
combined muons.

• MuTag. Associates ID track to Muonboy segments if the MS and/or ID track were
not already used by the Staco algorithm. In this case a tagged muon is made.

The algorithms in the MUID and STACO chains are applied seperately to reconstruct
muon candidates, and many muons will be reconstructed by several of them. Overlap
in muon candidates within the chains is removed when data analysis files are processed.
As seen in Figure 3.5, the muon reconstruction algorithms have varying efficiencies.
The chains combine several algorithms to achieve higher efficiency, the STACO and
MUID chains however remain seperate. At the analysis level they will be merged as de-
scribed in Section 4.2.1. A more optimal scenario where STACO and MUID algorithms
are combined at the reconstruction level was not available during analysis, however de-
velopment was under way.
In general, from pattern recognition to muon property reconstruction the following steps
are identified:
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• Hits in the various MS stations form track segments. Each segment is extrapo-
lated based on an initial rough estimate of the muon pT to find associated muon
track segments. If several segments are associated, a candidate track is formed
and used for a fit to extract a more accurate estimate of the momentum, position
and direction.

• A new global fit is performed from the raw information from the stations in stead
of the loose segments. This procedure removes ”bad” hits from the fit.

• A new fit is made including energy loss and multiple scattering effects. The most
probable energy loss is parametrized as a function of the momentum and the
amount of matter crossed, and is applied at the scattering points.

The Staco and Muid Combined algorithms both attempt to combine ID and MS tracks
for a full muon property reconstruction but their approach differs slightly. Muid Com-
bined makes a global refit of the hits in the ID and MS, while Staco makes a statistical
combination of both independent fits in the subdetectors [?].
For high pT muons, for example for Z decay products, the ATLAS detector delivers
excellent recontruction efficiency of > 96%. Both algorithms define muons as “loose”,
“medium” and “tight”, the same definitions in both algorithms are not equivalent. The
definition of “tight” muon is given in Table 3.1. The “tight” definition requires a com-

MUID Combined Muon
Standalone muon with |η| > 2.5 and 3 MDT+CSC stations
MuGirl with extended track with number of MDT+CSC stations > 2
MuGirl with extended track with number of MDT+CSC holes < 6

STACO Combined Muon
MuTag candidate with at least 3 TGC Phi hits in tagging segments
MuTag candidate with at least 2 tagging segments

Table 3.1: Tight definitions for MUID and STACO.

bination of MS and ID information where possible and are generally used in analysis.
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Chapter 4

Analysis

4.1 ATLAS data and stability

4.1.1 Data and event selection

During the 2011 heavy ion running of the LHC the ATLAS detector recorded data in
four different non-overlapping physics streams.

• Hard Probes stream. A special trigger menu consisting of muon and calorimeter
triggers was used to filter events with high transverse momentum (pT) jets, pho-
tons, electrons and muons. The di-muon triggers (in principle good for Z boson
analysis) were found to have less than optimal efficiency, in stead single muon
triggers were used. The data taking bandwidth was sufficient to allow the muon
triggers to run without prescale. The Hard Probes stream collected a data sam-
ple corresponding to an integrated luminosity of 158 µb−1. A Good Run List, a
register that states whether the detector was fully functioning during data taking
reduces the analysed luminosity to 142 µb−1. The total number of events in the
sample is 60.8 million.

• Minimum Bias stream. Another set of triggers (MBTS, ZDC desribed later) is
used to take data with little or no bias. The Minimum Bias data taking rate was
set to complement the unprescaled Hard Probes stream for maximal bandwidth.
Over the 2011 run the effective prescale was 15.6. The MB stream contains 68.7
million events.

• Ultra-peripheral stream. A selection of events aimed at recording photo-nuclear
events. These events are not recorded by the HP or MB stream, and are 2-3 times
smaller than the MB events. The UP stream contains 7.3 million events. This
stream is not used in the analysis.

• Overlay stream. A selection of MB events without zero suppression was recorded
for future overlay with pythia. The overlay was not fully ready and understood
for this analysis.
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Selection of MB events was performed using a trigger for a transverse energy calorime-
ter deposition of 50 GeVwith a complementary ZDC trigger for events with lower
calorimeter deposition. Additionally the Minimum Bias Trigger Scintillators (MBTS)
were required to fire within 3 ns of each other on opposite sides of the interaction re-
gion. Finally a MB event was required to have a reconstructed primary vertex within
150 mm if the nominal ATLAS centre.
For the Z → µ+µ− analysis the Hard Probes stream was used, with events also satisfy-
ing the MB event selection and the GRL.
In the analysis results are presented sometimes as per event counts. For this the lumi-
nosity is converted into number of events using the Pb+Pb full cross section of 7.1 b.
The MB fraction of all inelastic events is 98±2%. The equivalent number of MB events
for the HP analysis is thus (1.010 ± 0.02) × 109.

4.1.2 Centrality association in data

Event centrality is determined with the total transverse energy (
∑

ET) measured by the
FCal detector [?]. For each centrality class the geometric event characteristics and their
systematic uncertainties were based on the Glauber model (Section 2.5) and a match of
it to the FCal

∑
ET distribution. Table 4.1 lists the energy deposition associated to a

Centrality FCal
∑

ET [TeV] Npart Ncoll

0-5% 3.8000-2.8038 382.2±2.0 0.5% 1683.±130. 7.7%
5-10% 2.8038-2.3102 330.3±3.0 0.9% 1318.±99.0 7.5%

10-20% 2.3102-1.5707 260.7±3.5 1.4% 923.3±68.3 7.4%
20-40% 1.5707-0.6624 157.8±3.9 2.5% 440.6±32.2 7.3%
40-80% 0.6624-0.0438 45.9±2.8 6.0% 77.8±7.3 9.4%

Table 4.1: Centrality, 2011 FCal cuts and MC Glauber parameters used in the analysis.

certain centrality class, with the MC Glauber parameters Npartand Ncollwith uncertain-
ties included on the right.
The MB event centrality distribution was checked against Table 4.1 with Figure 4.1,
showing on the left the number of events per 1% in centrality classes 0 to 8, corre-
sponding to 0-5%, 5-10%, 10-20%...70-80%. It demonstrates a flat distribution with
a non significant residual deviation of approximately 1%. Shown in the right panel of
Figure 4.1 is the pile-up fraction estimated by convolution of the MB FCal distribution
with itself and matching to data above

∑
ET = 4 GeV. At ET > 4.0 TeV all events are

identified as pile-up. A cut of 3.8 TeVwas used to keep pile-up negligible in the most
highest centrality class.

4.1.3 Run-by-run stability

In order to make reliable physics statements it is important to verify that the detector
was functioning as expected during data taking. If detector components where display-
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Figure 4.1: Left: Number of MB events per 1% of centrality. Right: estimate of the
pileup (red) events in the MB (black) sample. Low panel shows the pileup fraction.

ing problems during run time, the events recorded during that time are registered in the
Good Run List (GRL). These events are excluded in the analysis. Additional checks
at an analysis level make sure that for the remaining events, the detector readout was
stable throughout the run. Figure 4.2 shows the per event yield for various observables,
scaled down in order to display them in the same frame. The number of tracks recon-
structed in the ID before cuts is shown in green. The MUID and STACO lines show the
average number of muons for the respective reconstruction chains in red and blue. ECal
ET for the barrel end FCal ET for the forward calorimeters are the ET in correspond-
ing detectors. Since centrality determination is an important for analysis results, FCal
stability is crucial. The figure displays very stable run condition throughout the 2011
run. The first point, due to a disfunctioning MB trigger, shows erroneous behaviour and
was excluded in the analysis.
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4.2 Single muon reconstruction

4.2.1 Merging

The ATLAS reconstruction software provides two main reconstruction strategies (MUID
and STACO) as described in Section 3.7. Although for physics analysis it is usually ad-
vised to use muons reconstructed through one of these strategies, the limited statistics
in this analysis are a motivation to optimize reconstruction efficiency where possible.
Therefore both reconstruction strategies are exploited by merging muons from the two
channels to form a new muon sample. The procedure used is described here.
The main issue in the merging process is to prevent duplicates (muons reconstructed
with overlapping hits in the detector) entering the analysis. This is done on a physics
level by looking the properties of the reconstructed muon. In case of an identified dupli-
cate, the quality of reconstruction is used to decide whether to use a STACO or MUID
muon in the analysis.
The first step is for each event the MUID muon container is copied in its entirety. Muons
in the STACO container are then one by one compared to muons in the MUID container
to identify duplicates. Muons are considered duplicates if the STACO muon is associ-
ated to a MUID muon with the following properties:

∆R (
√

∆φ2 + ∆η2) < 0.2

∆pT (
pMUID

T −pS T ACO
T

pMUID
T

) < 0.4

Here ∆Ris the radial distance between the STACO and MUID muon, and ∆pT is the rela-
tive difference between the pTof the muons. The left of Figure 4.3 shows the distribution
of the radial distance of the muons. Based on the shape for muons with pT > 10 GeV
(continuous black line) a cut value of 0.2 was determined. The second parameter ∆pT is
shown in the right figure, for muons which pass the first condition. A condition of 0.4 is
applied to allow muons with very different pTbut reconstructed very close to each other
to both be considered for analysis. If a STACO muon does not pass these requirements
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with respect to one of the MUID muons, it is included in the new merged muon con-
tainer. A STACO muon passing these conditions is considered a reconstruction of the
same physical muon. The quality of reconstruction is consequently used as a parameter
to decide whether to pass on the STACO or MUID muon to the merged container. This
decision is based on the following conditions with increasing hierarchical importance.

|d0|, |z0sin(θ)| < 50 mm

tight

match χ2/ndof ≤ 10

The d0 and z0 condition are a loose requirement on the muon track to point to the vertex.
The definition of tight is detailed in 3.7. The match is a reflection of the quality of the fit
between the Muon Spectrometer (MS) track and Inner Detector (ID) track. The muon
that passes most requirements is passed on to the merged container. If a STACO and
MUID muon are considered of equal reconstruction quality, the MUID muon is used.
This is done because MUID in general has a slightly better momentum resolution. Fig-
ure 4.4 shows that with the procedure described above a reconstruction efficiency is
achieved with an approximately 1% increase in efficiency with respect to the most effi-
cient default algorithms.
The effectiveness of the procedure demonstrates the muon reconstruction in ATLAS
can and should be improved. In fact, during this analysis a new muon chain was written
which does better employ the available reconstruction algorithms to achieve higher ef-
ficiencies. Unfortunately the new chain was not ready for this analysis but is as of this
date, rendering the procedure outlined here and the MUID and STACO chains them-
selves obsolete.

4.2.2 Simulation

In order to correct for reconstruction efficiency, cut efficiency and acceptance, a Monte
Carlo sample of PYTHIA embedded in HIJING was used. PYTHIA is a generator
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Figure 4.4: Left: Muon reconstruction efficiency as a function of the generated pT.
Right: The same as a function of η. Merging MUID (in red) and STACO (in blue)
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which can be used to simulate Z-kinematics in nucleon-nucleon collisions, as well as
the kinematics of given decay products, in this case muons. HIJING provides for the
simulation of the wealth of particles created in Heavy Ion collisions. Its purpose is to
create a similar environment for among which the Zis produced and decays, so that
several detector effects affected by multiplicity is correctly taken into account. The de-
tector response is simulated by a program called GEANT4, which contains a complete
description of detector geometry and materials. Other programs simulate the digization
of the signal. The digitized signal is then processed in exactly the same manner as real
data, using the same software and reconstruction framework.
Properties of reconstructed particles in the processed simulation have to be associated to
the truth information, i.e. the input for the GEANT4, so detector response and efficien-
cies can be studied. In this case, the interest is in the muons. A muon truth matching
is by default present in the ATLAS reconstruction data file, the exact details of which
are not discussed here. The method used has a serious shortcoming however, as it asso-
ciates generated muons to reconstructed muons trough the properties of ID tracks. This
excludes a considerable fraction of muons which are only reconstructed in the Muon
Spectrometer from being matched to truth, even though these muons are relevant for
the analysis. For that reason additional matching was applied for Stand Alone muons.
This was done using the radial distance (∆R =

√
∆φ2 + ∆η2) of the reconstructed muon

to the generated muon. The ∆R distribution is shown in the left plot of Figure 4.5. The
figure shows the radial distance from generated to reconstructed muon for muons with
the same charge (red line), and for a muon reconstructed with opposite charge (blue
line). This visualises the seperation between random matching and real matching. A
small rise of the blue line towards the y-axis indicates a small amount of charge swap-
ping in the muon reconstruction. Based on the separation between equal and opposite
sign matching, an effective value for ∆R was further studied in the plot on the right side
of Figure 4.5. Shown here is the reconstructed mass spectrum of muon pairs for which
the muons are matched to truth with a ∆R value between 0.1 and 0.2 (continuous line),
as well as between 0.2 and 0.3 (dashed line). While the gain of the first is considerable,
the second shows a tiny signal in the data region and a similar amount reconstructed
in the low mass region, which is the result of random matches to truth. Based on this
information a conesize of ∆R < 0.2 is used in the analysis.

4.2.3 Muon reconstruction efficiency

With the simulated Z → µ+µ− events the efficiency of the detector system can be stud-
ied. Figure 4.6 shows the reconstruction efficiency for muons reconstructed in the MS
as well as for muons reconstructed in the MS with an associated ID track. An accep-
tance cut of η < 2.7 is included for the left plot and a momentum cut of pT > 5 GeV for
the right hand plot to show the effiency in optimal conditions. The efficiency of the MS
in rapidities below 2.5 and for muon with pT > 5 GeV show the MS is an very capable
muon detector with an efficiency near 100%. The efficiency for central events is in the
approximately 1-2% lower. If in addition a track in the ID is required the efficiency is
around 90%. The ID track requirements adds to the descrepancy between the centrality
classes. Further details on the reconstruction and selection efficiency are studied in the
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0.3.

next section.

4.2.4 Muon trigger and selection efficiency

This analysis uses the Hard Probes data, which is data recorded with triggers that are
tuned for specific physics interest. Among these triggers are the muon triggers which
are used for this analysis. However triggers are not ideal and suffer from inefficiencies
which can be momentum, rapidity and centrality dependent. This would create a bias
in the data sample that, for many physics interests, has to be corrected for. This is done
with data recorded in the Minimum Bias stream where events passing the Minimum
Bias trigger are recorded. The triggers used for the Hard Probes stream are active here
but not used in the decision to keep the event, hence the efficiency of the triggers can
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Figure 4.7: Left: ∆R distributions used to match online and offline muons for different
triggers and reconstruction algorithms.

be checked. The efficiency here is defined as the fraction of reconstructed muons firing
the trigger versus all reconstructed muons.. To associate reconstructed muons (offline)
to the muon trigger object (online) the radial distance between the muon candidate and
the fast online reconstructed object is used. The ∆R distributions for offline to online
muons is shown in Figure 4.7. The requirement of the best cone match in (η − φ) space
with the condition is ∆R =

√
∆φ2 + ∆η2 < 0.2.

ε
µ
trig

(
pT, η

)
=

(
muon passing the offline selection cuts

)
&&

(
matched to trigger

)
muon passing the offline selection cuts

(4.1)

Figure 4.8 shows the single muon trigger efficiency (εµtrig) for all muon candidates, on
the left for the MU4 (for muons with pT > 4 GeV) on the right for MU4 or MU10 (for
muons with pT > 10 GeV). The strange shape of the efficiency curve results from the
presence of fake muons in the muon container. For low reconstruction quality muons,
i.e. there are fewer detector parts involved in the reconstruction and/or they have fewer
hits, the muon candidate sample becomes contaminated with false muons. These do not
fire the trigger system and results in the picture of a misleading low efficiency. However,
if a higher reconstruction quality is required, the trigger efficiency will move towards
its more realistic value.

A requirement on the ID-MS track match of χ2/ndof ≤ 10 is needed to clean the offline
muon sample from fake candidates. The result of this condition is shown in Figure 4.9.
The efficiency curve is well described by the fitting error function described in the form:

ε
µ
trig(pT) = εsat

trig

(
1 + erf

( pT − pthresh
T

slope

))
(4.2)

where pthresh
T , slope and εtrig are fit parameters for effective trigger threshold, the turn

on slope and the plateau efficiency. The trigger efficiency was studied for centrality and
rapidity effects.
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trig(pT) for MU4 trigger after applying χ2 matching requirement,

shown for the MUID, STACO and merged muon container. The dotted line shows the
fit to data as decribed in the text. Right: The same as in the figure on the left but for
muons with a MU4 or MU10 trigger match.

In various centrality and rapidity slices the fit function was fitted to data. The plateau
value and uncertainty (from the fit) are shown in Table 4.2. A rapidity dependence is
observed only in the most central events, while there is a general centrality dependence
in the trigger efficiency.
The track match requirement is necessary to be able to correct for trigger efficiency,
and is inherently efficient for selecting ‘good muons’ for the Z analysis. However the
condition also lowers the overall reconstruction efficiency. In Figure 4.6 was shown that
the reconstruction efficiency without quality selection is close to 100%. Figure 4.10
shows the efficiency of different cuts used in the analysis for the most central events.
Cut efficiency is defined as the ratio of muons that pass cuts with respect to the muons
that are successfully reconstructed. The d0, z0 cut is a requirement on vertex pointing
of the muons. Z bosons have a very short lifetime and any decay products should point
back to the vertex. Outside the region muons are the likely result of decays of particles
with longer lifetime or are scattered muons. The integrated single muon cut efficiency
for muons with pT > 15 GeV is 89.2%. This number is used to compare with the Tag
and Probes method later in Section 4.3.4.
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Centrality |η| MUID STACO Merged
(0.0-1.2) 92.7±1.1 94.2±1.2 93.4±0.8

(0-10)% (1.2-2.0) 91.0±0.8 91.3±1.0 90.7±0.6
(2.0-2.5) 89.3±2.8 81.2±2.4 86.1±2.0
(0.0-1.2) 96.4±1.1 98.0±0.9 97.7±0.7

(10-20)% (1.2-2.0) 95.7±0.6 92.7±0.8 94.4±0.5
(2.0-2.5) 98.0±3.4 94.8±3.7 97.5±2.1
(0.0-1.2) 99.6±0.6 100.0±0.7 99.9±0.5

(20-40)% (1.2-2.0) 97.5±0.5 91.0±0.8 94.1±0.5
(2.0-2.5) 95.9±2.6 95.1±2.3 95.4±1.7
(0.0-1.2) 98.7±1.0 98.7±1.1 98.9±0.8

(40-80)% (1.2-2.0) 96.9±0.9 91.1±1.4 94.1±0.8
(2.0-2.5) 99.3±3.2 98.8±4.2 99.9±2.1

Table 4.2: Single muon trigger efficiency ε
µ
trig [%] at high transverse momentum for

the combination of the ‘MU4’ and ‘MU10’ triggers used in the analysis at different
centrality and pseudorapidity slices.

 [GeV]
T

p

0 20 40 60 80 100 120

cu
t e

ffi
ci

en
cy

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

|<2.7η00-05 Centrality, |

tight

<10DOF/n2χ
<50mm

0
)zθ, sin(0d

all cuts

|η|

0 0.5 1 1.5 2 2.5

cu
t e

ffi
ci

en
cy

0

0.2

0.4

0.6

0.8

1

>5 GeV
T

00-05 Centrality, True p

tight

<10DOF/n2χ

<50mm
0

)zθ, sin(0d

all cuts

Figure 4.10: Left: Muon cut efficiency relative to successfully reconstructed muons as
a function of muon pT for most central events. Right: Same as in the left figure versus
η.

4.3 Z → µ+µ− reconstruction

4.3.1 Selection of Z → µ+µ−-candidates

The procedure for the Z-candidate selection is similar to the one for the single muons.
The goal is to maximize the Z reconstruction efficiency while reducing background to
the lowest achievable level. Reconstructed muons in an event are paired in all possible
combinations. For every pair the 4-vector of the hypothesized mother particle is calcu-
lated. The number of pairs reconstructed with same sign charge in the mass region of
the Z boson is representative within random fluctuations of the random combinatorics
also present in the opposite sign pairs, aside from a tiny fraction of physics background
described in Section 4.3.4.
The following considerations were taken into account in the selection of muon pairs:
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The data analysed must be triggered by the presence of the Z-boson. This con-
dition is met by requiring at least one muon in the muon pair to be matched to
the muon trigger, with a pT above the turnon region as seen on the right side of
Figure ??.

The signal and signal to background ratio has to be optimized. This is done to
a reasonable level where reduction in the number background counts remains
statistically significant.

Variations in cuts are made with significant values, e.g. the pT cut is varied with
5 GeV. This is done because varying with high granularity would likely result in
a focus on a statistical fluctuation with no real physical meaning.

In Table 4.3 variations are shown in reconstruction quality (either tight or medium/loose)
of the second muon and the transverse momentum cut on both muons. The mass win-
dow to define Z-candidates is between 66 < mµµ < 102 GeV. In the table cases 1
and 2 show that low momenta cuts, regardless of trigger considerations, are not ideal
as they result in muon samples with a high fraction of combinatorial background. The
kinematic distribution of Z-decay muons however is not unfavourable to increasing the
the threshold. Case 3 with two tight muons with pT > 5 GeV has a good signal to
background ratio which is not improved at above a statistical level by increasing the
transverse momentum treshhold in case 4. The second part in the table shows whether
Z-candidates can be recovered if requirement on the reconstruction quality is loosened.
These qualities are called medium or loose but they are essentially defined as ‘not tight’.
Case 6-9 show that a good signal to background ratio can be achieved in this reconstruc-
tion category and are indistinguishable within statistical fluctuations. The symmetric cut
of case 8 is chosen to be combined with case 3, shown as case ‘3+8’ in the table, for the
optimal signal to background ratio.
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µ1 µ2
case quality pT [GeV] quality pT [GeV] s b ∼s/b

1 trigger 5 tight 10 1180 101 12
2 trigger 10 tight 5 1128 42 27
3 trigger 10 tight 10 1080 11 98
4 trigger 10 tight 15 1057 8 132
5 trigger 10 medium or loose 20 172 38 5
6 trigger 15 medium or loose 20 148 9 16
7 trigger 20 medium or loose 15 147 4 37
8 trigger 20 medium or loose 20 142 3 47
9 trigger 20 medium or loose 25 131 3 44

3+8 trigger 1222 14 87
10 trigger 10 any 10 1282 67 19
11 trigger 20 any 20 1089 5 218

Table 4.3: Muon selection cuts with the corresponding numbers of signal and back-
ground counts.

The strength in combining two sets of kinematic cuts for different reconstruction quality
categories is further illustrated in Figure 4.11. The left plot shows case 10 in yellow, 11
in blue, 3 in red and shown in black is case ‘3+8’. Both a high transverse momentum
cut and a high reconstruction quality requirement are effective in reducing background.
There is no need however to use both at the same time. A conditional requirement
(a high momentum cut for low reconstruction quality muons) is effective at reducing
background while maintaining the signal. This is also illustrated with the figure on
the right which shows the cut efficiency for Z from simulation. The conditinal set of
cuts reaches a much higher efficiency and combines the higher efficiency of the high
kinematic cut at low pZ

T with the higher efficiency of the reconstruction quality cut at
high pZ

T .
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4.3.2 Z → µ+µ− reconstruction and cut efficiencies

The pythia embedded in hijing simulation is used to study the Z efficiencies necessary
to make corrections. Pythia simulates the Z-boson production in nucleon-nucleon col-
lisions at

√
sNN = 2.76 TeV in a pp:pn:np:nn configuration that reflects the proportions

in lead-lead collisions. The simulation incorporates the decay to muons, which can in-
volve the radiation of photons. Photons carry away energy from the Z boson which is
not reconstructed using the 4-vectors of the decay muons. The left side of Figure4.12
shows the probability for n photons with pT > 0.5 GeV to be produced. On the right
side is shown how the generated Z mass spectrum (red) is modified (blue) if radiated
photons are not included with the muon daughters in the calculation of properties of
the Z boson. Although efficiency loss or spectrum modifications suffered here is proce-
durial rather than a direct result of detector properties, the corrections are applied with
the simulation in the same way.

The reconstruction efficiency for the Z boson is defined in the same way as for the
muons, the fraction of reconstructed Z matched to truth (through matching of the muons)
divided by the number of generated Z. The cut efficiency is defined as the Z that pass the
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Figure 4.13: Monte Carlo efficiency curves. In the left column is shown the cut ef-
ficiency with respect to the reconstructed Z’s. In the right column is shown the re-
construction efficiency with respect to generated Z’s, the cut efficiency with respect to
reconstructed Z’s and the total efficiency, which is the set of Z’s after analysis cuts with
respect to all generated Z’s.

cuts divided by the Z that are reconstructed with no additional requirements. Figure 4.13
shows on the left side efficiency of the cuts used in the analysis. The requirement that
one of the muons must be tight with a good ID-MS track match, representative of the
trigger muon, is highly efficient, as is requiring vertex pointing within 50 mm of the
primary vertex for both muons.

The conditional cut described in the previous section has a dip around 30 GeV resulting
from Z kinematics. A boosted Z with pZ

T ∼ 30 GeV has a higher probability of a
muon in the decay with low transverse momentum. The mass window cut shows a
similar trend which results from spectrum modifications due to the radiated photons
in the Z decay. As shown in Figure 4.12 a reconstructed Z with pZ

T ∼ 30 GeV has a
relative large fraction (∼ 20%) of energetic photons involved in the Z decay, giving a
kick to the Z and hence its boost. The photon also modifies the mass spectrum of the
reconstructed Z causing the lower efficiency for the mass window cut in this pZ

T region.
On the right side of Figure 4.13 the cut efficiency is shown with the reconstruction and
total efficiency (cut and reconstruction combined). The low reconstruction effiency for
low pZ

T is the result of migration of low pZ
T towards higher transverse momentum.

The efficiency curve is a combination of detector effiency and bin migration, which is
corrected for in one single step when these efficiencies are used as correction factors for
the spectra. Figure 4.14 shows the efficiency as a function of event centrality. Towards
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Figure 4.14: Reconstruction, cut and total efficiency for the Z boson as a function of
event centrality.

higher centralities both the cut and reconstruction efficiency show a minor dip, resulting
in an approximately 3% lower total efficiency for Z reconstruction in the most central
events.

4.3.3 Z → µ+µ− trigger efficiency

From the single muon trigger efficiency calculated in the Minimum Bias stream the
trigger efficiency for the Z is derived. A Z is triggered if at least one of the daughter
muons, with criteria described in Section 4.2.4, is matched to the muon trigger object.
Z candidates with no match to the trigger (< 1%) are unused in this analysis. For Z
triggered by just one muon, εZ

trig = ε
µ
trig. In case both muons match the trigger and

satisfy the quality criteria, εZ
trigis evaluated according to the formula

εZ
trig = 1 −

(
1 − εµtrig(pT1)

)(
1 − εµtrig(pT2)

)
. (4.3)

where εµtrig(pT) is the fit result by Equation 4.1 taken at the reconstructed pT value of
each muon and at the corresponding in of centrality and rapidity from the set of 12
slices (4 in centrality and 3 in rapidity) specified in Table 4.2. The muon kinematics
(transverse momentum and rapidity) in the MC were used together with this table to
propogate muon efficiencies to Z trigger efficiencies including the errors. The results
for the Z efficiencies in different centralities is shown in Table 4.4. εZ

trigas a function of
rapidity and transverse momentum in shown in Figure 4.15. The dip in the pZ

T distribu-
tion around 40 GeV, more distinctive for the most central events, is due to a small turn
of the fitting curve of the contributing single muon efficiency just above 10 GeV before
it comes to saturation at the plateau. Non-flat dependencies in both pZ

T and y cause the
respective trigger correction of the Z yield to be performed with corresponding two-
dimensional Z trigger efficiency maps.
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Centrality [%] Trigger efficiency [%] Centrality [%] Trigger efficiency [%]
0-5 95.0±0.5 5-10 95.6±0.5

10-20 97.8±0.4 20-30 98.8±0.2
30-40 98.8±0.2 40-60 98.9±0.3
60-80 99.0±0.3

Table 4.4: Z trigger efficiency εZ
trig in different centrality classes.
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Figure 4.15: Left: Z → µ+µ− trigger efficiency as a function of rapidity.Right: the same
as a function of transverse momentum.

4.3.4 Comparisons and cross-checks

Several checks have been made to verify whether the simulation correctly describes the
data. This regards the kinematic distribution of the muons and the Z candidates and the
reconstruction quality of the muons.
Figure 4.16 shows distribution of reconstructed muons in data and MC for (clockwise)
the muon pair ∆φ, pseudo-rapidity, pT and the muon pair opening angle. Another inter-
esting observable is the relative properties of one muon with respect to the other muon
in the pair. Figure 4.17 compares different properties of the pairs as a function of pT,
η and centrality between the data and the MC. Some of these discrepancies are used to
estimate a systematic error on the cut efficiency as is decribed in Section 4.5.
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Figure 4.18: Mass spectrum for tag and probe data sample.

The Tag & Probe method is used to check the muon cut and trigger efficiency. A data
sample of Z’s satisfying the requirement 83< mµµ <98 GeV is selected by imposing
very strong cuts on one muon only, the Tag. Selection criteria used for the Tag are listed
below.

• CombinedMuon

• pT > 15 GeV

• nPixHits>2; nSCTHits>5; nPixHoles+nSCTHoles<1; nSCTHits+nPixHits>10

• |dID
0 | < 0.2 mm; |zID

0 | < 1.5 mm

• |pID/q| > 4 GeV

• |η| <2.5

• match χ2/ndof < 3

They provides for a Z data sample of high purity shown in Figure 4.18. In this sam-
ple, the muons associated to the Tag is with high probability a real Z daughter muon,
regardless of the quality of the reconstruction. This muon, the Probe, can be used to
calculate several quantities important for the analysis. Background contamination in
the T&P sample mostly comes up at muons with low pT, therefore we imposed a cut
of pT>15 GeV on the second muon as well. Other shortcomings of the T&P method are
very low statistics and possible Tag-Probe correlations. Therefore we use the T&P method
as a cross check and worked out the real correction using the MC.

Figure 4.19 on the left shows the raw Probe pT spectrum and the spectrum after several
cuts as they are applied in the analysis. The right plot shows the total cut efficiency
relative to reconstructed, which is the Probe pT spectrum after all cuts divided by the
raw spectrum. The integrated cut efficiency derived from this set is 89.4 ± 1.2%.

Several distributions are shown in Figure 4.20. The MC is normalized to data by inte-
gral, except for the bottom right panel, where the absolute fractions are compared. The
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Figure 4.20: MC to T&P comparison. Top row shows d0 and z0sin(θ), bottom χ2/ndo f

and fraction of tight muons among all muons coming from Z in different parts of the
detector and for different centralities.

Figure 4.21 shows T&P method used to evaluate single muon trigger efficiency com-
pared to the results obtained from the MB data sample in dependence on transverse
momentum and pseudorapidity, respectively. Discrepancy between the trigger efficien-
cies in the two methods is propogated into a systematic error. Details are in Section 4.5.
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lation from HardProbes stream using Tag and Probe method with Z daughter muons,
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4.3.5 Background contributions

Background present in the Z-candidate sample in the form of same sign pairs is taken
as estimate of random combinatorial background. There are several physics processes
responsible for background in the form of same sign pairs only. An estimate for the
amount of same sign pairs from background processes are present in the sample is
made from a fit. With roofit the reconstructed MC shape is fitted tosame sign sub-
tracted data superimposed on a second ‘background’ function. Variations using linear
and exponential functions with different slopes for the background deliver a consistent
picture. An example is shown in Figure 4.22. The fit yields a residual background es-
timate of 5 ± 11. The result is consistent to zero within its large uncertainty. Due to
this fact no additional subtraction on the data are made but the uncertainty is added,
together with the uncertianty related to same sign subtraction estimated conservatively
at 50%, to the systematic uncertainty. This results in a total background uncertainty of√

0.5%2 + 0.8%2 = 0.9%. The total background estimate of 1.1 ± 0.9% safely includes
the estimated background studied by ATLAS in proton-proton data [22]:

• QCD background - 0.4%

• tt̄ - 0.1%

• Z→ ττ - 0.07%
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Figure 4.22: The same sign subtracted data fit with a two component model. The signal
is taken from the simulation and the background (shown as an example) is exponential.

• Di-boson decays - 0.2%

One more entirely different type of background contribution can be caused by muon
charge swap. The charges swapping effect was checked using the MC sample. The
results are shown in Figure 4.23. The red curve is the invariant mass distribution of
two muons with opposite charges matched to truth Z-bosons. Blue histogram shows
truth mass for Z which are reconstructed with the same sign muons, and green shows
their reconstructed mass distributions. As one can see the contribution of wrongly re-
constructed same sign pairs in the Z mass region coming from real Z bosons is around
0.1%.

4.4 Correction strategy

The final result is recovered from data based on several corrections from simulation in
the following way

Result =
Signal - Background

Correction × Acceptance × Nevents
, (4.4)

where Signal is the number of Z candidates found in data, Background the number of
same sign muon pairs, Correction accounts for loss due to detector efficiencies and for
detector resolution, Acceptance is the limited physical coverage of the detector for the
decay particles and Nevents is the number of events. The Background in the mass window
is close to 1% of the of the (same sign) Z-candidates. The background was subtracted
on a bin-by-bin basis and the corresponding uncertainties due to the subtraction are
added to the statistical uncertainty in the bin. In the cases where quantities are studied
differentially such that bin by bin fluctuations in the background may be significant
the subtraction is based on the average background fraction. In this case we assign
a 50% systematic uncertainty to the statistical correction. The Acceptance is derived
on from MC. The accuracy of this value depends on the ability of the generator to
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Figure 4.23: Invariant mass of µ+µ− pair. Red: True mass distribution for muon
pairs with correctly reconstructed charges. Blue: True mass distribution with one
muon charge swapped. Green: Reconstructed mass distribution with one muon charge
swapped.

simulate the rapidity of the Z bosons and the decay kinematics of the daughter muons.
Both are found to be correct within negligible errors. The Correction, detailed in the
previous sections, is applied on the basis of the rapidity and transverse momentum of
the Z boson candidate and as a function of event centrality. It incorporated corrections
for reconstruction efficiency, identification efficiency and kinematic smearing. Final
corrections (excluding trigger effiency) are applied from the efficiencies derived with
the simulation as follows

εZ(cent, preco
T , yreco) =

NZ
pass(cent, preco

T , yreco)

NZ
gen(cent, ptrue

T , ytrue)
. (4.5)

For each bin the number of Z that pass the analysis cuts are divided, based on their
reconstructed values, by the number of generated Z based on their truth values. This
procedure includes the correction needed for bin migration in the spectra as a result
of detector resolution. This method makes a socalled Bin-by-Bin-correction. Another
technique for unfolding seperates the correction in two stages and is in principle a bet-
ter, more accurate method.
In this case first a migration matrix is constructed from the truth information of recon-
structed particles and the generated particles, as pictured in Figure 4.24. An element
Mi j of the matrix represents the probability that an event generated in bin j is recon-
structed in bin i. The inverse of this matrix applied to the reconstructed spectra in data
recovers the ‘truth’ shape. An efficiency correction based on the truth information of
generated and reconstructed particles then recovers the original spectrum. This pro-
cedure requires large MC statistics to keep the uncertainties in check. These are not
available in this analysis for corrections across pT and rapidity in the various centrality
slices. The Bin-by-Bin method only approximate the effect of off-diagonal entries of
the migration matrix and corrects for each bin separately, thus it yields similar results
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Figure 4.24: Left: Migration matrix. The y direction shows the probability that a Z
generated with a pT from the according x-coordinate is reconstructed in that particular
bin. Right: Corrections for bin migration as a function of pZ

T . Markers in black show
the corrections based on the Bin-by-Bin method. Cyan markers show the effective cor-
rections made with the migration matrix. Red markers shows that the matrix corrections
applied to data are consistent with corrections applied on the MC spectrum.

if the migration matrix is not too different from the identity matrix. Shown on the right
in Figure 4.24 is that this is the case. The black markers show the corrections from the
Bin-by-Bin method as a function of pZ

T . The cyan markers show corrections follow-
ing unfolding with the migration matrix. Both methods yield very similar results. The
unfolding applied to data, shown in red, is consistent with the black and cyan markers
which reflects that the spectra shapes in MC and data are close to each other.
The final Correction includes the trigger efficiency, which is detailed in Section [?].

4.5 Systematic uncertainties

4.5.1 Efficiency of Reconstruction and Analysis Cuts

The main uncertainty associate with efficiency correction stems from possible discrep-
ancies between the MC and real data conditions. In a general sense these can be of two
types: a) differences in the detector performance description and b) shortcomings in the
physics description from PYTHIA.

In the Z → µ+µ− channel, ATLAS advises that we rely on the p+p accuracy of 1%
above 15 GeV and 2% below for a single muon. This estimate is based on the low
occupancy in the muon spectrometer even in the heavy ion environment. However,
this accounts only for muons reconstructed purely with the muon spectrometer, muons
combined with a track in the inner detector may be sensitive to tracking losses and
associated uncertainty and of course some of these muons that would otherwise have
inner tracks may simply be reconstructed solely in the muon arms in the heavy ion envi-
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ronment. The simulation does not perfectly reproduce the composition of the different
muon types reconstructed in the data (see Figure 4.17). In data the fraction of pairs
with one stand alone or segment-tagged muon is higher compared to MC (respectively
20.0% and 16.8%). To address any effects that this failure of the simulation may have
on the calculation of the efficiency, the simulation is adjusted by reweighting events in
which two combined muons reconstruct a Z, so that the fractions in data and MC are in
agreement. The efficiency is then recalculated with the weighted sample and the differ-
ences between the thus recalculated efficiency and the standard weighted one is taken
as a systematic error.

In the Z → e+e− channel, the basic strategy for constraining the uncertainty due to
discrepancies between the data and simulation is to use a data driven approach ‘Tag
and Probe’ method. Section ?? describes the tag and probe method and sample, and
section ?? shows the single probe electron identification efficiencies propagated into
Z → e+e− efficiencies. There is a significant difference between the data driven Z → e+e− ef-
ficiency and that derived from simulation, reaching 20% at forward rapidity, which we
take as a systematic uncertainty. The poor statistical precision of the probe electron
method further increases the systematic uncertainty associated with the data-MC agree-
ment, as we take the deviation at the maximal 1σ distance. Additionally we use an
uncertainty of 5.5% for the uncertainty regarding the material budget.

In addition to the above mentioned uncertainty we also assign a systematic uncertainty
stemming from possible disagreement with the spectral shape generated by PYTHIA
(although the agreement in the spectrum at the reconstructed level is quite good - see
figures ?? and ??). To estimate this uncertainty we apply the efficiency correction to the
data and thus recover a corrected ‘truth’ distribution. This distribution is then used to
reweight the simulation and then the reweighted simulation is used to again calculate the
efficiency. Although, in principle one may iterate this procedure until convergence the
fairly low statistics in the measurement makes us somewhat susceptible to fluctuations
so we use only a single iteration which we then compare to the original purely PYTHIA
derived efficiency for an uncertainty estimate. This uncertainty is on the order of a few
percent in both the muon and electron channels.

4.5.2 Momentum Resolution

The standard Monte Carlo muon momentum resolution is unrealistically good com-
pared to the actual detector performance. This is a known problem, generally, in AT-
LAS and is addressed by use of a smearing tool which accounts for imperfections of
the detector alignment. The code nudges the pT with different strengths in different
regions of the detector. For an estimate of the systematic uncertainty related to the mo-
mentum resolution, additional smearing is applied to the MC. The amount of additional
smearing is chosen so as to have the same width of the mass distribution in the MC
as in the data. This is done by excluding events where the Z mass agreement between
reconstruction and truth is better than a certain level. A parameter which reflects the
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agreement is defined as:

ρ =
|mreco

Z − mtruth
Z |

mtruth
Z

. (4.6)

Removal of events where ρ < 0.002 reduces the MC statistics by 10% and brings the
width of the MC and data in good agreement, see fig. 4.25. This reduced Monte Carlo
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Figure 4.25: (left) Data plotted with standard MCP smeared MC. (right) Data plotted
with Monte Carlo, with additional smearing (ρ > 0.002) applied on the Monte Carlo.

set is then used to recalculate the pT, rapidity and centrality dependent efficiencies. The
difference between the further smeared efficiency and the efficiency calculated with the
standard smeared MC sample are taken as systematic errors on the order of 2-3%.

4.5.3 Trigger

The trigger chain used for the muon channel is efficient at 95.0 ± 0.9% in central and
99.0 ± 0.6. The systematic uncertainty originated from the discrepancy between the sin-
gle muon efficiencies based on T&P method and the MB data sample. The comparison
of the methods is shown in figures 4.21.

4.5.4 Normalization

The normalization of the overall yield depends on several pieces each with an associated
uncertainty.

• Luminosity sampled - the count total number of events sampled by the minimum
bias trigger has an associated uncertainty of 2% [?]

• Event count in a given centrality bin - as seen in figure 4.1 there is an uncertainty
of approximately 0.3% on the centrality binned count

• Calculation of Ncoll in a given centrality bin - Ncoll in each bin is calculated
based on a Glauber simulation and has uncertainty as shown in Table 4.1
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Uncertainty Type Z → µ+µ−Uncertainty [%]
MC-Data Agreement 2.5

PYTHIA shape 3 - 8 (mid to forward y, higher at low pT)
Resolution 2.5

Trigger 0.6-0.9 (peripheral to central)

Table 4.5: A summary of systematic uncertainties.

4.5.5 Other Uncertainties

Charge Misidentification

As seen in Figures 4.23 there is some charge misidentification observed in the Monte
Carlo. However, it is a very small effect of approximately 0.1%.

Pileup Events

As seen in figure 4.1 the fraction of pileup events is less than 0.1%.

Wrongly Merged Muons

The merging procedure does not take detector hit information directly into account.
This might lead to two reconstructed muons sharing hit information, something that
is carefully managed within the MUID and STACO chains. An error here could lead
to an increase of same sign muon pairs in the Z mass region. A check with STACO
and MUID analysis seperately showed that this effect contributes little or nothing to the
same sign background in the analysis.

4.5.6 Summary of Uncertainties

Table 4.5 summarizes the systematic uncertainties. Note that there are additional bin
to bin variations that are not shown here.

4.5.7 Uncertianties of the flow measurement

In the measurement of the flow the main systematic uncertainties is coming from the
uncertainty of the reaction plane. This uncertainty is taken from the analysis of the
reaction plane. It is shown as a gray band in fig. ??. An important cross check is to
make sure that the sine term in the measurement of the flow is consistent with zero. In
case it is not this tern is also to be added as a systematic uncertainty of the measurement.
Figure ?? demonstrates this consistency, however the statistical uncertainty is large. An
non equal sine term indicates an angular shift of the particle angle w.r.t. to the EP
detector and it should not depend on the particle species. Therefore this uncertainty can
be taken from the hadron measurement where is is negligibly small.

In the measurement of the Z there is one more source of systematic which needs to
be checked. The EP measurement can be affected by the jet correlated with the Z. To
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check this phenomenon we performed the following procedure. For each event where
the Z was reconstructed we studied 20 events extracted form the MB sample with the
following criteria. The FCal response was required to be with 3% of the amplitude
found in Z event, and the orientation of the EP was required to be within 0.3 rad of the
EP orientation. The difference between ΨA and ΨC sides is shown in fig. 4.26 for three
different cases.

Figure 4.26: Difference in the reaction plane measured by two sides of FCal for three
different cases. Green shows the MB sample selected according to the Z sample. Filled
markers show the same for events with Z and open markers show that for the events
with Z where the difference takes into account the direction of the Z

The green histogram shows the reference made with the MB events (without Z) ac-
cording to the selection criteria explained above. The filled markers show the same
distributions for the events with Z and the empty markers show the distribution for the
events same event with Z but the difference is taken such that the sign of Z rapidity
defines the sign of the difference. i.e. the FCal side with the same rapidity as the Z is
always positive and with the opposite rapidity is negative. The mean and the widths are
given in Table 4.6.

Sample Mean RMS
MB 0.0276±0.0055 1.0909±0.0039
Z without orienting 0.0032±0.0254 1.1343±0.0180
Z with orienting -0.0091±0.0255 1.1355±0.0180

Table 4.6: Mean and RMS values for the distributions shown in fig. 4.26.

The RMS of the distribution with the Z events is 2.7σ wider than the MB distribution.
This defines the EP correction which should be larger for the events with Z. We do nor
change the correction, but we add 4% additional uncertiantly to the EP correction value.
The systematic shift in the mean value between the cases with and without orienting Z
is 12 mrad. Though it is less than the statistical uncertainty of the mean this difference
should be added as an uncertianty to the EP angular shift due to potential impact of
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jets associated with Z. Thus the systematic uncertiantly on v2 measurement is assigned
0.025.
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Chapter 5

Results

The plots below show several results from the Z sample in heavy ion data.

Figure 5.1: The invariant mass distribution of Z → ee and Z → µµ integrated over all
momentum, rapidity and centrality.

Figure 5.1 shows the mass distribution of the reconstructed Z bosons for the electron
channel (left) and muon channel (right). The black disks shows data and in yellow the
MC. The count in the electron channel is lower due to lower detector acceptance and
electron reconstruction and identification efficiency. The relatively high background
results from QCD background, random combinatorics and impurity in the electron se-
lection. The peak is broader due to lower momentum resolution and electron brehm-
strahlung, an effect muons suffer less from due to their higher mass. The Z samples
shown in the figure are combined for further results.
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Figure 5.2: Corrected per-event rapidity distribution of measured Z → l+l− (l = e, µ).
Bars represent statistical uncertainties, the filled band represents systematic uncertain-
ties. The data is compared to the model distribution shown as a band whose width is the
normalization uncertainty.

The fully corrected rapidity distribution of the Z boson is shown in Figure 5.2, integrated
over centrality and pZ

T . The rapidity did not show any centrality dependence. The data
are compared to a model composed of Pythia normalized to the Z → l+l− cross-section
in p+p collisions at

√
sNN = 2.76 TeV taken from NNLO calculations [22] and scaled

by 〈TAA〉. The shape is well reproduced by Pythia, and the integrated yield is well
reproduced by the 〈TAA〉 scaled NNLO cross-section.

The fully corrected pT distributions in five centrality classes are shown in the left panel
of Figure 5.3 along with the model. As was the case for the rapidity distribution, the
shape in pZ

T is well reproduced by Pythia. The right panel of Figure 5.3 shows the
ratios of the data to the scaled Pythia. The ratios remain flat within uncertainties for all
centrality classes over the entire range of measured pZ

T .

Figure 5.4 shows the scaling with binary collisions of the Z → ee and Z → µµ pro-
duction as a function of the number of participants for |yZ | < 2 and in pT classes
pZ

T < 10 GeV, 10 < pZ
T < 30 GeV, pZ

T > 30 GeV and integrated over pZ
T . Despite a

small dip in the most central bin it does not appear significant considering the statis-
tical and systematic error. Overall both the muon and electron channel show a good
agreement with binary scaling.

Figure 5.5 shows the fully corrected v2 as a function of rapidity, centrality and pT. The
integrated v2 of the Z boson is measured to be v2 = −0.011 ± 0.018(stat.)±0.014(sys.),
and is consistent with zero over the full ranges of rapidity, pZ

T , and Npart. This observa-
tion is an independent measurement consistent with binary collision scaling.
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Figure 5.3: Left: Fully corrected per-event pZ
T distributions in five centrality classes.

Bars represent statistical uncertainties, filled bands represent systematic uncertainties.
The data are compared to a model of Pythia normalized to the NNLO cross-section and
scaled by 〈TAA〉, shown in bands whose width is the normalization uncertainty. Right:
Ratios of the data to the model.
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Results

Figure 5.4: Centrality dependence of Z boson yields divided by Ncoll. Results for ee
(upward pointing triangles) and µµ (downward pointing triangles) channels are shifted
left and right, respectively, from their weighted average (diamonds). Bars and shaded
bands represent statistical and systematic uncertainties, respectively. Brackets show the
combined uncertainty including the uncertainty on Ncoll. Fits to the combined results
by a constant are shown with dashed lines.
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Figure 5.5: The v2 as a function of |yZ | (left), pZ
T (center), and Npart (right). Bars

and shaded bands represent statistical and systematic uncertainties, respectively. The
dashed lines show constant fits to the v2 values, weighting the measurements by statis-
tical uncertainties only.
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Results

5.1 Summary and Conclusion

With the ATLAS detector lead-lead collisions at
√

sNN = 2.76 TeVwere measured. A
sample of 1223 Z bosons with purity at a level of 1% was reconstructed through the
muon decay channel. The sample was used to measure transverse momentum (pT) and
rapidity (y) spectra of the Z bosons. The per-event production rate was measured as a
function of event centrality. Additionally the elleptic anisotropy v2 of the Z boson was
measured. Corrections to account for detector acceptance and efficiencies we calculated
from a pythia Z → µ+µ− sample embedded in hijing events. The efficiency of the
ATLAS detector for the measurement of a Z → µ+µ− decay is approximately 75%.
The corrections were cross checked with the Tag and Probe method and with the muon
pair quality composition. The data analysed was collected in a trigger stream searching
for high transverse momentum muons. The efficiency of the trigger, ranging from 95 to
99%, was calculated from a minimum bias data set.
The shape of the corrected pTand rapidity spectra is well reconstructed by pythia. The
binary collision scaling of the data, where the Z boson per-event yield was divided
by Ncoll, demonstrates that the yield is consistent with the binary collision estimation
from the Glauber model. The flow value v2, whose main uncertainties are statistical
and resulting from event plane resolution, is consistent with zero over the full measured
pT and y range. These results form a firm foundation for further measurements related
to the Z boson, such as Z-jet events.
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