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ABSTRACT

Light pseudo-scalar neutral mesons have been studied in e+e−, hadron-hadron, hadron-nucleus
and nuclear collisions for decades. The results associated with neutral mesons provide information
that is as good as that which comes from charged pions or hadrons. However, they have the ad-
vantage that they are not affected by Coulomb forces as charged pions. Due to the fact that the
differential cross-section can be factorized into short distance (perturbative) and long distance
(non-perturbative) terms when sufficiently large momentum transfer occurs, the measurement of
neutral meson spectra provides a chance to test NLO or NNLO pQCD calculations or to constrain
parton distribution and fragmentation functions.

The existence of the Quark-Gluon Plasma (QGP) state was postulated in seventies of the last
century. The QGP is a highly dense and hot QCD medium in thermal equilibrium where quarks
and gluons are almost free. The strongly interacting QGP state has been discovered at RHIC ex-
periments in heavy-ion collisions and is also formed in nuclear collisions at the LHC. The QGP
properties can be probed with neutral mesons. Hard (high pT) partons are produced in hard scat-
terings at the early stage of a collision. Hard partons interact with the dense QGP medium, lose
energy, and emerge as quenched jets in the final state after hadronization. Modification of a jet
energy results also in reduction of the energy of leading hadrons and in particular neutral mesons.
This phenomenon, known as jet quenching, can be quantified via the nuclear modification factor
which shows a large suppression of hadron yields at high pT in the most central AA collisions
compared to pp collisions scaled by the number of nucleon-nucleon binary collisions. Thus, the
measurement of neutral meson spectra constrains mechanisms of parton energy loss in dense sys-
tems via studies of the nuclear modification factor.

The ALICE experiment has been designed to study the Quark-Gluon Plasma. However, not
only heavy-ion collisions but also pp and pA collisions can be studied there. The π0 and η mesons
are reconstructed in ALICE mainly via their photonic decays. Photons can be directly measured in
ALICE electromagnetic calorimeters, EMCal and PHOS or reconstructed from e+e− pairs which
come from photon conversion in the central barrel detectors’ material. Calibration of detectors in
which photons and electrons are identified plays a very important role. In this context, calibration of
two detectors, the Time Projection Chamber (TPC) and the Electromagnetic Calorimeter (EMCal),
of the ALICE detector is explained.

The overview of the world results for many hadron-hadron, nucleus-nucleus and hadron-nucleus
collisions collected in a very wide range of center-of-mass collision energy, from few GeV to few
TeV, is given in the paper. Thanks to the LHC accelerator which provided pp collisions in the en-
ergy range

√
s = 0.9 to 13 TeV, p-Pb collisions at

√
sNN = 5.02 and 8.16 TeV, as well as Pb-Pb

collisions at
√

sNN = 2.76 and 5.02 TeV, the ALICE experiment could extend neutral meson mea-
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surements to new energies unavailable before the LHC era. Inclusive π0 and η meson production
spectra have been measured in a wide pT range at mid-rapidity. The nuclear modification factor
shows the large suppression in the central Pb-Pb collisions. The existence of strongly interacting
QGP state of matter is confirmed. No suppression is observed in p-Pb collisions, which supports
the thesis that suppression is a final state effect. The measured η/π0 ratio shows universal be-
haviour among systems and energies. However, deviation from mT scaling in very low pT range is
indicated. The results from the ALICE experiment give new constraints on various models in both
perturbative and non-perturbative regimes.

Data collected by ALICE in pp collisions at
√

s = 13 TeV can provide very precise mea-
surement of neutral meson spectra and information about jet fragmentation. Future measurements
of neutral meson production spectra and isolated photon - jet correlations in pp collisions at√

s = 13 TeV are discussed.
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CHAPTER I

INTRODUCTION

Multiparticle production dynamics at high energies have been studied via an inclusive approach.
The inclusive differential cross-section was formulated for the first time in 1967 [1]. The process
of interest is the inclusive production of hadrons

h1h2→ hX (I.1)

where h1 and h2 are initial state colliding hadrons (or nuclei), h is the subject of studies and X
means any other produced particle in the final state. This has been studied in many experiments
since that time. It helped to constrain predictions from Quantum Chromodynamics (QCD) [2].
QCD is the theory of strong interactions with a running coupling constant αs. The strong coupling
constant depends on the momentum Q2 transferred in the interaction. The running constant shows
logarithmic dependence on Q2

αs(Q2)∼ 1
ln(Q2/Λ2)

(I.2)

where Λ defines the scale. A typical value of the scale is Λ≈ 200 MeV. For large values of Q2 (the
so called hard collision regime) one can use perturbative methods (the strong coupling constant
is much less than unity), while for small Q2 values (the so called soft collision regime, where the
strong coupling constant is of order of one) one can only use very complicated numerical methods
on lattice (for the first time used by Wilson in 1974 [3]).

The QCD potential between a quark and an anti-quark can be written as a function of a separa-
tion distance

V (r) =−α

r
+σr (I.3)

where α is a Coulomb-like term factor and σ is an "elastic" term factor. The larger a distance
r the stronger the attractive force. In a result quarks cannot be separated. This feature is called
confinement. For several decades of different system collisions studies we have found out that
colored quarks and gluons are bound inside hadrons. From the other hand quarks behave as free
particles on very short distances. It is known as the asymptotic freedom. It was postulated the
emergence of free colored particles in a dense state of matter [4, 5] at the time. These free colored
objects were expected to be quarks or gluons rather than hadrons. A dense state of matter has been
called the quark-gluon plasma (QGP) [6]. Such a state could arise in the fraction of the first second
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of the existence of the universe. Because the plasma state is a state of high energy density and high
temperature, one can get it by colliding heavy nuclei accelerated to high energies.

Both fixed target and collider experiments using ion beams have been carried out since the
early eighties. Starting from Bevelac at Lawrence Berkeley Laboratory (LBL), where different ion
species were accelerated, through experiments at the Alternating Gradient Synchrotron (AGS) at
the Brookhaven National Laboratory (BNL), the Super Proton Synchrotron (SPS) at CERN, the
Relativistic Heavy Ion Collider (RHIC) at BNL and the Large Hadron Collider (LHC) at CERN
researches have been conducted to find a new state of matter. The per nucleon pair energy in
the center-of-mass system,

√
sNN = 200 GeV and 5 TeV was achieved for RHIC and LHC in the

present experiments, respectively. The different heavy nuclei such as sulphur 32S, silicon 28Si, gold
197Au or lead 208Pb and many others were collided in the mentioned accelerators.

Lattice QCD predicts a phase transition from hadron gas to plasma of deconfined quarks and
gluons, which induces gluon radiation from the scattered parton and diminish production of high-
pT hadrons (known as a jet quenching) [7, 8]. A milestone for QGP searches was the discovery
of an extremely dense and hot state of matter, which was called the strongly interacting quark-
gluon plasma (sQGP). All four RHIC experiments (STAR [9], PHENIX [10], PHOBOS [11] and
BRAHMS [12]) have observed the unique state via reduction of hadron yields in central nuclear
collisions in comparison to binary proton-proton collisions (called suppression of hadron yields),
as predicted [13, 14].

The LHC experiments have opened the new energy regime. Besides binary proton-proton (pp)
collisions, proton-lead (p-Pb), lead-lead (Pb-Pb) and ksenon-ksenon (Xe-Xe) collisions have been
carried out. The center-of-mass collision energy spans the energy range between

√
s = 0.9 and

13 TeV for pp and reaches 8 and 5 TeV for p-Pb and Pb-Pb, respectively. Thus, it is ∼ 25 time
more than at RHIC. The similar state like found at RHIC has been observed in heavy-ion collisions
in the ALICE experiment, however hotter, the energy density is larger and suppression in plasma
is larger.

Neutral mesons and photons, which have been studied at the ALICE experiment, are inde-
pendent and complementary probes of the hot and cold QCD matter in comparison to charged
hadrons. The measurement of transverse momentum spectra of these neutral probes in binary colli-
sions helps to constrain QCD in both perturbative (NLO, NNLO calculations) and non-perturbative
(parton density functions or fragmentation functions) regimes.

Meson production in nuclear collisions allows studying several effects. Neutral hadrons are
subjected to quenching as charged hadrons. One can study collective effects, modification of nu-
cleon parton density function in nuclei, energy loss mechanisms and other effects accompanying
the dense matter. In particular, the difference in quark content of π0 and η mesons can lead to a
difference in suppression pattern. Moreover, a comparison of light neutral mesons with heavier
hadrons may provide input for comparisons of energy loss by different partons.

Neutral mesons are also the major background to other processes like direct photon production.
It is of particular importance because of photons which do not interact strongly and serve as a
thermometer of the dense matter. Additionally, the η/π0 cross-section ratio helps to test mT scaling
which is used to estimate not measured contributions to photon spectra coming from background
particle decays.

The experimental summary of neutral meson results coming from the ALICE collaboration is
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presented in this paper. Photons which are identified as clusters in two ALICE electromagnetic
calorimeters EMCal and PHOS or reconstructed from electron-positon pairs in the inner tracking
detectors ITS (Inner Tracking System) and TPC (Time Projection Chamber) are combined into
neutral mesons. The π0 and η meson spectra have been measured in proton-proton collisions at√

s = 0.9, 2.76, 5.02, 7 and 8 TeV and
√

s = 0.9, 2.76, 7 and 8 TeV, respectively. ALICE has also
measured neutral meson spectra in p-Pb collisions at

√
sNN = 5.02 TeV and in several centrality

classes in Pb-Pb collisions at
√

sNN = 2.76 and 5.02 TeV. The η/π0 cross-section ratio has been
shown for every collision system and energy where η meson spectrum was accessible. The nuclear
modification factor is presented for p-Pb and Pb-Pb collision systems. Results are compared to
various models and pQCD calculations.

Due to the fact that EMCal and TPC are extensively used in the analyses their calibration have
been also described.

Moreover, two potentially interesting measurements (like precise measurement of neutral me-
son spectra and direct photon correlated with jet analysis in pp collisions at

√
s = 13 TeV) which

are possible in ALICE are investigated.

I.1 Author’s contribution
The work presented in this manuscript is based on experimental data coming from the ALICE
experiment at the LHC. The ALICE experiment is a large collaboration of over thousand peo-
ple coming from different laboratories spread all over the world. The very high quality of the
experimental results is possible thanks to a technical, software and data analysis effort of many
collaborators. It is justified to express the role of the author in the complex process of releasing
results. The role can be quantified as follows:

- On the technical level, I have been ALICE responsible for the gain calibration of the Time
Projection Chamber with radioactive krypton gas [15, 16]. I implemented the software and
developed the gain calibration method of TPC. Both the calibration software and the method
belong to the official ALICE analysis framework. Since the TPC is the major tracking device
of the ALICE detector its calibration is crucial in order to obtain the optimal charged particle
identification (PID) via specific energy loss (dE/dx), very close to analytical curves. The
krypton calibration underlies all the analyses relying on identified particles in ALICE. The
method of krypton calibration is described in Sec. IV.14.

- The method of the krypton calibration used in ALICE, which differs from original NA49
method [17], was transferred back by me to NA49 collaboration and used there for opti-
mal particle identification. Later on, when I joined NA61/SHINE collaboration in 2015, the
method was successfully applied in NA61/SHINE collaboration, under my supervision1.

- On the technical level, I have been ALICE responsible for the time calibration of the Electro-
magnetic Calorimeter (EMCal) since 2015. I developed the method of the time calibration
which is a part of the official ALICE analysis software. The time calibration is one of the

1Work done together with N. Davis and A. Rybicki (INP PAN, Kraków).
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major calibrations of the EMCal detector. All the results concerning photons, electrons and
neutral mesons which use EMCal information need properly calibrated detector and in par-
ticular timing information. Section IV.15 is dedicated to this issue.

- On both technical and physics analysis level, I was involved in the EMCal super-modules
assembly and I was involved in the photon and neutral meson analyses in the EMCal. It
resulted in the EMCal cluster finder (called unfolding) which disentangle overlapped elec-
tromagnetic showers. The clusterizer became a part of the official ALICE analysis software.
The first results on neutral pion spectra with the unfolding clusterizer have been shown [18].
Besides neutral meson measurement in pp at

√
s = 7 TeV the clusterizer has been used in

many analyses as a cross-check in systematic studies. A description of the clusterizer can
be found in Sec. V.3. Perspectives for the neutral meson measurement at

√
s = 13 TeV are

shown in Sec. VI.1.

- I was also extensively involved in the analyses of neutral pion production, in particular, in pp
collisions at

√
s = 5 TeV with EMCal, where I am the main author [19]. This measurement

will serve as a baseline for the nuclear modification factor analysis in p-Pb and Pb-Pb colli-
sions, where systematic uncertainties are strongly reduced, when both spectra are measured
in the same experiment. Chapter V is devoted to neutral meson analyses in ALICE.

- Also on the experimental side I was involved in the photon-jet correlation studies, where ex-
pectations for ALICE Run II were shown [20]. Perspectives for the measurement are shown
in Sec. VI.2.

- Finally, as a member of the ALICE collaboration, I participated in experimental data taking
as a TPC and ECS (experiment control system) shifter as well as Shift Leader since 2007. I
became the Expert ECS shifter after the LHC long shutdown I (LS1) in 2015.

The various results on both calibrations and neutral mesons or photon-jet correlations have been
published or shown at international conferences.

I.2 Outline of the paper
The main goal of the paper is to overview neutral meson production and to show technical issues
standing behind the analyses. As one can see, neutral mesons can also be used to study properties
of the QGP.

This paper is organized in the following way. The basic introduction to the high energy hadron
physics and heavy ion physics is discussed in Chapter II. The experimental overview and remarks
coming from measurements are presented in Chapter III. The experimental apparatus together with
very important TPC and EMCal calibrations are described in Chapter IV. Chapter V is devoted to
neutral meson analyses together with the physics motivation in the ALICE experiment. A perspec-
tive of few interesting analyses where both the EMCal and the TPC are involved in, which haven’t
been possible in the ALICE experiment until the end of data taking in LHC run II are mentioned
in Chapter VI. The paper is concluded in Chapter VII.
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CHAPTER II

SELECTED TOPICS FROM HIGH ENERGY
AND NUCLEAR PHYSICS

The basic theoretical concepts and important experimental results related to the neutral meson
analysis of both pp and heavy ion collisions are discussed in this chapter. Section II.1 is devoted
to factorization in simple hadronic systems and more complicated nuclear collisions. The QCD
phase diagram and concept of the quark-gluon plasma is discussed in Sec. II.2. Then the current
understanding how the evolution of nuclear collision looks like is discussed in Sec. II.3. The quark-
gluon plasma searches and the discovery made at RHIC is described in Sec. II.4. Then, a very
important observable, nuclear modification factor is introduced in Sec. II.5. The parton distribution
function and fragmentation function are expounded in Sec. II.6. The last Section of the chapter is
dedicated to Monte Carlo generators.

II.1 Factorization
Both experimental and theoretical developments allow us to study and understanding inclusive
particle production of a broad range of collision energy up to large transverse momentum, pT. In
high energy proton-proton (pp) collisions large transverse momentum hadrons originate mainly
from fragmentation of quarks and gluons created in hard collisions. It is well described within the
perturbative quantum chromodynamics (pQCD) framework [21]. Due to the large four-momentum
transfer, Q2, which occurs in sufficiently high-pT regime, the cross-section may be factorized (see
e.i. collinear factorization [22]) into convolutions of short-distance and long-distance parts. The
short distance part describes the hard interaction of partons and depends explicitly on the large
scales related to the large four-momentum transfer, Q2. It can be evaluated via pQCD. There are
two main ingredients of long distance parts. The first one represents the inner structure of the initial
state hadrons. The kinematic distributions of quarks and gluons within the hadron are described by
parton distribution functions (PDFs). The second one represents the probability of fragmentation
of a final state quark or gluon into the observed particle of interest. Such probabilities are described
by fragmentation functions (FFs). The very important feature of the long distance parts is that they
are universal - the same in any inelastic reaction. However, they are nonperturbative and need to
be experimentally validated. The differential cross-section of single inclusive particle production
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in hadronic collisions can be written as follows:

E
d3σh

dp3 = ∑
a,b,c

fa/h1(x1,µ2
FI)× fb/h2(x2,µ2

FI)×Dh/c(zc,µ2
FF)×dσ̂ab→cX(x1,x2,µ2

R), (II.1)

where fi/h(x,µ2
FI) denotes the hadron h PDF of parton i carrying a fraction x of hadron’s longitudi-

nal momentum, and Dh/i(zi,µ2
FF) the FF of parton i into a hadron h carrying a fraction zi of the par-

ton’s momentum. The sum runs over all partonic sub-processes ab→ cX with dσ̂ab→cX(x1,x2,µ2)
the inclusive cross-section of partons a and b into c. µFI , µFF and µR are initial and final state
factorization and renormalization scales, respectively. Usually factorization and renormalization
scales are set to a value of transverse momentum: µFI = µFF = µR = pT. For systematic studies
scales are checked for a half and double of pT.

The description of soft part of interactions in collision, which populate mostly low-pT regime
of particle spectra is more demanding. There are complicated interactions between valence quarks,
gluons and see quark-antiquark pairs where no obvious large Q2-scale is present. The absence of
the large scale prevents the perturbative treatment. Besides the numerical lattice approach only
phenomenological models with certain assumptions about parton dynamics are able to mimic ob-
servations (for example Lund model [23]). One needs to say that before QCD times the Regge
theory [24] had commonly been used to describe data.

When collisions of two nuclei are considered similar factorization like in Eq. II.1 can be ap-
plied, but incidental hadrons need to be substituted by nuclei, so that fi/A(x,µ2

FI) is the PDF, which
tells us about the probability of finding parton i with a momentum fraction x = pparton/pnucleus
inside the nucleus with a mass number A. One can treat each interacting nucleus as a collection of
free partons since partons are effectively "frozen" during the hard scattering (characteristic time of
the parton-parton interaction is much smaller than any long-distance interaction). Thus, the parton
densities in a nucleus are expected to be a superposition of A independent nucleons N (protons or
neutrons) in the high-pT production limit:

fi/A(x,µ
2
FI) = A · fi/N(x,µ

2
FI). (II.2)

We can measure inclusive differential production cross-sections of a hadron in the experiment
and compare it to theoretical model predictions or Monte Carlo generators. Usually, it is given by
formula:

E
d3σ

dp3 =
1

2πpT

1
L

1
BR

1
ε

N(∆pT,∆y)
∆pT∆y

, (II.3)

where the luminosity L = Nevt
σ

is expressed in terms of the trigger cross-section σ and the number
of events Nevt, BR is the branching ratio of a hadron in a given decay channel, ε is the effective ef-
ficiency correction, N(∆pT,∆y) is a number of reconstructed mesons in given ∆pT and ∆y interval.

II.2 QCD phase diagram
There are two very important properties of QCD coming from hadron structure, the asymptotic
freedom and the quark confinement. The deconfined phase should also exist somewhere at very
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high temperature. The QCD phase diagram [25] on the baryon chemical potential (µB) and temper-
ature (T ) plane is shown in Fig. II-1. The baryon chemical potential tells about the energy needed to

FIGURE II-1: QCD phase diagram [25].

create yet another baryon. It is related to the baryon density and can be defined as µB = (nq−nq̄)/3,
where nq and nq̄ are the quark and antiquark number densities, respectively.

The most important remark is that the QCD phase diagram is not well known experimentally
and the picture is only schematic. The ordinary nuclear matter exists at low temperature and µB '
0.9 GeV. The vacuum is considered in a region where T = µB = 0. There are two regions of special
interest in the phase diagram. The first one is called hadronic gas, the other is QGP region. They
are separated by a line of the first order phase transition (as a function of temperature and finite
µB), which ends at the critical point with co-existence of both phases where second order phase
transition occurs, and the region of crossover phase transition (at low µB and high temperature).
The crossover transition is predicted by lattice QCD [26] at small or vanishing µB and temperature
around the critical temperature TC∼ 150−170 MeV. There is also another region at low T and large
µB of the astrophysical interest where colored superconductivity appears. However, boundaries on
the phase diagram are not established.

As mentioned before lattice QCD predicts a transition from the hadron gas to the plasma state.
The temperature scan around critical temperature shows a step in the energy density ε [27] like
shown in Fig. II-2. The energy density is related to the number of degrees of freedom (dof). There
are 3 dof for pure pion hadron gas and 37 dof for two flavor QGP. The difference is more than 10
times.

II.3 Heavy ion collision
To create quark gluon plasma one needs to collide heavy ions at large energies to obtain the en-
ergy density large enough. Although, experimentally it is relatively easy (techniques for receiving
electron-donated heavy ions and their acceleration are well known), the theoretical description is
not trivial. One needs to separate a heavy ion collision (HIC) into several stages [28]. The schematic
picture of a heavy ion collision is shown in Fig. II-3. There are two Lorentz contracted incoming
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FIGURE II-2: Energy density as a function of temperature for different number of degenerated
flavors scenarios. Arrows show the Stefan-Boltzmann limit for an ideal quark-gluon gas [27].

ions of size ∼ 1 fm [30] (due to wee partons caused by wee fluctuations). The next phase is a
pre-equilibrium state where hard scattering occurs. Next, there are soft collisions and dense matter
is created (potentially QGP when energy density is sufficient) which expands hydrodynamically.
The dense matter cools down and hadronize. The last step is hadron freeze-out. A space time dia-

FIGURE II-3: Simplified picture of the heavy ion collision [29].

gram for the time evolution of the colliding system with and without QGP formation is shown in
Fig. II-4. For collisions without QGP formation, QGP stage and mixed stage can be omitted. The
case when QGP is formed is described below. There are two highly relativistic heavy nuclei A and
B incoming, whose description need to be properly done. They were usually described by Glauber
Model [31] but recently Color Glass Condensate (CGC) [32] description is considered. Two nuclei
move along the light cone, until they collide in the centre at time t = 0. The energy density of
nuclear matter is ε ∼ 0.17 GeV/fm3. Up to time t < τ0 ∼ 1fm/c ∼ 3× 10−24 s one can identify
pre-equilibrium stage. During this stage partons scatter among each other. High pT particles are
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FIGURE II-4: Space time evolution of the collision for two scenarios when QGP is formed or not.

produced in hard processes at this phase. The system is not in equilibrium, but constituents want to
establish the local statistical equilibrium. The time τ0 after which the QGP is formed is then called
the thermalization time. This time should be less than 1 fm/c after the collision (look i.e. at [33])
and should be at least as long as the crossing time of colliding nuclei. The near thermalization
state forces the evolution of the created matter according to relativistic perfect fluid dynamics. In
the hydrodynamic expansion stage driven by large pressure gradients, the temperature exceeds
critical temperature TC. The energy density of such medium can be calculated according to the
Bjorken formula [28]:

ε =
1

τ0AT

dET

dy
, (II.4)

where dET/dy is rapidity transverse energy density, AT is a transverse overlap area of colliding
nuclei. The system expands, energy density is decreasing and the system cools down. At the end
of this stage (t ∼ 1− 10 fm/c) when critical temperature is reached and phase transition is sup-
ported system begins to convert into hadron gas and remains in the mixed phase. This is time
of hadronization stage. In this stage over very small temperature interval entropy density will
decrease very fast. The total entropy must be conserved, so system expands rapidly, but tempera-
ture remains more or less constant. Hadrons continue to collide elastically and inelastically among
themselves. Hadrons changes energy and momentum as well as alter abundances of species. The
chemical freeze-out occurs when inelastic collisions die out, so flavor composition is fixed. The
temperature related to the chemical freeze-out Tch can still be very high, equal or slightly lower
than TC. The local equilibrium can still be maintained via elastic collisions. When elastic scattering
stops kinetic freeze-out occurs. Hydrodynamic description is breaking down and one needs to use
relativistic kinetic theory framework. Hadrons decouple from the system after t ∼ 10− 15 fm/c
and then can be observed in surrounding detectors. The overview of the collision modelling and
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experimental results can be found in [25, 29, 34, 35, 36].

II.4 QGP at RHIC

The searches of quark-gluon plasma started in late ’70 in Bevalac at Berkeley with up to 2 GeV/A
of energy beam of different ion species was shot at the fixed target. Many other experiments were
carried out since that time. Some hints of QGP had been reported at SPS experiments [37]. The
discovery of a new state came at RHIC era and was a surprise. The QGP had expected to be an
ideal gas turned out to be almost ideal fluid and was called strongly interacting quark-gluon plasma
(sQGP) [38, 39]. The interaction strength could be understood in terms of Coulomb coupling
parameter Γ [40] which take values Γ < 1 for gaseous plasma and 1 < Γ < 10 for liquid plasma.

One of the effects which accompanied sQGP is jet quenching. The first jets, collimated sprays
of particles, were observed in the electron-positron (e+e−) collisions in 1975 [41]. Jet is created as
a result of fragmentation of high momentum color parton produced at the early stage of collision
(production time t ∼ 1/pT) in the hard interaction into colorless hadrons. It is a perfect tool to probe
a dense medium. The jet production rate is calculable in perturbative QCD. In a dense medium this
high momentum parton interacts with surrounding matter and loses energy.

When hadronization time comes the available energy is smaller than the initial energy of the
parton what results in lower energy jet or total disappearance of the jet. The first observation
of jet quenching was not with jets but with high-pT jet fragments. The effect was observed by
comparing the spectra of azimuth correlation of high-pT charged hadrons originating from pp
collisions with collisions of heavy nuclei (see Fig. II-5 [42]) or the comparison of central and
peripheral nuclear collisions (see Fig. II-6 [43]) at different intervals of the transverse momentum,
pT of the leading ‘trigger’ particles (ptrig

T ) and associated particles (passoc
T ). There are two maxima

at near side (∆ϕ = 0) and away side (∆ϕ = π) coming from hadrons inside jets for pp and d-Au
collisions. However, there is a lack of maximum at ∆ϕ = π for the central Au-Au collisions like
seen in Fig. II-5 or suppression of maximum when comparing central and semi-central Au-Au
collisions especially visible in the bottom row of Fig. II-6. The energy of the away side parton
in the central Au-Au collisions is not gone. It is dissipated in the medium thereby producing soft
particles. The away side peak reappears when all the particles are taken into account.

There are several mechanisms of energy loss in a dense medium. There is collisional energy
loss via elastic scatterings and radiative energy loss via inelastic soft gluon radiation. The first
one dominate at low momenta, the second one at high momenta. The energy loss ∆E per unit
path length L depends on properties of the medium (transport coefficient q̂, gluon rapidity den-
sity dNg/dy, temperature T ) as well as properties of parton (parton species, energy E). For col-
lisional energy loss mechanisms ∆E ∼ L, for radiative ∆E ∼ L2. Even stronger ∆E ∼ L3 depen-
dence [44] is suggested through virtual gluons emitted into the medium as described by Anti-de-
Sitter/Conformal-Field-Theory (AdS/CFT) correspondence. For recent reviews of jet quenching
see e.g. [45, 46, 47, 48, 49].
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FIGURE II-5: Two-particle azimuth distributions for (a) minimum bias (green triangles) and cen-
tral (red dots) d-Au collisions, and for pp (black line) collisions for the center-of-mass energy√

sNN = 200. (b) Comparison of two-particle azimuth distributions for central d-Au collisions
(blue stars) to those seen in pp and central Au-Au collisions for the same collision energy [42].

FIGURE II-6: Azimuth correlation of high pT charged hadrons for 8 < ptrig
T < 15 GeV/c, for d-Au,

20−40% Au-Au and 0−5% Au+Au events at the center-of-mass energy
√

sNN = 200 GeV (left
to right). passoc

T increases from top to bottom [43].
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II.5 Nuclear modification factor
To understand pp collisions is very crucial from the perspective of heavy ion collisions which are
very challenging. Simple binary collisions, like pp collisions, serve as a baseline for phenomena
occurring in HIC. To quantify effect in HIC nuclear modification factor is introduced,

RAA =
1

NAA
coll

d2NAA/dydpT

d2N pp/dydpT
, (II.5)

where the yield in rapidity and transverse momentum intervals for nuclear collisions is in the nom-
inator and scaled by number of binary collisions NAA

coll the yield in pp collisions in the denominator.
NAA

coll is mean number of nucleon-nucleon collisions occurring in a single nucleus-nucleus (AA) col-
lision and usually is obtained within the Glauber model [31]. Sometimes NAA

coll can be substituted
by

NAA
coll = TAA×σ

pp
INEL, (II.6)

where TAA is the nuclear overlap function and σ
pp
INEL is the total inelastic cross-section. The example

RAA distribution for π0 and η mesons as well as for direct photons at RHIC is shown in Fig. II-7.
The example RAA distribution for charged hadrons at LHC is shown in Fig. II-8.
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FIGURE II-7: Nuclear modification factor RAA
as a function of pT for π0 (triangles) and η (cir-
cles) mesons, and for direct photons (squares)
produced in central Au-Au collisions at the
center-of-mass energy

√
sNN = 200 GeV. Solid

yellow line represents jet quenching calcula-
tions for leading pions in medium with ini-
tial gluon density dNg/dy = 1100. Dash-dotted
lines denotes NLO pQCD calculation for direct
photon RAA. The color bands at unity are nor-
malization uncertainties [50].
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Nuclear modification factor illustrates the medium effect (initial state effects like Cronin or
nuclear shadowing and final state effects: collisional and radiative energy loss). However, one
needs to remember that there are two regimes in pT. There is a soft processes’ region (below
pT ' 2) where particle production scales with number of participants (Npart) and hard processes’
region (above pT ' 2) where particle production scales with number of binary collisions (Ncoll).
RAA = 1 means no nuclear effects (like for direct photons which interact electromagnetically shown
in Fig. II-7 or for p-Pb collisions in Fig. II-8, where no modification is expected). RAA < 1 shows
nuclear medium effect (the example of jet quenching in dense nuclear matter is shown in Fig. II-7
or in Fig. II-8 for central Au-Au collisions or for central Pb-Pb collisions, respectively). Finally,
RAA > 1 means enhancement. Cronin effect plays a role here (for d-Au collisions at RHIC or at
SPS energies). Cronin effect is most probably caused by multiple low-momentum parton scattering
on target nucleons in the initial phase before hard scattering.

Similarly to RAA, the central to peripheral collisions appropriately scaled nuclear modification
factor RCP is defined:

RCP =
NP

coll

NC
coll

d2NC/dydpT

d2NP/dydpT
, (II.7)

here C(P) stands for central (peripheral) heavy ion collisions and NC,P
coll are corresponding scaling

factors. RCP is useful when no reference spectrum is available and we don’t want to relay on
extrapolations. Some systematic uncertainties are cancelled out and also effects like Cronin are
minimized.

II.6 Parton distribution and fragmentation functions
After the factorization of the differential cross-section according to Eq. II.1 one needs to determine
non-perturbative terms:

- Parton distribution functions, fi/h(x,µ2
FI),

- Fragmentation functions, Dh/i(zi,µ2
FF).

PDFs comprise the probability of finding parton of flavor i and longitudinal momentum fraction
x = pparton

L /phadron
L (the Bjorken x variable) inside a hadron h. µFI is the initial state factorization

scale. It is very important to know the inner structure of proton because it is of interest of many
ongoing and future experiments. Protons are commonly used for experiments at the LHC. The
uncertainties on PDF plays an important role in Higgs boson couplings, beyond standard model
analyses or particle production spectra.

The dependence of the PDFs on Bjorken x is driven by non-perturbative dynamics and can-
not be calculated perturbatively. The µ2

FI dependence can be computed in pQCD up to any given
order and is governed by the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) evolution equa-
tions [52, 53, 54, 55] in the generic form:

µ2
FI

∂

∂µ2
FI

fi/h(x,µ
2
FI) = ∑

j
Pi j(x,αs(µ2

FI))⊗ f j/h(x,µ
2
FI), (II.8)
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where Pi j(x,αs(µ2
FI)) are the Altarelli-Parisi splitting functions (they have an interpretation as

probabilities of splitting parton i to parton j) which can be computed within pQCD and ⊗ symbol
denotes convolution. In order to illustrate the impact of the DGLAP evolution on the PDFs com-
parison of the MSTW PDFs [56] at a low scale of µ2

FI = Q2 = 10 GeV2 with the PDFs evolved to
a typical LHC scale of Q2 = 104 GeV2 is shown in left or right hand side of Fig. II-9, respectively.
PDFs are shown together with one standard deviation uncertainty band in this plot. The effect of
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FIGURE II-9: MSTW 2008 NLO PDFs at Q2 = 10 GeV2 (left) and Q2 = 104 GeV2 (right) [56].

the evolution is dramatic - a very steep rise of gluons and see quarks. Also, a new "b-channel" is
opened at the LHC energy. One can see a characteristic bump of u and d quarks at x≈ 1/3 due to
valence composition of proton. The relative amount of valence quarks is limited by proton valence
quark content (uud) as a consequence of the valence quark sum rules:∫ 1

0
dx[ fu(x)− fū(x)] = 2,∫ 1

0
dx[ fd(x)− fd̄(x)] = 1, (II.9)∫ 1

0
dx[ fs(x)− fs̄(x)] =

∫ 1

0
dx[ fc(x)− fc̄(x)] = 0.

The other constraints like energy-momentum conservation (total momentum of proton must be
equal to the sum of momenta of its constituents):

∑
i=q,q̄,g

∫ 1

0
dx x fi(x) = 1, (II.10)
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and number of quark flavors must be satisfied for the PDF that have the assumed parameterization
which can be written in a general form:

x f (x,µ2
FI,0) = A f xa f (1− x)b f I f (x), (II.11)

where A f , a f , b f are parameters and I f (x) - interpolation function takes a complicated functional
form at initial low scale µ2

FI,0. The major problem with PDFs is that cannot be calculated, but
they can be parameterized using experimental data at some scale as an input and evaluated to high
energy via DGLAP equations.

To determine proton PDFs several clear processes types are used like Deep Inelastic Scattering
(DIS) (eg.: e−p→ e−X), Drell-Yan lepton pair production (DY) (eg.: pp→ µ+µ−X) or others. For
DIS or DY the characteristic scale can be associated to virtuality of the exchanged gauge boson.
Many processes from fixed target experiments and collider experiments at HERA, Tevatron and
LHC have been used to determine PDFs. A number of collaborations provide regular updates on
their PDF sets. One can bring here:

- CTEQ [57] (CT14),
- MMHT [58] (MMHT14, the successor of MSTW08 [56]),
- NNPDF [59] (NNPDF3.0),
- ABMP [60] (ABMP16),
- CJ (CTEQ-Jefferson Lab) [61] (CJ15),
- HERAPDF [62] (HERAPDF2.0),

and others. The differences between groups are coming from values of cut-offs, different data-sets
taken into the fits, parameterizations and others. Mostly the recent PDF sets go to NNLO in the
strong coupling. The recent PDF review can be found in [63].

There are also a variety of heavy-ion experiments where not single free proton PDFs are needed
but bounded within a nucleus with a mass number A and an atomic number Z. There are additional
effects which need to be taken into account considering nucleus like shadowing, anti-shadowing,
Fermi-motion or EMC-effect [64]. There are several assumptions underlying the nuclear PDFs.
The bound proton PDFs have the same sum rules and evolution equations as the free proton PDFs,
and any contribution from x > 1 region is neglected (the other nucleons can impact bounded proton
causing this effect). In addition, the isospin symmetry is assumed to connect neutrons (n) and
protons (p) in nucleus ( f n/A

u (x) = f p/A
d (x) and f n/A

d (x) = f p/A
u (x)). Having these assumptions one

can build nucleus PDFs as:

f (A,Z)i (x,µ2
FI) =

Z
A

f p/A
i (x,µ2

FI)+
A−Z

A
f n/A
i (x,µ2

FI). (II.12)

Contrary to free proton PDFs there is much fewer data to be taken into the nPDFs constraints
spanning the x and Q2 space. However, in this area several groups show their results:

- nCTEQ15 [65],
- EPS09 [66],
- EPPS16 [67],
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- HKN [68],
- DSSZ [69],
- KT16 [70].

All the mentioned nPDFs are NLO and even KT16 is NNLO. The nCTEQ15, EPS09 and EPPS16
use the most recent proton baseline PDFs (CTEQ6.1-like, CTEQ6.1 and CT14NLO, respectively)
and data from RHIC π0 measurements. In addition, the EPPS16 uses the recent LHC data. Nuclear
PDFs suffer from limited amount of data what is reflected in particular in constraints on gluon and
strange parton density functions.

Fragmentation function Dh/i(zi,µ2
FF), describes the probability that the outgoing parton i

fragments into the observed hadron h with fractional momentum zi = phadron/pparton i and µFF is
a fragmentation scale. The FF dependence on the scale is driven, similarly to PDFs, by DGLAP
time-like scale evolution equations (with positive four-momentum transfer) which are known to
NLO accuracy [71, 72, 73, 74]. The functional form of FFs is analogous to PDF in Eq. II.11.
Also the momentum sum rule is imposed. Moreover, having constrained, for example charged
pion fragmentation function Di/π+(x,µ2

FF,0) at some initial scale µ2
FF,0 additional conditions must

be imposed, like for example isospin symmetry for unflavored FFs of light see quarks (Dū/π+ =
Dd/π+).

To determine pion FFs, again, some clear process must be taken from available pool of re-
sults, like single-inclusive hadron production in e−e+ annihilation (SIA) and pp collisions or
semi-inclusive deep-inelastic lepton-nucleon scattering (SIDIS). There are several groups which
are calculating FFs. The most commonly used sets of parton-to-charged-hadron parameterizations
with the NLO accuracy:

- Kretzer [75],
- KKP [76],
- BFGW [77],
- HKNS [78],
- AKK05 [79],
- DSS [80, 81],
- AKK08 [82].

The comparison between them can be found in [83]. Different groups use different parameteriza-
tion and differing data sets. The result of any calculation overshoots the data in general by a factor
of 1− 2. A major problem could come from the gluon fragmentation function which is not well
determined from e+e− experiments (enters at NLO only). The change of the gluon fragmentation
function may affect the slope of the pT distributions. The most recent parton-to-pion FF [84] uses
as an input ALICE measurement on the inclusive π0 mesons and results from BELLE and BABAR
which makes the agreement between data and pQCD calculations much better. Usually, the anal-
yses of FFs comprise pions, kaons, protons and lambdas as final state hadrons. Based on η meson
production in SIA at various collision energies and in pp collisions at RHIC the AESSS FF [85]
has been calculated.
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II.7 Monte Carlo generators
Monte Carlo event generator is a tool used in experimental physics to simulate events with features
of signal and background processes. Usually an event generator is a complex routine which com-
bines the known or calculable phenomena and sometimes unconfirmed models which we believe
to work or to have the best description of data in the range which is non-perturbative. Because an
event generator is a computer program it should be structural. Therefore, we can "factorize" it into
components like:

- Hard process,
- Parton shower,
- Hadronization,
- Multiparticle interactions,
- Decay of unstable hadrons.

A typical hadron collider event is shown in Fig. II-10. There are two incidental hadrons (grey

FIGURE II-10: Sketch of the simulation of a typical hadron collider event. Figure taken from [86].

ellipses) from which one parton interact in a hard scattering event (red blob). Then parton showers
evolve (blue and green springs). It is the interconnection between the hard scale Q (where pQCD
works) and a small scale Q0 ∼ 1 GeV (where pQCD starts to break down). During this stage
all the colored particles emit mostly collinear and soft gluons. Partonic degrees of freedom are
converted into hadrons (yellow circles) via hadronization model. The hadronization stage (white
blobs) goes through cluster hadronization in this case. Due to the fact that many hadrons formed in
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the hadronization stage are not stable they decay. Last but not least, there may be additional hard
process called multiple partonic interactions (MPI, not illustrated in the sketch).

All the steps are here briefly discussed. The more detailed summary can be found in [86, 87,
88]. The simulation of hard processes in the leading order is straightforward in generators like
PYTHIA [89, 90], HERWIG(++) [91, 92] or SHERPA [93, 94]. Basically each event generator
works in the tree level. Some generators developed methods to incorporate next-to-leading order
corrections, which are merged with parton showers. There are several methods of showering used
in different generators. The transverse momentum ordered parton showers interleaved with MPI
are used in PYTHIA. Angular ordered parton showers are used in HERWIG++, while SHERPA
uses Catani-Seymour dipole factorization formalism. There are much more showering methods
used in MC generators. Finally, one needs to use hadronization to get colorless hadrons. There are
two main models of hadronization. The Lund string fragmentation model [95] is used in PYTHIA,
while Cluster model [96] is used in SHERPA and HERWIG.

The LUND model assumes the potential energy of color sources like e.i. a quark and an anti-
quark (the endpoints of string spanned among them) which are separated by a large distance. The
energy increases linearly with the separation distance. When a distance is much larger than∼ 1 fm
the string breaks down and a new pair of quark and antiquark is created. In that picture a kink in a
string is associated to a gluon.

A cluster hadronization model is based on preconfinement of parton showers. The clusters
which are parton combinations, namely gluons, are treated as excited prehadronic states. They
split into quark-antiquark pairs (or diquark-antidiquark pairs). Clusters are formed from color-
connected pairs. In most cases clusters decay sequentially quasi two body in the phase space.

At the end of generation chain stands the treatment of hadronic decays. They play an impor-
tant role because the output of hadronization are not always stable and detectable particles, but
excited resonance states which decay down to stable particles. There are sophisticated models with
proper treatment of matrix elements for decays modes, spin correlations or radiative returns which
describe decays.

The recent searches indicate the importance of MPI. They are much softer than major hard pro-
cess, but are still hard processes, and can be interleaved with parton showers, etc coming from ma-
jor hard scattering. These processes also produce additional particles in the available phase space
in the final state. There are different applications of MPI in different generators. As an example a
mechanism in HERWIG++ is based on color reconnection model [97] (a similar mechanism had
been included to PYTHIA). The color reconnection means that partons can be color-connected
when they are close in phase space and they can emerge from different partonic interactions. The
measure of distance is done via the partons invariant mass in such a way that a distance is small
when the invariant mass of partons cluster is small.

On top of that MC generators provide sets of (nuclear) parton density functions and fragmen-
tation functions we can change and tune.

There are much more generators which are stand-alone projects (like heavy ion collision gener-
ator EPOS [98, 99] which is based on Gribov-Regge theory) or base on already written components
(e.i. base on PYTHIA showering) and change only few parts of them (like multi purpose gener-
ator HIJING [100] which do heavy ion collision generation with mini-jet production or nuclear
shadowing).
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CHAPTER III

INTRODUCTION TO NEUTRAL MESONS

The π mesons were proposed in the 1935 by Hideki Yukawa as exchange particles carrying the
strong nuclear force [101]. The charged pions were discovered in 1947 by C. F. Powell et al. in
the photographic emulsion based cosmic experiment [102]. Neutral pions are electrically neutral
and do not leave any track. They existence was first deduced from its decay products. The final
confirmation came from cyclotron results [103] in 1950 where π0 meson was identified via double
photonic decay.

Charged and neutral pions have nearly identical masses. The charged and neutral pion mass
is 139.57061± 0.00024 MeV/c2 [104] and 134.9770± 0.0005 MeV/c2 [104]1, respectively. The
mass difference is therefore mπ± −mπ0 = 4.5936± 0.0005 MeV/c2 [104]. Almost the same mass
imply that a symmetry is involved. Pions are assigned to the triplet representation (or adjoint rep-
resentation 3) of SU(2) flavor symmetry (or isospin I symmetry) Lie group.

The η meson was discovered in 1961 in the π+π−π0 decay mode [105] at the Bevatron ac-
celerator [106] in Lawrence Berkeley National Laboratory in US. Currently, the η meson mass is
known to be 547.862±0.017 MeV/c2 [104].

When more and more particles were discovered Gell-Mann presented The Eightfold Way [107,
108] in 1961 to classify hadrons and, among the others, predicted existence of missing η′ res-
onance. Gell-Mann [109], independently to Zweig [110, 111] presented the quark model later
on in 1964. The model considered only three types of fundamental objects (currently known as
u, d and s quarks) and their anti-partners. According to Gell-Mann composite particles like pi-
ons, etas and kaons are arranged in the pseudo-scalar mesons nonet in the electric charge Q and
strangeness S space, like shown in Fig. III-1. The pseudo-scalar meson means that they have total
spin J = 0 and odd P-parity. In addition, π0 and η mesons have even C-parity. Usually, it is noted
as JPC = 0−+ [104]. They both have no strangeness, neither charm nor bottomness, S =C = B = 0.
Very important is quark content of these two neutral mesons. The π0 meson is a combination of
quark and antiquark states:

π
0 =

1√
2
(uū−dd̄). (III.1)

The η meson quark content is a linear combination of η1 and η8 SU(3) states of strong forces. The

1Currently the π0 meson mass is calculated from the charged pion mass and the mass difference between charged
and neutral pion.
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FIGURE III-1: The pseudo-scalar mesons nonet.

η1 is a singlet state and η8 is a part of an octet state of SU(3) symmetry. They quark content state
can be written as:

η1 =
1√
3
(uū+dd̄ + ss̄) (III.2)

and
η8 =

1√
6
(uū+dd̄−2ss̄). (III.3)

One needs to notice that π0, η1 and η8 are mutually orthogonal linear combinations of the quark
pairs uū, dd̄ and ss̄. Due to the electroweak mixing one gets:(

η

η′

)
=

(
cosθP −sinθP
sinθP cosθP

)(
η8
η1

)
, (III.4)

where θP = −11.5◦ is a pseudo-scalar singlet-octet mixing angle [104], and η or η′ are real ob-
served particles.

The π0 and η mesons are well known particles. They have been observed in plenty of ex-
periments and their decay modes have been studied. After the short introduction we are going to
concentrate on the production spectra of π0 and η mesons and their ratios in the remaining part of
this chapter. Some aspects of neutral meson studies like so called "seagull" effect, Bubble Chamber
measurements which were based on photons (but not reconstructed invariant mass of two photons)
or the single spin asymmetries results coming from polarized beams will be not discussed.

The first transverse momentum spectra measurements of π0 and η mesons together with fur-
ther measurements are mentioned and tabularized in Sec. III.1. The important conclusions coming
from the results of extensively studied neutral mesons are discussed in Sec. III.2. The spectra
were mostly used to constrain parton distribution functions of many incidental projectiles as well
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as to constrain neutral pion and η meson fragmentation functions. The common parameteriza-
tion of spectra for the broad range of energy has been investigated among decades. In particular,
η/π0 cross-section ratio and commonly used mT scaling are discussed in Sec. III.3 in this con-
text. Section III.4 presents the view on the neutral meson production in hadronic collisions from
the perspective of theoretical rather than empirical description. The results concerning neutral me-
son which have been studied in both cold and hot nuclear matter formed in nuclear collisions are
summarized in Sec. III.5.

III.1 Previous measurements

The transverse momentum spectra of neutral mesons, like π0 or η, have been measured in the
variety of experiments. The first results for the intermediate meson transverse momentum range
coming from the accelerator experiment were carried out at the Intersecting Storage Ring (ISR) at
CERN in 70’s. The ISR provided pp collisions at five center-of-mass collision energies

√
s = 23.5,

30.6, 44.8, 52.7 and 62.4 GeV. The invariant cross-section (E d3σ

dp3 ) spectra of the π0 meson have
been measured in the central region (polar angle θ = 90◦) in a wide transverse momentum range
2.5 < pT < 9 GeV/c [112, 113, 114]. The π0 meson was reconstructed in double photonic channel.
Results were first confirmed by experiments which measured photons and assumed that every
photon is coming from π0 decay. We can recall here the experiment [115] at the energies available
at the ISR and fix target experiments [116, 117, 118] at Fermi National Accelerator Laboratory
(FNAL) in US. Later, the confirmation of results with π0 reconstructed in double photonic decay
mode came with the other ISR experiment [119]. The π0 production spectra have been measured
in pp collisions at the center-of-mass energies

√
s = 23.6, 30.8, 45.1, 53.2 and 62.9 GeV at angles

θ = 90◦ and θ = 53◦ in a range covering 0.5 < pT < 8 GeV/c.
The η meson production spectra have also been measured by [113, 114] in pp collisions at

√
s=

30.6, 44.8, 52.7 and 62.4 GeV in the range 3 < pT < 5.6 GeV/c 2. The η meson was reconstructed
from two photons with BR(η→ γγ) = 0.38, which is slightly lower than currently known [104].
The ratio of production cross-section η/π0 was found to be 0.55±0.10 above pT = 3 GeV/c. This
result has been confirmed by the other ISR experiment [119] where η production spectrum coming
from pp collisions at

√
s = 53.2 GeV has been measured in the range 3 < pT < 4.5 GeV/c and η

to π0 cross-section ratio was about 0.5.
Further, π0 or η meson production cross-section spectra as well as the ratio of cross-sections

η/π0 have been measured in various systems (pp, π±p, K±p, pp̄) for many polar angle θ (or
pseudo-rapidity η =−ln [tan(θ/2)]) ranges in many experiments at ANL (bubble chamber exper-
iments) [120, 121, 122, 123], ISR [124, 125, 126, 127, 128, 129, 130, 131, 132, 133, 134, 135,
136, 137, 138, 139, 140, 141, 142], experiments of Carey [143, 144], M2 [145, 146, 147, 148,
149, 150, 151, 152, 153], bubble chamber experiment [154], E704 [155], E706 [156, 157, 158,
159, 160] at FNAL, bubble chamber experiments [161, 162, 163, 164, 165, 166, 167, 168] at
CERN, NA24 [169], UA2 [170, 171], ACCMOR [172], WA69 [173, 174], WA70 [175, 176, 177]
and UA6 collaboration [178, 179], NA27 [180, 181] at SPS, CDF [182] collaboration at Tevatron,

2Only production spectrum for the collision energy
√

s = 52.7 is shown in both papers [113, 114].
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PHENIX [50, 183, 184, 185, 186, 187, 188, 189] and STAR [190, 191, 192, 193, 194] collabora-
tion at RHIC. The collection of experiments with the published π0 meson production cross-section
is shown in Table III-1, where the collision system, the approximate pT range and the center-of-
mass collision energy

√
s 3 (plab in case of a fix target experiment) are indicated. The collection of

experiments with the published η meson production cross-section or the η/π0 cross-section ratio is
shown in Table III-2, where the collision system, the approximate pT range and the center-of-mass
collision energy

√
s (plab in case of a fix target experiment) and the cross-section ratio η/π0 are

indicated.
Although the inclusive production spectra of pions in proton-deuteron collisions were studied

in FNAL [195] they had measured charged pion spectra first. The neutral pion spectra in pd as well
as in deuteron-deuteron collisions were measured at ISR [196] for the first time. The pT range of
π0 meson production spectra measured in pd collisions at

√
sNN = 37.2 and 44.1 GeV and in dd

collisions at
√

sNN = 26.3 and 31.6 GeV is 2.3 < pT < 4.5 GeV/c.
The other hadron-nuclei collision experiments were carried out at FNAL [197, 198, 199, 200,

159], KEK [201], by Karabarbounis [202], and in BCMOR [137] at ISR, in NA3 [203], in HE-
LIOS [204], in TAPS/CERES [205], in WA80 [206, 207, 208], WA98 [209] at SPS, in PINOT [210]
at SATURNE in Saclay, in PHENIX [211, 50, 185] at RHIC, in HADES [212] at GSI. The col-
lection of experiments with the published π0 or η meson production cross-section or the η/π0

cross-section ratio in hadron-nucleus collisions is shown in Table III-3 or Table III-4, respectively.
Nuclei-nuclei collisions have been studied by Karabarbounis [202] at ISR, WA80 [206, 207, 208,
213, 214, 215], WA98 [216, 217, 218, 219] at SPS, TAPS [220, 221, 222, 223, 224, 225] at SIS
in GSI and at RHIC in PHENIX [50, 226, 227, 228, 229, 230, 231, 232, 233, 234, 235, 236, 237,
238, 239] and STAR [240, 241]. The collection of experiments with the published π0 or η meson
production cross-section or the η/π0 cross-section ratio in nuclear collisions is shown in Table III-
5 or Table III-6, respectively. Results from other experiments after the first ALICE neutral meson
publication are given for completeness.

3The center-of-mass energy is calculated according to the formula
√

s = ECMS =
√

m2
1 +m2

2 +2plabm2, where m1

is a beam particle mass and m2 is a fix target particle mass.



III.1. Previous measurements 23
Experiment (Author/Year) System

√
s (GeV) plab (Gev/c) pT range Ref.

ISR (Büsser 73, 74, 75) pp 23.5, 30.6, 44.8 2.5−9 [112, 113, 114]
ISR (Büsser 73, 74, 75) pp 52.7, 62.4 2.5−9 [112, 113, 114]
ANL (Campbell 73) pp 5. 12.4 0−0.6 [120]
ANL (Swanson 74) pp 5. 12.4 0−0.6 [121]
ANL (Jaeger 75) pp 5. 12.4 0−0.6 [122]
ISR (Eggert 75) pp 23.6, 30.8, 45.1 1.5−8 [119]
ISR (Eggert 75) pp 53.2, 62.9 1.5−8 [119]
FNAL (Carey 76) pp 9.7−27.5 50−400 0.3−4 [144]
FNAL M2 (Donaldson 76) π±p, pp 13.8, 19.4 100, 200 1−5 [145]
ISR (Darriulat 76) pp 45, 53 1.6−3.8 [124, 125]
ISR (Clark 78) pp 53, 63 5.25−16.5 [126]
ISR (Angelis 78) pp 30.7, 53.1, 62.4 3.5−14 [127]
ISR (Clark 78) pp 52.7 2.69−5.09 [196]
ISR (Amaldi 79) pp 53.2 2.1−5.1 [128]
ISR (Kourkoumelis 79) pp 30.6, 52.7, 62.4 3−6 [130]
ISR (Kourkoumelis 79) pp 52.7, 62.4 7−15 [131]
ISR (Kourkoumelis 80) pp 30.6, 44.8, 52.7, 62.8 3−16 [133]
ISR (Lloyd Owen 80) pp 23, 53 1−4.25 [134]
PS (Ajinenko 80) K+p 7.8 32 0−1 [163]
SPS (Poiret 81) p̄p 7.9 32 0−0.75 [164]
ISR (Anassontzis 82) pp 63 3−12 [135]
ISR (Angelis 82) pp̄, pp 52.7 1.25−5 [136]
UA2 (Banner 82) pp̄ 540 1.5−4.5 [170]
ISR AFS (Akesson 83) pp 63 1−4 [138]
BCGMNS (Barth 84) K+p 11.5 70 0−1.34 [165]
ISR AFS (Akesson 85) pp̄, pp 53 2−6 [139]
UA2 (Banner 85) pp̄ 540 6.25−40 [171]
ACCMOR (Pauss 85) π−p, K−p 10.5 58 0−0.8 [172]
ISR (Angelis 86) pp̄, pp 52.7 1.25−10 [142]
BCMOR (Angelis 87) pp 31 3−9 [137]
NA24 (87) π±p, pp 23.8 300 1.25−7 [169]
UA6 (87) pp̄, pp 24.3 2.5−5.1 [178]
WA70 (87) π±p 23 280 4−7 [175]
FNAL M2 (Kennett 87) π−p 13.8−19.4 100−200 0−2.24 [153]
NA22 (87) π+p, K+p, pp 21.7 250 0−1.6 [168]
NA27 (87) π−p 26 360 0−4 [180]
WA70 (88) pp 23 280 4−6.5 [176]
ISR AFS (Akesson 90) pp 63 4.5−11 [141]
NA27 (91) pp 27.5 400 0.2−1.6 [181]
WA69 (91) πp, Kp 12.3−16.2 80−140 0−2.4 [173]
E704 (94) pp̄, pp 19.4 200 1−4.5 [155]
UA6 (98) pp̄, pp 24.3 4.1−7.7 [179]
E706 (03) pp 31.6 530 1−9 [159]
E706 (03) pp 38.8 800 1−12 [159]
PHENIX (03, 06, 07) pp 200 1−20 [183, 185, 184]
E706 (04) π−p 31.1 515 1−10 [160]
STAR (04) pp 200 1.5−2.2 [190]
PHENIX (09) pp 62.4 1−7 [186]
STAR (09,10) pp 200 1−17 [241, 192]
STAR (14) pp 200 5−16 [194]
PHENIX (16) pp 510 1−30 [189]

TABLE III-1: Hadron-hadron collisions with a published π0 production cross-section. For each
experiment the collision system, the center-of-mass energy

√
s (plab in case of fixed-target energy),

the pT range is quoted. The publications below the line came after the first ALICE neutral meson
publication.
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Experiment (Author/Year) System
√

s (GeV) plab (Gev/c) pT range η/π0 ratio Ref.
ISR (Büsser 75, 76) pp 52.7 3−5 0.55±0.10 [113, 114]
ISR (Eggert 75) pp 53.2 3−4.5 ∼ 0.5 [119]
PS (Borg 76) K+p 5.3 14.3 0−1.4 0.18±0.07 [161]
PS (Bartke 77) π+p 5.6 16 0−1.4 − [162]
FNAL M2 (Donaldson 78) π±p, pp 13.8, 19.4, 23.8 100, 200, 300 1.6−4 0.44±0.05 [146]
FNAL M2 (Donaldson 78) K±p 13.8, 19.4, 23.8 100, 200, 300 1.6−4 0.74±0.12 [146]
FNAL (Kass 79) pp 27.5 400 low-pT < 0.05 [154]
ISR (Amaldi 79) pp 30.6 0.9−3 − [129]
ISR (Amaldi 79) pp 53.2 3−5 0.5±0.07 [129]
ISR (Kourkoumelis 79) pp 31, 53, 62 3−11 0.55±0.07 [132]
ANL (Levman 80) p̄p < 1.8 < 0.7 low-pT < 0.11 [123]
ISR AFS (Akesson 83) pp 63 2−4 0.46±0.07 [138]
EHS-RCBC (Bailly 84) pp 26 360 0−2 ∼ 0.22 [166]
BEBC (Chakrabarti 85) pp̄ 4.9 12 < 1 0.25±0.15 [167]
ISR AFS (Akesson 85) pp̄, pp 53 2−6 0.55±0.04 [139]
UA2 (Banner 85) pp̄ 540 3−6 0.60±0.04±0.15 [171]
ISR AFS (Akesson 86) pp 63 0.2−1.5 0.07±0.055 [140]
UA6 (Antille 87) pp̄ 24.3 2.5−4 0.458±0.046 [178]
UA6 (Antille 87) pp 24.3 2.5−4 0.482±0.040 [178]
NA27 (87) π−p 26 360 0−4 0.34±0.06 [180]
WA70 (89) pp 23 28 0 4−7 0.45±0.02±0.04 [177]
WA70 (89) π+p 23 280 4−7 0.44±0.03±0.04 [177]
WA70 (89) π−p 23 280 4−7 0.48±0.02±0.04 [177]
NA27 (91) pp 27.5 400 0.2−1.6 - [181]
WA69 (92) πp, Kp 12.3−16.2 80−140 0−1.8 0.1−0.45 [174]
CDF (93) p̄p 1800 12.0 1.05±0.15±0.23 [182]
UA6 (98) p̄p 24.3 4.1−7.7 0.52±0.02 [179]
UA6 (98) pp 24.3 4.1−7.7 0.48±0.02 [179]
E706 (03) pp 31.6 530 3−8 0.41±0.03 [159]
E706 (03) pp 38.8 800 3−10 0.44±0.03 [159]
E706 (04) π−p 31.1 515 3−8 0.41±0.05 [160]
PHENIX (06) pp 200 2−12 0.48±0.03 [50, 185]
PHENIX (10) pp 200 2−20 0.51±0.01 [187]
STAR (10) pp 200 1−14 0.46±0.05 [192]
PHENIX (14) p↑p 200 0.5−5 − [188]

TABLE III-2: Hadron-hadron collisions with a published η production cross-section or an η/π0

ratio. For each experiment the collision system, the center-of-mass energy
√

s (plab in case of fixed-
target energy), the pT range, the η/π0 ratio is quoted. If two uncertainties are given, the first one is
statistical, the second one is systematic. The publications below the line came after the first ALICE
neutral meson publication.
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Experiment (Author/Year) System
√

sNN (GeV) plab (Gev/c) pT range Ref.
ISR (Clark 78) pd 37.2 2.1−4.47 [196]
ISR (Clark 78) pd 44.1 2.1−4.9 [196]
FNAL (Baltrusaitis 80) pBe 19.4, 23.8, 27.5 200, 300, 400 1.5−6 [197]
KEK (Kanzaki 81) pBe 5.1 12 1−2.1 [201]
ISR (Karabarbounis 81) αp 44 2−5.5 [202]
E629 (Povlis 83) pBe, π+Be 19.4 200 2.15−3.80 [199]
E629 (Povlis 83) pC, π+C 19.4 200 2.15−4.75 [199]
E629 (Povlis 83) pAl, π+Al 19.4 200 2.15−4.25 [199]
E515 (Delchamps 85) pBe 23.8 300 2.5−5 [200]
ISR NA3 (86) pC, π±C, (KC) 19.4 200 2.9−6 [203]
E706 (92, 93) π−Be, π−Cu 30.6 500 3−10 [156, 157]
E706 (92, 93) pBe, pCu 30.6 500 4−10 [156, 157]
HELIOS (95) pBe 29.1 450 0−1.5 [204]
TAPS/CERES (98) pBe, pAu 29.1 450 0.02−1.3 [205]
E706 (98) π−Be 31.6 515 3−12 [158]
E706 (03) pBe 31.6 530 1−10 [158, 159]
E706 (03) pBe 38.8 800 1−12 [158, 159]
E706 (04) π−Be 31.1 515 1−12 [160]
WA80 (88) pAu 10.7 60 0.4−2 [206, 208]
WA80 (88, 90, 91) pAu 19.4 200 0.4−2.8 [206, 207, 208]
PHENIX (03, 07) dAu 200 1−18 [211, 185]
WA98 (08) pC, pPb 17.4 160 0.7−3.5 [209]
STAR (10) dAu 200 1−17 [192]
HADES (13) pNb 3.18 3.5 0.25−1.5 [212]

TABLE III-3: Hadron-nucleus collisions with a published π0 production cross-section. For each
experiment the collision system, the center-of-mass energy

√
s (plab in case of fixed-target energy),

the pT range is quoted. For the KEK result, instead of one average result the range is quoted. The
publications below the line came after the first ALICE neutral meson publication.

III.2 Parameterizations

During last fifty years π0 and η mesons have been studied a lot. There are few remarks coming from
the past analyses. The inclusive production cross-section spectra have been measured in a broad
range of the collision energy spanning three orders of magnitude (

√
sNN = 3−1800 GeV). Neutral

mesons were produced mostly in central region, however there are also measurements for other
rapidity, y (polar angle, θ) regions. The π0 meson production spectra have been measured mostly
in soft and intermediate pT range. However, there is one result where transverse momentum range
was extended up to pT = 40 GeV/c. The η meson production spectrum has been measured up to
pT = 12 GeV/c. The xT = 2pT/

√
sNN range probed was in the range 0.01 < xT < 0.5.

Neutral meson production has been studied in simple e+e− or hadron-hadron systems (not
only in pp collisions but also in pp̄, π±p and Kp) and variety of more complex hadron-nucleus and
nucleus-nucleus collisions. The neutral meson production in variety of experiments where e+e−

beams were collided are not described here. Although, the tremendous outcome from them was
to constrain fragmentation functions (see [50] for summary and [84, 85] for the latest sets of
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Experiment (Author/Year) System
√

sNN (GeV) plab (GeV/c) pT range η/π0 ratio Ref.
FNAL (Baltrusaitis 79) pBe 19.4, 23.8, 27.5 200, 300, 400 2.5−5 0.47±0.10 [198]
KEK (Kanzaki 81) pBe 5.1 12 0.7−1.5 0.119−0.226 [201]
ISR (Karabarbounis 81) αp 44 2.5−3 0.51±0.15 [202]
E629 (Povlis 83) pBe 19.4 200 2.4−3.70 − [199]
E629 (Povlis 83) pC 19.4 200 2.4−4.5 0.53±0.03 [199]
E629 (Povlis 83) pAl 19.4 200 2.4−2.85 − [199]
E629 (Povlis 83) π+C 19.4 200 2.4−3.2 − [199]
E515 (Delchamps 85) pBe 23.8 300 2.5−5 0.47±0.03 [200]
E706 (93) π−Be 30.6 500 4−8 0.44±0.05±0.05 [157]
E706 (93) pBe 30.6 500 4.5−7 0.44±0.06±0.05 [157]
HELIOS (95) pBe 29.1 450 0−1.5 0.057±0.007 [204]
TAPS/CERES (98) pBe 29.1 450 0.02−2.7 6.9±0.5% [205]
TAPS/CERES (98) pAu 29.1 450 0.02−2.7 8.8±1.1% [205]
E706 (03) pBe 31.6 530 3−9 0.45±0.01 [159]
E706 (03) pBe 38.8 800 3−12 0.42±0.01 [159]
E706 (04) π−Be 31.1 515 3−10 0.48±0.01 [160]
PHENIX (06, 07) dAu 200 2−12 0.47±0.03 [50, 185]
STAR (10) dAu 200 1−14 0.44±0.08 [192]
HADES (13) pNb 3.18 3.5 0−1.5 − [212]

TABLE III-4: Hadron-nucleus collisions with a published η production cross-section or an η/π0

ratio. For each experiment the collision system, the center-of-mass energy
√

s (plab in case of fixed-
target energy), the pT range, the η/π0 ratio is quoted. The publications below the line came after
the first ALICE neutral meson publication.

fragmentation functions which contain BELLE and BABAR results as well as coming from RHIC
and LHC). One also needs to remember that HERA data brought very valuable measurements on
parton density functions in DIS and photo-production (for the recent review see [242, 243, 244]).

The data normalization sometimes do not agree and direct comparison between experiments is
not possible or not accurate. Ratios where normalization is cancelled are more adequate.

Based on the isospin symmetry [245] the π0 differential cross-section is the half of the differ-
ential cross-section of charged pions in pp interactions,

dσ

dp
(π0) =

1
2

[
dσ

dp
(π+)+

dσ

dp
(π−)

]
(III.5)

It was shown by ANL experiment [122] and confirmed also in others.
The studies of structure functions for different particles have been carried out via π0 production

from different beams [147]. The cross-section ratio

R(A/B) =
Edσ(Ap→ π0X)/dp3

Edσ(Bp→ π0X)/dp3 , (III.6)

where A and B are π±, K−, p, p̄, has been measured for few incident angles and range 1 < pT <
4 GeV/c. It was noticed that pion and kaon have a similar structure function (the ratio R(π/K)
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Experiment (Author/Year) System
√

sNN (GeV) plab (Gev/c) pT range Ref.
ISR (Clark 78) dd 26.3 2.1−4.68 [196]
ISR (Clark 78) dd 31.6 2.3−4.66 [196]
ISR (Karabarbounis 81) αα 30.6 2−4.5 [202]
BCMOR (Angelis 87) dd, αα 31 3.5−9 [137]
WA80 (88) OAu 10.7 60 0.4−2.6 [206, 208]
WA80 (88) OAu 19.4 200 0.4−3 [206, 207, 208]
WA80 (88) OC 10.7 60 0.4−2.4 [206]
WA80 (88) OC 19.4 200 0.4−2.4 [206, 208]
TAPS (91, 94) ArCa 1.9 1.0 0−0.9 [220, 222, 223]
TAPS (91) NeAl 1.6 0.35 0−0.2 [220]
TAPS (93) XeAu 1.4 0.044 0.005−0.1 [221]
TAPS (94) KrZr 1.9 1.0 0−1.05 [222]
TAPS (94) AuAu 1.9 1.0 0−0.95 [222]
TAPS (94) ArCa 2.1 1.5 0−1.25 [223]
TAPS (97) CC 1.8, 1.9 0.8, 1 0−0.9 [224]
TAPS (97) CC 2.7 2 0−1.4 [224]
TAPS (97) CAu 1.8 0.8 0−0.7 [224]
WA80 (94, 95) SS 19.4 200 0.3−3 [213, 214, 215]
WA80 (94, 95) SAu 19.4 200 0.3−4 [213, 214, 215]
WA98 (96, 98, 00, 02) PbPb 17.3 158 0.3−4.1 [216, 217, 218, 219]
WA98 (01) PbNb 17.3 158 0.3−3.1 [219]
PHENIX (02) AuAu 130 1−4 [226]
TAPS (03) NiNi 2.7 1.9 0−1 [225]
TAPS (03) CaCa 2.7 20 0−1 [225]
PHENIX (03, 08, 12) AuAu 200 1−20 [227, 229, 231, 236]
STAR (04) AuAu 130 0.5−3 [240]
PHENIX (08) CuCu 22.4 1−5 [230]
PHENIX (08) CuCu 62.4 1−8 [230]
PHENIX (08) CuCu 200 1−18 [230]
STAR (09) AuAu 200 1−12 [241]
PHENIX (12) AuAu 39 1−8 [236]
PHENIX (12) AuAu 62.4 1−10 [236]
PHENIX (18) CuAu 200 1−20 [238]
PHENIX (18) UU 192 1−18 [239]

TABLE III-5: Nucleus-nucleus collisions with a published π0 production cross-section. For each
experiment the collision system, the center-of-mass energy

√
sNN (plab in case of fixed-target en-

ergy), the pT range is quoted. The publications below the line came after the first ALICE neutral
meson publication.

is constant and has different value for different energies), however different from the proton one
(the ratio R(p/π) is falling with increasing pT). The similar dependence was confirmed in hadron-
nucleus experiment [203], where different particles were collided with Carbon target. The studies
with neutral pions are mentioned here, but this subject was extensively studied for charged hadrons
(see [246, 247]).

There was also a strong angular dependence observed. Spectra are the least steep in the central
region (y∼ 0 or θ∼ 90◦). Moving towards larger |y| they become steeper and steeper (see i.e. [147]
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Experiment (Year) System
√

sNN (GeV) plab (Gev/c) pT range η/π0 ratio Ref.
ISR (Karabarbounis 81) αα 30.6 2.5−3 1.0±0.3 [202]
WA80 (88) OC 19.4 200 0.4−2.8 0.2−0.5 [208]
TAPS (94) ArCa 2.1 1.5 0−0.9 (2.2±0.4)% [223]
TAPS (94) KrZr 1.9 1.0 0−0.8 (1.3±0.6)% [223]
TAPS (94) AuAu 1.9 1.0 0−0.8 (1.4±0.6)% [223]
TAPS (94) ArCa 1.9 1.0 0−0.8 (1.9±1.2)% [223]
WA80 (95) SS 19.4 200 0.5−1.5 0.42±0.13 [213, 214]
WA80 (95) SAu 19.4 200 0.5−3.5 0.55±0.07 [213, 214]
TAPS (97) CC 1.8 0.8 0−0.5 (3.1±1.1)×10−3 [224]
TAPS (97) CC 1.9 1 0−0.5 (5.7±1.4)×10−3 [224]
TAPS (97) CC 2.7 2 0−1.4 (36±4)×10−3 [224]
WA80 (88) OAu 19.4 200 2−2.4 0.61±0.20 [208]
WA98 (00) PbPb 17.3 158 0.6−2.6 0.486±0.077±0.097 [218]
TAPS (03) NiNi 2.7 1.9 0−0.7 - [225]
TAPS (03) CaCa 2.7 20 0−0.7 - [225]
PHENIX (06) AuAu 200 2−12 0.40±0.04 [50, 228]
PHENIX (10) AuAu 200 5−20 - [234]
PHENIX (13) AuAu 200 5−18 0.45±0.01 [237]
PHENIX (18) CuAu 200 2−20 0.5±0.01±0.02 [238]
PHENIX (18) UU 192 2−14 - [239]

TABLE III-6: Nucleus-nucleus collisions with a published η production cross-section or an η/π0

ratio. For each experiment the collision system, the center-of-mass energy
√

s (plab in case of fixed-
target energy), the pT range, the η/π0 ratio is quoted. If two uncertainties are given, the first one is
statistical, the second one is systematic. The publications below the line came after the first ALICE
neutral meson publication.

or [138]).

Based on [142], where pp and pp̄ collisions have been studied, the measured pp̄/pp cross-
section ratio versus pT is around unity for the range 1.25 < pT < 10 GeV/c (although there was a
deviation from unity at large pT in previous measurements [136]). The π0 mesons are mostly the
fragmentation product of gluons [248] and contribution from valence quark annihilation diagram
is not dominant. The difference between the gluon structure function of the proton and antiproton
is not expected.

The η/π0 ratio depends on the colliding system because of a different quark content. It is
similar for π±p and pp collisions (∼ 0.44) and differs for K±p collisions (∼ 0.74) [146]. The value
of the ratio comes from a simple counting the relevant qq̄ combinations taking into account up,
down and strange quarks or antiquarks [249]. Besides parton fragmentation the direct production
of π0 and η mesons is expected (so called Higher Twist correction) [250]. The correction is of
order of 10% but do not change the ratio by a large factor and gives the similar values.

It was found that π0 production spectra, in the same way as charged particle production spectra,
show less steep behaviour than extrapolated from low pT (pT < 1 GeV/c) data (which show ∼
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exp(−6pT) behaviour) and the inclusive pion cross-section should follow the form

E
d3σ

dp3 = Ap−n
T exp(−bxT), (III.7)

where xT = 2pT/
√

s is the scaling variable and A, n, b are fit parameters. The significant deviation
from the purely exponential behaviour, suggests an increased contribution due to hard scattering
of partons. It has been studied in parton models [251, 252, 253, 254, 255, 256, 257, 258, 259,
260, 261, 262], where power-law spectra are modified by fragmentation function. The low center-
of-mass energy spectra were suggested to follow the radial scaling [263]. The empirical formula
related to the radial scaling variable xR = 2p/

√
s is following:

E
d3σ

dp3 = A(p2
T +m2)N(1− xR)

M, (III.8)

where A, N, M are fit parameters.
Hagedorn [264] proposed a different empirical function:

E
d3σ

dp3 = A f (pT) = A
(

p0

pT + p0

)n

, (III.9)

where A, n, p0 are fit parameters. This functional form has the following features at extrema:

f (pT)→


1− n

p0
pT ≈ exp(− n

p0
pT) for pT→ 0,

(
p0
pT

)n
for pT→ ∞.

(III.10)

It has the exponential behaviour for low pT and power-law for large pT. However, the function
is not unique when we consider experimental uncertainties. Data points can be parameterized by
function with slightly modified fit parameters.

III.3 mT scaling
The other parameterization which was used to describe data is so called the mT scaling, which
also comes from an empirical observation [265]. It assumes that the differential cross-section of
a hadron h with a mass mh as a function of the transverse mass of the produced particle mT =√

m2
h + p2

T has the same shape f (mT) for all hadrons. The only difference is coming from the
normalization factor Ch for various hadrons:

E
d3σ

dp3 (h) =Ch f (mT). (III.11)

The functional form which describes data in the broad range 0.2 < mT < 14 GeV/c2 can be written
as:

f (mT) = (mT +a)−n, (III.12)
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with parameters a= 1.2 and n= 10 [50]. The cross-section ratio of η and π0 mesons can be written:

Rη/π0(pT) = E
d3σ

dp3 (η)/E
d3σ

dp3 (π
0) = Rη/π0 ·

 a+
√

m2
η + p2

T

a+
√

m2
π0 + p2

T

n

, (III.13)

where Rη/π0 =Cη/Cπ0 is the asymptotic value of the η/π0 ratio for large pT.
The η/π0 ratios coming from various experiments at various center-of-mass energies are plot-

ted in Fig. III-2, III-3, III-4 for hadron-hadron, hadron-nucleus and nucleus-nucleus collisions,
respectively. The η/π0 cross-section ratio in hh, hA and AA collisions, where h=p, p̄, π± and

FIGURE III-2: The η/π0 ratio as a function of transverse momentum, pT measured in the hadron-
hadron collisions. The black curve represents PYTHIA 6 [266] prediction for pp collisions at

√
s =

200 GeV. The red band comes from mT scaling prediction with parameters a = 1.2, n = 10− 14,
Rη/π0 = 0.5. Figure taken from [50].

A stands for nucleus, is rising rapidly with increasing pT and then levels off at value 0.5 around
pT ≈ 3 GeV/c.

It is very interesting that PYTHIA 6 [266] Monte Carlo (black solid line) generated for pp
collisions at

√
s= 200 GeV describes the data points for every system and energy. It is an indication

that the cross-section ratio is independent of the characteristics of the initial collision process, but
depends on the ratio of η and π0 meson fragmentation functions.

The red band in figures comes from mT scaling prediction (Eq. III.13) with parameters a = 1.2,
n = 10−14 and asymptotic value Rη/π0 = 0.5. It seems that mT scaling shape is universal among
energies and systems. The high-pT part (pT > 3 GeV/c) is well reproduced by many experiments,
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FIGURE III-3: The η/π0 ratio as a function of transverse momentum, pT measured in the hadron-
nucleus collisions. The black curve represents PYTHIA 6 [266] prediction for pp collisions at√

s = 200 GeV. The red band comes from mT scaling prediction with parameters a = 1.2, n =
10−14, Rη/π0 = 0.5. Figure taken from [50].

although error bars are large. It is worth mentioning that in the low-pT regime (pT < 1 GeV/c) the
data description by mT scaling is not very good. The π0 yield at very low mT < 0.4 GeV/c2 has
plenty of contributions coming from resonance decays and the spectral shape is better described
by Hagedorn parameterization (Eq. III.9) than by mT scaling formula.

There were plenty of experiments which had measured η/π0 ratio before the LHC era. How-
ever, their precision was not sufficient to probe mT scaling with high statistics. Two experiments,
NA27 (pp collisions at

√
s = 27.5 GeV) and PHENIX (pp collisions at

√
s = 200 GeV) provide the

η/π0 ratio with the highest accuracy at low-pT (pT < 1.6 GeV/c) and high-pT (pT > 2.25 GeV/c),
respectively. PHENIX does not apply correction on secondary π0 coming from weak decays which
is used in ALICE. The correction is also not mentioned in the NA27 case. However, it does not
change the final conclusions. Although the measurement provides world’s most precise data points
at low-pT for the η/π0 ratio it is not conclusive concerning mT scaling violation. For pT < 1 GeV/c
results show deviation from mT scaling lying below the mT scaling expectation curve (marked in
the red color), however higher pT points burdened with larger uncertainty lay above the expecta-
tion curve. In contrary to low energy experiment, the confirmation of scaling is observed for many
particle species, such as kaons, φ and other in collisions at

√
sNN = 200 GeV [267]. The mT scal-

ing or violation magnitude and possibly the collision energy dependence can be clarified in future
analysis at experiments at LHC.

Additional phenomena present in heavy ion collisions like strong collective radial flow ob-
served at RHIC [268] can modify single particle spectra at low-pT. Based on hydrodynamic flow
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FIGURE III-4: The η/π0 ratio as a function of transverse momentum, pT measured in the nucleus-
nucleus collisions. The black curve represents PYTHIA 6 [266] prediction for pp collisions at

√
s=

200 GeV. The red band comes from mT scaling prediction with parameters a = 1.2, n = 10− 14,
Rη/π0 = 0.5. Figure taken from [50].

one expects a larger boost for heavier particles and in consequence larger η/π0 ratio in HIC in
comparison to hadron-hadron collisions. Since the η meson is more than three times heavier than
π0 meson it can imply mT scaling violation in the range of pT < 2 GeV/c [269]. The η/π0 ratio
can also serve as a discriminator of different parton recombination scenarios in hadron production
in HIC [270].

The prediction of ratio coming from mT scaling and PYTHIA 6 are very close to each other.
The reason is that standard PYTHIA 6 uses Lund string fragmentation function [95]:

f (z)∼ z−1(1− z)a exp(−bm2
T/z), (III.14)

where a and b are free parameters adjusted to LEP results. The explicit dependence on mT is
visible.

III.4 Neutral mesons in hadron-hadron collisions
Having used the factorization theorem from Eq. II.1 the differential cross-section of the inclusive
production of neutral mesons can be described theoretically. The central piece of the description
lies in the perturbative part of partonic hard scattering cross-section evaluation. The leading-order
(LO) description [271, 272] and the next-to-leading order (NLO) corrections [273] have been cal-
culated. Additionally, NLO corrections for polarized pp beams [274, 275] have been computed.
The theoretical description of experimental data was satisfactory for high center-of-mass energy
collider data. However, the low center-of-mass energy fixed target and also low center-of-mass
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energy collider results were underpredicted [276, 277, 278] and there was increasing discrepancy
towards larger rapidities. It forced to take a definite step of the re-summation to next-to-leading
logarithmic accuracy [21], which made the theory to data agreement at low and high center-of-
mass energies much better. However, RHIC data were overestimated at high-pT values. It needed
a further investigation in pQCD formalism or better choice or tuning of fragmentation functions.
It has also been noticed that the agreement between theory and experiment depends on the choice
of the factorization and renormalization scale µ.Although, at the time of first experiments which
measured neutral meson production the discrepancy between data and theoretical description was
significant, the pQCD calculations describes well the large increase of the observed cross-section
from ISR through SpS and Spp̄S to RHIC energies. The agreement between theory and data have
been evaluated for several times (see i.e. [279]).

RHIC started to look into collisions with polarized proton beams (see for example [186, 189,
190, 193, 194, 280, 281, 282, 283, 284]) before and during LHC time what brought new con-
straints on gluon PDF in the Bjorken x range 0.01 < xB < 0.4, the fragmentation functions and the
transverse momentum dependence (TMD) correlations.

III.5 Neutral mesons in pA and heavy ion collisions

Both spectra and nuclear modification factors of neutral pion and η mesons in different centrality
classes have been measured in the wide range of energies spanning

√
sNN ∼ 5 to 200 GeV. The

Cronin effect has a large impact on heavy ion collisions at SPS and lower energies (see eg. α−α

collisions at
√

sNN = 31 GeV [137]). On the other side, there is a strong suppression visible at
high RHIC energies (see eg. central Au-Au collisions at

√
sNN = 130 GeV [226]). The onset of

suppression starts somewhere before
√

sNN = 39 GeV for Au-Au collisions [236] (see Fig. III-
5) and between

√
sNN = 22.4 and 62.4 GeV for Cu-Cu collisions [230] (see Fig. III-6)). The

suppression of π0 mesons have been noticed later on by WA98 experiment [209] in the most
central 0−13% Pb-Pb collisions at

√
sNN = 17.3 GeV.

The RHIC data provided very strong evidence of jet quenching. The detailed studies of π0 [231,
233] and η [234] meson RAA could also confirm that phenomenon. Both STAR and in particular
PHENIX presented precise measurements of neutral meson spectra and the nuclear modification
factor in several centrality classes in the range 1 < pT < 20 GeV/c (see Fig. III-7). The common
suppression pattern (by factor of∼ 5) of π0 and η mesons has been observed at high pT. It was not
confirmed that after the range with a strong suppression seen in RAA for pions at pT of 6−10 GeV/c
there is a slow rise of RAA (like predicted in models [287, 288]) or it remains constant. This
had been an open question before LHC era, solved in neutral meson analyses in ALICE. The
angular dependence (∆ϕ) of RAA and path length dependence of energy loss was also studied by
PHENIX [229].

The RHIC results populated in plenty of models (review of model basics can be found in [45,
44, 46, 47, 48, 49].). PHENIX and STAR presented comparisons of π0 meson yield suppression
in Au-Au at

√
sNN = 200 GeV [232, 241] to various models constraining parameters (the medium

transport coefficient q̂, the initial color-charge density dNg/dy or the initial energy loss parameter
ε0) of these models, like the Parton Quenching Model [289, 290] (PQM), the Gyulassy-Levai-
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FIGURE III-5: Nuclear modification factor (RAA) of π0 mesons as a function of pT for a) most cen-
tral 0−10% and mid-peripheral 40−60% Au-Au collisions at

√
sNN = 39 (circles), 62 (squares)

and 200 GeV (triangles) measured by PHENIX [236] compared to pQCD calculations [285] with
regular (solid lines) and reduced (corresponding to larger initial-state parton mean free paths)
(bands) Cronin effect. Boxes around unity represent scale uncertainty.

FIGURE III-6: RAA of π0 mesons as a function of pT for the most central 0−10% Cu-Cu collisions
at
√

sNN = 22.4 (squares), 62.4 (open dots) and 200 GeV (full dots) measured by PHENIX [230]
and compared to jet quenching theory calculations [286]. The bands for the calculations corre-
spond to the assumed initial gluon density parameter (dNg/dy) range. The solid line represents
calculations without parton-energy loss for the central Cu-Cu collisions at lowest energy. Boxes
around unity represent scale uncertainty.
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FIGURE III-7: π0 [231] (left) and η [234] (right) invariant cross-section in pp or invariant yield in
Au-Au collisions of various centralities measured with PHENIX at

√
sNN = 200 GeV.

Vitev [291] (GLV) model, the Wicks-Horowitz-Djordjevic-Gyulassy[292, 293] (WHDG) model or
the Zhang-Owens-Wang-Wang [294] (ZOWW) model. Models differs in energy loss mechanisms
and treatment of initial state multiple scattering or modified nPDFs.

Looking into theoretical description of RHIC data one can have an impression that data are well
described. It is true when looking into just one variable and energy. The broader view shows some
discrepancies [235, 237]. In particular, data collected at lower than

√
sNN = 200 GeV energies are

not so well described by theoretical predictions [236] (see Fig. III-5). Also looking in parallel into
elliptic flow (v2) and RAA models have troubles to describe data simultaneously.

New results obtained for π0 meson spectra and RAA in Au-Au collisions at
√

sNN = 200 GeV in-
creased the range and precision of the measurement at PHENIX [235, 237]. It allowed for more de-
tailed studies of energy loss mechanisms in dense matter giving new constraints to pQCD inspired
models like Arnold-Moore-Yaffe [295, 296] (AMY), higher-twist approach [297] (HT), Arnesto-
Salgado-Wiedemann [298] (ASW) or ASW AdS/CFT inspired model [44]. In the first three models
(AMY, HT, ASW) the energy loss is proportional to the path length in medium squared (L2). The
dominant mechanism is through radiative energy loss. In the last approach (ASW AdS/CFT), the
energy loss is proportional to L3. The AMY, HT, ASW describe RAA well and it is not possible
to distinguish between them without more precise results. However, they have problems when
describing the in-plane or out-of-plane dependence. The last AdS/CFT inspired models as more
adequate to describe data. The other approach (JW model [299, 300]) which took into account
geometrical effects due to fluctuations or CGC effects also described data reasonably well (see
Fig. III-8).

Neutral mesons in d-Au collisions at
√

sNN = 200 GeV show no suppression at high pT [211,
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FIGURE III-8: a), b) Elliptic flow (v2) and c), d) nuclear modification factor (RAA) as a function
of number of participants (Npart) for different models: WHDG (shaded bands), ASW MR (full tri-
angle), AdS/SFT MR (open triangle) and three versions of JW model (solid, long and short dashed
lines) with a), c) quadratic path length (l) dependence or b), d) cubic l dependence compared to
PHENIX Au-Au at

√
sNN = 200 GeV data [235] (full dots).

FIGURE III-9: Comparison of nuclear modification factor for charged hadrons (squares) and neu-
tral pions (dots) measured by PHENIX in d-Au collisions at

√
sNN = 200 GeV [211].

185, 192] within uncertainties. Data suggest a little enhancement but not as large as for charged
hadrons which consist of baryons and mesons together (see Fig. III-9). No suppression but en-
hancement supports the thesis that suppression in the central Au-Au collisions is not an initial
state effect nor arise from modification in nPDFs, but is the final state effect.
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CHAPTER IV

EXPERIMENTAL APPARATUS

The ALICE experiment [301] is a dedicated heavy-ion experiment at the LHC [302]. It contains
detectors made in almost all known technics. The beam pipe is surrounded by the Inner Tracking
System (ITS). Then there is the large volume gaseous Time Projection Chamber (TPC) which is
the main tracking device of ALICE. There are additional detectors which are used for a particle
identification in the central barrel region like Transition Radiation Detector (TRD), Time Of Flight
(TOF) and High Momentum Particle Identification Detector (HMPID). There are two calorime-
ters installed in ALICE. One of them is Photon Spectrometer (PHOS) with Charged-Particle Veto
(CPV), the other one is Electromagnetic Calorimeter (EMCal) together with its extension called
Dijet Calorimeter (DCal). All these detectors are surrounded by a large solenoid with weak field
B = 0.5 T. The ALICE Cosmic Ray Detector (ACORDE) is located on top of the magnet. One arm
of ALICE is devoted to muon detection. It consists of an Absorber, a Muon Trigger and a Muon
Tracker as well as a Dipole Magnet. It covers pseudo-rapidity in the range −4 < η <−2.5. There
are also forward detectors which are V0, T0 detectors and Forward Multiplicity Detector (FMD)
which are located on both sides of the ITS as well as Photon Multiplicity Detector (PMD) which
is installed on the magnet gates or Zero Degree Calorimeter (ZDC) and ALICE Diffractive (AD)
which are away from the interaction point by a large distance of order of 100 m. The scheme of
the ALICE detector is shown in Fig. IV-1. The most important detectors which are used in the
analyses are described at first in Sections IV.1-IV.4. Then detectors used for the centrality determi-
nation are discussed in Sec. IV.5-IV.6. All the remaining detectors which are used as trigger inputs
are mentioned in Sec. IV.7-IV.11. The triggers used in the analysis are explained in Sec. IV.12.
The determination of centrality classes is shown in Sec. IV.13. The calibration of TPC and EMCal
detectors is summarized in Sec. IV.14 and Sec. IV.15, respectively. Finally, Sec. IV.16 is devoted
to the performance of the ALICE detector.

IV.1 Inner Tracking System
The 6 cm outer diameter beam pipe made of beryllium, copper and stainless steel is surrounded
by the Inner Tracking System which is a six layer silicon vertex detector and provides information
about the primary vertex with a resolution better than 100 µm. Every two layers are made in a
different technology. The first two layers (located at radii 3.9 and 7.6 cm, respectively) have been
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FIGURE IV-1: The sketch of the ALICE detector in Run II. Figure based on Ref. [303]

done as the Silicon Pixel Detector (SPD) to cope with the high particle density expected in heavy
ion collisions (HIC). The middle two layers (located at radii 15 and 23.9 cm, respectively) form
Silicon Drift Detector (SDD) and outer two layers (located at radii 38 and 43 cm, respectively),
where the track density is not so large, are equipped with double-sided Silicon Strip Detectors
(SSD). The ITS covers the pseudo-rapidity1 range |η|< 0.9. Six layers have all together 12571648
readout channels. The ITS is responsible for ∼ 8% of radiation length. The relative momentum
resolution based only on ITS is better than 2% for pions with transverse momentum 0.1 < pT <
3 GeV/c. The layout of the ITS detector is shown in Fig. IV-2.

IV.2 Time Projection Chamber

The main tracking device of the ALICE detector is the Time Projection Chamber (TPC) [15]. The
TPC has been designed to cope with the highest charged particle multiplicities per rapidity unit
in the central region, dNch/dη = 8000. The TPC is a 5 m diameter cylinder with a length of 5 m.
The central electrode with voltage of 100 kV allows operating with a drift field of 400 V/cm,
divides the drift volume (90 m3) on two readout parts. The readout chambers (ROC) are installed
at the two endplates of the cylinder. The TPC readout is divided into 18 sectors. Each sector
consists of inner and outer chamber (IROC and OROC, respectively). The operation is based on
the multiwire proportional chamber technique with pad readout. There are 557568 readout pads

1Pseudo-rapidity is defined as η =−ln tan (θ/2) with the polar angle θ.



IV.3. Photon Spectrometer 39

 

FIGURE IV-2: Layout of the ITS [301].

with three different sizes (4 mm × 7.5 mm for IROC and 6 mm × 10 mm or 6 mm × 15 mm
for OROC) allocated on 72 ROCs. The schematic view of the TPC is shown in Fig. IV-3. The
example IROC is shown in Fig. IV-4. The cold gas mixture Ne−CO2−N2 (85.7−9.5−4.8%)2

requires temperature stability and less than 0.1 K homogeneity within the whole TPC volume. This
is caused by the non-saturated drift velocity (2.7 cm/µs). The TPC is responsible for ∼ 3.5% of
material budget (including gas).

IV.3 Photon Spectrometer

The PHOton Spectrometer (PHOS) [304] is a high granularity detector made from the array of lead-
tungstate, PbW04 (PWO) crystal scintillators (see Fig. IV-5 on the left hand side). Each detection
cell consists of crystal of dimensions 2.2 cm ×2.2 cm ×18 cm coupled to the Avalanche Photo
Diode (APD) followed by a low-noise preamplifier. This ensures 20 radiation lengths. Each PHOS
module (see Fig. IV-5 on the right hand side) consists of 3584 cells arranged into 56× 64 cells
array, what gives 1.2× 1.4 m2 size of one module in total. There are three and a half modules
(see Fig. IV-6) positioned at the bottom of the ALICE detector at a distance of 460 cm from the
interaction point. The PHOS covers small region at mid-pseudo-rapidity, |η|< 0.13 and 70◦ in an
azimuth (250◦ < ϕ < 320◦). A temperature stability is crucial to increase the crystal light yield.
PHOS modules are operated at temperature of −25◦ C stabilized with a precision of 0.3◦ C. The

2The gas mixture was a subject to change in order to optimize stability of TPC or its performance. The TPC was
also operating with Ar−CO2 (90−10%) or Ne−CO2 (90−10%) gas mixture.
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FIGURE IV-3: The view of the TPC field cage. The high voltage electrode is located in the middle
of the drift volume. The example readout chamber is also shown.

FIGURE IV-4: The Inner Read Out Chamber of TPC.

energy resolution of PHOS calorimeter is very high [305]:

σE

E
=

√(
0.018±0.0007

E

)2

+

(
0.033±0.0007√

E

)2

+(0.011±0.003)2, (IV.1)

with energy E in GeV.
The Charged-Particle Veto detector is placed on top of one half PHOS module at a distance of

5 mm. CPV is a multi wire proportional chamber with pad readout. The cathode plane is segmented
into 3584 pads of size 22 mm ×10.5 mm. The active volume of 14 mm thickness is filled with
Ar−CO2 (80−20%) gas mixture. It gives less than 5% of the material budget.
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FIGURE IV-5: Left: A photography of a PHOS crystal. Right: Schematic view of the PHOS mod-
ule. The thermal insulation is in cyan-blue color, a common base (in red) for blue crystals on top
of it. CPV (in yellow) is located on top of the module. Cooling plates are located in the bottom and
marked as a blue area.

 

FIGURE IV-6: A view of PHOS super modules surrounded by DCal super modules on the common
support frame.

IV.4 Electromagnetic Calorimeter

The EMCal detector [306] and its extension (called DCal) [307] is built in the Shish-kebab tech-
nology. It covers 107◦ in azimuth direction (80◦ < ϕ < 187◦) on the top of ALICE and 67◦ in
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azimuth (260◦ < ϕ < 327◦) on the bottom of ALICE. Longitudinal length is ∼700 cm, covering
|η|< 0.67 (with a gap for the PHOS on the bottom, 0.22 < |η|< 0.67). The detector is segmented
in 17664 towers. Each tower consists of a stack of 78 scintillators of polystyrene (1.76 mm thick)
interleaved with 77 lead tiles (1.44 mm thick). Each tower is a pyramidal frustum directed approx-
imately to collision point with 6 cm × 6 cm front face area and height 24.6 cm. Four towers (2 ×
2) form a module. A global view of the module is available in Fig. IV-7 on the left hand side. Each
module has a fixed width in the ϕ direction and a tapered width in the η direction with a full taper
of 1.5◦. There are 12 (12 × 1) modules in each strip module. Each Super Module (SM) is assem-
bled from 24 strip modules (see Fig. IV-7 on the right hand side). The whole EMCal comprises

 

 

FIGURE IV-7: Left: A single taper module with the dimensions shown in mm. Right: ALICE
EMCal super module.

20 Super Modules (10 full and 2 ×1/3 SM for the main part and 6 ×2/3 SM and ×1/3 SM for
the extension) (see Fig. IV-8 for EMCal and Fig. IV-6 for DCal)3 which are 428 cm far from the
interaction point. The active volume density is ∼5.68 g/cm3. This results in 19.5 radiation lengths.
The energy resolution of the calorimeter is [308]:

σE

E
=

√(
0.048±0.008

E

)2

+

(
0.113±0.005√

E

)2

+(0.017±0.003)2, (IV.2)

with energy E in GeV.

IV.5 V0 detector
The V0 detector is used as a trigger detector and for centrality determination. The V0 detector
is a small angle hodoscope made of two arrays of scintillator counters, V0A and V0C. V0A is

3The EMCal geometry has been changed since the first operation of the ALICE experiment. Only four SMs had
been installed at first. Eight SMs were installed in 2010. DCal modules were installed during long shutdown LS1 and
20 SMs are fully operational since 2015.
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FIGURE IV-8: Layout of the array of EMCal super modules on the support frame.

installed 3.4 m away from the nominal interaction point (IP), while V0C is fixed to the front face
of the hadronic absorber, 0.9 m from IP. V0A and V0C cover different pseudo-rapidity ranges:
2.8 < η < 5.1 and −3.7 < η < −1.7, respectively. Each V0 side is segmented into 32 counters
distributed in four rings eight 45◦ sectors each. The time resolution of individual counter is better
than 1 ns.

IV.6 Zero Degree Calorimeter
The ZDC measures energy in forward direction carried by spectator nucleons in heavy ion colli-
sions. The energy is related to number of participants which is related to centrality of the collision.
The centrality information delivered by ZDC is used for triggering. ZDC consists of two hadronic
ZDCs (one for detecting neutrons, called ZN, and one for protons, called ZP) located at∼ 112.5 m4

away from IP on each side and electromagnetic calorimeters (ZEM) placed ∼ 7 m away from IP.
The role of the ZEM is to measure electromagnetic fraction (mostly photons generated by π0

decays) coming from the collision and to help in the centrality determination (mostly peripheral
collisions).

The hadronic component of ZDC are quartz fibres sampling calorimeters. The shower which
is generated in a passive material of the absorber produces Cherenkov radiation in quartz fibres
which is collected by photomultiplier tubes (PMT). The absorber is made of tungsten or brass for

4The ZDC were moved from |z| ≈ 114 m to |z| ≈ 112.5 m during the winter shutdown 2011/2012.
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ZN or ZP, respectively. It results in 251 and 100 radiation lengths, respectively. Calorimeters have
an elongated shape 7.04× 7.04× 100 cm3 and 12× 22.4× 150 cm3 for ZN and ZP, respectively.
ZN covers |η|> 8.8, ZP covers 6.5 < |η|< 7.5 and ZEM covers 4.8 < |η|< 5.7.

IV.7 T0 detector

The T0 detector was designed to generate start time for the TOF detector and to measure the vertex
position for each interaction giving the trigger signal when the position is within desirable range.
The T0 can generate minimum bias and multiplicity trigger in addition.

The detector was assembled from two arrays of Cherenkov counters. There are 12 counters
coupled with PMT in each array. Detectors are located on either side of IP. T0C and T0A are
placed 72.7 cm and 375 cm away from IP, respectively. T0C and T0A cover the pseudo-rapidity
range −3.28 < η < −2.97 and 4.61 < η < 4.92, respectively. Detector parts on both sides are
placed 6.5 cm away the beam axis in radial direction to maximize triggering efficiency, which is
∼ 50% for pp collisions and ∼ 100% in Pb-Pb collisions.

IV.8 Time Of Flight

The TOF detector supports a particle identification in the intermediate momentum range (below
p = 2.5 GeV/c for pions and kaons and below 4 GeV/c for protons). TOF is constructed in the
Multi-gap Resistive-Plate Chamber (MRPC) technology. It is divided into 18 sectors of 20◦ in
azimuth and 5 segments of different size in z direction covering pseudo-rapidity range |η| < 0.9.
Each module consists of 15 or 19 MRPC strips. One 10-gap double-stack MRPC strip is 122 cm
long and 13 cm wide. Each strip has two rows of 48 pads. There are 157248 pads in total placed on
1638 strips. The strips are placed inside gas-tight modules. The chosen gas mixture is C2H2F4−i-
C4H10−SF6 (90−5−5%). The TOF is responsible for 29.5% radial thickness. The TOF is local-
ized on the radius between 3.7 < r < 3.99 m. Three central modules in front of PHOS have not
been installed in order to reduce material budget.

IV.9 Transition Radiation Detector

The main purpose of the TRD is to identify electrons with momentum above 1 GeV/c. The detector
is segmented into 18 super modules covering azimuth ϕ= 20◦ each. Each super module consists 30
modules arranged in six radial layers containing five stacks. Each trapezoidal shape super module
has 7.8 m length. It is translated to |η| < 0.84 pseudo-rapidity coverage. Each module is a multi
wire proportional chamber with pad readout. There are 1.18× 106 pads in total. The detector
operating gas mixture is Xe−CO2 (85− 15%). The total gas volume is 27.2 m3. The TRD drift
field is relatively small in comparison to TPC and is 0.7 kV/cm. The total material budget of
detector is 23.4%. TRD is located on the radius between 2.9 < r < 3.68 m.
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IV.10 ALICE Cosmic Ray Detector
The main purpose of the ALICE COsmic Ray DEtector (ACORDE) is to provide trigger signal
for alignment, calibration and commissioning of some other detectors and study cosmic rays. The
ACORDE is an array of 60 modules (30 in ϕ× 2 in z direction) located on top of the ALICE
magnet (r = 8.5 m). Each module consists of two scintillator counters of size 190×20 cm2 on top
of each other. The ACORDE covers pseudo-rapidity |η| < 1.3 and azimuth |ϕ| < 60◦. The radial
detector thickness is 4.7%.

IV.11 Muon Spectrometer
Muon arm has been designed to reconstruct muons in the forward region of pseudo-rapidity −4 <
η < −2.5. The spectrometer consists of a carbon-concrete-steel absorber (∼ 60 radiation length)
to absorb hadrons or photons, 5 tracking stations (ST) of two planes each, a dipole magnet and two
trigger stations of two planes each. Five tracking stations form the Muon Chamber (MCH). Two
STs are located before the dipole, one ST inside the dipole and two remaining after the dipole at a
distance z =−5.357, −6.86, −9.83, −12.92, −14.221 m, respectively. Every tracking station
consists of two planes. Each plane has two cathode planes, which are both read-out to provide
two dimensional spatial information. There are 9 types of pad sizes. The larger pads are used at
larger radii. There are around 1 million readout pads in total. The gas mixture used in stations is
Ar−CO2 (80−20%). The spatial resolution achieved is∼ 70 µm. Two trigger stations form Muon
Trigger (MTR). Two station are build as Resistive Plate Chambers (RPC). Each station contains
two planes which contains 18 RPC modules with a typical size of 0.7 m×3 m. The RPC electrodes
are made of low-resistivity Bakelite. The gas inside RPCs is a mixture of Ar-C2H2F4-i-buthane-
SF6 (50.4−41.3−7.2−1%). Two trigger stations are located at distance to the nominal interaction
point z =−16.12 and −17.12 m.

IV.12 Trigger
ALICE has used several detectors for a triggering purpose over several years during running time.
ALICE trigger logic is based on SPD, TOF, PHOS, EMCal, ACORDE, V0, T0, MTR, ZDC and
TRD inputs. Trigger detectors have different functions. They are listed below [303]:

- SPD: L0 - hit-multiplicity and hit-topology based trigger,
- PHOS: L0 - photon trigger,
- EMCal: L0/L1 - photon and neutral jet trigger,
- V0: L0 - minimum-bias interaction coincidence trigger and centrality trigger,
- T0: L0 - event vertex selection and interaction trigger,
- ZDC: L1 - minimum-bias interaction and electromagnetic trigger in Pb-Pb,
- TRD: L1 - electron, high-pT particle and charged jet trigger,
- TOF: L0 - multiplicity, topology and cosmic-ray trigger,
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- ACORDE: L0 - cosmic-ray trigger,
- MTR: L0 - muon trigger.

The trigger was optimised to run in different modes: ions, pA and pp having different counting
rates. It is divided into several levels. A Level 0 (L0) signal is delivered to detectors at 1.2 µs.
However, it is to fast to receive all trigger inputs. A Level 1 (L1) signal is based on the all input
detector signals and it takes 6.2 µs to deliver the proper information to detectors. The important
remark is that the ALICE Central Trigger Processor makes a decision in 100 ns. The remaining
time latency is coming from a signal propagation in cables (ZDC) and the computation time for
the trigger input signals (TRD, EMCal). The Level 2 (L2) trigger is much slower. The information
is coming to detectors after ∼ 100 µs. The reason of large latency is that high multiplicity events
(for example in Pb-Pb collisions) need to be reconstructed when several events are waiting in the
reconstruction pipeline. The time is directly related to the maximum TPC drift time. The most
important triggers which are used in the analyses are shown in Table IV-1. The MBOR trigger was

Trigger Description Condition
MBOR minimum bias signal in V0 and SPD
MBAND minimum bias signal in V0A and V0C
MBZ minimum bias MB and signals in both ZDCs
CENT central V0 based centrality trigger for Pb-Pb (0−10%)
SEMI semi-central V0 based semi-central trigger for Pb-Pb (0−50%)
EMC1 EMCal L0 EMCal L0 shower trigger in coincidence with MB
EG1 photon/electron EMCal L1 photon algorithm following EMCal L0
EG2 photon/electron like EG1 but with lower threshold than EG1
PHI7 photon by PHOS PHOS energy deposit in coincidence with MB

TABLE IV-1: Selected ALICE triggers [303].

used at low luminosity runs while MBAND one at runs with higher background in pp data taking.
Additionally, these minimum bias triggers were used in Pb-Pb collisions in 2010, 2015 and 2018
and p-Pb periods in 2013 and 2016. MBZ minimum bias trigger was used in 2011 Pb-Pb period in
order to suppress the electromagnetic interactions between the lead ions. Additionally, data with
CENT and SEMI centrality triggers were taken. Starting with 2012 rare EMCal and PHOS triggers
were taken into account. The PHI7 and EMC1 triggers required an energy deposit within 4×4 cells
above a given threshold. The EG1 triggers have larger threshold than EMC1 trigger.

IV.13 Centrality determination

Nuclei are not dimensionless objects. The volume of their interaction depends on the impact pa-
rameter, b, of the collision. The impact parameter is the distance between the centres of the two
colliding nuclei in a plane transverse to the beam axis. The centrality of the collisions is directly
related to the impact parameter. The centrality c of nuclear collisions is customary expressed in



IV.13. Centrality determination 47

terms of percentage of the total hadronic interaction cross-section σAA,

c(b) =

∫ b
0

dσ

db‘ db‘∫
∞

0
dσ

db‘ db‘
=

1
σAA

∫ b

0

dσ

db‘ db‘. (IV.3)

The centrality in Pb-Pb collisions is estimated by the energy deposited in the zero-degree calorime-
ter (EZDC) or by particle multiplicity (Nch) in the experiment [309]. It is valid under assumption
of monotonic correlation between centrality and a given estimator (for example EZDC can be used
in 0−30% centrality). The cross-section can be replaced by the total number of events observed,
Nev, that

c≈ 1
Nev

∫
∞

Nch

dn
dN‘
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dN‘
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1

Nev

∫ EZDC

0

dn
dE‘

ZDC
dE‘

ZDC. (IV.4)

The centrality determination via the particle multiplicity in the V0 detector is shown in Fig. IV-9.
The V0 particle multiplicity is compared to the model based on a Glauber description of nuclear

FIGURE IV-9: Distribution of the V0 amplitude (sum of V0A and V0C) for Pb-Pb collisions at the
center-of-mass energy

√
sNN = 2.76 TeV. Centrality bins are defined according to Eq. IV.4. The

absolute scale is defined by the fit to the model. The inset shows the magnified version of the most
peripheral region. Figure taken from [309].

collisions [31] with the modified Woods-Saxon distribution of the nuclear density function. A
nuclear collision is treated as a superposition of binary nucleon-nucleon interactions in the model.
The volume of the overlap region is proportional to the number of participant nucleons, Npart. The
number of spectators is given by Nspec = 2A−Npart, where A is a mass number of the nucleus. The
number of participants and the number of binary collisions, Ncoll are calculated for a given value
of the impact parameter. The number of particle sources is given by

Nancestors = f ×Npart +(1− f )×Ncoll, (IV.5)
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where f represents number of soft interactions and 1− f - number of hard collisions. Each particle
source follows the negative binomial distribution with parameters µ (mean multiplicity) and k
(width of the distribution), to produce particles and to give the final particle multiplicity spectrum.
Values of f , µ and k taken from the fit are following: f = 0.801, µ = 29.3 and k = 1.6. Fit describes
88% of total hadronic cross-section.

The other estimator of Pb-Pb centrality - energy deposited by spectators in ZDC - can be
used in a limited regime due to the fact that some spectator nucleons are bound into light nuclear
fragments. They travel together with a beam in the beam-pipe and become undetected by the
hadronic ZDC. This effect is intensified for peripheral events and monotonic behaviour between
number of participants and energy deposit is broken (naive relation Npart = 2A−EZDC/EA, with
the mass number of Pb A = 208 and EA - the beam energy per nucleon, does not occur). An
information from ZEM is necessary to correct hadronic ZDC information. The correlation between
the hadronic ZDC energy and the ZEM amplitude is shown in Fig. IV-10. Centrality classes are

FIGURE IV-10: Spectator energy deposited in the hadronic calorimeter ZDC as a function of ZEM
amplitude for Pb-Pb collisions at the center-of-mass energy at

√
sNN = 2.76 TeV. Events with the

same color belong to the same centrality class selected by V0 amplitudes. The lines represent the
fit to the boundaries of centrality classes. Figure taken from [309].

defined by cuts on the two dimensional ZDC hadronic energy-ZEM amplitude plane. At first V0
amplitude is used to determine centrality regions, then they are refitted with linear functions with
a common intersection. The ZDC information can be used to determine centrality only in central
0−30% collisions.

Five different centrality estimators are use in p-Pb collisions [310] to determine centrality:

- CL1: the number of clusters in the outer layer of SPD,
- V0A: the amplitude measured by the V0A detector (the Pb-going side in the p-Pb collision),
- V0C: the amplitude measured by the V0A detector (the p-going side in the p-Pb collision),
- V0M: the sum of the amplitudes coming from both V0A and V0C,
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- ZNA: the energy deposited in the neutron calorimeter on the A-side (the Pb-going side in
the p-Pb collision).

Distribution of the V0A amplitude in Pb-going direction, together with centrality classes is shown
in Fig. IV-11. The similar model like for Pb-Pb collisions has been fitted. The parameters obtained
from fit are following: µ = 11, k = 0.44. The similar distributions and fits have been performed
for V0M and CL1 estimators (and V0C as a cross-check). They belong to the same abstract class
and give similar results. One remark is very important here that events with the same number
of participants belong to a different centrality class so we cannot use the phrase centrality class
anymore. Instead V0A multiplicity intervals will be used. The last estimator, which is based on the
ZDC energy is not sensitive on multiplicity bias. The slow nucleon emission model describes the
data very well [310] like shown in Fig. IV-12.
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IV.14 TPC calibration
The main goal of the calibration is to provide the information needed for reconstruction software.
Each detector has its own calibration procedures. However, the calibration of the TPC will be de-
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scribed hereafter as one of two most important for the further analyses. The second most important
one, the EMCal calibration is described in the next section.

There are four major run types used for different calibration in the ALICE TPC [15]:

- Pedestal runs,
- Calibration pulser runs,
- Laser runs,
- Krypton runs.

Pedestal runs are used to determine the electronics baseline (pedestal) and its width (noise) for
every readout channel. During these runs the zero suppression (ZS) is switched off. The typical
pedestal of one electronic channel is shown in Fig. IV-13 while the noise distribution for all chan-
nels and for each pad type is shown in Fig. IV-14. The measured mean noise level achieved 0.7

FIGURE IV-13: Typical baseline of one
channel with inset showing its distribu-
tion [15].

FIGURE IV-14: The noise distribution for
all TPC pads (black) and different pad sizes:
short pads (red), medium pads (green) and
long pads (blue) [15].

ADC count (700 e−) and exceeded expectations of 1 ADC count (1000 e−). The extracted values
of pedestal and noise become a baseline for the zero suppression with the Front-End Electronics
(FEE) to cope with huge amount of data. The data volume was reduced from ∼ 700 MB/event
without ZS to less than 70 kB/event with ZS for empty events. It allowed for data rates up to 1 kHz
for p-p and a few 100 Hz for Pb-Pb collisions at LHC energies. Pedestal runs are executed before
data taking for every LHC fill.

Calibration pulser system is used to calibrate drift-time and calibrate timing of all readout
channels. The system also helps to identify dead channels and floating wires. During pulser runs
the cathode wire grids of the Read-Out Chambers are pulsed and signal is induced on pads without
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gas amplification. Figure IV-15 shows the distribution of timing variation in the whole TPC. The
RMS of the distribution corresponds to 5.2 ns, what can be translated as a shift causing additional
systematic uncertainty of cluster position resolution of about 140 µm, which is the second order
effect. The calibration pulser runs are executed similarly to pedestal runs before data taking for
every LHC fill.

FIGURE IV-15: Distribution of pulser
timing variations of all pads [15].

FIGURE IV-16: A deviation of the electron drift
from the ideal path caused by the E×B effect as a
function of the magnetic field.

Laser system uses 336 narrow ultraviolet laser beams to calibrate drift field parameters in
time. Since TPC is the very big cylindrical detector any mechanical distortion as well as any
electrical imperfection in the field cage or readout chambers can cause non-uniform electron drift.
The electron drift can be also unsettled by relative misalignment of the magnetic and electric field
(E×B effect), variation of temperature or atmospheric pressure and local variation of the electric
field from moving charges (space charge distortion). Temperature and pressure are measured with
a high quality sensors. The laser system provides straight tracks to measure the drift velocity, to
correct drift velocity for E×B effect, and test alignment of readout chambers and central electrode.
For each laser beam and several magnetic field settings the deviation of the electron drift ∆rϕ

from the ideal path is measured as shown in Fig. IV-16. The E ×B effect is as large as 7 mm
for the longest drift and nominal field. It corresponds to the designed precision of the correction
less than 1%. The mentioned drift velocity is crucial for track matching with other detectors. It
can be measured via matching laser tracks and mirror positions 5. The laser shots every half hour
interspersed between physics events.

Krypton runs have been taken to calibrate the detector response (gain). One of the main pur-
poses of the ALICE TPC detector is a precise dE/dx measurement. The good knowledge of the
detector gain is crucial. The method applied by ALICE collaboration removes both a gas and

5The drift velocity can be also measured via matching tracks from two halves of the TPC using cosmic tracks (from
cosmic runs) or via matching of the TPC primary vertices from two halves of the TPC (regular pp collision runs) or
via matching of TPC and ITS tracks (regular pp collision runs).
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an electronics response fluctuations. The gas gain calibration of readout modules is based on the
radioactive decay of the 83Kr isotope. The method has been developed by ALEPH [311] and DEL-
PHI [312] collaborations. It has also been used with success by the NA49 collaboration [313, 17]6,
STAR collaboration [314] and later on in NA61 collaboration7. It consists in connecting a radioac-
tive 83

37Rb source with the gas recirculating system of the ALICE TPC. The radioactive 83
36Kr isotope

gas obtained from the source is injected into a detector volume of the chamber. The isotope is ex-
cited and unstable. The excitation energy of the krypton is 41.6 keV (half-life time is 1.9 hr). It
decays down to the ground state through an intermediate state with an energy of 9.4 keV (half-life
is 147 ns). It indicates that there are two transitions with a defined energy: 32.2 keV and 9.4 keV.
A result of the first transition is a number of electrons coming from internal conversion or Auger
emission with a total energy not exceeding 32.2 keV. One X-ray photon with an energy from range
12.6 to 14.3 keV can also be emitted. The second transition outcome is manifested by a couple of
electrons or a single 9.4 keV photon. Electrons interact with a detector gas in a place where they
were created while photons escape. Their radiation length is of an order of 30 cm. Photons inter-
act with gas molecules via photo-electric effect. All the electrons coming from the krypton decay
directly or from the photo-electric effect ionise gas molecules. The resulting clusters coming from
the ionisation are registered by the TPC readout chambers. The characteristic energy spectrum of
the krypton isotope decay is well known (see Fig. IV-17). It results in an adequate charge deposit
spectrum so the response of TPC is possible to investigate. The comparison of the characteristic
spectra of deposited charge in various parts of TPC chambers allows to study the local gain vari-
ation. Due to this the registered spectra have different x scales in different TPC chambers and on
different pads. If the gain is higher (lower), the spectrum is wider (narrower). Having collected
enough statistics of krypton data a pad-by-pad calibration is possible. Krypton campaign was per-
formed in 2008, 2009, 2011, 2012, 2015 and 2018 for one week each time. Data with 1 kHz random
trigger were taken for different high voltage and magnetic field settings as well as for different gas
compositions over these years.

The procedure of the krypton analysis bases on several steps:

1. Installation and injection of the krypton source.
2. Krypton cluster reconstruction.
3. Characteristic spectrum preparation.
4. Spectrum fitting.
5. Corrections of bad channels.
6. Gain map and calibration constants extraction.

The first step is purely technical and well described in [15]. The dedicated cluster finder algo-
rithm is necessary in the krypton analysis. The reason lies behind the topology of a typical krypton
cluster in comparison to the cluster coming from physics data (i.e. from charged particles passing
through the sensitive volume of the chamber). Particle clusters are always defined as collected on

6Author was responsible for the gain calibration via radioactive Krypton of NA49 TPC in 2011. The method was
developed by author on the purpose of the ALICE TPC calibration. The method is different from previously used in
NA49 collaboration.

7Author is also a member of the NA61/SHINE collaboration and was responsible for the gain calibration of TPC
via radioactive Krypton in 2015.
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FIGURE IV-17: The characteristic radioac-
tive krypton decay from OROCs [15].
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FIGURE IV-18: Gain topology on C-side for
data taken in 2008.

a given pad-row. When a track passes over n pad-rows, it supposes to give n clusters. The krypton
cluster is an object in a 3D space. Its projection to 2D pad plane forms more or less a circular shape
which consists of several pad-rows. The 3D cluster finder collects the charge accumulated on pads
belonging to neighbouring pad-rows and time slices and utilises all the methods to suppress the
noise in the ALICE TPC. When all the clusters are reconstructed a separate charge spectrum
histogram is produced for every pad in the chamber. The most important for the analysis is the
largest peak which corresponds to the energy deposit of 41.6 keV. The main peak is fitted with a
Gaussian distribution. The gain topology on the C-side of the TPC is shown in Fig. IV-18. The
position of mean of the Gaussian is proportional to the total gain (the electronic response and the
gas gain) of the pad. The other peaks have also been fitted in order to check non-linearity and as a
cross-check of the calibration performed with the main peak.

There are several types of effects when looking at a different area of interests. One can consider
a local gain variation within one sector or a global sector-by-sector gain variation.

Gain variation within sector. The crown of the krypton calibration is to produce pad-by-pad
calibration constants which reflects gain topology. The investigation of systematic trends in TPC
gain allows one to look for various mechanical distortions and imperfections in construction of
the detector. The global structure of the sector is visible in radial and azimuthal projections. The
average gain systematics in the radial (row) and azimuthal (pad) direction is shown in Fig. IV-19.
There is a sizeable systematics reaching typically up to 18 %, 23 % and 11 % for IROCs, OROCs’
medium pads and OROCs’ long pads, respectively, in a radial direction within sector. An irregular
curve describes the projection in this direction. There is also a visible systematics in azimuthal
direction within sector which reflects probably catenarity of wires as well as a mechanical de-
formation of chamber. On top of that an edge effect is superimposed. There is an attenuation of
gain on the edges visible specially in azimuthal direction. It is related to the range of electrons
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FIGURE IV-19: Radial (left) and azimuthal (right) systematics of gain variation within one sector.
The step observed in the radial variation is due to the IROC-OROC transition.
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FIGURE IV-20: Sector-by-sector gain variation for IROC (left) and OROC (right).

from krypton decays and pad size. It is manifested by the leak of charge and touches 2-3 edge
pads. Moreover, krypton calibration allows localizing not properly working cards, floating wires
or noise regions. All the problematic regions are taken into account in a correction routine based
on krypton gain maps and maximum charge Qmax on a pad maps. Based on that the final gain map
is done.

Sector-by-sector gain variation. The magnitude of gain differences between sectors has been
investigated. Fig. IV-20 shows the gain computed for each inner and outer sector. Due to differ-
ences between inner and outer sectors, these two groups are not directly comparable. IROCs and
OROCs differ by nominal HV settings, pad size, etc. Presented calibration constants have been nor-
malized for inner and outer parts separately. The vertical bars correspond to typical gain variation
inside the given sector.

One can observe larger maximal gain variation for inner chambers (39.1%) than for outer
chambers (21.7%). When consider A- and C-side separately it bears out 37%, 36% for IROCs
and 14.8%, 18.6% for OROCs, respectively. The mentioned values are presented for nominal
gain. For lower ROC voltages variations are smaller, i.e. 28 % for IROCs and 13 % for OROCs at
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low gain.
The aim of the krypton calibration is to take out the relative rather than absolute gain varia-

tion inside TPC sectors and between sectors. This is the reason why all calibration constants are
rescaled to give an average equal to one.

The error on the mean obtained from the fit is of the order 0.2% on the single pad level (re-
quired is 1.5%). The calibrated spectrum of Kr decays for all OROCs is shown in Fig. IV-17. The
resolution of the main peak is 4.0% for IROCs and 4.3% for OROCs.

IV.15 EMCal calibration
Although the EMCal is a different detector than the TPC the calibration steps are similar. In order
to obtain the best energy resolution one needs to calibrate or equalize electronic response, monitor
temperature or adjust timing. For all these purposes the EMCal calibration can be divided into the
following steps:

- Energy calibration,
- Bad channels determination,
- Time calibration,
- Temperature calibration.

The energy calibration [315] follows several steps. The APDs which are attached to pream-
plifier and finally mounted to EMCal towers had been tested with a Light Emitting Diode (LED)
system in a lab at first. The tests allowed measuring noise and voltage gain for each APD with
accuracy of 20%. Then each SM was calibrated using energy deposit of cosmic ray muons at the
Minimum Ionizing Particle (MIP) peak as they pass through a single tower. Typical MIP energy
is ∼ 280 MeV. It allowed for a relative calibration and set the initial absolute energy scale. The
accuracy achieved with the MIP method is ∼ 10%. After the installation of EMCal super modules
in the cavern every tower was calibrated with MIPs using experimental data with an accuracy of
∼ 7%. Finally, with the high statistics pp collisions, each tower was calibrated via two photon in-
variant mass spectra. The π0 peak observed in each tower was used in the calibration. The π0 mass
peak before and after the energy calibration with π0 is shown in Fig. IV-21. The achieved accuracy
is better than 3%.

In addition to calibration with cosmic MIPs, MIPs coming from pp collisions and π0 peak
mass calibration SMs were exposed on electron and hadron test beam with given energies. The
linearity of the response was found to be better than 1% in the energy range 20−100 GeV. Below
the incidental energy of 20 GeV the reconstructed energy is lower. A drop of 10% is observed at
5 GeV. The non-linearity correction has been parameterized and applied during the analyses.

Bad channel map determination is based on the typical energy spectrum within one tower.
We can distinguish dead, bad, warm and noisy channels beside good channels. The bad channel
map is prepared per period of the data taking a posteriori. However, the good knowledge of bad
channels is crucial for any kind of data analysis and triggering purposes. EMCal provides L0 and
L1 triggers and bad or noisy channels are masked almost immediately when they are detected in
the online data taking.
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The main goal of the time calibration is to correct cell time information by the average cell
time over a period of data taking. The calibration corrects for a cable length (the signal propagation
in the cables takes ∼ 600 ns) and the electronic response. The period can be as long as one ALICE
data taking period or the whole year. In principle time calibration should be the same for at least
one year. However, all the electronic changes and different trigger setups impact the calibration.
The bunch crossing (BC) in pp collisions during LHC Run II phase occurred every 25 ns8. The
EMCal clock works with the other frequency than LHC clock, and samples every 100 ns. The time
calibration also correct for that effect. Moreover, all the SMs should start recording data at the
same time. However, during LHC Run II data taking the new firmware uploaded into electronics
has a feature which causes lost of the synchronization between different Super Modules. The time
calibration includes offline calculation of so called L1-phases for each SM and run. Figure IV-22
shows time distribution before (on the left hand side) and after (on the right hand side) the time
calibration, respectively. The cell time distribution is aligned at zero on the right hand side plot.
The resolution of the main peak is below 3 ns. Well visible neighbouring peaks are comming from
the out-of-bunch pile-up. The time calibration, crucial in the EMCal calibration allows removing
clusters coming from pile-up, is necessary in the energy calibration with π0 peak mass and helps
to identify bad channels.

Temperature dependence of APD gain was tested in the test beam. It was found that LED
amplitude changes by −2.1% per ◦C for a typical EMCal tower. The EMCal temperature has
been monitored during data taking. The change of the π0 peak mass position has been observed
with temperature. There are two methods of temperature correction. In the first one the mean
temperature is calculated per run to evaluate gain curves per tower. The second one uses the LED
calibration system in the LED events recorded at the beginning of each run to quantify the gain
variation from one reference run. Either the first or the second method is used in case of bad

8During LHC Run I phase pp collisions occurred every 50 ns. During Pb-Pb and p-Pb data taking periods the bunch
spacing was even larger, 150 ns or 75 ns.
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FIGURE IV-22: Left: Time distribution of EMCal cells for different bunch crossings before the
time calibration. Right: Aligned time distribution after the time calibration.

performance of LED system or poor knowledge of the gain curves for some towers. Otherwise,
both methods are used for a cross-check.

IV.16 Detector performance
The ALICE experiment has collected variety of data in pp, p-Pb and Pb-Pb collisions and spanning
the energy range

√
sNN = 0.9 to 13 TeV. Calibration allowed reaching excellent performance [303]

which is shown in this paper on just few chosen examples. The TPC detector provides information
about particle identification in a wide momentum range via measurement of the specific energy
loss (dE/dx), charge and momentum of each particle traversing the detector sensitive volume. The
measured dE/dx versus particle momentum in the TPC is shown in Fig. IV-23. The energy loss
is described by the Bethe-Bloch formula with the ALEPH parameterization [316]. Data are very
close to the analytical formulas, which are drawn as black lines. The clear separation between
particle species is visible. Particles can be identified on a track-by-track basis at low momenta
(0.15 < p < 1 GeV/c). A statistical basis separation is possible up to p = 50 GeV/c. The dE/dx
resolution is about 5.2% in pp collisions (designed value was 5.5%) and 6.5% in the 0−5% most
central Pb-Pb collisions. Figure IV-24 shows combined ITS-TPC transverse momentum resolution.
It takes value of ∼ 1% at pT = 1 GeV/c and linearly rise to ∼ 10% at pT = 50 GeV/c.

The energy E deposited in EMCal by electrons can be compared to the measured track mo-
mentum p that point to the cluster and E/p can be measured. Electrons deposit their entire energy
in the calorimeter, while hadrons lose a small fraction. A clean electron sample was obtained from
photon conversions in the detector material. Hadrons (protons and charged pions) have been identi-
fied from decays of neutral particles (Λ and K0

S , respectively). The E/p ratio is shown in Fig. IV-25
for electrons (a) and hadrons (b). There is very good agreement between data and PYTHIA Monte
Carlo within uncertainties.
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The interaction of low pT photons with detector material is dominated by electron-positron pair
creation. The converted photon together with its conversion point can be measured. The photon
conversion probability is very sensitive to the amount of material and its chemical composition.
Due to that facts photon conversion method (PCM) is a great tool to measure the material budget
of the ITS and the TPC detectors and their support structures like a tomograph. The distribution of
the reconstructed photon conversion points on the X-Y plane is shown in Fig. IV-26 and the radial
distribution is shown in Fig. IV-27. Different layers of the ITS and the TPC are clearly visible. The
integrated material budget for radius R < 180 cm and for |η|< 0.9 is 11.4±0.5% X0, and can be
translated to the conversion probability of ∼ 8.5%. It is well described by MC simulations.

The detection of light neutral mesons is a benchmark for calorimeters. The π0 mesons are
identified through the invariant mass of photon pairs. The transverse momentum distribution of the
π0 peak width and the π0 peak position in pp collisions at

√
s = 7 TeV are shown in Fig. IV-28

on top and bottom panel, respectively. The very low pT range can be accessed with PCM method,
while higher pT range is accessible with calorimeter measurements. The granularity of detectors
is reflected in the hierarchy of the peak width. The rise of the peak position and width is driven by
the overlapped photon clusters in EMCal. There is also a very good agreement between data and
MC.
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CHAPTER V

NEUTRAL MESONS MEASURED WITH THE
ALICE DETECTOR

During almost ten years of data taking, the ALICE experiment has performed many analyses with
neutral mesons. The motivation for neutral meson analyses with ALICE is described in Sec. V.1.
The basic work flow for the data analysis is briefly discussed below. It can be summarized in
several steps. The corresponding sections have been provided in brackets.

1. Event selection (Sec. V.2),
2. Photon reconstruction/identification (Sec. V.3),
3. Neutral meson reconstruction (Sec. V.4),
4. Spectrum corrections (Sec. V.5),
5. Systematic uncertainties (Sec. V.6),
6. Merging results from different methods (Sec. V.7),
7. Results (Sec. V.8, V.9, V.10).

All these steps are explained in subsequent sections. There are two important quantities when con-
sidering production spectra. After a slight modification of Eq. II.3, the π0 and η meson differential
production cross-sections can be written in a form:

E
d3σ

dp3 =
1

2πpT

1
L

1
BR

1
ε×A

N(∆pT,∆y)−Ns

∆pT∆y
, (V.1)

where the luminosity

L =
Nevt

σMB
Rtrig (V.2)

is expressed in terms of the trigger cross-section σMB, the number of events Nevt and Rtrig is the
trigger rejection factor, BR is the branching ratio of a meson in a given decay channel, ε×A is
the efficiency and acceptance correction, N(∆pT,∆y) is the number of reconstructed mesons in a
given ∆pT and ∆y interval, and Ns is the strangeness correction. When the cross-section for a given
trigger is not known, one can calculate the invariant yield:

E
d3N
dp3 =

1
2πNevt

d2N
pTdpTdy

=
1

2πpT

1
Nevt

1
Rtrig

1
BR

1
ε×A

N(∆pT,∆y)−Ns

∆pT∆y
. (V.3)
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V.1 Physics motivation for π0 and η meson studies with ALICE

The ALICE experiment is one of the LHC experiments. The LHC accelerator provided pp beams
with the center-of-mass energy of

√
s = 0.9 to 13 TeV, nuclear collisions at

√
sNN = 2.76 and

5.02 TeV as well as p-Pb collisions at
√

sNN = 5.02 and 8.16 TeV. Data were delivered during
two long periods, LHC Run I (2008-2013) and LHC Run II (2015-2018) separated by the long
maintenance period, Long Shutdown 1 (LS1), in 2013-2015. The center-of-mass collision energy
reached at the LHC is∼ 4-30 times larger than at RHIC. It implies a new energy regime which had
not been explored before the LHC in collider experiments.

The ALICE experiment has been designed to study the Quark-Gluon Plasma (QGP) which
is formed in heavy-ion collisions (HIC) at the LHC. However, it can also be used to investigate
phenomena in pp and p-Pb collisions.

Production spectra of neutral mesons, such as π0 or η, can be described by the convolution of
hard parton cross-sections, which can be calculated within perturbative quantum chromodynam-
ics and nonperturbative parton distribution functions or fragmentation functions. If PDFs or FFs
are known from other experiments, such as hadron production or deep-inelastic scattering in clear
e+e− annihilation, one can test pQCD. Alternatively, information about the fragmentation function
can be obtained. e+e− collision experiments are mostly sensitive to the quark-to-hadron fragmen-
tation function, whereas hadronic experiments provide information on the gluon fragmentation.
Additionally, hadrons have the inner structure which also can be probed in pp collisions. In conse-
quence, measurements of the meson production spectra in a wide kinematic range and for several
colliding energies provide new constraints on PDF and FF parameterizations.

Meson production in HIC allows for studying several effects. The development of collective
flow and test of the bulk properties can be examined at low-pT (pT < 3 GeV/c). At higher pT, one
can observe modification of the nucleon PDF in nuclei, energy loss by hard partons in interactions
with the dense QGP medium, non-linear recombination effects caused by the dense matter [317],
etc. The high-pT (pT > 5 GeV/c) light meson production results from hadronization of partons
produced in the hard scattering. At moderately high pT, the π0 and η meson are mainly produced
via gluon fragmentation at LHC energies. Due to the different color factor in the quark-gluon and
gluon-gluon vertex, gluons will suffer a larger energy loss in the medium compared to quarks.
Therefore, a comparison of the amount of suppression of the light neutral meson yield and heavier
hadrons may provide input for comparison of the energy loss by different partons. In addition, a
different relative contribution of quarks and gluons also impacts the light meson production and
can lead to a difference in the suppression pattern for π0 and η mesons.

Precise measurements of the η/π0 ratio provide valuable information. The systematic uncer-
tainties accompanying measurements in the same detector layout are decreased because of partial
cancellations. The same occurs in case of theoretical predictions. The mT scaling can be tested in
the η/π0 ratio. Only precise measurements can show the possible mT scaling violation in the low-
pT regime. However, the high-pT part of the ratio, which has a universal character, is necessary for
a correct normalization.

Neutral mesons are source of the major background in direct photon, single electron and di-
electron spectra analyses. The mT scaling is important in this context, because it is used to estimate
unknown contributions to the background.
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Lastly, the advantage of studying well-identified particles in the final state (such as π0 or η

mesons) over studying unidentified particles (such as charged hadrons) is interpretation unaffected
by contributions from baryons (protons) and other mesons.

V.2 Event selection
ALICE has measured neutral meson production spectra for five center-of-mass energies

√
s =

0.9 [318], 2.76 [319, 320], 5.02 [19, 321], 7 [318] and 8 TeV [322] in pp collisions. ALICE has also
measured non-single diffractive (NSD) π0 and η meson spectra in p-Pb collisions at the center-of-
mass energy of

√
sNN = 5.02 TeV [323] as well as in several centrality classes of Pb-Pb collisions

at
√

sNN = 2.76 [319, 324] and 5.02 [321] TeV. Different minimum bias (MB) triggers are used in
the ALICE experiment. The MBOR trigger requires a hit in at least one of the two SPD layers or a
signal in one of the V0 hodoscopes. The MBAND trigger requires a time coincidence between hits
in both V0 counters. The cross-section measurement for each system and energy relies on these two
MB triggers performed in Van-der-Meer scans [325, 326, 327]. The summary of the trigger cross-
sections (σMBOR and σMBAND) and the inelastic cross-section (σINEL

pp ) for pp collisions at different
energies is shown in Table V-1. The cross-sections for pp collisions at

√
s = 0.9 TeV relies on the

pp̄ measurement at UA5 [328]. The result for pp collisions at
√

s = 5.02 TeV has been updated and
the new value is σMBAND = 50.87±0.04 mb [329]. For Pb-Pb collisions at

√
sNN = 2.76 TeV, the

value estimated for centrality determination [309] was used.

System
√

sNN Cross-section (mb) Ref.
(TeV) σMBOR σINEL

pp σMBAND

pp 0.9 47.8+2.4
−1.9 52.5±2 [328, 325]

pp 2.76 σMBAND/0.8613±0.0006 62.8+2.4
−4.0±1.2lumi 47.7±0.9 [325]

pp 5.02 67.6±0.6 51.2±1.2 [326]
pp 7 62.2±2.2 73.2+2.0

−4.6±2.6lumi [325]
pp 8 55.80±1.45 [327]
Pb-Pb 2.76 (7.64±0.22)×103 [309]

TABLE V-1: The minimum bias trigger cross-section (σMBOR and σMBAND) and the inelastic cross-
section for a given collision type at a given center-of-mass energy

√
sNN.

ALICE has also collected data with rare EMCal and PHOS triggers. There are EMC1 or EMC7
and PHI7 - L0 EMCal and PHOS triggers with different thresholds and EG1 or EG2 - EMCal L1
triggers with different thresholds. The energy threshold values for triggers are given in Table V-2.
The L0 EMCal trigger checks the energy deposited in 2×2 adjacent cells evaluated with a sliding
window algorithm within each Trigger Region Unit (TRU) spanning 4× 24 cells in coincidence
with an MB trigger. The L1 EMCal trigger extends the search with a sliding window across neigh-
boring TRUs. The L0 PHOS trigger uses a window of 4× 4 adjacent cells evaluated with the
Weighted Sum algorithm in coincidence with an MB trigger. In order to properly normalize trig-
gered events, the trigger rejection factor (Rtrig) is calculated. It is the ratio of calorimeter triggered
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and MB cluster energy spectrum as a function of the cluster energy. The ratio should be constant
above the trigger threshold provided that triggers do not change the reconstruction efficiency of
clusters. The example trigger rejection factor curves are shown in Fig. V-1. If the trigger rejection
factors are known, luminosities for different triggers can be calculated. Trigger rejection factors
and corresponding luminosities for different analyses are given in Table V-2. For further analysis
only the events with the z-coordinate of the vertex position in the global ALICE coordinate system,
|z|< 10 cm, are used. The z-vertex distribution for pp and Pb-Pb collisions is shown in Fig. V-2.

FIGURE V-1: Trigger rejection factor (RF) for PHOS-L0 and EMC-L0/L1 triggers. RFs are ob-
tained by the constant fit in the fit range illustrated by dotted lines. The light-colored bands indicate
uncertainties [322].
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FIGURE V-2: z projections of the luminous region obtained from reconstructed vertices in pp and
Pb-Pb collisions (folded with vertex resolution) [303].
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System

√
sNN (TeV) Method Trigger Rtrig L (nb−1) Ref.

pp 0.9 PCM INT1 1 0.14 [318]
pp 0.9 PHOS π0 INT1 1 0.14 [318]
pp (2011) 2.76 PHOS INT1 1 0.63 [319]
pp (2011) 2.76 PCM INT1 1 1.05 [319]
pp (2011) 2.76 EMC, PCM, PCM-EMC INT1 1 0.542±0.010 [320]
pp (2011) 2.76 EMC, PCM-EMC, mEMC EMC1 1217±67 13.8±0.806 [320]
pp (2013) 2.76 EMC, PCM, PCM-EMC INT7 1 0.335±0.013 [320]
pp (2013) 2.76 EMC, PCM-EMC EMC7 126.0±4.3 1.19±0.062 [320]
pp (2013) 2.76 EMC, PCM-EMC, mEMC EG2 1959±131 6.98±0.542 [320]
pp (2013) 2.76 EMC, PCM-EMC, mEMC EG1 7743±685 47.1±4.57 [320]
pp 5.02 EMC, PCM INT7 1 2 [19, 321]
pp 5.02 PHOS INT7 1 20.8 [19, 321]
pp 5.02 PHOS PHI7 (23.99±0.12)×103 470 [19, 321]
pp 7 PCM INT1 1 5.6 [318]
pp 7 PHOS π0 INT1 1 4.0 [318]
pp 7 PHOS η INT1 1 5.7 [318]
pp 8 EMC, PCM-EMC INT7 1 1.94±0.05norm [322]
pp 8 PHOS INT7 1 1.25±0.04norm [322]
pp 8 PCM INT7 1 2.17±0.06norm [322]
pp 8 EMC, PCM-EMC EMC7 67±1.1 40.9±0.7sys±1.1norm [322]
pp 8 EMC, PCM-EMC EG1 (14.9±0.3)×103 615±15sys±16norm [322]
pp 8 PHOS PHI7 (12.4±1.5)×103 135.6±16.8sys±3.6norm [322]

p-Pb 5.02 EMC, PCM, Dalitz, PCM-EMC, PHOS INT7 1 0.05 [323]

Pb-Pb (2010) 2.76 PHOS INT1 1 16.1×106 events [319]
Pb-Pb (2010) 2.76 PCM INT1 1 13.2×106 events [319]
Pb-Pb (2011) 2.76 PCM, EMC INT7 (0−10%) 1 20.1×10−3 [324]
Pb-Pb (2011) 2.76 PCM, EMC INT7 (20−50%) 1 4.8×10−3 [324]
Pb-Pb 5.02 PHOS INT7 (0−90%) 1 12×10−3 [321]

TABLE V-2: A collision system, a center-of-mass energy
√

sNN, an analysis method, a trigger name and corresponding trigger
rejection factor (Rtrig) and luminosity are given for each neutral meson analysis. MBOR/INT1 and MBAND/INT7 are Minimum
Bias L0 triggers. EMC1 and EMC7 are EMCal L0 triggers, EG1, EG2 are EMCal L1 triggers, PHI7 is PHOS L0 trigger with the
corresponding trigger thresholds: EEMC1

th ≈ 3.4 GeV, EEMC7
th ≈ 2 GeV, EEG1

th, pp@2.76TeV ≈ 5.5 GeV, EEG2
th ≈ 3.5 GeV, EEG1

th, pp@8TeV ≈
8.4 GeV, EPHI7

th ≈ 4 GeV (EPHI7
th ≈ 3 GeV for pp@5TeV in 2015).
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V.3 Photon reconstruction
There are two photon measurement methods used in the ALICE detector. The first is based on a
measurement of energy deposited in the sensitive material of a calorimeter. This method is ex-
ploited by PHOS and EMCal. The second one is based on the external conversion of photons into
e+e− pairs in the detector material and is called the photon conversion method (PCM). In that case
the conversion pair is registered in the large volume gaseous Time Projection Chamber and in the
Inner Tracking System. The two methods are described below.

A group of calorimeter cells somehow related to each other is called a cluster. There are four
algorithms used for clusterization in ALICE calorimeters. They are briefly described below.

• V1 clusterizer associates all the adjacent cells (exceeding some minimum energy threshold
Ecell) to a cluster initiated by the seed cell with the energy exceeding some threshold Eseed,
unless they are neighbors. There can only be four neighboring cells (the distance on the
discrete two-dimensional XY plane is ∆X +∆Y = 1 for neighbors) for each cell. A cell can
only be associated to one cluster. The cluster is formed when no other cell is a neighbor of
any cell in the cluster. When a cluster is formed all its features (the total energy, the center of
gravity, etc.) are calculated and the algorithm starts looking for a new cluster. A consequence
of such an algorithm is that one cluster can contain all cells in the super module.

• V1 clusterizer with unfolding divides multi-maxima (a maximum or, to be more precise, a
local maximum is a cell in a cluster surrounded by less energetic cells) clusters reconstructed
with the V1 clusterizer into single-maxima clusters. The algorithm splits energy of clusters
being unfolded by splitting energy in cells. When the number of local maxima in a V1
protocluster is found to be greater than one, the fraction energy profiles are fitted to the
protocluster. A new set of unfolded clusters with a proper dustribution of energy in cells is
created.

• At first, all cells are ranked by energy in the V2 clusterizer. The most energetic cell (with
the energy above Eseed) is the seed. A scan over cells already associated to the cluster and
check for neighbors is done in iterations. However, the energy of a neighboring cell should
be smaller in order for it to become a neighbor. When a cluster is formed, the procedure is
repeated but with a smaller pool of available cells.

• In the NxN clusterizer, the seed is found to have the energy above Eseed. Then the window
of 3×3 cells with the seed cell in the middle is opened and all the eight cells are checked to
ensure they have lower energy than the seed. If this requirement is satisfied, a new cluster is
formed and the procedure is repeated.

Cells must fulfill the minimum energy threshold, except for the NxN clusterizer. The resulting
sketch of the different clusterizers is shown in Fig. V-3. In case of EMCal every clusterizer has been
used. In case of PHOS only two options, V1 and V1 with unfolding clusterizers, are available. From
the perspective of a neutral meson analysis, clusterizers have different performance. Due to lower
granularity of EMCal, photon clusters coming from π0 tend to overlap already at pT ' 6 GeV/c.
It results in a π0 spectrum range up to pT ' 12 GeV/c with the V1 clusterizer. The range can be
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FIGURE V-3: a) An example of fired cells (green) in a calorimeter. The red line indicates the
minimum energy threshold. b) Result of the V1 clusterizer: one big cluster (blue) is formed, cells
below threshold (green) are not attached to cluster. c) Result of the V2 clusterizer: two clusters
(blue and orange) are formed, cells below threshold (green) are not attached to any cluster. d)
Result of the NxN clusterizer: two clusters (blue and orange) are formed, cells below threshold
(green) are not attached to any cluster; note a cell below threshold attached to a cluster. d) Result of
the V1 with unfolding clusterizer: two clusters (blue and orange) are formed, cells below threshold
(green) are not attached to any cluster, one cell has energy shared among clusters.

extended with the other clusterizers. The NxN takes a maximum of 9 cells, which results in an
artificial energy cut-off for higher-energy clusters. The V2 and V1 with unfolding give a similar
performance extending the resolved clusters range to pT ' 12 GeV/c, which results in the π0

spectrum range of up to pT ' 20 GeV/c. However, with smarter cell energy sharing the unfolding
can go a bit further in pT than V2.

Due to a much larger PHOS granularity, photon clusters are resolved up to pT ' 20 GeV/c and
the range is only limited by available statistics. In case of η meson, its opening angle is so large
that the clusterization method doesn’t have a significant impact on the range and only statistics
matters.

When the pool of clusters is prepared, the photon candidates are chosen based on selection
criteria. These take into account a shower shape, cluster-track matching, timing and others. The
cluster-track matching reduces contamination from charged particles (see Fig. IV-25), timing re-
duces clusters coming from a different bunch crossing (pile-up) (see Fig. IV-22, right-hand side).
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A distinction between photons, electrons, neutrons and the so called merged neutral mesons is
based on the shower shape. The shower shape can be characterized by a larger eigenvalue of the
energy decomposition of clusters in the calorimeter pseudo-rapidity η and azimuth angle ϕ plane
and expressed as:

σ
2
long = 0.5

(
σ

2
ϕϕ +σ

2
ηη +

√
(σ2

ϕϕ−σ2
ηη)2 +4σ4

ηϕ

)
, (V.4)

where
σ

2
αβ

=< αβ >−< α >< β >, (V.5)

and
< α >=

∑wiαi

∑wi
, (V.6)

with a weight wi = max(0,4.5+ log(Ei/E)), which logarithmically depends on the energy Ei of
a given cell i to the cluster energy E. The different contributions to the shower shape spectrum
are illustrated in Fig. V-4. Photonic clusters (direct or coming from the π0 or η decay) are mostly
located below σ2

long = 0.3. The dominant contribution above σ2
long = 0.3 is coming from merged

π0 showers.

FIGURE V-4: Different contributions to the reconstructed clusters (red solid line) shower shape
(σ2

long) distribution for π0 candidates with 18 < pT < 22 GeV/c in MC. Black dots denote π0

clusters coming from merged showers, open black and blue circles - resolved photon showers
from π0 and η, respectively, orange shaded area is coming from direct photons, green shaded area
from electrons and blue solid line indicates hadrons [320].
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FIGURE V-5: Armanteros-Podolanski plot for photon candidates.

Photons are reconstructed from e+e− pairs using the secondary vertex (V0) finding algo-
rithm [330] in the photon conversion method (PCM). Both electron legs are required to have tracks
with a specific energy loss in the TPC in the proximity of the average electron dE/dx and to fulfill
the electron hypothesis in the TOF detector. Tracks are refitted with the photon mass constrained.
Together with an opening angle between e+ and e− tracks requirement, they reduce combinato-
rial background. The Dalitz e+e− pairs are distinguished by a radial distance from the interaction
point requirement. The K0

S and Λ contamination is suppressed by the selection in the Armanteros-
Podolanski (AP) variables; transverse momentum qT - the transverse momentum of the daughter
particle pT with respect to the reconstructed mother particle −→pm; and the longitudinal momentum
asymmetry α, defined as follows:

qT =
|−→pT×−→pm|
|−→pm|

, (V.7)

and

α =
p+L − p−L
p+L + p−L

, (V.8)

where p+L and p−L are longitudinal momenta of positively and negatively charged daughter particles,
respectively. The AP plot of photon candidates is shown in Fig. V-5.
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V.4 Neutral meson reconstruction
Neutral mesons are mostly combined from photon pairs using the invariant mass technique. How-
ever, they can also be identified in a single cluster analysis via shower shapes. For the invariant
mass analysis we consider cases where two photons are registered in the same calorimeter (either
PHOS or EMCal), both photons are real and reconstructed via the PCM method, one photon is
real and the other virtual (Dalitz decay) and both are reconstructed via the PCM method or the
hybrid method where one photon is registered in EMCal and the other reconstructed in PCM. The
invariant mass is calculated as follows:

Mγγ =
√

2E1E2(1− cosθ12), (V.9)

where E1 and E2 are photon candidates energies and θ12 is an opening angle between them mea-
sured in the laboratory frame. Neutral mesons are visible as an excess yield at their respective
rest mass, above background. In order to ensure the proper background description (in EMCal), a
minimum separation distance is required. The uncorrelated background is determined by mixing
photon pairs from different events in the same class of z-vertex position, photon candidate multi-
plicity as well as transverse momentum. Then, this background is normalized in proper side-band
and further subtracted. The combinatorial background subtraction is particularly important in Pb-
Pb and p-Pb collisions as well as in the low pT range of the spectrum. The residual correlated
background is parameterized as a linear or second order polynomial. The signal is parameter-
ized by Gaussian, Crystal Ball [331] (CB) or Gaussian convoluted with exponent to account for
bremsstrahlung [332], depending on the system and the method of the analysis. The Gaussian
convoluted with the exponent has the following functional form:

f (x) = A
(

G(x)+ exp
(

x−M
λ

)
(1−G(x))Θ(x−M)

)
, (V.10)

with

G(x) = exp

(
−0.5

(
x−M

σ

)2
)
, (V.11)

where the G(x) component represents Gaussian with a mean M, width σ and an amplitude A for a
given meson, λ is an inverse slope parameter of exponent, Θ(x−M) is a Heaviside function which
specifies when the exponential component is taken into account. The functional form of CB is as
follows:

f (x) =


AG(x) for x−M

σ
< a,

A
(

n
|a|

)n
exp(−0.5a2)

(
n
|a| −|a|−

x−M
σ

)−n
for x−M

σ
> a,

(V.12)

where a and n fit parameters control the left-hand side tail caused by bremsstrahlung. The methods
of the analysis for each energy and system are summarized in Table V-2.

The neutral meson raw yields are extracted by integrating background subtracted invariant mass
distributions in a defined window around a meson mass peak (usually it is an equivalent of ∼ 3
standard deviations around the peak, but one needs to take into account a larger bremsthralung tail



V.4. Neutral meson reconstruction 71

)2c (GeV/γγM

0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2 0.22

2
c

C
o

u
n

ts
 p

e
r 

5
 M

e
V

/

0

1000

2000

3000

4000

5000

Data

Mixed background

Correlated background

Extracted signal
Signal fit

ALICE Performance

23.04.2018

 = 5 TeVspp, 

,  EMCalγγ → 0
π

c < 2.4 GeV/
T

p2.0 < 

ALI-PERF-144911

FIGURE V-6: The invariant mass of two photon candidates without (dark) and with background
subtracted (red) together with the fit line (blue) around π0 nominal mass reconstructed with the
PCM in pp collisions at

√
s = 7 TeV [318] (top left), the PCM-EMC in pp collisions at

√
s =

8 TeV [322] (top right), the EMC in pp collisions at
√

s = 5.02 TeV (bottom left) and the Dalitz
in p-Pb collisions at

√
s = 5.02 TeV [323] (bottom right). The pT range is indicated in each figure.

The inset in the top left figure shows the invariant mass of two photons around η nominal mass.

on the left-hand side of the peak in some methods). The example invariant mass distributions in the
proximity of the nominal π0 and η meson mass are shown in Fig. V-6, V-7 and V-8, respectively.

A single cluster analysis has been used in a high pT range in pp collisions at
√

s = 2.76 TeV
with EMCal. Two photon showers from the π0 decay tend to merge in high pT and form a single
EMCal cluster. For that reason it is not possible to use the invariant mass analysis. Merged clusters
from π0 decays look more elongated than clusters from electrons or photons. Thus, the shower
shape variable σ2

long defined in Eq. V.4 can be used to distinguish them (see Fig. V-4). A comparison
of the π0 meson mass position and width, reconstructed in pp collisions at

√
s = 7 TeV, is shown

in Fig. IV-28. A comparison of the π0 and η meson mass position and width, reconstructed in
p-Pb collisions at

√
s = 5.02 TeV, is shown in Fig. V-9. The reconstructed mass and width peak

positions in data are well reproduced by MC simulations. For EMC and PCM-EMC methods the
meson peak position was not calibrated to the nominal meson mass position, but the cluster energy
in MC was corrected by a pT-dependent factor to obtain π0 mass peak agreement in data and MC
well below 0.5%. For other methods the agreement is on the same level or even much better.
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FIGURE V-7: Invariant mass before and after background subtraction in the π0 mass region for
pp (left column), 60-80% (middle column) and 0-10% (right column) Pb-Pb collisions at

√
sNN =

2.76 TeV reconstructed with the PCM (top row) and PHOS (bottom row) method. The pT range is
indicated in each figure [319].

V.5 Spectrum corrections
Based on the data or MC several corrections have been applied to obtain the final spectrum:

- Efficiency and acceptance correction, ε×A,
- Feed-down correction, Ns,
- Vertex correction, Nevt.

Due to the limited acceptance of detectors and different selection criteria applied for different meth-
ods, ε×A correction accounts for several effects such as cluster selection, meson reconstruction,
the number of bad channels, interspace between super modules, etc. This correction affects the
shape of the whole spectrum. The effective efficiencies pT dependent normalized to the full az-
imuth and one rapidity unit (|∆y|= 1) are shown in Fig. V-10 for π0 and η mesons in pp collisions
at
√

s = 2.76 TeV. The larger acceptance for EMCal compared to PHOS is reflected in curves. The
drop-off at around pT = 10 GeV/c for EMCal is caused by merged showers. At pT = 15 GeV/c,
the single shower analysis is more efficient. Due to a much larger granularity, the EMCal drop is
not visible for PHOS, where it is shifted to much higher pT values. A small conversion probability
for PCM accounts for lower effective efficiency. The PCM-EMC method gains in reach and effi-
ciency due to the hybrid technique. For all the methods except for mEMC, the purity P = 1. For the
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FIGURE V-8: Invariant mass without (dark) and with background subtracted (red) together with fit
line (blue) around η nominal mass reconstructed with EMC in pp collisions at

√
s= 2.76 TeV [320]

(top left), PHOS in pp collisions at
√

s = 7 TeV [318] (inset top middle), EMC in pp collisions
at
√

s = 8 TeV [322] (top right), PCM-EMC in p-Pb collisions at
√

s = 5.02 TeV [323] (bottom
left), 0-10% Pb-Pb collisions at

√
sNN = 2.76 TeV with PCM [324] (bottom middle) and 0-10%

Pb-Pb collisions at
√

sNN = 2.76 TeV with EMC [324] (bottom right). The regular size figure in
top middle shows invariant mass around π0 nominal mass. The pT range is indicated in each figure.

mEMC method, other than merged π0 sources are taken into account. The correction is MC-based.

The feed-down correction is mostly related to the π0 meson production. For η meson it is
negligible. One needs to account for and subtract from the yield the mesons coming from long-
lived particles which decay far away from the interaction point. These particles contain strange
quark. The largest source of neutral mesons from strange particles are K0

S particles. In addition,
the strangeness production in MC simulations does not reproduce this from data. As an example,
see the kaon-to-pion ratio in pp collisions at

√
s = 7 TeV [333] compared to various QCD-inspired

models as shown in Fig. V-11. The K±/π± ratio differs by 10% to 60% depending on the model
and pT range. Moreover, none of the models describes both the kaon-to-pion and the proton-to-
pion ratio simultaneously. The feed-down correction is most important at low pT and takes ∼ 10%
at pT = 1 GeV/c, then decreases to ∼ 5% at pT = 4 GeV/c and remains constant. This correction
affects the neutral meson yield and is important in the low-pT region. The correction is MC-based.
However, single particle spectra are corrected by results obtained from real data.
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FIGURE V-9: Left: Reconstructed π0 peak width (a) and position (b) in p-Pb collisions at
√

s =
5.02 TeV for PCM method (black), PHOS (red), PCM-EMC (blue), Dalitz (violet) and EMCal
(green). Right: Reconstructed η peak width (a) and position (b) in p-Pb collisions at

√
s= 5.02 TeV

for PCM method (black), PCM-EMC (blue) and EMCal (green). Data (full symbols) are compared
to MC simulations (open symbols) [323].

FIGURE V-10: Effective normalized efficiency pT dependent correction for different methods of
π0 (left panel) and η (right panel) meson reconstruction in pp collisions at

√
s = 2.76 TeV [320].

The last and the smallest number is vertex correction which affects normalization, Nevt. It is
∼ 1% and is due to the particle detection inefficiency causing the lack of vertex reconstruction.
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FIGURE V-11: Kaon-to-pion (left panel) and proton-to-pion (right panel) ratio compared to various
QCD-inspired models in pp collisions at

√
s = 7 TeV [333].

V.6 Systematic uncertainties
The sources of systematic uncertainties vary from method to method. A typical trend looks as
follows. It is as high as 15-20% at low-pT, then rapidly falls down to a value ∼ 6-10% at pT =
3− 4 GeV/c, and remains approximately flat to pT ≈ 10 GeV/c. Then it rises again to a value of
∼ 20% at pT ≈ 30 GeV/c.

The largest uncertainty is coming from the material budget. It is constant at the level of 9% for
the PCM method, 4.2% for EMC-based methods and 3.5% for PHOS.

The energy calibration for calorimeters is also burdened with non-negligible uncertainty. It
varies depending on pT, collision energy and the system as well as the meson type. It is ∼ 1-7%
for PHOS or ∼ 2-5.5% for EMCal for pp or p-Pb collisions, and ∼ 4-8%for PHOS or 8.6% for
EMCal in Pb-Pb collisions.

The signal yield extraction is also non-negligible. Usually, it is larger at low-pT due to a larger
combinatorial background. It is ∼ 3-7% at low-pT (pT ∼ 1 GeV/c), then falls down to the level of
∼ 2% for PHOS. It remains at ∼ 2% up to pT ≈ 10 GeV/c and rises to ∼ 5% at pT = 15 GeV/c
due to cluster merging for EMCal. It is more difficult to extract a signal in central Pb-Pb collisions
and at low pT, which is reflected in 2 to 3 times larger uncertainty. For η meson, uncertainty on the
signal yield extraction is larger ∼ 2-3 times due to the smaller available statistics and ∼ 2.5 times
larger width than for the π0 meson.

In particular cases, the efficiency extraction was a source of sizeable uncertainty of 4-9% (pp
collisions at

√
s = 8 TeV) for almost all methods. It is also problematic in Pb-Pb collisions when

an embedded meson sample is used for efficiency extraction.
For PCM method, a sizeable source is electron/positron identification, especially in Pb-Pb col-
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lisions which can be as large as ∼ 10.5% at pT = 5 GeV/c.

V.7 Merging results from different methods
Merging the methods allows not only for the extension of the measured pT range, but also for the
reduction of systematic uncertainties.

Different methods and different trigger types are analyzed for one collision type and energy.
To combine them into one final result that takes into consideration statistical and systematic un-
certainties as well as correlations between them, the Best Linear Unbiased Estimate (BLUE) algo-
rithm [334, 335, 336] is used. At first, a spectrum is done for a given method merging all available
triggers. Trigger samples have uncorrelated statistical uncertainties, since different triggers use
non-overlapping data samples. Then, spectra from different methods can be merged. The PCM,
EMC and PHOS methods are independent measurements and they are treated as uncorrelated.
For other methods a proper correlation was found. A good agreement between different methods
allows for merging the spectra.

When a spectrum is merged, the invariant cross-sections are corrected for the finite pT bin
width according to the prescription in [337]. The y values are kept to the bin averages and the pT
position is calculated at a point where the differential cross-section coincides with the bin average.
Usually, the Tsallis function [338], the power function, the modified Hagedorn function [339] or
the two component model (TCM) function [340] have been used for the correction in the ALICE
experiment. All the mentioned functions are given below. The Tsallis function is as follows:

E
d3σ

dp3 = A
C(n−1)(n−2)

nC[nC+m(n−2)]

(
1+

mT−m
nC

)−n

, (V.13)

where A, C, n are free parameters, m is the meson rest mass and mT is the transverse mass. The
power law function is given by:

E
d3σ

dp3 = Ap−n
T , (V.14)

where A and n are fit parameters. The modified Hagedorn function looks as follows:

E
d3σ

dp3 = A(exp[−(apT +bp2
T)]+ pT/p0)

−n, (V.15)

where A, a, b, p0 and n are free parameters. The TCM function is as follows:

E
d3σ

dp3 = Ae exp(−ET,kin/Te)+A
(

1+
p2

T
T 2n

)−n

, (V.16)

where ET,kin =
√

p2
T +m2−m is the transverse kinematic energy with the meson rest mass m and

a number of free parameters: Ae, A, Te, T and n.
The ALICE experiment provided results in a very broad range. The Tsallis distribution can

describe spectra at a low-pT range, but deviates considerably at high-pT. The power law works only
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FIGURE V-12: Ratio between individual π0 invariant cross-section measurements in pp collisions
at
√

s = 5.02 TeV and TCM fit to the combined meson cross-section (left) and η invariant differ-
ential yield in p-Pb collisions at

√
sNN = 5.02 TeV and Tsallis fit to the combined meson yield

(right) [323].

in the high-pT region (above pT≈ 3.5 GeV/c) and cannot properly describe the low-pT region. The
TCM function describes reasonably well the whole spectrum with 10% agreement.

The agreement between individual methods can be visible on the ratio of data points coming
from individual methods to the fit to the common spectrum. It is shown in Fig. V-12 for π0 spectrum
in pp collisions at

√
s = 5.02 TeV (left panel) and for η spectrum in p-Pb collisions at

√
sNN =

5.02 TeV (right panel) [323]. The agreement between methods is within 15%.

V.8 Production spectra of π0 and η meson

ALICE has measured π0 production spectra for five center-of-mass energies
√

s = 0.9 [318],
2.76 [319, 320], 5.02 [19, 321], 7 [318] and 8 TeV [322] in pp collisions. All the spectra were
measured by PHOS and PCM. EMCal was used for the measurement at energies

√
s = 2.76, 5 and

8 TeV. The hybrid method EMCal-PCM was additionally used at
√

s = 2.76 and 8 TeV. The use of
different techniques allows for performing measurements in a very wide pT range from 0.3 GeV/c
to 40 GeV/c. The pT distributions of π0 meson and comparisons to the PYTHIA 8 [341] event gen-
erator or NLO pQCD calculations are presented in Fig. V-13. PYTHIA 8 describes reasonably well
the results at all energies in the whole pT range. However, it over predicts data in the intermediate
pT region for higher energies. Uncertainty bands of NLO pQCD calculations represent simultane-
ous variation of renormalization and factorization scales by a factor of 2. The MSTW PDF [56]
(CT10 PDF [342] has been used for data at

√
s= 5.02 TeV) and DSS14 FF [84] used in predictions

better describe the measured spectra compared to the previously used calculations [318]. However,
the larger the center-of-mass energy and pT, the larger discrepancy between NLO pQCD and data
is observed. It seems that higher order corrections are less important than parton distributions, par-
ticularly gluon distributions in this energy range. It needs to be stressed that

√
s = 7 TeV results

on the π0 meson production were taken into account as an input when DSS14 FF was calculated.
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FIGURE V-13: Left: The π0 production cross-section in pp collisions for the center-of-mass en-
ergy

√
s = 0.9 [318], 2.76 [319, 320], 5.02 [19, 321], 7 [318], 8 TeV [322] compared to the

PYTHIA 8 [341] event generator and NLO pQCD calculations with MSTW PDF [56] and DSS14
FF [84] for different factorization and renormalization scale µ spanning µ = 0.5pT to 2pT as a band
and parameterized by Tsallis [338] and TCM [340] function are shown in the top panel. The ratios
of data and calculations to the TCM fit are shown in bottom panels for each energy separately.
Right: The π0 production cross-section in pp collisions at

√
s = 5.02 TeV [321] compared to the

PYTHIA 8 event generator and NLO pQCD calculations with CT10 PDF [342] and DSS14 FF for
different factorization and renormalization scale µ and parameterized by Tsallis or TCM function
is shown in the top panel. The ratios of data and calculations to the TCM fit are shown in bottom
panels.
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Measurements of the η meson spectrum have been done at the four center-of-mass energies in
pp collisions in ALICE,

√
s = 0.9 [343], 2.76 [320], 7 [318] and 8 TeV [322]. The PCM method

was used to analyze every spectrum. The EMCal itself and the combination of EMCal and PCM
was used to get results at

√
s = 2.76 and 8 TeV. In addition, PHOS was incorporated to analyze the

results for
√

s = 7 TeV. The spectra span the range 0.4 < pT < 35 GeV/c. The pT distributions of
η meson and comparisons to PYTHIA 8 and NLO pQCD calculations are presented in Fig. V-14.
PYTHIA 8 describes η meson spectra, although, for the two highest energies it over predicts the
low-pT region. It is also clearly visible that NLO pQCD calculations with CTEQ6M5 (PDF) [344]
with AESSS (FF) [85] over predict data by 50-100%. Predictions with a higher scale (µ = 2pT)
describe the data better than with a lower scale. This result indicates that the η meson fragmentation
function should be updated as it was done for pions [84].
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FIGURE V-14: Left: The η production cross-section in pp collisions for the center-of-mass energy√
s = 0.9 [343], 2.76 [320], 7 [318], 8 TeV [322] compared to PYTHIA 8 [341] and NLO pQCD

calculations using CTEQ6M5 (PDF) [344] and with AESSS (FF) [85]. The NLO pQCD calcula-
tions are shown for the factorization and renormalization scale µ = 0.5pT, pT and 2pT. Right: The
ratios of data and calculations to TCM fit [340] are shown for each energy separately.

ALICE has also measured π0 and η meson spectra in non-single diffractive (NSD) p-Pb colli-
sions at the center-of-mass energy

√
sNN = 5.02 TeV [323]. The results compared to a variety of

models and scaled NLO pQCD calculations are shown in Fig. V-15. The spectra are measured in
the range 0.3 < pT < 20 GeV/c and 0.7 < pT < 20 GeV/c for π0 and η mesons, respectively. Five
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FIGURE V-15: Left: The π0 and η meson production cross-section in p-Pb collisions for the
center-of-mass energy

√
sNN = 5.02 TeV [323] compared to various models (EPOS3 [348],

VISHNU [349], HIJING [100], DPMJET [350], CGC [317]) and scaled NLO pQCD calcula-
tions [345, 67, 57, 65, 84, 85]. Right: The ratio of model prediction and scaled NLO pQCD cal-
culations to Tsalis fit for π0 (top panel) and η (bottom panel) meson spectra for p-Pb collisions at√

sNN = 5.02 TeV [323].

different methods (PHOS, EMCal, PCM, PCM-EMCal and Dalitz) were involved in the π0 meson
measurements, while for the η meson only three (EMCal, PCM, PCM-EMCal) were accessible.

The ratio of the model predictions and data to the Tsallis fit to the measured data is presented
in Fig. V-15. It is clearly visible that scaled NLO pQCD predictions [345, 346, 347] using the
EPPS16 nuclear PDF (nPDF) [67] with the CT14 PDF [57] or the nCTEQ nPDF [65] and the
DSS14 FF [84] describe the π0 spectrum well in the whole range while failing in the high-pT re-
gion for η meson where the scaled NLO pQCD [345] with the nCTEQ nPDF [65] and the AESSS
FF [85] is used. The same behavior can be observed for the EPOS3 model [348]. The VISHNU
model [349] reproduces data at low-pT. Both EPOS and VISHNU use the hydrodynamic descrip-
tion of hot matter evolution, which shows how important it is to include the hydrodynamic flow
to achieve a good description of physics at low pT. The high-pT deviation of the VISHNU model
is probably related to missing hard processes contributing in this model. Both HIJING [100] and
DPMJET [350] models describe p-Pb data within 20-80% depending on the pT. The CGC [317]
model agrees with the π0 meson spectrum below pT = 4 GeV/c and tends to increasingly deviate
above this value.

Based on Pb-Pb data collected in 2010, the π0 production spectra have been measured in 6
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FIGURE V-16: Left: Invariant differential yields of π0 mesons produced in six centrality classes
in Pb-Pb and inelastic pp collisions at

√
sNN = 2.76 TeV [319]. Vertical lines show the statistical

uncertainty, horizontal lines indicate the bin width, systematic uncertainties are shown as boxes.
Dashed lines represent Tsallis fits, solid line represents the power law fit only in pp collisions.
Right: The ratios of measured π0 spectra for three centrality classes and theory predictions to the
fit function. The solid line denotes the EPOS [351] event generator. Dashed, dot-dashed and double
dot-dashed lines represent Nemchik calculations [352, 353] and its component parts.

centrality classes (0−5−10−20−40−60−80%) [319]. The results are shown in Fig. V-16 on
the left-hand side. The ratios of measured π0 spectra for three centrality classes and theory pre-
dictions to the fit function are shown in Fig. V-16 on the right-hand side. Data are compared to
the EPOS [351] event generator and Nemchik calculations [352, 353]. The EPOS model describes
rather well the central Pb-Pb collisions, but tends to underestimate 1 < pT < 5 GeV/c region to-
wards more peripheral collisions, probably due to the underestimation of hydrodynamic flow in
peripheral collisions. The Nemchik model reproduces the most central Pb-Pb collisions quite well,
except for the transition region between hydrodynamic and hard contribution. Semi-central (20-
40%) collisions are over predicted in the low-pT region, while the high-pT region is relatively well
described.

Thanks to an increase of the integrated luminosity, collected in 2011 Pb-Pb period, up to
L ≈ 0.1 nb−1, ALICE could measure π0 meson spectra in the extended range [324] up to pT =
20 GeV/c (in comparison with [319]) and, for the first time, pT spectra of the η meson [324] in
Pb-Pb collisions at

√
sNN = 2.76 TeV. The neutral meson results coming from PCM and EM-
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FIGURE V-17: Left: The π0 (open symbols) and η (close symbols) meson production cross-section
in 0-10% central (red) and 20-50% semi-peripheral (blue) Pb-Pb collisions for the center-of-mass
energy

√
sNN = 2.76 TeV [324] compared to predictions of EPOS [351] (dash-dotted line) and two

scenarios (EQ (dashed line) and NEQ (solid line)) in the SHM [354, 355, 356] model. Right: Ratio
of data or theory calculations to the TCM fit to data for different centralities and neutral mesons
on separate panels. The solid line denotes NEQ SHM, dashed line EQ SHM, and dash-dotted line
EPOS predictions.

Cal for central (0-10%) and semi-central (20-50%) Pb-Pb collisions at
√

sNN = 2.76 TeV shown
in Fig. V-17 are compared to predictions of EPOS [351] and the statistical hadronization model
(SHM) [354, 355, 356]. The equilibrium (EQ) and non-equilibrium (NEQ) versions of SHM model
describe the shape of π0 spectra. Only EQ SHM describes η measurements, while NEQ SHM un-
derestimates them. It indicates the possibility of a different flow profile for the mesons in question.
The EPOS model describes the spectrum in central collisions and only the low-pT part in periph-
eral ones as in the previous measurement [319]. The η meson spectrum is described by EPOS only
in the low-pT range and deviates above pT ≈ 4 GeV/c for both centrality classes.

ALICE has recently measured π0 spectra in Pb-Pb collisions at
√

sNN = 5.02 TeV in three cen-
trality classes in the range 0.4< pT < 30 GeV/c [321]. Spectra shown in Fig. V-18 are compared to
SHM model which describes them in the same way as for the lower energy. No EPOS predictions
for this energy are yet available.

The π0 and η meson production spectra measured at various energies and collision systems are
summarized in Table V-3.
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FIGURE V-18: Left: The π0 production cross-section in three centrality classes (0− 10% in red,
20−40% in green and 60−80% in blue) of Pb-Pb collisions for the center-of-mass energy

√
sNN =

5.02 TeV [321] compared to SHM [354, 355, 356] model. Right: Ratio of data or theory prediction
to the TCM fit to data. Solid line denotes NEQ SHM while dashed line EQ SHM model.

V.9 The η/π0 ratio

ALICE has measured the η/π0 ratio in pp collisions for
√

s = 0.9 [343], 2.76 [320], 7 [318],
8 TeV [322], in p-Pb collisions at

√
sNN = 5.02 TeV [323] and in Pb-Pb collisions at

√
sNN =

2.76 TeV [324]. The ratios are shown in Figs. V-19, V-20, V-21 in pp, p-Pb and Pb-Pb collisions,
respectively. The construction of the ratio allows for a more precise measurement because of can-
cellation of large systematic uncertainties caused by the material budget in the PCM method or
the absolute energy scale in calorimeters. The ratio is universal among collision energies and sys-
tems except for, probably the most central Pb-Pb collisions. It grows at low-pT and then goes to
the asymptotic value of ∼ 0.45 at pT > 4 GeV/c. Systematic uncertainties cancel not only for
the experimental data but also for the NLO pQCD calculation, where the influence of the PDF is
reduced in the η/π0 ratio. The η/π0 ratio is well reproduced by NLO pQCD predictions, although
they have difficulties in describing the single meson spectra. PYTHIA 8 describes well (within
20-30%) the η/π0 ratio in pp collisions, although there are some tensions below pT = 1.5 GeV/c
for collisions at

√
s = 8 TeV, where the shape and ratio cannot be fully reproduced. HIJING and

DPMJET overestimate the low pT part of the ratio in p-Pb collisions and agree for pT > 4 GeV/c.
EPOS3 and VISHNU models follow data points at low-pT. However, EPOS3 tends to rise above
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System
√

sNN (TeV) Centrality Meson pT range η/π0 ratio Ref.
pp 0.9 π0 0.4−7 [318]
pp 2.76 π0 0.4−40 [319, 320]
pp 5.02 π0 0.4−30 [19, 321]
pp 7 π0 0.3−25 [318]
pp 8.16 π0 0.3−35 [322]
pp 0.9 η 0.9−3 ∼ 0.5 [343]
pp 2.76 η 0.5−20 0.474±0.015±0.024 [322] [320]
pp 7 η 0.4−15 0.476±0.020±0.020 [322] [318]
pp 8.16 η 0.5−35 0.455±0.006±0.014 [322]
p-Pb 5.02 π0 0.3−20 [323]
p-Pb 5.02 η 0.7−20 0.483±0.015±0.015 [323]
Pb-Pb 2.76 0−5% π0 0.6−12 [319]
Pb-Pb 2.76 5−10% π0 0.6−12 [319]
Pb-Pb 2.76 10−20% π0 0.6−12 [319]
Pb-Pb 2.76 20−40% π0 0.6−12 [319]
Pb-Pb 2.76 40−60% π0 0.6−12 [319]
Pb-Pb 2.76 60−80% π0 0.6−10 [319]
Pb-Pb 2.76 0−10% π0 1−20 [324]
Pb-Pb 2.76 20−50% π0 1−20 [324]
Pb-Pb 2.76 0−10% η 1−20 0.457±0.013±0.018 [324]
Pb-Pb 2.76 20−50% η 1−20 0.457±0.013±0.018 [324]
Pb-Pb 5.02 0−10% π0 0.4−30 [321]
Pb-Pb 5.02 20−40% π0 0.4−30 [321]
Pb-Pb 5.02 60−80% π0 0.4−30 [321]

TABLE V-3: π0 and η production cross-section in pp, p-Pb and Pb-Pb collisions at various center-
of-mass energies measured with the ALICE experiment. For each collision system, the center-
of-mass energy

√
s and the pT range is quoted. For the η meson measurement, also the constant

value of η/π0 ratio is given at high pT, where the first uncertainty is statistical and the second
systematical. For Pb-Pb collisions, the centrality class is also given.

pT = 4 GeV/c and does not agree with data. The ratio in Pb-Pb collisions is described by EPOS up
to pT = 4 GeV/c. Then it rises and does not follow the data similarly to the p-Pb case. The EQ SHM
model also works in the low-pT regime, while NEQ SHM under predicts data. The high-pT part
of the ratio is well-described within uncertainties by the NLO pQCD-inspired DCZW model [358]
which includes a modification of fragmentation functions due to the parton energy loss. Models
show the importance of hydrodynamical flow at low pT in the collision. The discrepancy in the
EPOS description of the ratio at high pT reflects the disagreement in the single η spectra descrip-
tion.

The η/π0 ratio is also compared to the mT scaling prediction. The curve shown for pp collisions
in bottom Fig. V-19 and for p-Pb collisions in Fig. V-20 follows data points at high-pT (results for
different energies agree between each other; they also agree with lower collision energy results, like
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FIGURE V-19: Top left: The η/π0 ratio in pp collisions at
√

s = 2.76 TeV [320] (full dots),√
s = 7 TeV [318] (open dots) and

√
s = 0.2 TeV [187] (open squares) compared to NLO pQCD

calculations [344, 84, 85] (blue band) and PYTHIA 8 [341] (red band). Top right: The η/π0 ratio in
pp collisions at

√
sNN = 8 TeV [322] compared to PYTHIA 8 Monash tune [341] (brown band) and

4C tune [357] (red band) as well as to NLO pQCD calculations (blue band) with CTEQ6M5 [344]
as PDF and DSS07 [84] or AESSS [85] as FF for π0 or η meson, respectively. Bottom: Comparison
of the η/π0 ratio in pp collisions at

√
s = 2.76 (stars), 7 (crosses) and 8 TeV (full dots) measured

with ALICE as well as other experiments at lower energies at
√

s = 27.5 (NA27 [181], squares)
and 200 GeV (PHENIX [187], diamonds). The blue line denotes the mT scaling prediction.

for example from PHENIX [187]) and deviates from data in low-pT. The same pattern is present
for every system and energy. The deviation of data from the mT scaling is significant. It is 6.2 σ

below pT = 3.5 GeV/c in pp collisions at
√

s = 8 TeV. A smaller, but still significant deviation
from the mT scaling, 5.7σ, can be observed at

√
s = 7 TeV. For pp collisions at

√
s = 2.76 TeV

the deviation is on the level of 2.1σ. The deviation from mT scaling has been observed in pp
collisions at

√
s= 27.5 GeV in the low-pT range by NA27 [181] measurement, where points below

pT = 1 GeV/c were below the prediction curve and above this value - above the curve, burdened
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FIGURE V-20: The η/π0 ratio in p-Pb collisions at
√

sNN = 5.02 TeV [323] compared to
EPOS3 [348] (blue band), VISHNU [349] (violet band), HIJING [100] (green dot-dashed line)
and DPMJET [350] (dark blue dashed line) models as well as mT scaling predictions (red solid
line).

FIGURE V-21: Left: The η/π0 ratio for the 0-10% most central Pb-Pb collisions at
√

sNN =
2.76 TeV [324] compared to EPOS [351] (dot-dashed line), SHM [354, 355, 356] (EQ - dashed
line, NEQ - solid line) models and NLO pQCD calculations [358] (orange band). Right: The same
ratio (full circles) compared to a corresponding result in pp collisions (stars) and to the K±/π±

measurement in the same centrality class, system and energy [359] (open circles).

with large uncertainties and not so conclusive. In p-A collisions, the deviation from the mT scaling
was observed in

√
sNN = 29.1 GeV (TAPS/CERES [205]). The presence of radial flow effects and

contributions to the π0 or η spectra coming from other resonances decays are possible candidates
for the mT scaling violation.
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A comparison of results in the most central Pb-Pb collisions to pp collisions (see Fig. V-21 on
the right-hand side) indicates the possibility of deviation from pp-like behavior, which is visible
between 2 < pT < 4 GeV/c. The η/π0 ratio is compared with the K±/π± ratio, both in the same
centrality class (0-10%), collision system (Pb-Pb) and collision energy (

√
sNN = 2.76 TeV). The

relative mass difference between charged kaon and pions or η and neutral pion is approximately
the same. Also, both kaon and η meson have strangeness content. The comparison is shown in
Fig. V-21 on the right-hand side. There is a relatively good agreement between these two ratios.
However, due to large uncertainties in the η/π0 ratio, the unambigous conclusion is not possible.
More precise data are needed.

V.10 Nuclear modification factor RAA

The nuclear modification factor was calculated according to Eq. II.5. Since RAA is the result of
combination of spectra in Pb-Pb collisions and in pp collisions, the corresponding spectra were
taken for Pb-Pb and pp collisions at

√
sNN = 2.76 TeV [319] and later extended to a larger pT

range [324, 320], and at
√

sNN = 5.02 TeV [321]. The measured RAA for π0 and η mesons at√
sNN = 2.76 TeV are presented in Fig. V-22, while results for π0 meson RAA at

√
sNN = 5.02 TeV

are shown in Fig V-23. A clear pT dependence is observed. For the most central collisions, the

FIGURE V-22: The measured RAA [324] for π0 (open circles and squares) and η (full circles and
squares) mesons in the 0-10% (left) and 20-50% (right) centrality classes at

√
sNN = 2.76 TeV

compared to π± (open diamonds) and K± [360] (full diamonds) in the same centrality classes,
energy and system. The boxes around a unity represent the total uncertainty on the TAA and pp
spectrum normalization.

RAA increases to the maximum value of around pT = 1.5-2 GeV/c, then falls down reaching a
minimum for pT ≈ 7 GeV/c, after which it slowly increases. The pT-dependent relative gluon and
quark contribution to the meson production could be responsible for the high-pT increase, because
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FIGURE V-23: The measured RAA [321] for π0 mesons in the 0-10% (red) and 60-80% (blue) cen-
trality classes at

√
sNN = 5.02 TeV compared to NSD p-Pb collisions at

√
sNN = 5.02 TeV [323].

The boxes around a unity represent the total uncertainty on TAA and pp spectrum normalization.

they suffer different energy loss. Gluons suffer more than quarks (by factor ∼ 9/4) due to a larger
Casimir factor [361]. A centrality dependence is also visible. A similar behavior is observed for
central and semi-central collisions (although with a smaller suppression over the full pT range),
but different from peripheral ones. Moreover, despite the mass difference, the same suppression
pattern and magnitude is expressed by π0 and η mesons at higher pT > 4 GeV/c. The present
accuracy does not allow for distinguishing between differences in the suppression of two mesons
in lower pT. The nuclear modification factors of neutral mesons are compared to charged kaons
and pions RAA [360] measured at the same collision energy and in the same system, as shown in
Fig. V-22. The η meson RAA shows the same trend as the charged kaon RAA. All the mentioned
particles have a similar suppression pattern above pT > 4 GeV/c. This result is consistent with
baryon and strange meson RAA and supports the idea that the energy loss in the medium is purely
a partonic effect.

A comparison of the neutral pion RAA evolution with a collision energy is very instructive.
The RAA in the most central collisions spanning the center-of-mass energy

√
sNN = 17.3 GeV

(WA98 [209]) through
√

sNN = 39, 62.4 and 200 GeV (PHENIX [231, 236]) to
√

sNN = 2.76 TeV
(ALICE [324]) is shown in Fig. V-24 (left). The RAA of η meson measured with ALICE is com-
pared to the PHENIX result at

√
sNN = 200 GeV [228]. The systematic decrease of RAA with

increasing energy is clearly visible above pT ' 2 GeV/c (although results above pT ≈ 12 GeV/c
are inconclusive due to large uncertainties). RAA for ALICE data is lower than for PHENIX, al-
though spectra are flatter for ALICE. This fact indicates that the decrease of RAA due to higher
energy densities created at larger collision energies dominates over the increase of RAA due to
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FIGURE V-24: The comparison of RAA of π0 (left) and η (right) mesons in the most central
collisions measured in ALICE [324] with results from lower center-of-mass energy experiments
(WA98 [209] and PHENIX [231, 236, 228]).

the hardening of initial parton spectra. An agreement of the neutral pion RAA for two energies√
sNN = 2.76 and 5.02 TeV can also be observed.

The RAA measured in
√

sNN = 2.76 and 5.02 TeV with ALICE is compared to theoretical
predictions in Figs. V-25 and V-26, respectively. Each model, DCZW [358], WHDG [362] and
Djordjevic [363], describes RAA of π0 meson in the most central event class in Pb-Pb collisions at√

sNN = 2.76 TeV above pT = 6 GeV/c. The Djordjevic model describes well within uncertainties
the other centrality class. The WHDG model has a tendency to a slightly larger suppression for
both centralities and both mesons. The DCZW model overestimates the RAA for η meson in the
range 4 < pT < 8 GeV/c, which can suggest incorrect relative quark and gluon contributions to the
η meson production. The Djordjevic models [364, 365] and the Vitev model [366, 367] describe
pT and centrality dependence of RAA at

√
sNN = 5.02 TeV reasonably well.

The nuclear modification factor, RpPb, has been measured for p-Pb collisions at the center-
of-mass energy

√
sNN = 5.02 TeV [323]. However, due to the lack of pp spectra at that time,

the interpolation from spectra at
√

s = 2.76, 7 and 8 TeV was applied assuming a power law
behavior for the evolution of the cross-section in each pT interval as a function of

√
s given by

d2σ(
√

s)/dydpT ∼
√

sα(pT), where α(pT) is the fit parameter. The RpPb for both π0 and η meson is
shown in Fig. V-27. Both RpPb values for π0 and η are consistent with a unity within uncertainties
above pT = 2 GeV/c. There is also a good agreement between charged [368] and neutral pions RpPb
over the full pT range. Data are compared to the theory predictions. Central values of the NLO
predictions using either EPPS16 or nCTEQ nPDF lie below the data points for pT < 6 GeV/c for
both mesons. Uncertainties for calculations using nCTEQ are small and differ sizeably with data,
while large EPPS16 uncertainties make the agreement with data. The CGC predictions reproduce
the π0 RpPb.
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FIGURE V-25: RAA of π0 (top) and η (bottom) mesons as a function of pT measured in Pb-Pb
collisions at

√
sNN = 2.76 TeV [324] in two centrality classes compared to NLO pQCD model pre-

dictions: DCZW [358] (solid bands), WHDG [362] (dashed bands) and Djordjevic [363] (crossed
bands, π0 only).

V.11 Summary

The measurements of the invariant π0 yields in pp collisions at
√

s = 0.9, 2.76, 5.02, 7 and 8 TeV,
the invariant η yields in pp collisions at

√
s = 0.9, 2.76, 7 and 8 TeV, π0 and η yields for p-Pb

collisions at
√

sNN = 5.02 TeV as well as for Pb-Pb collisions at
√

sNN = 2.76 TeV in a wide pT
range have been presented. Results for Pb-Pb collisions at

√
sNN = 5.02 TeV in three centrality

classes have also been shown.
The NLO pQCD predictions describe the pp results at lower colliding energies quite well, while

there is an increasing discrepancy at large pT for three highest energies, especially for the η meson.
Models incorporating the hydrodynamic description of the hot matter evolution reproduce the low
pT end of the measured spectra in p-Pb and Pb-Pb collisions.

The η/π0 ratio shows a universal behavior for small systems such as pp or p-Pb, and probably
some deviations in central Pb-Pb collisions. The ratio is constant and consistent with mT scaling at
pT > 4 GeV/c, but shows significant deviations from mT scaling at low pT in all collision systems
and for each collision energy.

A strong suppression can be observed in the central Pb-Pb collisions, while the nuclear modifi-
cation factor for p-Pb collisions is consistent with a unity at pT > 2 GeV/c. Various models describe
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FIGURE V-26: RAA of π0 meson as a function of pT measured in several centrality classes of
Pb-Pb collisions at

√
sNN = 5.02 TeV [321] compared to Djordjevic models [364, 365] and Vitev

model [366, 367].

RAA in Pb-Pb data with a different level of agreement. RpPb is reasonably well reproduced by NLO
pQCD calculations with the latest nPDFs or CGC models. All these results support the idea that
the parton energy loss in the hot QCD medium is responsible for the neutral pion suppression in
central Pb-Pb collisions.

The obtained results show the lack of uniform theoretical description of neutral meson produc-
tion and are an important input for constraining models in small and large systems. The results
also provide constraints on parton density functions inside the proton as well as in the nucleus and
identified fragmentation functions.
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FIGURE V-27: The nuclear modification factor RpPb for π0 (left) and η (right) meson measured
in NSD p-Pb collisions at

√
sNN = 5.02 TeV. The boxes around a unity denote the overall nor-

malization uncertainty [323]. RpPb are compared to theoretical models: NLO pQCD calculations
using EPPS16 nPDF [67] with CT14 PDF [57] and DSS14 FF [84] (gray band), NLO pQCD using
nCTEQ nPDF [65] and DSS14 FF (for π0) or AESSS FF (for η) [85] (brown lines) and CGC [317]
(orange line).
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CHAPTER VI

PERSPECTIVES FOR RUN II DATA

The Alice experiment has collected data for different systems and energies. However, some full
statistics analyses have not started yet due to ongoing calibrations or data processing (for example
for pp collisions at

√
s = 13 TeV). There are just fractional results which are based on limited

subsamples of data. As an example, the neutral meson analysis in pp collisions at
√

s = 13 TeV is
very promising. This analysis is shortly discussed in Sec. VI.1.

The neutral mesons analyses are not so demanding in statistics. Moreover, analysis with pre-
liminary calibration is possible to get a hint of the underlying possibilities. In particular, when
considering any analysis with direct or/and isolated photons one needs to relay on the best possible
calibration. Having analysed direct photon spectra, very good knowledge of background photon
sources is crucial. The decay products coming from π0 and η mesons are major sources of back-
ground and measurements of their spectra as first are necessary.

There are also analyses which are "statistics hungry". There are several reasons which cause
needs for large statistics. We can consider rare processes, or frequent processes but measured with
low efficiency or reduced acceptance of the detector. Such an example is the isolated photon-jet
correlation analysis, where we have "suppression" due to photons in the final state and limited
acceptance of detectors (like EMCal, which at the beginning consisted of 4 super modules and
now consists of 20 SMs). It was checked that this analysis was not possible in LHC Run I in
ALICE due to lack of statistics, while expectations for LHC Run II are discussed in Sec. VI.2.

There are several detector upgrades foreseen during LHC Long Shutdown 2 started in De-
cember 2018. The Inner Tracking System [369], the Time Projection Chamber [370] and Muon
Tracking System [371] will be significantly modified. ALICE is going to upgrade detectors to
gain both better resolution and faster readout. Then greater luminosity could be collected. The first
tests of upgraded ALICE TPC based on GEM readout have been already performed, and excellent
performance was demonstrated [372].

VI.1 Studies of neutral mesons in pp collisions at
√

s = 13 TeV
The neutral meson analysis in pp at

√
s= 13 TeV has been started on the small subsample of exper-

imental data coming from the 2015 data taking period. π0 and η mesons have been reconstructed
in PCM, EMCal and PHOS. Invariant mass spectra of two photon cluster candidates around π0
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FIGURE VI-1: Invariant mass of two photon candidates around π0 (left) and η (right) meson nom-
inal mass measured by PHOS and EMCal in pp collisions at

√
s = 13 TeV. pT range is indicated in

the figures. Data are shown in black, mixed background subtracted data are shown in red, the blue
curve denotes fit to signal and remaining residual background.
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FIGURE VI-2: Left: Peak width (top panel) and position (bottom panel) of π0 meson. Right: Peak
width (top panel) and position (bottom panel) of η meson. Mesons are reconstructed via invariant
mass technique in EMCal (green diamond), PHOS (red square) and PCM (black full dot) in pp
collisions at

√
s = 13 TeV. Open black dots denote mesons reconstructed in MC.

and η mass peak are shown in Fig. VI-1 for PHOS and EMCal, respectively. Distributions of peak
width and position versus pT for π0 and η meson are shown in Fig. VI-2. ALICE has collected
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much more data (factor ∼ 20) in comparison to 2015. The full dataset will allow for very precise
measurements.

VI.2 Feasibility studies of isolated photon-jet correlations
Direct photon searches have been performed in many experiments in parallel to the neutral meson
analyses. As it was said before, it was very important to measure neutral meson spectra first because
π0 and η mesons are responsible for major background to the direct photon spectrum coming from
decay photons. Direct photons have been measured also at the LHC in ATLAS (i.e. [373]) and
CMS (i.e. [374]) up to very high-pT (1 TeV/c) as well as in the ALICE experiment [375, 376] and
the LHCb (i.e. [377]) at very low-pT (1 GeV/c).

The other piece of the puzzle are jets, which were observed for the first time in 1975 in the
e+e− collisions [378]. Since then, they have been studied in the e+e−, ep, pp, p̄p and nuclear
collisions at various accelerators. A number of jet algorithms have been elaborated. The cone [379],
kT [380] and anti-kT [381] algorithms can be distinguished among the others. The jet reconstruction
algorithms let us determine the direction or the total transverse momentum of the jet.

The isolated photon-jet correlation analysis has been made in pp and Pb-Pb collisions at√
sNN = 2.76 TeV for the first time at the LHC by CMS collaboration [382]. Since this measure-

ment, γ-jet processes have been extensively studied in other systems and energies, and by different
collaborations (see i.e. [383, 384, 385, 386, 387]).

To measure the parton to hadron fragmentation function (FF) with higher precision, photon cor-
related with jet events can be used. Photons do not interact via color exchange. They are produced
as a result of the Compton scattering (qg→ qγ - dominant mechanism at the LHC) or the anni-
hilation (qq̄→ gγ) in the leading order of the perturbative theory, like shown in Fig. VI-3. When

FIGURE VI-3: Example diagrams of direct photon production: Compton scattering (left) and an-
nihilation (right).

produced in a hard scattering their energy is equal to the associated parton energy (Eγ = Eparton)
due to the energy conservation law. However, they can be scattered and their energy can be slightly
modified. Photons are insensitive to the final state interactions, so they carry information about
the parton hadronized to jet energy (Eγ ≈ Eparton ≈ E jet). However, using photons has a disadvan-
tage. The frequency of the photonic interaction is suppressed by factor of ∼ 100 in comparison
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to dijet production due to the presence of the electromagnetic coupling in the interaction vertex.
It results in smaller available statistics. With sufficient statistics, the fragmentation function, de-
fined as the normalized distribution of hadron momenta relative to that of the parent parton can be
constructed [388] and measured:

Fz(zγ, pγ

T) =
1

Njet

dNparticle

dzγ
, (VI.1)

where
zγ = pparticle

T /pγ

T. (VI.2)

Sometimes the FF can be expressed in terms of ξ =−ln zγ. There are also two important variables
when considering photon-jet correlations: the angular correlation (∆ϕγ− jet = ϕγ−ϕ jet) and the
transverse momentum balance (rγ− jet = p jet

T /pγ

T) which can show a potential medium effect.
Due to the fact that pp data at

√
s = 13 TeV are currently being calibrated, at the present time

one can only estimate the expected results. Although the collected luminosity for this data sample
exceeds 16.5 pb−1 the simulations were done for 7 pb−1. The difference accounts for possible
inefficiencies in data quality.

Two scenarios were considered for photon-jet correlation studies. In the first case charged jets
(jets which consist only of charged components) are considered in the TPC acceptance accom-
panied by a single photon in the EMCal acceptance. The second scenario assumes full jets (jets
which consists both of charged and neutral components) reconstructed in the EMCal acceptance,
and photons additionally in the DCal or PHOS acceptances.

Simulations were done with the Pythia 6 event generator, where prompt photon processes were
generated with cross-sections: σ(q + q̄→ g + γ) = 2.5933× 10−1 µb and σ(q + g→ q + γ) =
4.8913 µb. Additional assumptions were imposed:

- number of bad channels (5%),

- photons reconstructed in the fiducial volume (50%),

- photon isolation (getting rid of fragmentation photons) with cone radius R = 0.3 efficiency
(75%)

- jets reconstructed with anti-kT algorithm with the resolution parameter R jet = 0.3.

One third of charged jets were found in the TPC acceptance and one fifth of full jets were found
in the EMCal acceptance, what results in ∼ 10 k and ∼ 4 k counts for pγ

T > 20 GeV/c for the first
and second scenario, respectively. This is illustrated in Fig. VI-4.

The correlations between photon and jet transverse momentum for charged and full jets are
shown in Fig. VI-5. (The calorimeter energy linearity in the considered region for photons is well
known, within 2%.) The region with pjet

T < 10 GeV/c is dominated by fake jets (combinatorial jets
are a feature of the jet-clustering algorithm: all the particles are clustered into jets) or jets "half
reconstructed" in detector acceptance (this happens when only a fraction of a jet is falling into the
acceptance of the detector). A background jet correlated with photon results in a structure in the
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FIGURE VI-4: Expected isolated photon-jet pairs yield above the threshold pcut
T , for reconstructed

charged jets in the TPC acceptance and photons in the EMCal acceptance (red), or full jets in the
EMCal acceptance and photon in the DCal and PHOS acceptances (blue).
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FIGURE VI-5: Correlation between reconstructed jet and photon transverse momentum at genera-
tor level for charged (left) and full jets (right). The red line shows the 1:1 correlation and is drawn
to guide an eye.

momentum balance rγ− jet ≈ 0.2. It is well visible for full jets but merged with the main distribution
for charged jets, as shown in Fig. VI-6.

To reduce the fake jet contribution some requirements on jets are imposed on the jet area (Ajet),
location of the jet cone (fully in the detector acceptance) and photon-jet correlation (back-to-back
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FIGURE VI-6: Charged (left) and full (right) jet-photon transverse momentum balance for differ-
ent minimum pjet
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FIGURE VI-7: Left: The area of charged jet versus pjet
T . Right: The azimuth distance between

photon and reconstructed charged jet axis.

configuration). The jet area versus jet transverse momentum distribution and angular correlation
of photon and jet are shown in Fig. VI-7 for charged jets. For full jets these distributions look very
similar.

Both the photon and jet pT thresholds (pγ

T > 20 GeV/c and pjet
T > 10 GeV/c, respectively)

reduce the fake jet contribution. The fake jet contribution can also be reduced by requirements on
the minimum pT value of jet constituents. A requirement of pmin

T = 1 GeV/c is sufficient, however
we loose the possibility to study softer fragmentation. One can consider different jet resolution
parameters to study different fragmentations. The larger jet resolution parameter the softer is the
fragmentation process, because more constituents are caught and associated to a jet. The scan of
photon-jet balance for three jet resolution parameters Rjet = 0.2, 0.3 and 0.4 is shown in Fig. VI-8.
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FIGURE VI-8: Photon-jet transverse momentum balance for jets reconstructed with different res-
olution parameter Rjet = 0.2, 0.3 and 0.4 for charged (left) and full (right) jets.
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FIGURE VI-9: Charged (left) and full (right) jet fragmentation function in terms of zγ for resolution
parameters Rjet = 0.2, 0.3 and 0.4.

The maximum of rjet−γ distribution is shifted towards larger values for full jets and slightly
wider for charged jets. The fragmentation function in terms of zγ or ξ is shown in Fig. VI-9 and VI-
10, respectively.

The isolated photon-jet correlation analysis is feasible for pp collisions at
√

s = 13 TeV for
20 < pγ

T < 60 GeV/c. A clear angular correlation between photon and jet is expected in the az-
imuthal angle. However, this correlation is more clearly visible for full jets than for charged jets.
The transverse momentum balance is a good variable for background discrimination studies. The
higher track pT the harder the fragmentation process, but background jets are removed. Greater jet
momentum threshold also removes background.
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FIGURE VI-10: Charged (left) and full (right) jet fragmentation function in terms of ξ for resolu-
tion parameters Rjet = 0.2, 0.3 and 0.4.
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CHAPTER VII

CONCLUSIONS

The aim of this paper was to give an overview of inclusive production of neutral mesons and
show several aspects of detectors which are crucial for measurements but very often hidden behind
the great results or discoveries. Neutral mesons like π0 or η are reconstructed via their photonic
decays. Since there are two abstract classes of photon identification/reconstruction, calorimetric
measurement of energy deposit by photon and identification and combination of e+e− pairs coming
from photon conversions, the proper calibration of calorimeters or tracking devices, respectively, is
required. Therefore, the calibration of EMCal and TPC was discussed and excellent performance
was achieved.

The summary of neutral meson production results in hadron-hadron, nucleus-nucleus and hadron-
nucleus system was presented. It provides the great reference for future studies and comparisons
among different energies and systems. It is very frequent in the high energy physics that results
for some energy do not exist and one needs to interpolate. Having look-up tables helps to do the
job properly and achieve approximation of desired spectrum before it is measured. However, at
the expense of increased systematic uncertainty. From the other hand, there are different ways that
observables scales with a collision energy and precision measurements at multiple energies test
that.

The measurement of η/π0 production cross-section ratio was emphasized. The results from
decades of measurement show the universal pattern of this ratio among systems and energies.
There was a hint of mT scaling. However, the previous results were not accurate enough to show
any kind of deviation or mT scaling violation. Results from cosmic experiments, low energy FNAL
or ISR, SPS experiments and RHIC experiments showed universality. The LHC accelerator had
opened the possibility of measurement of neutral meson production in unknown energy regime
that time.

The ALICE experiment was able to measure π0 and η meson inclusive production cross-section
in pp collisions spanning the center-of-mass collision energy

√
s = 0.9 to 8 TeV, p-Pb collisions at√

sNN = 5.02 TeV and Pb-Pb collisions at
√

sNN = 2.76 and 5.02 TeV. The spectra are measured in
a very wide pT range and show the monotonic behaviour over several orders of magnitude. From
the other side the measured η/π0 ratio shows a significant deviation from mT scaling in the very
low-pT range. In particular, it shows how important is η meson spectrum measurement in context
of direct photons or low mass dielectron analyses. The η meson together with the π0 meson are



102 CHAPTER VII. CONCLUSIONS

responsible for ∼ 98% background coming from decay products.
The status of the quark-gluon plasma searches seen by neutral meson eyes has also been dis-

cussed. The existence of the same type of matter - strongly interacting quark-gluon plasma - probed
by neutral mesons has been confirmed in the ALICE experiment. It was confirmed that suppression
seen in central Pb-Pb collisions is a final state effect rather than initial state effect.

The π0 and η meson spectra, η/π0 ratio, and nuclear modification factors helped constrain on
theoretical models in both perturbative and non-perturbative regimes and we learned more about
hadron physics and nuclear physics.

With new data samples which have just been collected and will be collected after the long
shutdown 2 we hope to get new precise results which will help to achieve better understanding
of nature. The pp collision data at

√
s = 13 TeV can provide very precise measurement of neutral

mesons spectra (not only π0 or η mesons but also ω or η
′
) or help to constrain better jet fragmen-

tation functions. The new ∼ 10× larger sample of Pb-Pb collision data at
√

sNN = 5.02 TeV will
allow access to both precision scans and constrain models with higher precision.
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[89] T. Sjöstrand, S. Mrenna, P. Z. Skands, "PYTHIA 6.4 Physics and Manual", JHEP 0605
(2006) 026; DOI:10.1088/1126-6708/2006/05/026.
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