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na LHC

Autor: Mgr. Petr Balek
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1 Introduction

There is a theory which states that if ever anyone discovers exactly what the
Universe is for and why it is here, it will instantly disappear and be replaced by
something even more bizarre and inexplicable.

There is another theory which states that this has already happened.

Douglas Adams, Hitchhiker’s Guide to the Galaxy

In collisions of heavy ions (HI), a hot and dense matter is produced. This
matter is known as a quark-gluon plasma (QGP) because quarks and gluons
become deconfined [1, 2, 3, 4]. When partons traverse through QGP, they are
expected to loose energy [5, 6].

The collisions at Large Hadron Collider (LHC) allow to study this matter in a
new energy regime. The first HI results from LHC experiments revealed that jets,
a spray of particles, emerging from the medium are suffering significant energy
loss [7, 8]. This was confirmed by measuring jet suppression when a photon energy
was taken as a reference [9, 10].

The measurements performed by LHC experiments show that yield of jets
created in Pb+Pb collisions is lower than our expectations from pp collisions by
a factor of two [11, 12].

Study of jet fragmentation functions provides another insight into mecha-
nism of energy loss [13, 14]. The charged-particle fragment yield shows an en-
hancement for low transverse momentum pT . 4 GeV, a suppression for 4 GeV
. pT . 30 GeV and a small enhancement for pT & 30 GeV. The enhancement or

suppression is measured in central collisions with respect to peripheral ones.
The charged-hadron yield is a product of QGP-affected jet yield and of QGP-

affected jet fragmentation functions. Thus, it is not surprising that the charged-
hadron yield is modified as well. The suppression of charged-hadron yield mea-
sured by LHC experiments [15, 16, 17] is higher than that measured by RHIC
experiments [18, 19, 20, 21].

Several theoretical models [22, 23] aim to describe behavior of charged-hadron
suppression at high pT, using measurements of ALICE and CMS. These measure-
ments do not provide strong constrains for pT & 60 GeV. Behavior of charged-
hadron suppression in term of pseudorapidity (η) was also attempted to pre-
dict [24]. ATLAS measurement of charged-hadron suppression, presented in this
thesis and published in ref. [15], provides both high-pT reach and η-dependence.

This thesis has six chapters. In the second chapter a brief introduction about
quantum chromodynamics and tools related to heavy-ion collisions is presented.
The third chapter offers an overview of CERN accelerator complex, and also of
the ATLAS detector with all its subsystems. In the fourth chapter, previous mea-
surements of charged-hadron suppression are summarized. The fifth chapter is a
cornerstone of this work, where the measurement of charged-hadron suppression
with the ATLAS experiment is described in detail. Author made a significant
contribution to this measurement. Last chapter contains a brief conclusion.
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2 Theoretical overview

2.1 Quantum chromodynamics

Quantum chromodynamics (QCD) describes strong nuclear force, which acts be-
tween quarks and gluons. They carry a color charge that is described by SU(3)
group. There are six quark flavors, each quark may have one of three color
charges, and there are as much as eight states of gluons that carry color charge
as well. The lagrangian of QCD is [25]:

LQCD =
∑
q

ψ̄q (iγµDµ −mq)ψq −
1

4
F a
µνF

a,µν , (2.1)

where the summation is done over quark flavors q, ψq is a bispinor of a quark
having flavor q, mq is a quark mass, γµ is Dirac γ-matrix, and Dµ is a covariant
derivative defined as:

Dµ = ∂µ − igT aAaµ, (2.2)

where T a is a generator of SU(3) group and Aaµ stands for a gluon vector field,
whose index a runs from one to eight. F a

µν is the field strength tensor defined as:

F a
µν = ∂µA

a
ν − ∂νAaµ − gfabcAbµAcν , (2.3)

where fabc are structure constants of the SU(3) group, and g depends on the
strong coupling constant αS:

g =
√

4παS (2.4)

The generators of the group and structure constants have relation:

[T a, T b] = ifabcT c (2.5)

Writing out the lagrangian, it is possible to identify three interaction vertices:

LQCD,int =
∑
q

gAaµψ̄qγ
µT aψq − gfabcAb,µAc,ν(∂µAa,ν)−

1

4
g2(fabcAb,µAc,ν)(fadeAdµA

e
ν) (2.6)

The first term corresponds to a quark–gluon vertex, whose analogy can be
found also in quantum electrodynamics, the seconds term corresponds to 3-gluon
vertex, and third term corresponds to 4-gluon vertex. Whereas the first two
vertices are proportional to g, the 4-gluon vertex is proportional to g2. All three
vertices are shown in fig. 1.

The QCD theory is bounded with a phenomenon of a running coupling con-
stant. The strength of the coupling constant depends on transfered momentum
Q2. That makes the interaction very strong on large distances, i.e. low Q2, which

5
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Figure 1: Three vertices allowed by the QCD lagrangian. The leftmost vertex repre-
sents gAψ̄ψ term, the middle vertex represents gAA∂A term and the rightmost vertex
represents g2AAAA term.

is the reason why no free quark has ever been observed and why quarks are con-
fined inside hadrons. Contrarily, on small distances, i.e. high Q2, the interaction
is weak and quarks seem to be free within a hadron.

When calculating Feynman diagrams containing virtual particle loops, diver-
gent terms appear. A renormalization procedure is necessary, but it introduces a
renormalization scale µ. Dependence of αS on µ is described by renormalization
group equation:

µ2∂αS

∂µ2
= β(αS) = −α2

S(b0 + αSb1 + · · · ), (2.7)

where b0 is [26, 27]:

b0 =
1

12π
(11nc − 2nf ), (2.8)

where nc is number of colors and nf is number of quark flavors. The second term
is [28]:

b1 =
1

24π2
(17n2

c − 19nf ), (2.9)

and subsequent terms are more complex and are dependent on a renormalization
scheme. If neglected other terms than b0, αS can be expressed as:

αS(Q2) =
αS(µ2)

1 + b0αS(µ2) ln
(
Q2

µ2

) (2.10)

Because b0 is positive, the coupling constant decreases with increasing Q2,
making a phenomena known as asymptotic freedom. With decreasing Q2, the
coupling constant becomes bigger. The dependence of αS on Q2 is shown in
fig. 2. The αS value is typically quoted for Q2 = m2

Z . The value is currently
estimated to [28]:

αS(m2
Z) = 0.1185± 0.0006 (2.11)

At some Q2, the denominator in (2.10) is zero, as pointed out by Landau and
his colleagues [29]. This value is called Landau pole ΛQCD:

ΛQCD = µe
− 1

2b0αS (2.12)
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Strong coupling constant αS can be expressed as a function of ΛQCD instead
of renormalization scale µ:

αS(Q2) =
1

b0 ln
(

Q2

Λ2
QCD

) (2.13)

At Landau pole, which is approximately 200−400 MeV, the coupling constant
becomes infinite and perturbative approach cannot be applied. In this region one
have to use lattice calculations instead where QCD predictions are computed
numerically.

Figure 2: Summary of measurements of αS as a function of Q =
√
Q2. Figure adapted

from ref. [28].

2.2 Parton distribution and fragmentation func-

tions

A cross section can be divided into short-scale and long-scale processes [30].
The cross section in pp collisions p + p → h + X can be written in the first
order as:

dσpp =
∑
a,b,c,d

∫ ∫ ∫
fa/p(xa)fb/p(xb)dσa+b→c+dDc/h(z) dxa dxb dz, (2.14)

where fa/p and fb/p are probabilities that a proton contains parton a and b,
respectively, σa+b→c+d is a cross section of a partonic process a+ b→ c+ d, and
Dc/h is a probability that parton c will fragment into desired hadron h. Any other
products are embraced in X.

Parton distribution functions (PDF) define the probability that a hadron con-
tains a given parton. They are usually expressed as a function of momentum
fraction x, that is carried by the parton within the hadron. Similarly to αS, also

7



Figure 3: Parton distribution functions estimated for µ2 = 10 GeV2 on the left panel
and for µ2 = 104 GeV2 on the right panel. Y-axis is x f(x). Bars labeled as uv and
dv represent PDF for valence quarks. Other bars represent PDF for sea quarks or for
gluons. Figure adapted from ref. [28].

for PDF a factorization scale µ has to be introduced. It separates short scale and
long scale processes. Two examples of PDF at different scales are shown in fig. 3.

The change of PDF with a change of the factorization scale µ is described
by Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) equations [31, 32, 33].
The equations in the leading order for densities of quark fq/p(x, µ), antiquark
fq̄/p(x, µ) and gluon fg/p(x, µ) distribution functions are:

dfq/p(x, µ)

d lnµ
=
αS(µ)

π

(∫ 1

x

dy

y
Pqq

(
x

y

)
fq/p(y, µ)+∫ 1

x

dy

y
Pqg

(
x

y

)
fg/p(y, µ)

)
, (2.15)

dfq̄/p(x, µ)

d lnµ
=
αS(µ)

π

(∫ 1

x

dy

y
Pqq

(
x

y

)
fq̄/p(y, µ)+∫ 1

x

dy

y
Pqg

(
x

y

)
fg/p(y, µ)

)
, (2.16)

dfg/p(x, µ)

d lnµ
=
αS(µ)

π

(∑
i

∫ 1

x

dy

y
Pgq

(
x

y

)(
fq/p(y, µ) + fq̄/p(y, µ)

)
+

∫ 1

x

dy

y
Pqg

(
x

y

)
fg/p(y, µ)

)
, (2.17)

8



where Pab

(
x
y

)
is a probability to find a parton a with a momentum fraction x in

a parton b with a momentum fraction y. Summation in the last equation is done
over all quark flavors.

Fragmentation functions Dc/h(z, pT) are analogous to the PDF, however they
are important for the final states [25]. As partons are getting further away from
each other, it is energetically favorable to create new quarks and consequently to
create observable hadrons. This process is called hadronization.

The fragmentation functions define the probability that a parton c will frag-
ment into a desired hadron h which will carry a fraction z of the original parton
momentum and the transverse momentum pT. The longitudinal direction is as-
sumed to be the direction of the original parton. Nevertheless, the dependence
on pT is often omitted.

The fragmentation functions are evaluated at some factorization scale µ. This
scale is typically chosen to be the same as the factorization scale of PDF. More-
over, they follow equations analogous to DGLAP equations for PDF [28]. In the
leading order, they also follow momentum sum rule:

∑
h

∫ 1

0

zDi/h(z, µ
2) dz = 1 (2.18)

Whereas the cross section of a partonic process σa+b→c+d is calculable to some
order, it is not possible to calculate production of final-state hadrons from the first
principles and fragmentation functions need to be extracted from data. For this
purpose, it is more convenient to specify fragmentation functions as a function of
x, rather than z:

x =
2Eh√
s
, (2.19)

where Eh is the hadron energy. Thus, x is a hadron energy fraction of the maxi-
mum energy that the hadron may carry. The small-x behavior of the fragmenta-
tion function is described by:

xD(x, s) ∝ e−
1

2σ2
(ξ−ξp)2 , (2.20)

where ξ ≡ ln(1/x), and ξp and σ are peak position and width of the Gaussian
distribution, respectively. They both vary with energy [28]. The Gaussian-like
shape of the fragmentation functions is shown in fig. 4.

2.3 Glauber model

The Glauber model, proposed by R. J. Glauber [34, 35], is a way to describe
some features of heavy-ion collisions. It assumes that a nucleus is made from
non-interacting nucleons following straight trajectories. The nucleons are further
assumed to be smoothly distributed in the nucleus. For the nucleon density,
Woods-Saxon distribution is typically chosen [36]:

ρ(r) =
ρ0

1 + e(r−R)/a
, (2.21)
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Figure 4: Fragmentation functions depending on ξ as measured by several experi-
ments. Solid lines represent fits with Gaussian functions. Figure adapted from ref. [28].

where ρ0 is a nucleon density at the center of the nucleus, R represents radius
of the nucleus and a characterize a “skin depth”. Moreover, ρ0 guarantees the
distribution is normalized properly. For 208Pb, the values are R = (6.62±0.06) fm
and a = (0.546± 0.01) fm [37].

An accelerated nucleus has a shape of a “pancake” due to Lorentz contraction.
A transverse density for the nucleus A is:

TA(s) =

∫
ρA(s, z) dz, (2.22)

with s being two-dimensional vector in the transverse plane, z is the beam axis
coordinate, and ρA(s, z) is the density of one nucleon in the nucleus A. Analogous
applies for the second impacting nucleus B. The overlap of the two nuclei is
expressed as:

TAB(b) =

∫
TA(s)TB(s− b) d2s, (2.23)

where b is a vector of distance between centers of the colliding nuclei, and TAB(b)
represents probability that two given nucleons from A and B may interact with
each other. Geometry of this collision is shown in fig. 5.

TAB(b) has a dimension of inverse area. The probability of the interaction
is a product of TAB(b) and of σNN, the nucleon–nucleon inelastic cross section.

10
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s

s-b
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A

Figure 5: Geometry of A+B collision. On the left there is a side view of A+B collision
and on the right there is a parallel view of the same collision. Figure adapted from
ref. [35].

Probability of having exactly n interactions in A+B collisions is straightforwardly
deduced from binomial distribution:

P (n,b) =

(
AB

n

)
[TAB(b)σNN]n [1− TAB(b)σNN]AB−n , (2.24)

where the first term is the binomial coefficient when nuclei have atomic numbers
A and B, the second term accounts for n realized collisions and the last term
accounts for the rest of nucleon–nucleon pairs with unrealized collisions.

The probability that at least one collision occurs is:

dσAB
db

=
AB∑
n=1

P (n,b) = 1− [1− TAB(b)σNN]AB , (2.25)

which is only summation over (2.24) for n ≥ 1. The total cross section is obtain
by integration:

σAB =

∫
2πb

(
1− [1− TAB(b)σNN]AB

)
db, (2.26)

where the integration over azimuth angle was already performed and the vector
b was replaced by its length b.

Number of collisions Ncoll(b) is an important quantity used in comparisons
between heavy-ion and pp observables. It can be obtained from (2.24):

Ncoll(b) =
AB∑
n=1

nP (n, b) = AB TAB(b)σNN (2.27)

and it corresponds to total of AB nucleon pairs, each having probability of inter-
action TAB(b)σNN.

Another important quantity is the number of participants. By “participants”
are meant nucleons that interact at least once. Sometimes they are called “wound-
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ed nucleons”. Number of participants is estimated as:

Npart(b) = A

∫
TA(s)

(
1− [1− TB(s− b)σNN]B

)
d2s +

B

∫
TB(s)

(
1− [1− TA(s)σNN]A

)
d2s (2.28)

Different way to determine quantities Ncoll and Npart is a Monte Carlo ap-
proach [35]. The two colliding nuclei consist of A and B nucleons, which are
distributed in a three-dimensional space, taking into account nuclear density.
The nucleus–nucleus collision is divided into several independent nucleon–nucleon
collisions. An example of such collision is depicted in fig. 6. Average number of
collisions 〈Ncoll〉 and average number of participants 〈Npart〉 are obtained from
simulation of many nucleus–nucleus collisions.
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Figure 6: An example of Au+Au collisions at
√
sNN = 200 GeV with impact parameter

b = 6 fm. Left panel shows transverse plane and right panel show side view. Nucleons
in darker shade represent interacting nucleons, i.e. participants. Figure adapted from
ref. [35].

2.4 Centrality in HI collisions

Impact parameter b of the HI collisions is naturally an unmeasurable quantity. On
the other hand, measuring various observables with respect to the b is definitely
interesting from a physical point of view. This variability is not achievable in pp
collisions.

In practice, the observables are measured with respect to the intervals of total
inelastic cross section, rather than with respect to b. A word “centrality” is
commonly used to describe the cross-section intervals. The total inelastic cross
section is denoted by 0-100%. Ten per cent of the most central collisions, meaning
the highest centrality, the smallest b, and thus the highest overlap, is denoted by
0-10%. Next ten per cent, meaning a little bit smaller centrality and a little bit
higher b, is denoted by 10-20% and so on. Ten per cents of the most peripheral
collisions, corresponding to the lowest centrality, the largest b and the smallest
overlap, is denoted by 90-100%. The centrality division is not restricted to 10%;
any centrality boundaries are possible.
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It is assumed, according to the “two-component model” [38], that the (ef-
fective) number of nucleon–nucleon collisions N is a linear combination of the
number of participant Npart and number of binary collisions Ncoll:

N = (1− x)
Npart

2
+ xNcoll (2.29)

Because one nucleon may interact with more than one nucleon in the other
nucleus, Npart is typically lower than Ncoll. Exceptions are p+A collisions, where
Npart = Ncoll + 1.

2.5 Nuclear modification factor

The first question concerning HI collisions is naturally whether they differ from
pp collisions. The difference is typically quantified by the nuclear modification
factor RAA. It expresses a suppression or enhancement of the production of
desired observable objects in HI collisions with respect to pp collisions. In an
absence of any nuclear effects, RAA would be unity.

Generally, the observable objects can be anything – jets, electroweak bosons
or hadrons. Nuclear modification factor RAA is defined as:

RAA =
1

〈TAA〉
1/Nevt d2NHI/dηdpT

d2σpp/dηdpT

, (2.30)

where Nevt is number of events in HI collisions, d2NHI/dηdpT is the differential
yield of desired observable objects in HI collisions, d2σpp/dηdpT is the cross
section of production of the same objects in pp collisions, and 〈TAA〉 is nuclear
overlap function which can be estimated using 〈Ncoll〉 and total inelastic pp cross
section as:

〈TAA〉 =
〈Ncoll〉
σpp

, (2.31)

which is an analogy of (2.27), where it is already taken into account total num-
ber of nucleon–nucleon pairs, represented by the product AB in the mentioned
equation.

Alternatively, modifications can be studied using nuclear modification factor
RCP, which is defined as:

RCP =
〈TAA,P〉
〈TAA,C〉

1/Nevt,C d2NPb+Pb,C/dηdpT

1/Nevt,P d2NPb+Pb,P/dηdpT

, (2.32)

where indices P and C denote quantities obtained for peripheral and central HI
collisions, respectively.

The downside of RCP is that even peripheral collisions may contain some of
the nuclear effects, thus the observed modification may not be presented in its full
strength. The upside is obvious, measurement from pp collisions is not needed
at all. In case of missing appropriate pp reference, this is the only way how the
modifications in HI collisions can be scrutinized.
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3 Large Hadron Collider and
ATLAS detector

3.1 Large Hadron Collider

Large Hadron Collider [39] (LHC) is the world’s largest accelerator ever built. It is
located near Geneva, Switzerland, at CERN (European Organization for Nuclear
Research, the abbreviation is from former French name Conseil Européen pour
la Recherche Nucléaire). The LHC was installed in the same tunnel as LEP
(Large Electron-Positron Collider) was. The circumference is almost 27 km and
it is buried up to 175 m underground. Apart from 1232 dipoles used for bending
the beam, the accelerator also uses 392 quadrupoles to keep the beam focused,
2464 sextupoles and around 2500 other types of magnets, such as octupoles or
decapoles.

The LHC was planned since early 1980’s, even before LEP was commissioned.
The plans were affected by the proposal of Superconducting Super Collider (SSC)
which was planned to be built in Texas, USA. SSC was supposed to have center-
of-mass energy

√
s = 40 TeV and circumference of about 87 km, that would both

surpass the LHC. Unfortunately, the SSC project was canceled in October 1993.
The LHC project was approved by CERN Council at its 100th session in December
1994 [40]. Several non-member states, including USA, were invited to participate
in the LHC project. That helped to speed up the LHC construction which lasted
from 1998 to 2008. [41]

After overcoming problems with funding and with several delays of the date
of commissioning, the first beam was injected on 10th September 2008 [42]. The
inauguration took place on 21st October 2008, despite the unfortunate incident
of 19th September 2008 that resulted in a serious destruction of tens of magnets
and in a helium leak into the tunnel. The accident caused more than one year
suspension of the project [43]. In November 2009, the LHC became operational
again.

The LHC was designed to accelerate protons at center-of-mass energy up to√
s = 14 TeV and heavy ions with the corresponding

√
sNN. For collisions of lead

ions (208Pb82+), the designed center-of-mass energy is
√
sNN = 82/208 · 14 TeV =

5.52 TeV. It is also possible to collide protons with lead ions, although laboratory
frame and center-of-mass frame of such collisions do not overlap.

At the beginning of operation, the center-of-mass energy was
√
s = 900 GeV,

reaching up to
√
s = 2.36 TeV before end of the year 2009. From the end of March

2010 the energy was
√
s = 7 TeV and it was later increased up to

√
s = 8 TeV.

During shut-down from 2013 to 2015, the accelerator was upgraded in order to
reach designed

√
s. Since April 2015, it runs with

√
s = 13 TeV. Apart from

pp collisions, there were also two periods of Pb+Pb collisions as well, both with√
sNN = 2.76 TeV while the second one had larger integrated luminosity, and one

period of p+Pb collisions with
√
sNN = 5.02 TeV. Moreover, two special periods

of pp collisions with
√
s = 2.76 TeV were provided in order to provide baseline for

HI measurements.
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Figure 7: The CERN accelerator complex. Figure adapted from ref. [44].

Before the protons are injected into the LHC, they need to be pre-accelerated.
The scheme of the whole accelerator complex is shown in fig. 7. The proton source
is a bottle of gaseous hydrogen. The hydrogen is passed through a high-frequency
electric field to strip off its electrons, leaving only protons. The protons are ac-
celerated up to 50 MeV in the LINAC 2, which is a linear accelerator. Then they
continue to the Proton Synchrotron Booster (PS Booster) which accelerate them
to the energy of 1.4 GeV and after that, they are injected into Proton Synchrotron
(PS). The PS has a circumference of 628 m and it is capable to accelerate pro-
tons up to 25 GeV. Then, protons continue to Super Proton Synchrotron (SPS),
measuring nearly 7 km in a circumference where they are accelerated to 450 GeV.
From SPS, protons are finally injected to the LHC which is designed to accelerate
protons up to 7 TeV (

√
s = 14 TeV).

Heavy ions, specifically lead ions Pb82+, have a slightly different journey. Their
starting point is at LINAC 3, where the first dozens of electrons are stripped away
and ions are accelerated up to 4 MeV. Then, they continue to Low Energy Ion
Ring (LEIR) where they gain energy of 72 MeV and where more electrons are
stripped away making ions Pb54+. The lead ions are then at a suitable energy to
be passed to the PS and since then they follow the same way as protons. The
last stripping of electrons occurs before injecting into SPS, where the ions Pb82+

are made.

The beam in the LHC consists of a lot of bunches, separated no less than
25 ns away. Larger spacing such as 50 ns is also possible. For protons, up to 2808
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bunches per beam are possible. For heavy ions, only 592 bunches are achievable
while no more than 356 bunches were ever used in Pb+Pb collisions.

The designed instantaneous luminosity is 1034 cm−2s−1. The peak instanta-
neous luminosity for pp collisions was reached in 2012 and it was 7.7× 1033 cm−2s−1.
The designed instantaneous luminosity for Pb+Pb is 1027 cm−2s−1, while the peak
instantaneous luminosity for Pb+Pb collisions was lower, only 5.2× 1025 cm−2s−1,
and it was reached in 2011.

There are four big experiments around LHC ring: A Toroidal LHC Apparatus
(ATLAS), A Large Ion Collider Experiment (ALICE), Compact Muon Solenoid
(CMS) and Large Hadron Collider Beauty (LHCb). Moreover, there are sever-
al smaller experiments, such as Large Hadron Collider Forward (LHCf), Total
Elastic and Diffractive Cross Section Measurement (TOTEM), or Monopole and
Exotic Particle Detector at the LHC (MOEDAL).

3.2 ATLAS detector

The ATLAS [45] is a multi-purpose detector based at CERN Meyrin site. A
letter of intent was published in October 1992, where the idea of general purpose
detector was presented [46]. Two collaborations called ASCOT and EAGLE
combined to form ATLAS. In following years, several technical design reports
were issued, e.g. [47, 48, 49]. The ATLAS experiment was approved in January
1997, more than four years after the first technical proposal, as an experiment
aiming at exploration of the fundamental nature of matter and the basic forces
that shape our universe, including the Higgs boson. The excavation of a cavern
started just after that and it was finished in 2003. The detector installation
started later the same year and the last piece of the ATLAS detector found its
place in February 2008 [50].

The overall picture of the detector is shown in fig. 8. It was designed to study

Figure 8: Overview of the ATLAS detector.
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proton–proton collisions, however it is more than suitable for study heavy-ion
collisions as well. A right-handed coordinate system is typically used, with its
origin at the nominal interaction point in the center of the detector and the z-axis
along the beam pipe. The x-axis points from the interaction point to the center
of the LHC ring, and the y-axis points upward. Cylindrical coordinates (r, φ) are
used in the transverse plane, φ being the azimuthal angle around the beam pipe.
The pseudorapidity is defined in terms of the polar angle θ as η = − ln tan(θ/2).

The ATLAS detector consists of the Inner detector (ID), calorimeters, muon
chambers, and other systems. When combined all data from all part of the
ATLAS detector, a precise image of the physical event is obtained.

During shut-down from 2013 to 2015, the detector underwent upgrade of sev-
eral parts. Because all data for analysis presented in this work were recorded
before the upgrade, the following sections describe ATLAS as it was before the
upgrade.

3.2.1 Inner detector

The Inner detector, shown in fig. 9, is the innermost part of the ATLAS. It
is designed to measure charged-particle tracks. It has three main parts: Pixel
detector (Pixel), Semiconductor tracker (SCT) and Transition radiation tracker
(TRT). Whole ID is immersed into an axial magnetic field of B = 2 T produced
by a solenoid, and it covers |η| < 2.5 and full azimuthal angle. Pseudorapidity
coverage of each ID component is shown in fig. 10.

Charged particles with pT & 0.5 GeV and |η| < 1 typically traverse 3 layers of
Pixel, 4 layers of SCT, and 36 straws of TRT. From a curvature of the track and
from a knowledge of the surrounding magnetic field, it is possible to estimate pT

of the track. The pT resolution of the ATLAS detector for tracks is around 3%

Figure 9: The ATLAS Inner detector.
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Figure 10: The ATLAS inner detector and pseudorapidity coverage of its components.

up to 10 GeV and arising to approximately 10% at 100 GeV. It also depends on
η. For |η| < 1.9 it is approximately constant in |η|, and for |η| > 1.9 it is roughly
proportional to tan−2 θ.

The Pixel detector is the innermost part of the ID. It composes of a barrel
section and two end-cap sections, one at each side. The barrel section consists
of 3 layers of silicon pixel modules with nominal pixel size of 50µm × 400µm.
About 10% of modules have pixel size of 50µm×600µm. The modules are placed
in parallel with the z-axis and the layers have a form of a cylinder. The barrel
layers are numbered 0, 1 and 2. Layer 0, the innermost one, is also called B-layer
because it allows b-tagging. The layers have radii from 50.5 mm to 122.5 mm from
z-axis. One end-cap section consists of 3 disks positioned from 495 mm to 650 mm
away from the center of the detector. The modules are the same as in the barrel
section, but they are positioned perpendicularly to the z-axis. The barrel region
has around 67 · 106 of pixels and both end-caps have together around 13 · 106

pixels. Each pixel has a tunable threshold. Only signals from pixels exceeding
this threshold are read out. Typical threshold corresponds to a deposited charge
of 4000 e.

The SCT detector surrounds the Pixel. It has also a barrel section and two
end-cap sections, one at each side. The barrel section consist of 4 layers of double-
sided silicon microstrip modules with 80µm pitch sensors. The layers have radii
from 299 mm to 514 mm. Each end-cap section consists of of 9 disks with double-
sided silicon microstrip modules positioned from 810 mm to 2797 mm away from
the center of the detector. These modules are not rectangular, in contrast to
those in the barrel section, and they have a pitch between 57 and 94µm with a
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mean pitch of about 80µm. The modules are oriented analogously to the Pixel.
The strips from the two sides of each module, both in the barrel and end-cap
sections, form and angle of 40 mrad, which is around 2.3◦. Contrary to the Pixel,
the SCT modules have only binary read-out.

The TRT detector surrounds the SCT and it is the outermost part of the ID.
It also consist of a barrel section and two end-cap sections. The barrel section
is located between 554 mm and 1082 mm from the z-axis. It contains up to 73
layers of staggered straws interleaved with fibers, oriented parallelly to the z-axis.
End-cap sections have up to 160 layers of staggered straws interleaved with foils,
oriented perpendicularly to the z-axis. Straws can produce two types of a signal.
Lower-threshold signal corresponds to ordinary particles, while higher threshold
signal corresponds to a passage of a relativistic electron. The coverage of TRT is
only |η| < 2.0. The usage of TRT in the HI collisions is rather limited because of
high occupancy in such collisions.

3.2.2 Calorimeters

The calorimeters of the ATLAS detector are located between ID and muon cham-
bers. They are used to measure energy of all incident particles, either charged or
neutral, with an exception of muons and, naturally, neutrinos. The calorimeter
system is shown in fig. 11. The ATLAS calorimeter system has three main parts:
electromagnetic (EM) calorimeter, hadronic calorimeter, and forward calorime-
ter (FCal). The last one plays very important role in the Pb+Pb collisions.
Calorimeters cover |η| < 4.9 and full azimuthal angle.

The EM calorimeter measures electromagnetic part of a particle shower. It is
a sampling calorimeter using liquid argon (LAr) as an active medium and lead as
an absorber. The EM calorimeter consists of a barrel section and two end-caps,

Figure 11: The ATLAS electromagnetic and hadronic calorimeters.
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covering together |η| < 3.2. The EM barrel section is located from 1.25 m to
2.05 m away from the z-axis. It is segmented longitudinally in shower depth into
three layers. Before the first layer, i.e. the closest to the detector center, there
is placed an additional LAr presampler. The granularity of the EM calorimeter
varies from layer to layer and also with pseudorapidity. The middle sampling
layer, where EM showers usually deposit the largest fraction of energy, has a
∆η×∆φ granularity of 0.025×0.025. The end-cap sections have also three layers
and an additional LAr presampler. Their granularity is a little bit more rough
than that for barrel; it is 0.1 × 0.1 for |η| > 2.5 and finer for lower |η|. The
resolution of the EM calorimeter is around σET

/ET = 10%/
√
ET[GeV]⊕ 0.7%.

The hadronic calorimeter measures energy deposit of the hadrons. It is also a
sampling calorimeter. It consists of a tile barrel, two tile extensions, two end-caps
and two forward calorimeters. Both tile barrel and tile extensions use polystyrene
as an active medium and steel as an absorber. They have three layers with
a ∆η × ∆φ granularity no worse than 0.2 × 0.1. They are both located from
2.28 m to 4.25 m away from z-axis, however there are gaps of 60 cm on both sides
between the barrel and the extensions. The tile barrel and the tile extensions
cover together |η| < 1.7. The hadronic end-caps use LAr for an active medium
and copper for an absorber. They have similar granularity as the tile barrel and
the tile extensions, and they cover 1.5 < |η| < 3.2. The hadronic calorimeter has
a resolution of σET

/ET = 50%/
√
ET[GeV]⊕ 3%.

A pair of forward calorimeters (FCal), situated around 4.9 m from both sides
around the detector center, is also part of the hadronic calorimeter. In Pb+Pb
collisions, the energy deposited in FCal is used to estimate centrality of the
collisions, which is discussed in sec. 5.2. Forward calorimeters use LAr as an
active medium, but absorber differs layer by layer. There are three layers in
total. The first layer uses copper absorber and the other two layers use tung-
sten. The pseudorapidity coverage is 3.1 < |η| < 4.9 and FCal has a granularity
of about 0.2 × 0.2. It provides an energy measurement with a resolution of
σET

/ET = 100%/
√
ET[GeV]⊕ 10%.

3.2.3 Muon chambers

Muon chambers are the outermost part of the ATLAS detector. They are shown
in fig. 12. They are used to identify muons and to increase precision of their pT

measurements. The pT measurement is possible due to magnetic field provided by
a barrel toroid in the barrel region and by smaller end-cap magnets in the end-cap
regions. There are four components of the muon system: Monitored drift tubes
(MDT), Cathode strip chambers (CSC), Resistive plate chambers (RPC), and
Thin gap chambers (TGC). The |η| coverage varies for different parts, however
it is not larger than |η| < 2.7. The coverage in the azimuth angle is 2π. The pT

resolution is approximately 10% for 1 TeV muon.

For triggering, RPC and TGC are used. The former one is used in the barrel
region, where it covers pseudorapidity of |η| < 1.05, and the later one in the
end-caps, covering pseudorapidity of 1.05 < |η| < 2.7, however for the purpose of
triggers only the region of |η| < 2.4 is available.

For the pT measurement, all four components may be used. The pseudorapid-
ity coverage of MDT is |η| < 2.7, with an exception of the innermost layer where
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Figure 12: Muon system of the ATLAS detector and accompanying magnets.

the coverage is only |η| < 2.0 and where it is supplemented by CSC with the cov-
erage of 2.0 < |η| < 2.7. MDT and CSC provide a high precision measurement of
pT, while RPC and TGC measure muons coordinates in the direction orthogonal
to that determined by MDT and CSC.

3.2.4 Minimum bias trigger scintillators

The Minimum bias trigger scintillators (MBTS) are used to select minimum bias
events, i.e. events on which no special requirements are imposed, such as presence
of a jet or of a muon. The scintillators, made from polystyrene, are located
3.56 m from both sides around the detector center. They measure particles with
pseudorapidity of 2.09 < |η| < 3.84 and in full azimuth angle. One detector
consists of two layers, and one layer has eight segments. Thus, one detector
may provide up to 16 hits. Moreover, each hit caries a timing information. By
comparing the timing from both detectors, it is possible to reject out of time
background.

3.2.5 Zero degree calorimeters

The Zero degree calorimeters (ZDC) are located ±140 m from the center of the
ATLAS detector. They measure neutral particles, especially neutrons. Because
ZDC is so far away from the ATLAS, all charged particles, either the original ones
from the beam or the collisions products, are already deflected before reaching
ZDC. Neutral particles are not affected by magnetic field in the beam pipe thus
they are able to reach ZDC. The ZDC detector has pseudorapidity coverage of
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|η| > 8.3, which corresponds to the angle less than 0.03◦. Each detector is made
up from four modules, and each module contains eleven plates of an absorber.
For the absorber, combination of steel and tungsten is used. Between the plates,
there are quartz strips. The Cherenkov radiation produced in the quartz strips
is read-out.
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4 Nuclear modification factor in
previous measurements

Nuclear modification factor is a well established observable and the suppression
of charged-hadron production, with respect to the Glauber model expectation
discussed in sec. 2.3, have been measured by many collaborations before. Some
collaborations did not restrict themselves only to charged hadrons, but they mea-
sured suppression of identified particles as well. Some of them also measured
suppression of neutral particles such as π0 or φ.

In this chapter, a summary of several recent measurements of nuclear mod-
ification factor is given. This summary is not complete, neither it is intended
to be. The focus is on charged-hadron RAA and heavy ions collisions, whereas
proton–ion and deuteron–ion collisions are omitted.

4.1 LHC

The LHC was introduced in sec. 3.1. Apart from ATLAS, there are two other
experiments capable to measure HI collisions. Having the same type of data
at the same time, they are direct competitors to the ATLAS. Both ALICE and
CMS collaborations already published their measurements of RAA. LHCb did
not participate on Pb+Pb data-taking.

4.1.1 ALICE

The ALICE detector [51] is a dedicated experiment for study of heavy-ion col-
lisions. The innermost part of it is the Inner tracking system (ITS). It consists
of six cylindrical layers of silicon detectors. The innermost part is formed by
two layers of Silicon pixel detector, surrounded by another two layers of Silicon
drift detector, and the outermost part consists of another two layers of Silicon
strip detector. Time projection chamber (TPC) is the main tracking detector of
ALICE. It surrounds the ITS. It is a 90 m3 volume filled with a gas which gets
ionized by crossing particles. That allows measurement of their pT as well as
their identification. The gas is mainly neon with a presence of carbon dioxide
and nitrogen. Pseudorapidity coverage is |η| < 0.9 when requiring tracks to have
full radial length and to be measurable also by other detectors. Both ITS and
TPC are immersed into B = 0.5 T magnetic field.

For triggering, VZERO detector was used. It consists of two forward scin-
tillators located at z = 3.3 m and z = −0.9 m from nominal interaction point.
The minimum bias trigger signal was derived from the signal from VZERO and
two innermost layers of ITS. To remove contributions from beam gas and elec-
tromagnetic interactions, Zero degree calorimeters1 were used. They are located
at z = ±114 from the interaction point. The collisions centrality was determined
using VZERO.

For the RAA measurement, ITS and TPC were used for vertex finding and
tracking. The analysis [16] is based on Pb+Pb data recorded in 2010 and pp

1Not to be confused with ATLAS ZDC.
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data recorded in 2011. The pp reference was published separately in ref. [52]. An
advantage of ALICE results, with respect to those of ATLAS and CMS, is a lower
minimal pT of the RAA, pT > 0.15 GeV. A disadvantage is the lower maximal pT

reach, pT < 50 GeV.
The ALICE results are shown in fig. 13. In the 70–80% peripheral collisions,

only a mild suppression is observed, as well as weak pT dependence. With in-
creasing centrality of the collisions, the minimum at pT = 6–7 GeV is more visible.
For the 0–5% central collisions, the minimum has a value of RAA ≈ 0.13. Above
30 GeV, the RAA has no significant dependence on pT and it reaches a value of
RAA ≈ 0.4.
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Figure 13: Charged-particle RAA as measured by the ALICE collaboration [16] in
nine centrality intervals and pseudorapidity |η| < 0.8. Systematic uncertainties are
shown with boxes, however the correlated systematic uncertainties related to 〈TAA〉
and to the normalization of pp spectra are added in quadrature and they are shown as
boxes at unity. The vertical bars represent statistical uncertainties.

4.1.2 CMS

The CMS detector [53] is a brother of the ATLAS detector. It was also designed
to search for Higgs boson, supersymmetric particles and to uncover the mystery
of dark matter. Nevertheless, it is also used for study of HI collisions.

The innermost part of the CMS is a tracker. Pixel detector is the innermost
part of the tracker. It consists of three pixel layers in the barrel region and two
layers in the end-caps, covering the pseudorapidity |η| < 2.5. The pixel detector
is surrounded by a silicon strip tracker consisting of additional ten layers in the
barrel region and less in the end caps. The four inner layers have finer strips than
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the six outer layers. Some layers have double-sided modules and their strips form
an angle of 100 mrad. The silicon strip tracker provides around nine hits, and at
least four of them are two-dimensional measurements provided by double-sided
modules. Behind the tracker, there is an electromagnetic calorimeter. It uses lead
tungstate crystals (PbWO4), and it has a coverage of |η| < 3.0. It is surrounded
by a sampling hadronic calorimeter also with a coverage up to |η| < 3.0. All
these systems are enclosed by superconducting solenoid providing magnetic field
of B = 3.8 T. Muon detector is the outermost part of the CMS consisting of barrel
section as well as from end-cap sections.

Minimum bias events were selected by beam scintillator counters which cover
pseudorapidity 3.23 < |η| < 4.65. They consist of 16 scintillator tiles and they
provide precise timing information. Alternatively, MB events can be selected
by hadron forward calorimeters (HF) which cover 2.9 < |η| < 5.2. Additional
offline selections were performed in order to ensure purity of the samples. Two
jet triggers were used with thresholds of ET = 65 GeV and ET = 80 GeV. The
jets were reconstructed using iterative cone algorithm with a subtraction of the
soft underlying event.

The CMS analysis [17] uses Pb+Pb data recorded in 2010 and 2011 and pp
data recorded in 2011. The measurement is restricted to the charged particles
with |η| < 1 and 1.0 < pT < 100 GeV. The event centrality is estimated by total
energy deposition in HF.

The results are reproduced here in fig. 14. The RAA measured by CMS ap-
proaches RAA ≈ 0.5–0.6 in the range 40–100 GeV for the most central events.
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Figure 14: Charged-particle RAA as measured by the CMS collaboration [17] in six
centrality intervals and pseudorapidity |η| < 1.0. Systematic uncertainties are shown
with brackets with a yellow background, however the correlated systematic uncertain-
ties related to 〈TAA〉 and to the normalization of pp spectra are shown as shaded bands
around unity for each centrality interval. The vertical bars represent statistical uncer-
tainties.
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Due to usage of different centrality intervals, the comparison with the ALICE
results is not straightforward. However, the results show the same behavior and
they are consistent with ALICE results within the uncertainties.

4.2 RHIC

The Relativistic Heavy Ion Collider [54] (RHIC) is located at BNL (Brookhaven
National Laboratory) near New York, USA and it operates since 2000. It has a
hexagonal shape with a circumference of 3.8 km and it allows to accelerate protons
as well as variable heavy ions, such as Cu, Au or U. Typical

√
sNN is around

200 GeV. If desired, protons in RHIC can be polarized; this is not possible at LHC.
There were four detectors at RHIC: BRAHMS, PHOBOS, PHENIX and STAR.
The first two experiments are no longer in operation, however all collaborations
published measurements of nuclear modification factor.

The results presented here are for Au+Au collisions at
√
sNN = 200 GeV.

Apart from that, collaborations at RHIC also published RAA for various colliding
systems, different

√
sNN and also for some identified particles. Overviews of the

results, concerning whole physics program including RAA, are in refs. [1, 2, 3, 4],
respectively.

4.2.1 BRAHMS

The BRAHMS detector [55] consisted of two magnetic spectrometers that were
able to measure charged hadrons. The Forward spectrometer (FS) covered pseu-
dorapidity region 2.1 < η < 2.3 and the MidRapidity spectrometer (MRS) cov-
ered |η| < 0.1. FS consisted of four dipole magnets that bent the particles,
two time projecting chambers and three drift chambers, all used for track re-
construction. Particles in FS were identified using two time-of-flight hodoscopes,
and two Cherenkov detectors. MRS had one dipole magnet bending the par-
ticles trajectories. Tracking was done by two time projection chambers. The
particle identification in MRS was simpler due to typically lower momentum at
mid-rapidity. Thus, only one time-of-flight detector was used.

Beam–beam counters (BBC), positioned at z± 220 cm, were made from Che-
renkov radiators and photomultiplier tubes, and they were used to determine
interaction point with a precision of 0.9 cm. Zero degree calorimeters (ZDC) were
positioned 18 m from the interaction point and they were used for estimation of
the luminosity. Minimum bias trigger selection, performed by a set of global
detectors, had an efficiency around 95%. The coincidence of ZDC or BBC signals
from the different sides of the detector was required. Moreover, hardware trigger
was used to select around 25% of the most central events. Centrality selection
was done using multiplicity detector positioned around interaction point and
consisting of silicon strip detectors and plastic scintillators.

The results, published in ref. [18], are shown in fig. 15. The rise of RAA at pT

around 2 GeV is associated with Cronin effect [56]. The degree of suppression ob-
served at η = 2.2 is similar or larger than that at η = 0, however the uncertainties
are not small at all.
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Figure 15: Charged-particle RAA, here denoted as RAuAu, measured by the BRAHMS
collaboration [18] for two centrality intervals and for two pseudorapidity intervals in
Au+Au collisions at

√
sNN = 200 GeV. The 0–10% central collisions are shown in the

top panels and 40–60% peripheral collisions. Bottom panels show nuclear modification
factor RCP, i.e. the ratio of 0–10% central and 40–60% peripheral collisions. Dashed
lines at unity shows the expectations for scaling with Ncoll, and dotted lines shown the
expectation for scaling with Npart/2. The baselines for the expectations are pp data.
Systematic uncertainties are shown with blue boxes, however the correlated systematic
uncertainties related to the binary scaling are shown as brown boxes around unity at
pT ≈ 0 for both centrality intervals as well as for RCP. The vertical bars represent
statistical uncertainties.

4.2.2 PHOBOS

The PHOBOS detector [57] also had a two-arm magnetic spectrometer. Both
arms were the same. One arm consisted of 16 layers of a silicon detectors covering
around 0.7 units of pseudorapidity. Energy loss (dE/dx) measured in each Si layer
is used for the particle identification. Moreover, time-of-flight counters were used
to extend the capabilities for the particle identification.

The events were selected by two sets of 16 scintillator paddle counters locat-
ed 3.21 m from the interaction point. They covered 3 < |η| < 4.5. The signals
from these counters were also used for centrality determination. Additional trig-
ger information was provided by the array of 16 Cherenkov radiators located
around 6 m from the interaction point. Zero degree calorimeters, with nearly the
same construction as for BRAHMS, were positioned at 18 m from the interaction
point. They were used for a luminosity measurement and for an estimation of
the centrality.

The results [2], originally published in ref. [19], are shown in fig. 16. Despite
having different centrality intervals, the results are comparable to those published
by BRAHMS.
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Figure 16: Charged-particle RAA as measured by the PHOBOS collaboration [2] in
six centrality intervals and for

√
sNN = 62.4 GeV (closed circles) and

√
sNN = 200 GeV

(open circles). Solid lines at unity show the expectations for scaling with Ncoll, and
dashed lines show the expectation for scaling with Npart/2. The baselines for the
expectations are pp data. Systematic uncertainties are shown with brackets, however
the correlated systematic uncertainties related to 〈TAA〉 are shown as gray bands around
unity for each centrality interval. The vertical bars represent statistical uncertainties.

4.2.3 PHENIX

The PHENIX detector [58] has four spectrometer arms. Two of them are around
mid-rapidity (the central arms) and two of them are at forward rapidity (the
muon arms). One central arm covers pseudorapidity region of |η| < 0.35. Charged
particles are detected by a drift chamber and by up to three layers of pixel pad
chambers. Particles are identified using ring imaging Cherenkov counters, time-
of-flight scintillators and two types of electromagnetic calorimeters. A magnetic
field up to 0.48 T is provided. South muon arm has a pseudorapidity coverage
of −2.25 < η < −1.15 and that of north arm is 1.15 < η < 2.44. Each muon
arm has three layers of multi-plane drift chambers and muon identifier, consisting
of steel absorber layers and low resolution tracking layers. Muon arms are filled
with a radial electromagnetic field. Other particles than muons are suppressed
in the muon arms.

Minimum bias events were selected using zero degree calorimeters and beam–
beam counters. This corresponds to approximately 92% of inelastic cross section.
The same detectors were used to estimate centrality of the events.

The results [20] for various centrality intervals as well as for minimum bias
events are shown in fig. 17. With respect to results from BRAHMS and PHOBOS,
the PHENIX results reached higher pT. At pT > 5 GeV, the suppression has a
weak pT-dependence.
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Figure 17: RAA as measured by the PHENIX collaboration [20] in 10 centrality
intervals of Au+Au collisions at

√
sNN = 200 GeV. Charged-hadron RAA is shown with

closed blue squares and RAA for π0 is shown with open red squares. The correlated
systematic uncertainty on references, which is common to charged hadrons and π0,
is added in quadrature with the uncertainty on 〈Ncoll〉 and is shown as black boxes
around unity for each centrality interval. For charged hadron, the remaining systematic
uncertainties are shown with green boxes and statistical uncertainty with vertical bars.
For π0, remaining systematic uncertainties are added in quadrature with the statistical
uncertainties and are shown with vertical bars.
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4.2.4 STAR

The STAR detector [59] was designed to measure hadrons. Charged particles
are detected by time projection chamber (TPC), which is immersed into 0.5 T
magnetic field. It covers pseudorapidity region |η| < 1.8. Charged particles near
to interaction point are measured by a Silicon Vertex Tracker (SVT). It has three
layers of silicon drift detectors and allows localization of the primary interaction
vertex. Both TPC and SVT also contribute to the particle identification based on
energy loss (dE/dx). To cover forward region, a radial-drift TPC is used, having
2.5 < |η| < 4. A ring imaging Cherenkov detector and time-of-flight detector
extend possibilities of the particle identification, however they cover only small
part of azimuth. Electromagnetic calorimeters are installed as well.

Minimum bias trigger selected around 97% of inelastic cross section. It re-
quired either signal from zero degree calorimeter, that has similar construction as
for other RHIC experiments, or a signal from central trigger barrel, surrounding
the TPC. For reference pp spectra, beam–beam counters were used. Centrality
was based on a multiplicity of charged particles in |η| < 0.5.

The results [21] are shown in fig. 18. With respect to results from BRAHMS
and PHOBOS, they reach higher pT, as the PHENIX results do. They are com-
parable with PHENIX results as well.
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Figure 18: Charged-hadron RAA as measured by the STAR collaboration [21] in six
centrality intervals in Au+Au collisions at

√
sNN = 200 GeV in pseudorapidity region

|η| < 0.5. Dashed horizontal lines show expectation for scaling either with 〈Ncoll〉 or
with 〈Npart〉. Gray bands around these lines represent the uncertainty of the scaling.
Vertical bars at data points represent statistical and systematic uncertainties added
in quadrature, while the uncertainty of the scaling is omitted. Several predictions are
shown with lines of various styles as well.
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4.3 SPS

Super proton synchrotron (SPS) is located at CERN and it was commissioned in
1976. It has nearly 7 km in circumference. Originally, it was able to accelerate
particles up to 400 GeV. After an upgrade, related to the commissioning of LHC
and using SPS as an injector for LHC, it is able to accelerate particles up to
450 GeV.

There have been around 200 of experiments at SPS. While many experiments
used heavy ions, they often focused only to a particular questions and their con-
structions were adapted to these tasks. Only a pair of the recent experiments are
overviewed, preferring those which published pT-dependence of nuclear modifica-
tion factor of hadrons, although not necessarily inclusively.

4.3.1 NA49

The NA49 experiment [60] was a fixed-target experiment capable to measure
Pb+Pb, pp and p+A collisions. It was built up of four time projection chambers.
Two chambers were placed behind each other inside magnets that provided mag-
netic field up to 1.5 T bending particles trajectories. Other two chambers were
located behind these magnets placed symmetrically around beam axis. Particle
identification was extended by four time-of-flight detectors positioned behind the
chambers outside the magnets. Other two time-of-flight counters were placed
between the magnets. Target was in front of the first magnet.

As a target, a Pb foil or liquid hydrogen was used. The incident Pb ions
or protons had energy of 158 GeV per nucleon, making center-of-mass energy√
sNN =

√
s = 17.3 GeV. Collisions of Pb+Pb were selected by a Cherenkov

counter placed just behind the target with an efficiency of about 80%. For pp
collisions, a signal from a scintillator placed in front of the target in the beam axis
is required, while no signal is required from a scintillator placed on the beam line
between the two magnets. This selection corresponds to approximately 90% of
the total inelastic cross section. The event centrality was determined by energy
deposition in a veto calorimeter, located far behind the time projection chambers.

The results [61] are shown in fig. 19 for π±. Along with NA49 results, PHENIX
results at higher

√
sNN are shown as well. Both results show similar slope of the

initial increase at low pT. In case of NA49 results, the increase is presented up
to 2 GeV, where the statistics of pp collisions run out [62]. For PHENIX results,
a decrease of RAA is presented at higher pT.

4.3.2 NA57

The NA57 experiment [63] was also a fixed target experiment. The key part was
a telescope made of 13 silicon pixel planes. It was located above the beam line
and it was inclined by 40 mrad relative to the beam direction. A lead target was
60 cm in front of the telescope. Whole apparatus was placed inside a magnet
providing 1.4 T magnetic field.

Around 10 cm behind the target, there were six scintillators used for trigger-
ing. Centrality was measured by multiplicity strip detectors, located between
scintillators and silicon telescope and covering 2 < η < 4. It was estimated from
charge particles multiplicity.
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In contrast to measurements mentioned above, the NA57 collaboration pub-
lished only RCP [64], i.e. ratio of central to peripheral distributions. The center-
of-mass energy of Pb+Pb collisions was

√
sNN = 17.3 GeV. The results are shown

in fig. 20 for negatively charged particles, along with K0
S, Λ and Λ̄. Although

not exactly comparable, a similar trend as seen for RAA measured by NA49 is
observed. Above 2 GeV, where NA49 ran out of statistics, the rise of RCP contin-
ues.
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Figure 19: The nuclear modification factor for charged pions measured by NA49
collaboration [61] at

√
sNN = 17.3 GeV. These results are shown in left column, while

PHENIX results are shown in the right column. RAA scaled by number of binary
collisions is in the top row and it is denoted here as RBC. The bottom row shows RAA

scaled by number of participant and it is denoted by RW. Red squares represent 0–5%
central Pb+Pb and Au+Au data divided by pp data. Blue triangles represent p+W
(
√
sNN = 19.4 GeV) and d+Au (

√
sNN = 200 GeV) data. Reference for NA49 results

was published separately in ref. [62]. Boxes around unity indicate the normalization
uncertainty.
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Figure 20: The nuclear modification factor RCP measured by NA57 collaboration [64]
in Pb+Pb collisions at

√
sNN = 17.3 GeV for four centrality intervals. Results are

shown for negative particles (black crosses), neutral kaons (blue circles), baryon Λ
(closed red triangles), and antibaryon Λ̄ (open red triangles). As a reference is used
40–55% centrality intervals. Gray bands at unity represent systematic uncertainty on
the ratio of 〈Ncoll〉. Gray bands at low pT represent expected values for scaling with
〈Npart〉 and their systematic uncertainties.

35



36



5 Nuclear modification factor
with the ATLAS detector

The goal of the presented analysis is to measure charged-hadron spectra and
nuclear modification factor RAA, which was introduced in (2.30), in the Pb+Pb
collisions at

√
sNN = 2.76 TeV. This extends previous measurement [65] of RCP

in the Pb+Pb collisions at the same center-of-mass energy.

5.1 Input datasets

5.1.1 Data

The data used in this analysis were collected by the ATLAS detector during
Pb+Pb data-takings in 2010 and 2011, and pp data recorded in 2011 and 2013.
Center-of-mass energy per nucleon–nucleon or per proton–proton collision was√
sNN =

√
s = 2.76 TeV. The integrated luminosity for Pb+Pb collisions was

approximately 7µb−1 in 2010 and 0.14 nb−1 in 2011. For pp collisions, the inte-
grated luminosity was 0.2 nb−1 in 2011 and 4.2 nb−1 in 2013. A summary of all
data used in this analysis is given in table 1.

In the HI 2010 data-taking, all events were recorded with a minimum bias
(MB) trigger. It required at least one hit on each side of the MBTS. The signals
from both sides needed to be in a coincidence. Another MB trigger, in a logical
or with respect to the previous one, required a presence of a neutron or a photon
on either side of the ZDC.

In the HI 2011 data-taking, in addition to the MB trigger, some events were
also recorded with a jet trigger. The MB trigger required to have a transverse
energy (ET) in the entire calorimeter above 50 GeV. Another MB, again in a
logical or with respect to the previous one, required to have a reconstructed track
with ZDC signals on both sides of the detector. The jet trigger required a presence
of a jet found with the anti-kt algorithm [66] using the distance parameter R = 0.2
and with jet ET > 20 GeV. Events were preselected if they had transverse energy
deposited in the calorimeters above 10 GeV or if they had signals on both sides of
the ZDC. The jet-finding algorithm performed underlying-event subtraction [67]
prior to the anti-kt algorithm. The jet trigger used very similar algorithm as an
offline jet reconstruction.

In the pp 2011 data-taking, the data were recorded with both MB and jet
triggers. The MB trigger required at least two hits in MBTS on both sides
of the detector together. One of the jet triggers required to satisfy the MBTS
requirement, just as that in case of MB, and a presence of an anti-kt jet with the
distance parameter R = 0.4 and with jet ET > 10 GeV. The second jet trigger
only required to have an area of ∆η × ∆φ = 0.8 × 0.8 in the calorimeters with
deposited ET more than 10 GeV.

In the pp 2013 data-taking, the data were again recorded with both MB and
jet triggers, however defined differently. The MB trigger required a reconstructed
track in the event, while only 1/8 of randomly chosen events passing this condi-
tions were recorded. Due to limited data acquisition bandwidth and in order to
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take an advantage of higher luminosity in this data-taking, around four times less
MB events were recorded in 2013 with respect to the 2011. There were as many as
6 jet triggers using again anti-kt algorithm with the distance parameter R = 0.2.
Triggers had different thresholds and different additional requirements. For the
jet triggers with the lowest thresholds, ET = 10 GeV and ET = 20 GeV, only 1/8
of events, randomly chosen, were recorded. For the jet triggers with thresholds
of ET = 40 GeV and ET = 50 GeV, the events were required to have an area of
∆η×∆φ = 0.8× 0.8 in the calorimeters with deposited ET more than 5 GeV and
10 GeV, respectively. The jet triggers with highest thresholds of ET = 60 GeV
and ET = 75 GeV, the events were required to have ET in the entire calorimeter
above 15 GeV.

Apart from the trigger selection, all events were required to have a recon-
structed vertex and to pass so-called good run list, i.e. to be recorded when the
detector had stable environment. Heavy-ion events were further required to have
no more than 7 ns difference in the signals from the two sides of MBTS.

Due to the limited data acquisition bandwidth, the events were usually record-
ed with different prescales depending on the trigger, and these prescales were
changed with the instantaneous luminosity. The prescale indicates what fraction
of events that passed the trigger were actually recorded. Triggers with the highest
thresholds in each data-taking period were not prescaled.

Pb+Pb data
Year Trigger Centrality Recorded Sampled NN Collisions
2010 MB 0–80% 4.2× 107 4.2× 107 1.8× 1010

2011 MB 0–80% 4.2× 107 8.0× 108 3.4× 1011

2011 Jets 0–80% 1.3× 107 8.0× 108 3.4× 1011

2011 Jets 0–5% 2.5× 106 5.0× 107 8.4× 1010

2011 Jets 60–80% 3.3× 106 2.0× 108 5.3× 109

pp data
Year Trigger Recorded Luminosity Collisions
2011 MB 1.6× 107 0.2 pb−1 1.3× 1010

2011 Jets 6.5× 107 0.2 pb−1 1.3× 1010

2013 MB 5.5× 106 4.0 pb−1 2.6× 1011

2013 Jets 6.8× 105 4.0 pb−1 2.6× 1011

Table 1: Summary of the Pb+Pb and pp samples used in the analysis. The column
“Recorded” for the Pb+Pb data lists how many events for a given data-taking period,
trigger and centrality interval (discussed later in sec. 5.2) were written to disk at the
end of the day. “Sampled” is the total number of events, of which only a fraction were
recorded. The “NN Collisions” column lists the number of binary nucleon–nucleon
collisions equivalent to the “Sampled” events based on the Glauber model [35]. For
pp data, the meaning of the column “Recorded” is analogous. “Luminosity” is the
total integrated luminosity for a given data-taking period, while “collisions” gives the
equivalent number of proton–proton collisions corresponding to that luminosity.
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5.1.2 Monte Carlo

Monte Carlo (MC) simulations were used to correct detector-level charged-hadron
spectra for various detector effects and reconstruction biases to the particle lev-
el. The pp hard processes were simulated by the PYTHIA event generator [68].
The Pb+Pb underlying events were either produced by the HIJING event gen-
erator [69] or real Pb+Pb collisions were used. The response of the detector was
simulated by GEANT4 [70]. A summary of all MC samples used in this analysis
is given in table 2.

To simulate environment of the Pb+Pb collisions in the 2010 data-taking,
five samples (denoted J1–J5) were produced, each with 106 events. The un-
derlying events, with

√
sNN = 2.76 TeV, were common for all JX samples and

they were simulated by HIJING. Because HIJING cannot produce correct elliptic
flow, it was added after generation of particles. A cos 2φ modulation depending
on centrality, η and pT was based on previous ATLAS measurement [71]. Five pp
samples, each with 106 events, were produced to be embedded into the underlying
events. The pp collisions were sorted into samples according to pT of outgoing
partons in the 2→ 2 hard scattering process, with the boundaries at 17, 35, 70,
140, 280 and 560 GeV.

For the HI 2011, real Pb+Pb collisions were used as underlying events. Around
3 × 106 MB events were recorded solely for this purpose. Thus, the simulations
for the HI 2011 contain underlying events identical to the data. Five JX samples,
similar to those for HI 2010, were produced, each with approximately 4.3 × 106

events containing pp hard scattering processes. Some of the underlying events
were reused even within the same JX sample.

To simulate the detector response for the pp 2011, it was produced around
20×106 MB pp events. In addition, it was produced single and double diffraction
samples, with 5× 106 events each. Hard scattering samples were sorted into five

Pb+Pb simulation samples
Year Underlying event Hard scattering Samples Events per sample
2010 HIJING PYTHIA J1–J5 1.0× 106

2011 Data PYTHIA J1–J5 4.3× 106

pp simulation samples
Year Hard scattering Samples Events per sample
2011 PYTHIA SD, DD 5.0× 106

2011 PYTHIA MB 20.0× 106

2011 PYTHIA J1–J5 1.0× 106

2013 PYTHIA JZ0, JZ4 2.0× 106

2013 PYTHIA JZ1–JZ3 5.0× 106

Table 2: Summary of the MC simulation samples used in the analysis. For Pb+Pb
MC samples, there are listed origins of the underlying events, hard scattering generator,
types of JX samples (see text) and number of events for each of the sample. In case
of pp, the information about the underlying event is naturally missing, otherwise the
meaning is analogous. By SD and DD are meant single and double diffraction samples,
respectively.
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JX samples, analogous to those of HI. Each JX sample contained 106 events.

For the pp 2013, the events were sorted into various samples a little bit differ-
ently. The kinematic regions were based on a leading jet pT with boundaries 10,
20, 80, 200, 500 and 1000 GeV. Five JZX samples were produced, JZ0 and JZ4
had around 2× 106 events each, and JZ1–JZ3 had almost 5× 106 events each.

5.1.3 Merging data samples

Charge-hadron spectra constructed from MB samples have poor statistics at high
pT, while charged-hadron spectra constructed from jet-triggered samples have a
bias at low pT because definitely not all low-pT tracks are part of a jet.

The goal is to merge triggered spectra in such way that resulting spectra are
equivalent to the unbiased MB spectra extending to the highest pT possible. The
merging is done separately for each data-taking period.

Tracks with such low pT that they cannot be matched to jets, as will be
explained in sec. 5.3.3, are taken entirely from the MB samples. These tracks
have pT < 15 GeV for pp collisions and pT < 20 GeV for Pb+Pb collisions.

All tracks above these limits are required to be matched to jets, including those
from MB samples. Tracks from jet-triggered samples are used only if the matched
jet has trigger efficiency higher than 90%. If it has lower trigger efficiency, the
tracks are not used and this part of spectrum (in track pT – jet ET phase space)
is filled by a lower-threshold trigger. If even the lowest-threshold trigger is not
effective enough, the MB sample is used. However, when a jet trigger with higher
threshold also reaches more than 90% efficiency, this part of spectrum is filled by
it, because the higher-threshold triggers have smaller prescales and thus higher
statistics.

This procedure guarantees that each part of the spectrum is made from the
highest statistics available. Moreover, each track is used only once, even if it is
matched to a jet that is recorded by more triggers.

The merging is demonstrated in fig. 21 for the pp data 2013. The data are
divided by a power-law parametrization for better visibility; the parametrization
does not attempt to describe shape of the spectra perfectly. Combined sample
assembled from all triggered samples is shown with open black circles around
unity. The MB sample, depicted by full purple circles, is identical to the combined
sample up to 15 GeV. Above 15 GeV, tracks even from the MB sample are required
to be matched to jets. However, they are used only if ET of the matched jet is low
enough and such jet have trigger efficiency below 90% in the 10 GeV jet-triggered
sample. This is not very common and the contribution of MB-sample tracks is
below 5% above 15 GeV. Most of the tracks comes from the jet-triggered samples.
Their contributions are shown also with full markers; some trigger samples are
combined for plot clarity. As jets in each trigger sample are selected only in an
exclusive ET range, the contribution of the tracks from this trigger sample rises,
reach the maximum and then decreases. For the lowest-threshold jet triggers only
the decrease is presented, and for the highest-threshold trigger the decrease is not
presented because there is no successive trigger.

The described approach can be compared to a simpler approach, when only
one trigger sample is used for a given track pT. Obviously, a trigger sample can be
used only when almost all the tracks are matched to jets detectable by the trigger.
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Choosing ET > 40 GeV trigger as an example in fig. 21 shown with open green
squares, one can estimate this trigger could be used only for pT > 40 GeV where
it is consistent with the combined sample. However, at this pT, the single trigger
sample has a larger statistical uncertainty due to the difference in the prescales
associated with each trigger, and thus in the effective integrated luminosity for
each trigger.

5.1.4 Merging MC samples

In case of MC samples, the approach to the problem of merging different samples
is different from that of data samples. Fortunately, it is much simpler.

Different JX (or JZX) samples contain events with a different cross section.
Generally, a process with higher outgoing parton energy have a smaller cross
section. In case of pp MC 2013, the cross section needs to be multiplied by a
filtering efficiency used during the event production.

Spectra are merged in the following way:

Jmerged =

∑
i Ji · σi/Ni∑

i σi
, (5.1)

where Jmerged is a merged spectrum per event (either generated or reconstructed),
Ji is a spectrum of Ji sample, σi is cross section of this sample and Ni is number
of events in this sample. In case of pp MC 2013, the product of cross section
and filtering efficiency is used instead of simple cross section. Summing index i

41



accounts for all JX (or JZX) samples, including MB and diffraction samples if
they are available.

Migration matrices, used in the unfolding procedure, are produced analogous-
ly.

5.2 Centrality

Centrality for the ATLAS HI collisions is based on energy deposited in FCal
(FCal

∑
ET) [71]. The MC Glauber calculation [35] is convoluted with FCal∑

ET measured in proton–proton collisions at the same center-of-mass energy.

The fraction f of events passing through MB trigger and event selection is
estimated to be f = (98 ± 2)%. Due to the uncertainty on the fraction of event
in the MB sample in Pb+Pb collisions, the 20% of events with the smallest FCal∑
ET are not considered in this analysis.

For Pb+Pb, the best value of x for two-component model introduced by (2.29)
was found to be 0.088 [71].

The mean number of participants 〈Npart〉, the mean number of collisions 〈Ncoll〉
and average value of nuclear overlap function 〈TAA〉 is listed in the table 3 for each
centrality interval used in this analysis. In the table 4, there are listed boundaries
for each centrality interval in terms of deposited FCal energy.

Centrality 〈Npart〉 〈Ncoll〉 〈TAA〉 [mb−1]
0–5% 382 ± 2 1683 ± 130 26.3 ± 0.4

5–10% 330 ± 3 1318 ± 99 20.6 ± 0.3
10–20% 261 ± 4 923 ± 68 14.4 ± 0.3
20–30% 186 ± 4 559 ± 41 8.73 ± 0.26
30–40% 129 ± 4 322 ± 24 5.05 ± 0.22
40–50% 85.6 ± 3.5 173 ± 14 2.70 ± 0.17
50–60% 53.0 ± 3.5 85.1 ± 8.3 1.34 ± 0.12
60–80% 22.6 ± 2.3 26.5 ± 3.5 0.41 ± 0.05

Table 3: Centrality classes used in this analysis along with the mean number of
participants 〈Npart〉, the mean number of collisions 〈Ncoll〉, and the mean value of
nuclear overlap function 〈TAA〉.

5.3 Track selection

Charged-particle tracks are reconstructed in the pseudorapidity region |η| < 2.5
and over the full azimuth. The tracks in Pb+Pb collisions have minimum pT

of 0.5 GeV. Despite the tracks in pp collisions have lower minimum pT, they
are primarily compared to the tracks from Pb+Pb collisions and thus they are
required to have also pT > 0.5 GeV.
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Pb+Pb 2010 Pb+Pb 2011
Centrality Min [TeV] Max [TeV] Min [TeV] Max [TeV]

0–5% 2.9188 – 2.8038 –
5–10% 2.4050 2.9188 2.3102 2.8038

10–20% 1.6351 2.4050 1.5707 2.3102
20–30% 1.0877 1.6351 1.0448 1.5707
30–40% 0.6896 1.0877 0.6624 1.0448
40–50% 0.4070 0.6896 0.3909 0.6624
50–60% 0.2205 0.4070 0.2118 0.3909
60–80% 0.0456 0.2205 0.0438 0.2118

Table 4: Centrality classes used in this analysis along with the centrality boundaries
in terms of FCal

∑
ET. The boundaries are different for 2010 and 2011 because the

forward calorimeters were physically shifted in the meantime.

5.3.1 Track selection cuts

Generally, the occupancies of all three tracking subdetectors are higher in Pb+Pb
collisions than in pp collisions. To take it into account, a configuration of the track
reconstruction is set up differently. In contrast to the pp collisions [72, 73], hits
in Pixel and SCT are more emphasized. The role of TRT in Pb+Pb collisions is
rather limited. All track requirements for tracks from Pb+Pb and pp collisions
are summarized in table 5.

Average numbers of Pixel, SCT and TRT hits in data and in MC simulations
are shown in fig. 22. There is also shown average number of SCT holes. A hole is
defined by absence of a hit, although such hit is expected due to the track trajec-
tory, taking into account detector geometry. The hits and holes dependencies are
sensitive to the pT distribution of the tracks. To remove bias from different pT

distributions in the data and in the simulation, the MC tracks were reweighted
to actually match the pT distribution of the data.

The mean numbers of Pixel and SCT hits have a weak centrality dependence.
Contrarily, the mean number of SCT holes has a strong centrality dependence,
arising from the increased occupancy of the SCT in central collisions and thus
worse performance of the track-finding algorithm.

As TRT covers only pseudorapidity interval |η| < 2.0, pp results and conse-
quently RAA are restricted to this interval as well. The TRT hits requirement
is needed to ensure tracks have good quality even at high pT. To avoid possible
bias introduced by this requirement at low pT, the TRT hits are required only
if a track has pT > 6 GeV. The results with and without TRT requirement are
consistent in the 2–10 GeV interval.

5.3.2 Impact parameters cuts

Due to higher multiplicity in the Pb+Pb collisions, the vertex finding and fitting
algorithm [74] provides more accurate primary vertex than in the pp collisions.
This allows to distinguish between primary tracks originating in a primary vertex
and secondary tracks originating in secondary vertices. Whether a track is labeled
as “primary” or “secondary” depends on a particle it is matched to.
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Pb+Pb requirements
Basic For systematic uncertainty

Pixel hits ≥ 2, BL hit ≥ 1, BL hit (if exp.) ≥ 3 layers
SCT hits ≥ 7 ≥ 6 ≥ 8

SCT holes =0

pp requirements
Basic For systematic uncertainty

Pixel hits ≥ 1, BL hit (if exp.) ≥ 2
SCT hits ≥ 6 ≥ 5 ≥ 7

SCT holes ≤1
TRT hits (pT > 6 GeV) ≥ 8 ≥ 10

Table 5: Track selection criteria for tracks from Pb+Pb and pp collisions. “Basic”
requirements are used by default in this analysis. Other requirements are used only
for an estimation of systematic uncertainties. “BL hit” denotes the requirement of a
hit in the innermost pixel layer, so-called B-layer. “BL hit (if exp.)” denotes the same
requirement, but only if such hit is expected by the track reconstruction algorithm.
By “≥ 3 layers” is meant requirement of hits in at least 3 different layers of the Pixel.
Because modules overlap, there could be more hits in the same layer. Thus, this
requirement is more strict than a simple “≥ 3” requirement.
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Figure 22: (a) The average number of Pixel hits per track, (b) the average number
of SCT hits per track, (c) the average number of TRT hits per track, (d) the average
number of SCT holes per track, measured in Pb+Pb events in 0–5% (circles) and 20–
30% (squares) centrality classes, and in pp events (diamonds) as a function of η. The
data from the 2010 Pb+Pb run and 2011 pp runs are compared to the corresponding
distributions obtained from simulations shown with filled histograms.
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As primary particles are denoted particles either produced in a nucleus–
nucleus interaction and with a mean lifetime τ > 0.3×10−10 s or those created in
decays of particles with τ < 0.3 × 10−10 s. Any other particles are considered to
be secondary. Primary and secondary tracks are measurable objects composing of
hits produced by primary and secondary particles, respectively. Primary tracks
originate in the primary vertex, whereas secondary tracks originate in the sec-
ondary vertex. However, secondary vertices are not reconstructed in the Pb+Pb
collisions. In the MC simulations, the matching takes into account hits from
which a track composes and amount of hits that were produced by a given gener-
ated particle. If the amount of the appropriate hits is high enough, the track and
the particle are matched together. According to the matched particle, the track
is labeled as “primary” or “secondary”. If no such particle is found, the track is
denoted as “fake”. Moreover, each track is required to have its pT in the range
between 0.5pgenT and 1.5pgenT to acknowledge the matching as successful; pgenT is
transverse momentum of the generated particle.

Results are presented as distributions of primary tracks. All secondary tracks
are excluded from the results, as will be discussed later in this chapter. Lep-
tons, coming from W and Z decays, are also considered to be secondary and are
excluded from results as well; that will be also discussed later in this chapter.

Any track can be described by five parameters: d0, z0, φ0, θ and q/p. The
parameters are described in detail in appendix A. The distance of closest approach
in transverse plane is denoted as d0, and the distance in longitudinal direction is
denoted as z0 sin θ. Their appropriate errors obtained from the covariance matrix
of the track fit are denoted as σd0

and σz0 sin θ, respectively. All parameters here
are computed with respect to the primary vertex. Therefore, tracks originating in
a primary vertex have small d0 and z0 sin θ, while tracks originating in a secondary
vertex have them larger.

Distributions of d0 versus pT under different conditions are shown in fig. 23.
The panel (a) was produced using 60–80% peripheral collisions of the Pb+Pb
MB sample. The width of the d0 distribution is wider for low pT suggesting sec-
ondary tracks have pT rather lower than higher. The occupancy in this centrality
interval is low, similar to the occupancy in pp collisions, and it can be used as a
“benchmark” for other conditions.

The panel (b) shows the same data sample, however for 0–5% centrality in-
terval. The distribution is clearly different; there are many tracks with large pT

and large d0. Based only on data from this panel, it is not clear whether they
are real well-measured tracks or not. On the panel (c), there are tracks from
the same centrality interval, however from the jet-triggered sample. These tracks
are matched to jets. Matching tracks to jets will be discussed in sec. 5.3.3. If
the tracks with large pT and large d0 on panel (b) were real, they would be also
in panel (c). They are not there and panel (c) resemble rather panel (a) than
panel (b). That suggests the mentioned tracks are not real and either d0 or pT is
mismeasured.

However, the shape of the d0 distribution is similar to that seen in the pe-
ripheral collisions, which suggests it is pT that is mismeasured. Also, the d0 and
z0 sin θ parameters rely mostly on the measurements from the Pixel, while pT

relies on SCT. The SCT suffers from high occupancy in the central collisions, but
Pixel has low occupancy even in the most central collisions.
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Figure 23: Scatter plot of track pT versus distance of the closest approach in the
transversal plane, d0, shown for four different conditions. Panel (a) shows tracks from
MB sample in the 60–80% peripheral collisions, panel (b) shows tracks from the same
MB sample but in the 0–5% central collisions, panel (c) shows tracks also in the 0–5%
central collisions but this time from the jet-triggered sample, and panel (d) shows tracks
from MB sample in the 0–5% central collisions after applying cuts on d0 and z0 sin θ
discussed in the text. The logarithmic z-axis is common for all panels.

When pT of a track is mismeasured by distorted hits in SCT, σd0
and σz0 sin θ

remained less affected, although they are not correct neither. As a consequence, it
appears that the track has high σd0

and σz0 sin θ with respect to its (mis)measured
pT. This is shown on fig. 24, where is the average value of d0 as a function of pT.
All reconstructed tracks (green squares) or tracks passing selection described in
sec. 5.3 (blue diamonds) have too high 〈σd0

〉 with respect to tracks matched to

jets, either in data (black stars) or MC simulations (histogram).

It can be concluded that mismeasured tracks, occupying region with large pT

and large d0 in panel (b) of fig. 23, have correct d0 and z0 sin θ, but incorrect
pT, σd0

and σz0 sin θ. Thus, significances of impact parameters, d0/σd0
and

z0 sin θ/σz0 sin θ, are larger for tracks with mismeasured pT. Panel (d) shows the

same tracks as panel (b), however with requirement that significance of either
impact parameter cannot be more than 3.0. All the tracks with large pT and
large d0 are gone. The tracks from panel (d) are also shown in fig. 24 with red
circles. They are much closer to the tracks in jets and to the MC simulations
up to 100 GeV. To further eliminate the discrepancy, visible above 100 GeV but
presented also below 100 GeV, tracks are further required to have σd0

/〈σd0
〉 < 3.0.

The situation in pp collisions is different. The primary vertex is worse defined
due to lower multiplicity. If an event contains a jet, the multiplicity is higher,
making the vertex better defined. Unfortunately, that can also shift whole vertex
toward high-pT tracks, making the vertex estimation less useful. Imposing the
same requirements on d0 and z0 sin θ as in Pb+Pb collisions is not optimal. Thus,
tracks have to pass only a loose requirement |d0| < 1.5 mm. Mismeasured high-pT

tracks are rejected either by TRT hits requirement, or by matching tracks to jets.

A summary of additional requirements related to the impact parameters im-
posed on tracks is summarized in table 6.
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Figure 24: The mean uncertainty of the distance of the closest approach in the
transversal plane, 〈σd0

〉, as a function of pT for four track selections in data and one
in simulations. Green squares show tracks without any selection cuts applied. Blue
diamonds represent tracks after track selection cuts described in sec. 5.3.1. Red circles
show tracks after both track selection cuts and impact parameters cuts, which were
described in this section. Black stars denote the same tracks as red circles with addi-
tional requirement of matching to the jets that will be described in sec. 5.3.3. Yellow
histogram shows tracks with the same requirement as black stars, however these tracks
are from MC simulation.

Pb+Pb requirements
Basic For systematic uncertainty

d0/σd0
< 3.0 < 2.5 < 3.5

z0 sin θ/σz0 sin θ < 3.0 < 2.5 < 3.5

σd0
/〈σd0

〉 < 3.0 < 2.5 < 3.5

pp requirements
Basic For systematic uncertainty

d0 (pT < 6 GeV) < 1.5 mm < 1.0 mm < 2.0 mm

Table 6: Additional track selection criteria for tracks from Pb+Pb and pp collisions.
“Basic” requirements are used by default in this analysis. Other requirements are used
only for an estimation of systematic uncertainties.
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5.3.3 Tracks inside jets

When a hadron passes through the detector, it shall deposit its energy into the
hadronic calorimeter. While signal from a low-pT particle might be lost in an
overall noise, high-pT particle shall deposit enough energy which can be recognized
as a jet. High-pT tracks without the appropriate jet are very suspicious. They
are very probably produced by low-pT particle, and they shall be rejected from
the analysis. Alternatively, they can be leptons whose contribution is discussed
in sec. 5.6.

Jets in the calorimeter are reconstructed using anti-kt algorithm [66] with
various radius parameters R. In this analysis radius parameter R = 0.2 is used
for Pb+Pb collisions and R = 0.4 is used for pp collisions.

In Pb+Pb collisions, jets are reconstructed using ∆η×∆η = 0.1×0.1 towers.
Then, the underlying event is subtracted, taking elliptic flow into account, and
jets are iteratively reconstructed again. The jet reconstruction is further described
in ref. [67]. No underlying event subtraction is needed to be performed for jets
in pp collisions.

In the jet-triggered samples, for both Pb+Pb and pp collisions, the recon-
structed jets are required to be matched within ∆R =

√
∆φ2 + ∆η2 < 0.4 to a

trigger jet, which were described earlier in sec. 5.1.1. With this requirement, the
jets used in the analysis are the same as those which fired the trigger and possible
random benefit from fake jets is eliminated. In the MB sample, there is no such
requirement. Because MB samples are not obviously triggered by jets, matching
to trigger jets would be illogical.
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Figure 25: A fraction of primary tracks in the MB samples matched to a jet. The
tracks are required to be with ∆R < 0.4 from the jet axis. All tracks, both matched and
non-matched, are required to satisfy track selection requirements listed in the tables 5
and 6. Black circles represent tracks from pp samples. Blue diamonds denote tracks
from Pb+Pb sample in the 60–80% peripheral collisions. Red squares represent tracks
also from Pb+Pb sample but from the 0–5% central collisions. The fraction shows
only primary tracks without leptons. If leptons were included as well, there would be
a significant drop of about 5% around 40 GeV for the 0–5% central collisions.
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Figure 26: Scatter plot of track pT versus jet ET, where tracks are matched to the ap-
propriate jets. Left panel shows 0–5% central Pb+Pb collisions scaled by corresponding
〈TAA〉. Right panel shows pp collisions. Both panels show MC simulations. Black lines
correspond to a criterion ET = 0.8 × pT − 10 GeV. The logarithmic z-axis is common
for both panels.

A fraction of tracks from MB samples matched to jets is shown in fig. 25.
The tracks are within ∆R =

√
∆φ2 + ∆η2 < 0.4 from the jet axis. At low pT,

tracks cannot be matched to any jets because those jets would have very low
ET and reconstruction of such jets is very limited [67]. Above ≈ 15 GeV for pp
collisions and above ≈ 20 GeV for Pb+Pb collisions, wast majority of the tracks
are matched to the jets. Above 40 GeV for central Pb+Pb collisions, the fraction
diminishes because of contribution of misreconstructed tracks.

The track pT can be also compared to the jet ET. The track-to-jet ener-
gy balance was studied in both data and MC simulations to estimate criteria for
exclusion of tracks from the analysis. Because both track-pT and jet-ET measure-
ments have a finite resolution, the criteria shall be generous enough. Figure 26
shows track pT versus jet ET in MC samples for most central Pb+Pb events and
for pp events. The reconstructed track pT is usually lower than jet ET, reflecting
energy conservation and fragmentation process. Tracks matched to jets with ET

lower than track pT can be either results of the finite resolution of track pT or jet
ET measurement, or such tracks are badly reconstructed or are fake tracks. The
solid lines in fig. 26 correspond to a criterion ET = 0.8× pT − 10 GeV. Figure 27
shows analogous plot for 2013 pp collisions. No tracks are rejected up to 70 GeV.
The amount or rejected tracks is not high, however due to low statistics at high
pT, even those tracks may affect final results.

5.4 Vertex reconstruction efficiency

The vertex reconstruction efficiency accounts for events where no vertex is recon-
structed, which causes loss of the events. The procedure was adapted from the
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Figure 27: Scatter plot of track pT versus jet ET, where tracks are matched to the
appropriate jets. The figure is based on pp samples of 2013. Black line corresponds to a
criterion ET = 0.8×pT−10 GeV. The artificially looking seam at jet ET of 40–50 GeV is
a results of merging several jet-triggered samples. The lower trigger has a significantly
higher prescale, around 200×, thus the junction looks unnatural. There are other five
junctions, two of them below 40 GeV and three above 50 GeV, in the plot. However
they are not visible due to the comparable prescales of the triggers.

analysis published in ref. [75]. This small correction of a few per cent at low pT

(. 2 GeV) is applied only to the MB samples from pp collisions. A vertex is very
well determined in Pb+Pb collisions, even in the most peripheral ones, due to
much higher multiplicity. Thus, vertex reconstruction correction is not needed in
Pb+Pb collisions. Jet-triggered samples from pp collisions also have multiplicity
high enough and neither for them the correction is needed.

Before the vertex reconstruction definition, it is needed to mention how the
collisions are organized in the LHC. Particles are circulating in two beams with
opposite directions and one beam consists of several bunches, as mentioned in
sec. 3.1. A bunch crossing identifier (BCID), ranging from 1 to 2808, is assigned
to every bunch. If there are bunches in both beams when passing through the
ATLAS detector, BCID is called “paired”. If the bunch has no partner in the
opposite direction, BCID is called “unpaired”. Obviously, physically interesting
collisions may happened only in paired BCID. Collisions from unpaired BCID
shall be excluded from consideration.

The vertex reconstruction efficiency is evaluated as a function of a number of
tracks within a vertex. It is defined as:

εvtx =
Nvp −Nvuξρ

Nnp +Nvp − (Nvu +Nnu)ξρ
, (5.2)

where Nnp are events with no vertex from paired BCID, Nvp are events with a
vertex from paired BCID, Nnu are events without a vertex from unpaired BCID,
and Nvu are events with a vertex from unpaired BCID. Events from paired BCID
are required to pass a trigger as well. The factor ξ (ξ=2.13 for pp 2011, and
ξ=16.4 for pp 2013) deals with different number of paired and unpaired BCIDs.

Factor ρ contains other effects which are difficult to correct. The vertex re-
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construction efficiency εvtx is evaluated for two cases: ρ = 0 and ρ = 1 for 2011,
and ρ = 0 and ρ = 1/8 for 2013, where it is accounted for random trigger fire
rate. As can be seen on fig. 28, the differences between the two hypotheses are
very small. For the analysis, the average of the two hypotheses is used.
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Figure 28: Vertex reconstruction efficiency for pp collisions from 2011 (top panels)
and 2013 (bottom panels). Two leftmost panels show number of events passing trigger
(black) and all events (red) while the vertex was (full line) or was not reconstructed
(dashed line). The third panels from left show vertex reconstruction efficiency and the
rightmost panels show ratio between lower and upper hypothesis.

5.5 Jet trigger efficiency

When using Pb+Pb 2011 jet-triggered sample, presence of a jet in an event is
required. Some of the events may be lost due to a jet trigger inefficiency, and that
needs to be corrected for. This efficiency is adapted from ref. [76]. The jet trigger
efficiencies for several centrality intervals is shown in fig. 29. These efficiencies
were used to correct Pb+Pb jet-triggered sample only; no correction is needed
for MB samples.

In the jet-triggered samples of pp recorded in 2011, there is the same problem
as in Pb+Pb data. The efficiencies were evaluated for the analysis of jet cross
section in pp collisions [75]. The jet trigger efficiencies for several rapidity bins
are shown in fig. 30. These efficiencies are again used to correct jet-triggered
samples only; no correction is applied to MB sample.

In the pp data from 2013, the situation is analogous to pp data from 2011.
The efficiencies were evaluated for the analysis of jet production in p+Pb colli-
sions [77]. The jet trigger efficiencies for several jet triggers is shown in fig. 31.
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Figure 30: Jet trigger efficiencies for 2011 pp data. Although having different names,
the triggers depicted here are the same as described in 5.1.1. By “MBTS2” is meant
MB trigger, “EF j10” is the first jet trigger requiring anti-kt jet with the distance
parameter R = 0.2 and with jet ET > 10 GeV, “L1J10” is the second jet trigger
requiring ET > 10 GeV to be deposited in an area of ∆η ×∆φ = 0.8× 0.8. By “FJ10”
is meant similar trigger as “L1J10”, however in the forward direction. This trigger is
not used in this analysis.
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Figure 31: Jet trigger efficiencies for 2013 pp data. Each jet trigger efficiency, denoted
here as ε, is evaluated with respect to the jet trigger with a lower threshold. The jet
trigger with the lowest threshold, ET = 10 GeV, is evaluated with respect to the MB
trigger.

5.6 Lepton rejection

The muons and electron in both Pb+Pb and pp collisions came mainly from
decays of electroweak bosons, primarily W± → `±ν and Z → `+`−. These
leptons follow binary scaling [78, 79, 80, 81] and they would affect results with
different behavior. Their contribution is thus removed from the data. The muons
are identified by the ATLAS muon spectrometer. Contribution of electrons is
assumed to be the same as that of muons.

This correction is largest at pT ≈ 40 GeV and in the most central collisions,
where it is around 5%. At other pT or in more peripheral collisions, it is consid-
erably smaller.

5.7 Fake and secondary tracks correction

The set of tracking cuts described in section 5.3 cannot completely eliminate
the mismeasured tracks. There remains a fraction of tracks that satisfy the re-
quirements but they are either not related to any generated particle or they are
associated to the secondary particles. Neither of them are welcomed.

The different samples have different features, requiring different approaches.
Also, the correction is evaluated separately at low pT and at high pT.

5.7.1 Correction at low pT

The unwelcomed tracks are removed by applying correction for fake and secondary
tracks. The correction is defined as a fraction of reconstructed tracks matched to
a generated primary particles over all reconstructed tracks:
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f =
number of reconstructed matched to generated

number of all reconstructed
(5.3)

The corrections are shown in fig. 32 for Pb+Pb and pp MC samples. As there
is a lot of statistics at low pT, these distributions do not need to be smoothed by
any fit. At pT greater than 4 GeV, the correction is less than one percent. Instead
of applying the correction at pT & 7 GeV, a corresponding systematic uncertainty
is assigned. The pT range above 30 GeV is handled by high-pT version of this
correction.

As Pb+Pb data 2011 are used only to increase statistics at higher pT, there
is no need to apply low-pT correction to them. Their spectra below 10 GeV are
never used. Moreover, estimation of this correction would be rather difficult, as
the appropriate MC simulations use real Pb+Pb collisions as underlying events.
Tracks from the data are indistinguishable from the fake tracks produced in the
simulations.

MC simulation for pp 2013 follows pile-up distribution as in the data. To speed
up processing of the events and to reduce size of the output datasets, the truth
information from pile-up collisions is not saved. Thus, the estimation of fakes in
the corresponding MC samples is also not possible, as it cannot be distinguished
between “real” fake track and reconstructed track from a pile-up collision. To
avoid need of estimation correction of fakes and secondaries, the low-pT part of
the pp spectrum from 2013 is not used. Most of the statistics at low pT in pp
collisions comes from data from 2011 anyway, so this rejection does not have
significant impact to the final results.
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Figure 32: The corrections to eliminate fake and secondary tracks. Both low-pT

and high-pT parts are shown together. The distributions for two centrality intervals of
Pb+Pb collisions is shown with solid markers and distribution for pp collisions is shown
with open circles. Their systematic uncertainty bands are shown with solid, dashed and
dotted lines for Pb+Pb central collisions, peripheral collisions and pp, respectively.
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5.7.2 Correction at high pT

The fake and secondary tracks are presented at high pT as well, while the former
ones are more common. In contrast to the low pT, where the statistics of fakes
and secondaries is very rich, at high pT the statistics is quite poor. Nevertheless,
this poor statistics cannot be neglected.

Similarly to the low-pT part, also here various samples require different ap-
proaches. First, this correction is neglected for Pb+Pb sample from 2010. This
sample have almost no statistics above 40 GeV and whole Pb+Pb spectrum is
borne by statistics of Pb+Pb sample from 2011.

The problem of the MC samples from 2011 is illustrated in fig. 33 for J2 and
J3 sample, but this problem is presented in all JX samples. Above 50 GeV, the
J3 sample has a larger contribution to the total spectrum than J2 sample, which
starts to loose the statistics and becomes insignificant. At the same time, the
fakes and secondaries from J2 sample have larger contribution than those from
J3. Thus, it is possible to neglect contribution of J2 sample to the total spectrum,
however it is not possible to neglect contribution of J2 sample to the fakes and
secondaries spectrum. Naturally, the fakes and secondaries from J2 spectrum has
as poor statistics as the rest of the J2 sample, so it is not possible to take into
account directly the content of bins due to large fluctuations.

Moreover, another problem rise up. For Pb+Pb MC samples from 2011,
Pythia events are embedded into real HI collisions. The tracks from data of course
do not have any truth information and they are indistinguishable from fake tracks
in the same way as in the low-pT part of this correction. When comparing the
fake spectra of different JX samples of Pb+Pb MC samples from 2011, shown in
fig. 34, it can be seen that J1 and J2 are very close to each other even at very high
pT. This is an indication that the fake tracks in J1 and J2 samples are actually
coming from the underlying events, common to all JX samples, and that they are
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Figure 33: Spectra of reconstructed tracks for Pb+Pb J2 (red) and J3 (green) samples.
Reconstructed tracks matched to primary truth particles are shown with open squares,
and fakes and secondary tracks are shown with full circles.
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Figure 34: Spectra of fake tracks for all Pb+Pb JX samples. Shown spectra are
normalized per event but they are not normalized by their cross sections. All fake
tracks are shown, including tracks from underlying events.
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Figure 35: Spectra of fake tracks for all Pb+Pb JX samples. Shown spectra are
normalized per event but they are not normalized by their cross sections. Fake tracks
in J2–J5 samples after subtraction of J1 sample are shown with full circles. J1 sample
with open circles is shown for comparison as well.
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Figure 36: Spectra of fake tracks for pp 2013 simulation samples. JZ0 is not used
because it has no statistics at high pT. Other JZX samples are fitter with a power law.

not real fakes, i.e. random combinations of the hits. Assuming the fakes in J1 are
all coming from the data, the fake spectrum of J1 is subtracted from fake spectra
of J2–J5 samples, and the J1 sample is excluded from the further considerations.
The fake spectra after subtraction are shown in fig. 35.

Analogous problem is encountered in pp MC samples 2013, where the truth
information from pile-up collisions is not saved. This prevents estimation of this
correction at low pT, but at higher pT, the contribution of pile-up tracks is very
small and can be neglected.

To overpass the problem of low statistics, which is presented in all MC samples,
spectrum of fake and secondary tracks of each JX (or JZX) sample was fitted with
the power law. If the statistics in the fake spectrum is too low, value of the fit is
used instead of actual content of the bin. The JX (or JZX) samples that do not
reach high pT at all were excluded from the estimation of this correction in order
to do not bias it. Examples of the fits are shown in fig. 36.

The spectra of fake and secondary tracks are combined with respect to their
cross sections as was described in sec. 5.1.4. Sum of primary, fake and secondary
tracks gives the denominator for the correction. The primary tracks alone make
the nominator. The corrections for both Pb+Pb and pp collisions are fitted with
polynomial of 3rd order to make it smooth. The correction was already shown in
fig. 32 together with the low-pT part of this correction.

5.8 Bayes unfolding

When reconstructing a track, it might fall into a different bin for reconstructed pT

and for pT of matched generated particle. Such bin-to-bin migration may change
shape of a spectrum. To reduce the impact of this migration to the resulting
spectra, an unfolding procedure was included into the analysis.

There are different ways, how to perform this procedure, such as Bayes un-
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folding [82], SVD unfolding [83] or bin-by-bin unfolding. For this analysis, Bayes
unfolding implemented in RooUnfold package [84] was used.

To obtain unfolded spectrum, it is needed to provide so-called migration ma-
trix. In this matrix, there are recorded correlations between generated pT of a
particle and reconstructed pT of a matched track. Each reconstructed track is
tried to match to a generated particle. If no appropriate generated particle is
found, the track is labeled as a fake track and it is not used in the unfolding pro-
cedure. This case was resolved in sec. 5.7. If the appropriate generated particle
is found, pgenT and precT are filled into a migration matrix according to generated
particle pseudorapidity and centrality of the event. Example of such migration
matrix is shown in fig. 37. Not all generated particles are associated with some
reconstructed tracks. However, the difference between generated particles associ-
ated to a reconstructed tracks and whole set of generated particles will be dealt
by track reconstruction efficiency correction introduced in sec. 5.9, and it is no
need to consider it here.

With help of Bayes theorem, when provided reconstructed spectrum from
data, corrected spectrum is acquired. Bayes theorem can be formulated as:

P (G|R) · P (R) = P (R|G) · P (G) (5.4)

A cause G, such as generated particle with pgen
T , can produce an effect R, such

as reconstructed track with prec
T . P (G) and P (R) are probabilities of these events,

respectively. P (R|G) is probability that effect R happened with requirement that
the cause G had happened. In case of measurement of charged-hadron pT, this is
the probability that track is reconstructed with prec

T , while requiring the original
particle had pgen

T . This probability is shown as z-axis in fig. 37.
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The measured quantity is prec
T , but the required quantity is pgen

T , thus the real
question is, what is the probability P (G|R). If assuming every effect R has several
causes Gi, then: ∑

i

P (R|Gi) · P (Gi) = P (R), (5.5)

and after consideration of (5.4), the desired probability is [82]:

P (G|R) =
P (R|G)P (G)∑
i P (R|Gi)P (Gi)

(5.6)

This probability is used to redistribute the entries from spectra of reconstruct-
ed tracks into unfolded spectra.

The Bayes unfolding may be done iteratively and the number of iterations
than needs to be done is the only parameter which is provided to RooUnfold.
Unfortunately, the counting of iterations of RooUnfold is a little bit misleading
here. What RooUnfold calls “1 iteration” actually means no iteration – the re-
constructed spectra are unfolded with matrix from MC simulations, paying to
attention to the shape of either spectra. What RooUnfold calls “2 iteration” ac-
tually means 1 iteration – after obtaining unfolded spectra, the migration matrix
is reweighed in each row according to this unfolded results and the raw spectra
are unfolded again, this time with the reweighed matrix. In this analysis, the nat-
ural counting of iterations is used instead of the misleading one from RooUnfold.
Fig. 38 shows that the difference between one and more iterations is negligible.
Stable results are achieved after two iterations and the difference between spectra
with one and two iterations are accounted for the systematic uncertainty.
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Figure 38: Impact of various number of iterations onto unfolded spectra. This is
an example from Pb+Pb data 2010 for the 0–5% central collisions. “No unfolding”
means no unfolding procedure was performed. “No iteration” means the unfolding pro-
cedure was performed while using the migration matrix directly from MC simulations.
“1 iteration” means the migration matrix is reweighed with the unfolded spectra ob-
tained after step “no iteration”. “2 iterations” is analogy of “1 iteration”, while the “1
iteration” unfolded spectra are used for reweighing. “3 iterations” is analogous.

59



5.9 Track reconstruction efficiency

Some generated particles are left without matched tracks, because these tracks
are not properly reconstructed. Such an inefficiency needs to be corrected for.
The track reconstruction efficiency is defined as:

ε =
number of generated matched to reconstructed

number of all generated
(5.7)

Corrected spectrum obtained from the unfolding procedure is equivalent to
the spectrum of generated particles matched to reconstructed tracks. Then, each
bin of the unfolded spectrum is divided by the track reconstruction efficiency.

To avoid problems with parametrization of the efficiency correction and to
increase statistics, spectra of positive and negative tracks are merged together, as
the difference was not significant. The track reconstruction efficiency is estimated
in the MC simulations for 20 bins in η with a width of 0.25. Several of these η
bins are merged, as they show very similar behavior. Figure 39 shows track
reconstruction efficiencies for all data samples as a function of η and pT. It is
clear that track reconstruction efficiencies have only weak dependence on a sign
of η. Moreover, the efficiencies have very small differences in |η| < 1. On the
other hand, they are dependent on |η| for |η| > 1. In order to increase statistics,
the track reconstruction efficiency is estimated only in the mentioned 7 regions
of |η|.

To parametrize the pT dependence of the track reconstruction efficiency, the
distributions are fitted by different smooth functions. It turns out that the best

 Internal ATLAS

Figure 39: Track reconstruction efficiencies as a function of η and pT. Shown depen-
dencies are for Pb+Pb 2010 (top left), Pb+Pb 2011 (top right), pp 2011 (bottom left),
and pp 2013 (bottom right), as estimated from MC simulations. Shown efficiencies of
pp are with cut on d0.
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Figure 40: Fit of efficiencies for Pb+Pb 2010 (top row), Pb+Pb 2011 (second row),
pp 2011 (third row), and pp 2013 (bottom row). Lines are the fitted functions and
their widths represent only uncertainties of fits. In columns there are shown various |η|
regions.
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fits are achieved with a sum of Chebyshev polynomials of Nth order, while N was
chosen for each efficiency in order to provide optimal fitting results:

N∑
n=0

anTn(x), (5.8)

where Chebyshev polynomials Tn(x) are:

Tn(x) = cos (n arccos (x)) (5.9)

and x is defined as:

x = log 10 (log 10 (log 10 (pT [GeV]) + c1) + c2) , (5.10)

where c1 = 0.5 and c2 = 1.1 are constants chosen to avoid computing of loga-
rithms with negative argument. Such parametrization allows to fit the distribu-
tions precisely both at low and high pT and to effectively remove non-physical
fluctuations, which typically occur at high pT or high |η| regions. Fitted distri-
butions are shown in fig. 40 for MC 2010 and MC 2011 for Pb+Pb collisions,
and MC 2011 and 2013 for pp collisions. The fits follow very well shape of the
distributions. If the fit is not visible on the figures, it has a tiny uncertainty and
it follows the distribution exactly.

5.10 Systematic uncertainties

The systematic uncertainties originate from different sources. They usually reflect
discrepancies between MC simulations and data, arising at different stages of the
analysis. They are evaluated by varying a desired parameter in the analysis, while
keeping all other parameters fixed. The effect is always observed on the final,
fully corrected, spectra. In case of RAA, the parameters are varied consistently in
Pb+Pb and pp. This way the correlated part of the uncertainty diminished. The
total systematic uncertainty is determined by adding the separate uncertainties
from different sources in quadrature.

The individual sources of the systematic uncertainty do not exceed 20%. All
sources are listed in the table 7 together with their maximum values. The maxi-
mums are usually reached either at the highest or at the lowest pT. Also, lower
|η| typically means lower systematic uncertainty.

5.10.1 Normalization

The uncertainty of the fraction f of events recorded by the Pb+Pb MB trigger
and passed through event selection is 2% in both 2010 and 2011 Pb+Pb data-
taking periods [85]. Both the boundaries of the centrality intervals expressed in
the FCal energy and the parameter 〈TAA〉 are dependent on f , and thus they
are sensible to its uncertainty as well. However, this is only one uncertainty
and it should not be counted twice. The uncertainty is assigned to the 〈TAA〉,
listed in the table 3, and no uncertainty is assigned to the FCal boundaries of the
centrality intervals, listed in the table 4.

The uncertainty on the integrated luminosity of the pp samples is 3%. It is
estimated in a similar manner as in previous ATLAS analysis [86].
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Systematic uncertainties [%]
Spectra RAA Strongest

Source Pb+Pb pp variation
Luminosity 3 3
〈TAA〉 1.5–13 centrality
Jet trigger efficiency 1 3 3 pT

Track selection 10 4 10 pT

Fake and secondary tracks 5 0.5 5 pT, centrality
Matching gen – rec 20 15 13 pT

Unfolding 8 2 2 pT

pT resolution 20 7 12 pT

Efficiency correction 5 1 4 pT, η
Detector material 2–6 2–6 η

Table 7: Maximum values of systematic uncertainties in per cent for the charged-
particle spectra and the nuclear modification factor RAA. Row “Fake and secondary
tracks” reflects only the uncertainty at low pT; the high-pT part is included in “Matching
gen – rec”.

5.10.2 Event selection

The uncertainty associated with the jet trigger efficiencies in Pb+Pb collisions is
not more than 1%. This uncertainty is evaluated in ref. [87]. Naturally, it is not
assigned to the MB samples.

The analogous uncertainty for the pp collisions is evaluated in ref. [75]. It
does not exceed 3%. This uncertainty is higher than in case of Pb+Pb collisions
because there are more jet triggers involved. Apart from the uncertainty on the
jet triggers efficiencies themselves, there is also included the choice of minimum
jet trigger efficiency for the merging of the samples.

5.10.3 Track selection

These uncertainties are related to the track selection decisions made in sec. 5.3.
To estimate this uncertainty, track requirement were tighened or loosened as listed
in tables 5 and 6. This was done consistently in data and in MC simulations.
The uncertainty is no more than 1% for pT < 10 GeV. It rises with increasing pT

to the maximum of 10% and 4% at the highest measured pT for Pb+Pb and pp
collisions, respectively.

5.10.4 Correction procedures

These uncertainties account for variations in the derivations of the applied cor-
rections.

Despite applying d0 and z0 sin θ requirements to eliminate fake and secondary
tracks, some of them sneaked through. The real share of fake and secondary
tracks in the data is unknown, although MC simulations give a good estimate.
The uncertainty is estimated differently at low pT and at high pT. For the low-pT

part, the uncertainty is estimated by comparing two approaches to evaluate the
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fraction of primary particles. The first approach is the one used in this analysis,
described in sec. 5.7.1, using MC truth information about type of each particle.
The second approach was used in ref. [88]. The primary tracks are defined by
impact parameters. They need to be consistent with the particles arising from
the primary vertex. If they are not, the tracks are identified as secondary tracks.
This uncertainty is 5% at the lowest measured pT in the most central collisions.
It quickly decrease to 0.5% at 1 GeV in all centralities.

For the high-pT, the uncertainty is estimated by changing the matching criteria
of reconstructed tracks to generated particles. The main contribution comes from
additional constraints on the matching between reconstructed pT of a track and
generated pT of a particle. The uncertainty is below 1% up to 50 GeV. It rapidly
rises with increasing pT, reaching up to 20% and 15% for Pb+Pb and pp collisions,
respectively.

The uncertainty of the unfolding procedure is caused by choice of the number
of iterations. It is estimated by changing the number of iterations. It is no more
than 1% at low pT. With increasing pT it rises up to 8%.

The uncertainty associated with the pT resolution also touches the migrations
matrices used by the unfolding, but it is not caused by the unfolding procedure
itself. It reflects the possibility that pT resolution, which is visible as a “width” of
the diagonal in the migration matrix, is different in data and in MC simulations.
To estimate this uncertainty, the pT resolution is increased by 10% with respect
to the original resolution. This uncertainty is only 1% at low pT, however it
reaches up to 20% at the highest pT measured. The magnitude of the broadening
was estimated from resolution of muons in the data. In contrast to the tracks
produced by hadrons, the muons are measured both in Inner detector and in
Muon chambers. When compared the ID-only muon pT to the pT measured in
both ID and Muon chambers, it is possible to get resolution based on data.

A few individual sources contribute to the uncertainty on the track reconstruc-
tion efficiency. The first contribution comes from an unknown particle composi-
tion. Different types of particles have different track reconstruction efficiencies.
The particle composition in the MC samples is reweighted to match the compo-
sition measured by the ALICE collaboration [89]. The resulting uncertainty is
not higher than 3%. The second contribution comes from merging of different η
ranges and both charges together. It is at most 2%. Both these contributions
are the largest at low pT. The third contribution is the largest at high pT. It
comes from smoothening of the track efficiency correction to avoid the statistical
fluctuations in the MC samples. It is no more than 2%. The last contribution
comes from cross section of the JX (or JZX) samples. The cross sections were
varied, resulting in an uncertainty of as much as 5% at the highest pT.

The uncertainty associated with possible mismodeling of the detector material,
which would results in an inaccurate response of the detector, is only 2% for
|η| < 1 and up to 6% for the highest measured |η|.
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5.11 Charged-hadron spectra & RAA

5.11.1 Flow of the analysis

First, all available tracks from various samples satisfying the track requirements
from the events satisfying the event selection are collected. The tracks from
jet-triggered samples are corrected to jet trigger efficiency and tracks from pp
MB samples are corrected for vertex reconstruction efficiency. Then, all samples
from the same data-taking period but recorded with different triggers are merged
respecting prescales of triggers. After summation, the corrections are applied.
First one is applied correction for fake and secondary tracks, and the second one
is the unfolding procedure. The last correction applied is for track reconstruction
efficiency.

Whole analysis can be summarized in a single equation as:

corr. spectra = unfold

[(
Ntrig∑
t=1

(raw spectra− leptons)t

ε?vtx · ε?jet

· pskt
)
·

(
1− f ?fakes

)]
· 1

εtrk

, (5.11)

where “corr. spectra” are fully corrected spectra which are used in the final re-
sults, “raw spectra” are reconstructed spectra after the track selection, “leptons”
are identified leptons mentioned in sec. 5.6, f ?fakes is the fraction of fake and sec-
ondary tracks, ε?vtx means the vertex reconstruction efficiency, ε?jet is the jet trigger
efficiency, pskt stands for appropriate prescale value of a given trigger, “unfold”
means the unfolding procedure, εtrk is the track reconstruction efficiency, and
Ntrig is total number of triggers. Arbitrary index t stands for all used triggers.
Variables with a star (?) are not used for all input data but only when it is
relevant.

When fully corrected spectra are obtained, pp samples with different track
requirement are merged, i.e. spectra without and with TRT hits requirement
below and above 6 GeV, respectively. This is done independently for 2011 and
2013 pp samples.

As a last step, samples from different data-taking periods are merged together,
while bearing in mind limitations of each sample. Pb+Pb spectra from 2011 below
10 GeV aren’t used because of missing fake and secondary tracks correction, and
pp spectra from 2013 aren’t use below 7 GeV for the same reason. The spectra
are merged with respect to their statistical uncertainties. For each pT bin, the
final value is obtained as:

N =

N1

%21
+ N2

%22
1
%21

+ 1
%22

% =

√
%2

1 · %2
2

%2
1 + %2

2

, (5.12)

where Ni are yields for different years (either dN/dηdpT or dσ/dηdpT) and %i are
their appropriate statistical errors in a given pT bin.
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5.11.2 Results

Figure 41 shows the fully corrected charged-hadron spectra in Pb+Pb and pp col-
lisions at

√
sNN = 2.76 TeV in the pseudorapidity range |η| < 2. There are shown

five centrality intervals in Pb+Pb collisions. The Pb+Pb spectra are divided by
appropriate 〈TAA〉, so they have well comparable scale as pp spectra. The Pb+Pb
spectrum of 60–80% peripheral collisions, plotted with violet diamonds, shows
very similar dependency as the pp spectrum. The difference is hardly visible with
y-axis in a logarithmic scale. With moving toward more central collisions, the
difference is better visible. The 0–5% central events, represented by red circles,
are clearly different from the pp baseline.

The difference is better to observe in the ratio. Figure 42 shows nuclear
modification factor RAA for the same five centrality intervals. The RAA as a
function of pT shows a characteristic “wave” shape. It is more pronounced in more
central collisions. First, the RAA increase up to a local maximum at around 2 GeV.
The maximum is often associated with Cronin effect [56]. Then it decreases to a
local minimum at around 7 GeV. The suppression of charged-hadron production
is the strongest there. The 0–5% most central collisions has the minimum of
0.14 ± 0.01(syst.), while the statistical uncertainty is negligible. Then the RAA

rises again. At around 60 GeV, the slope is changed. Whereas below 60 GeV
the slope of the RAA distribution is clearly non-zero, the slope above 60 GeV is
consistent with a flat behavior. The plateau has a value of 0.55 ± 0.01(stat.) ±
0.04(syst.) for the 0–5% most central collisions.

As mentioned before in sec. 4.1, RAA was measured at the same
√
sNN by

collaborations ALICE [16] and CMS [17]. A direct comparison is possible for
the 0–5% most central interval, which is common to all three measurements.
The comparison is shown in fig. 43. The ATLAS acceptance is shrunken to
the pseudorapidity interval |η| < 1, the same as used by CMS. The ALICE
collaboration used pseudorapidity interval |η| < 0.8. All three results agree very
nicely, with the ATLAS results overcoming others with respect to the precision
and pT reach. At high pT, the ATLAS results are still compatible with the flat
behavior.

In the figure 44, there is shown RAA as a function of mean number of partic-
ipants, 〈Npart〉. In contrast to previous figures, where the centrality stays fixed
and RAA is shown as a function of pT, here the pT remains fixed. The distri-
butions are shown for four pT ranges: 1.7 < pT < 2.0 GeV corresponding to the
local maximum of RAA, 6.7 < pT < 7.7 GeV corresponding to the local minimum,
19.9 < pT < 22.8 GeV where RAA has a non-zero slope and intermediate value,
and 59.8 < pT < 94.8 GeV corresponding to the plateau. The pT ranges coincide
with the pT bins used in previous figures. In all four pT ranges, the RAA values
decreases with increasing 〈Npart〉, which is an equivalent of increasing centrality.
The decline is the strongest for the “minimum” range and the weakest for the
“plateau” range.

Figure 45 offers an opportunity to compare the suppression of charged hadron
to the suppression measured in jets [11]. The charged-hadron RAA is shown for
the plateau range. Jets are shown for three different pT ranges. The lowest jet-pT

range agrees to the pT range of charged hadrons. Jets from the intermediate
jet-pT range produce main portion of shown charged hadrons. With fixed pT

of composing hadrons, two contradictory trends meet here: the decreasing pT
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Figure 41: Charged-hadron spectra for Pb+Pb and pp collisions in the pseudorapidity
region |η| < 2. Full markers of different styles show Pb+Pb spectra for five different
centrality intervals and open black circles show pp cross section. The Pb+Pb spectra
are scaled down by powers of ten for better clarity of the figure. Moreover, the Pb+Pb
spectra are scaled by appropriate 〈TAA〉 and plotted together with pp baseline for easier
comparison, shown as a simple line. Systematic uncertainties are shown with boxes;
statistical uncertainties are smaller than the marker size.
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Figure 42: Charged-hadron nuclear modification factor RAA in the pseudorapidity
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Figure 43: Charged-hadron nuclear modification factor RAA in the 0–5% most central
interval. Results of ATLAS [15], ALICE [16] and CMS [17] are compared. Systematic
uncertainties are shown with boxes; statistical uncertainties are shown with vertical
lines.
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spectrum of the jets, not unlike the charged-hadron spectrum, and the increasing
jet fragmentation function when going toward lower z. Jets from the highest
jet-pT range are composed mostly from shown hadrons, due to the fragmentation
functions. It is the RAA of jets from the highest jet-pT range that overlaps with
hadron RAA the best, as least for more central collisions.

Figure 46 shows the pseudorapidity dependence of charged-particle cross sec-
tions in pp and Pb+Pb collisions. The later one is scaled by 〈TAA〉 as in the
previous figure. The same pT ranges as for fig. 44 are used. The dσ/dη distri-
butions show only a mild dependence over displayed |η| range. The dependence
is stronger for higher pT ranges than for lower. For a given pT range, the shapes
of Pb+Pb dσ/dη agree with each other, although their magnitudes are different.
The shape of pp distributions agree with others as well.

Figure 47 shows RAA distributions as a function of |η| for five centrality in-
tervals and four pT ranges. As may be guessed from the similar shape of dσ/dη,
the RAA distributions have a very weak dependence on |η| and it is basically con-
sistent with a flat behavior, taking into account their statistical and systematic
uncertainties.

This result may be compared to the fig. 1 in ref. [24], reproduced here as
the fig. 48. It is fair to say that this is not an apple-to-apple comparison. The
theoretical prediction used different centrality interval (0–10%) and different pT of
charged hadrons (30 and 80 GeV). The anti-kt algorithm uses distance parameter
R = 0.3. Finally, this prediction uses rapidity y instead of pseudorapidity η,
but the difference is negligible at quoted pT. The prediction of RAA for lower
charged-hadron pT is almost flat in y with a value around 0.4. The figure 42
shows RAA value at 30 GeV also around 0.4, but for centrality interval 0–5%.
For the centrality interval 0–10%, the value would be a little bit higher. Flat
behavior is consistent with what is shown in fig. 47. The prediction for higher
charged-hadron pT shows a small decline and also higher magnitude at y ≈ 0
in contrast with the data. On the other hand, the data points are not strongly
constrained, thus the predicted behavior is not excluded, although less favorable
than in the lower-pT case.
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6 Conclusion

It’s still magic even if you know how it’s done.

Terry Pratchett, A Hat Full of Sky

The measurement of the charged-hadron spectra and nuclear modification fac-
tor RAA have been presented. These ATLAS results confirm previous measure-
ments done by ALICE and CMS. In addition, the ATLAS results have higher
pT reach and higher precision. This work uses 0.15 nb−1 of Pb+Pb collisions
at
√
sNN = 2.76 TeV recorded by ATLAS in 2010 and 2011, and 4.2 nb−1 of pp

collisions at
√
s = 2.76 TeV recorded in 2011 and 2013.

The nuclear modification factor RAA shows a characteristics shape with a
local maximum at ≈ 2 GeV and a local minimum at ≈ 7 GeV. At high pT above
≈ 60 GeV, RAA reaches a plateau with very weak pT-dependence. This behavior
is common for all studied centrality intervals. In the more central collisions
the shape is more pronounced, while in the peripheral collisions the shape is
more shallow. For the 0-5% most central collisions, RAA reaches a minimum of
0.14± 0.01(syst.) and plateau has the value of 0.55± 0.01(stat.)± 0.04(syst.).

The nuclear modification factor RAA as a function of |η| is flat in all studied
pT ranges within the statistical and systematic uncertainties. A similar behavior
was found for the jet RAA as well [11], although pT-dependence is very different.

This is just one contribution to the measurements of the suppression of the
charged-hadron production in the HI collisions, which have started many years
ago. Both pT- and η-dependence are important inputs to the theoretical calcula-
tions.

Author made a significant contribution to this analysis, which was approved
and published by the whole ATLAS collaboration [15]. He also significantly
contributed to the previous analysis of charged-hadron RCP [65]. The results
have been presented on several conferences, either by author himself [90, 91], or
by others [92, 93].
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A Track parameters

Any track can be described by five parameters: d0, z0, φ0, θ and q/p. It is
important to note that these parameters are computed with the respect to a
given point. When the point is changed, the parameters may change as well.

The meaning of the parameters is illustrated in fig. 49. The given point is
denoted as P . Red line represents the track in the detector. It is a part of a helix
with an axis parallel to z-axis. Black bold line is the XY projection of the track
while z-position is given by the z-coordinate of P . It is part of a circle.

Point A is so-called “point of the closest approach”. This is a little bit con-
fusing because it is closest to P only in XY plane (compare point A with A′).

The difference between P and A′ (A in XY projection) is d0. Difference
between P and A in z-direction is z0. Angle between x-axis and a tangent to the
track projection at A is φ0. Angle between z-axis and a tangent to the track is
θ. This angle is the same along the track. Thus, it does not matter at which
point the angle is measured. Parameter q/p can be obtained from ρ (radius of
the track projection) and magnetic field B while homogeneous field along z-axis
is considered:

q

p
=

1

ρB
, (A.1)

where q is charge of the particle and p is its momentum.
There are two usual ways how to select point P . If the vertex where the

particle was created is unknown, the nominal point of interaction is chosen. It
could be geometrical center of the detector but it could be shifted as well. If the
vertex is known, it is often chosen as P . Parameters d0 and z0 are then very
small and they can be used to distinguish between tracks originating from the
vertex and tracks originating from a different vertex, such as pile-up or secondary
vertices.

Product z0 sin θ is often used rather than simple z0. As seen on the fig. 50, it
is the shortest distance between point A′ and the track.

Transverse momentum pT is usually used instead of total momentum p. It
can be obtain from listed parameters as:

pT =

∣∣∣∣qp
∣∣∣∣−1

sin θ (A.2)

Pseudorapidity η is typically used instead of angle θ:

η = − ln [tan (θ/2)] (A.3)

The advantage of η is an invariance of difference of two pseudorapidities under
Lorenz boost. The relation between η and θ is depicted in fig. 51.
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Figure 49: Track parameters d0 and z0. Figure is based on [94].
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Figure 51: Relation between angle θ (inner scale) and pseudorapidity η (outer scale).
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