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, but here the limiting factor is the de-confinement time.

Introduction

The aim of my research activities is the study of the properties of the highly dense, hot and interacting matter produced in ultra-relativistic Heavy-Ion collisions (HIC), the Quark-Gluon Plasma (QGP) via the measurement of electromagnetic probes (photons) or jets (or their particle components) and their correlation. A non negligible part of my activities focused on the study of such probes on mainly proton-proton (pp) and secondary on proton-Nucleus (pA) collision systems, considered so far as reference for measurements of HIC but very important to constrain Quantum ChromoDynamics (QCD) theory predictions in a "simpler" context (collisions of two nucleons, pp, compared to several hundreds, AA). However, lately a "complexity" is observed in such systems, particularly in collisions producing high-particle multiplicity events, where similar effects to those observed in AA collisions are found. This observation is giving even more relevance to measurements in pp and pA systems.

In order to perform photon and jet physics studies, calorimeter detectors are key elements, together with the tracking devices. The last 20 years, since I started my doctoral studies, I have become an expert on the ALICE calorimetry, with PHOS (during my PhD) and EMCal (during my post-doc until now) detectors, before and during data taking. I have taken part in the construction, testing and performance studies of such detectors, specially for the EMCal. In this report, I will describe my main contributions to ALICE after my PhD and within the ALICE-EMCal project from year 2006, which can be listed in two points: i) EMCal data treatment and, ii) physics results with photons.

Here you have a brief description on the contents of this document. First, I will briefly discuss what is the QGP and the current status of QGP characterisation using photons and jets as probes (Chapter 1). Then, I will introduce the ALICE experiment and its detectors used to do such studies (Sect. 1.5), focusing after on the EMCal detector (Chapter 2). In the EMCal chapter, the main steps to get data usable for analysis and basic performances are shown, and then, how the calorimeter can be used to do photon analysis is explained, touching some of the problems we encountered and tried to solve over the years. After that, I will present some analysis in which I have contributed either directly or as convener (from January 2015 till February 2017) and active member of the ALICE Physics Working Group Gamma (Chapter 3). Finally, I present perspectives on future analysis where I have some interest and could contribute in the medium to long term (Chapter 4).

It is difficult to condense and highlight in such a document the research and work done in the last years, but also finding how and who to thank for reaching this point without forgetting someone. Just to mention that without my colleagues from the LPSC-Grenoble, the INFN-Frascati, the ALICE PWG-GA and the ALICE-EMCal, and other ALICE colleagues, family and friends, this would have not been possible.
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How to characterize the Quark-Gluon Plasma with high-p T probes: photons, hadrons and jets

In this chapter, I will very briefly introduce the QGP, what it is and how it can be studied in HIC experiments with probes like jets and photons, highlighting a selection of the current results of the field. Finally, I will briefly describe the ALICE experiment, one of the LHC experiments where such studies can be performed and in particular, on the detectors used for photon analyses.

Brief introduction to the QGP and HIC

The QGP is a medium of high temperature, high density and in thermal equilibrium, assumed to exist during the first moments after the Big Bang or in the nucleus of high-density stars (neutron or quark stars) [START_REF]From hadrons to quarks in neutron stars: a review[END_REF] or in ultra-relativistic heavy-ion collisions. Under such conditions, QCD predicts that nuclear matter undergoes a phase transition from confined quarks in hadrons (baryons and mesons) to almost free quarks.

The QCD potential can be parametrized as V (r) = -α/r + σr, where r is the distance between pairs of partons (quarks or gluons). The potential first term is analogous to the one of Quantum-Electrodynamics (QED) and dominates at short distances. The main difference between QED and QCD are the interaction charges, 2 electric charges versus 3 color charges, and the mediator particles, photons versus gluons. The second linear term of the QCD potential is due to the gluon self-interaction 1 , and it dominates in ordinary matter, confining quarks and gluons in hadrons. In the high-temperature and high-density conditions of the QGP, the linear term is suppressed within the volume of the medium. For a more detailed and pedagogical introduction see [START_REF]The phase diagram of QCD[END_REF].

The study of the properties of the QGP (temperature, viscosity, energy density, mean free path, etc.) is the main objective of the HIC programmes at the LHC [START_REF] Evans | LHC Machine[END_REF] and the RHIC [START_REF] Harrison | The RHIC Accelerator[END_REF] particle accelerators. Different experimental collaborations in those accelerators have observed QGP expected effects, at the RHIC, in Au-Au collisions at center-of-mass energy of √ s NN = 200 GeV (and an energy scan at lower energies down to √ s NN = 7.7 GeV) and at the LHC, with Pb-Pb collisions at √ s NN = 2.76 and 5.02 TeV. In both HIC programmes, it is of special relevance the pp and pA collisions at the same √ s NN as in AA collisions, since the particle production is expected to be modified by the QGP with respect to pp collisions, if AA collisions were just an ensemble of pp or pn or nn collisions. Also, pA collisions have their interest since they are sensitive to "cold nuclear matter effects" present in AA collisions and not in pp collisions [START_REF]Small collision systems: Theory overview on cold nuclear matter effects[END_REF]. Such effects are related to the initial wave function of the nucleus (initial state) and the Parton Distribution Function (PDF) inside the nucleus (nPDF), different to the one of protons, which can generate different multi-parton interactions (MPI) during the collisions, and therefore, different particle yields when comparing pp and pA collisions properly scaled by the average number of binary nucleon-nucleon collisions.

Figure 1.1 shows schematically the different phases that can be considered in the HIC produced at the LHC or RHIC delivered collisions. In each phase, different probes are produced that can be used to infer the properties of the QGP medium generated in the collision. One may consider as phases [START_REF]Thermalization at RHIC[END_REF][START_REF] Luzum | Conformal Relativistic Viscous Hydrodynamics: Applications to RHIC results at √ s NN = 200 GeV[END_REF][START_REF]Early isotropization of the Glasma", T.Epelbaum[END_REF]: (i) Pre-equilibrium, a short phase with ∆t ∼ 1 fm/c where the ensemble of nucleons is transformed into a non thermalized parton soup and where highenergy 2 → 2 parton collisions happen; (ii) Equilibrium and de-confinement (hydrodynamic evolution), the parton plasma is thermalized and expands cooling down till de-confinement is lost, lasting ∆t ∼ 5 -10 fm/c. During this phase, the strong force rules the parton interactions that will affect the final particle composition and kinematics. Among multiple possible effects, one can expect to observe the following effects on selected probes: collective behavior (movement) in the final particle expansion from the fireball, "particle flow" (see Sect. 1.2); thermal particle emission, "direct photons (Sect. 1.4), strangeness enhancement"; color screening of q-q pairs, "quarkonia suppression"; and, high-energy partons originated at the high-energy interactions of the pre-equilibrium phase will loose energy while traversing the medium as suggested by Bjorken [START_REF]Energy loss of energetic partons in Quark-Gluon Plasma: Possible extinction of high p T jets in hadron-hadron collisions[END_REF], "jet quenching" (see Sect. 1.3); (iii) Hadronization, when the temperature cools down below T ∼ 160 MeV, a phase transition from QGP to hadron gas happens. This gas is still thermally equilibrated and interactions between particles can still be present, which will be difficult to disentangle from QGP effects; (iv) Chemical freeze-out, particle interactions do not happen anymore and particle yields are fixed. On HIC, this final particle composition is what will be measured by the experiments and used to study the QGP.

In my research work, I have concentrated mainly but not exclusively on the so called "hard" probes or high-transverse-momentum (p T ) probes2 , photons and jets, using the ALICE detectors at the LHC. Recent results using such probes at the LHC and RHIC experiments are briefly presented in this chapter together with the flow, a "soft" sign of QGP mentioned along the document.

1.2 Flow: The QGP collectivity, from AA to pp collisions?

When heavy-ions collide, the nuclear matter momentum distribution has an ellipsoidal shape due to the incomplete overlap of the ions as illustrated in Fig. 1.2. The subsequent partonic interactions in the QGP change the initial azimuthal distribution so that its anisotropy reflects the underlying geometrical anisotropy of the collision. A way to quantify this particle emission anisotropy due to the QGP is via the decomposition of the the particle azimuthal angle distribution (ϕ) in harmonics:

dN/dϕ ∝ 1 + ∞ n=1
2v n cos(n(ϕψ RP )), (1.1) where ψ RP is the angle with respect to the reaction plane as defined in Fig. 1.2-right. If there is a collective behaviour due to QGP then harmonics v n = 0. The first harmonic v 1 is denoted as radial or directed flow, and it is very sensitive to the initial collision conditions and in particular, to the radial velocity β of the expanding plasma. The radial expansion is driven by the pressure gradient from inside to outside the plasma fire-ball, resulting in a radial velocity and in boosted low-p T particle spectra that depends on the particle mass, p T ∼ T + mβ as observed in data [START_REF] Abelev | Centrality dependence of π, K, and pp production in Pb-Pb collisions at √ s NN = 2.76 TeV[END_REF][START_REF] Adam | Centrality dependence of the nuclear modification factor of charged pions, kaons, and protons in Pb-Pb collisions at √ s NN = 2.76 TeV[END_REF].

Higher harmonics like the elliptic flow v 2 , triangular flow v 3 , etc., are linked to the QGP properties and the initial anisotropy in the HIC collision, as illustrated in Fig. 1.3. The measurement of a strong v 2 in non central collisions is one of the signs of collectivity which is well reproduced by hydrodynamical models of the QGP for a viscous fluid [START_REF] Adam | Anisotropic Flow of Charged Particles in Pb-Pb Collisions at √ s NN = 5.02 TeV[END_REF]. In the last years, the study of the flow has been extended to smaller colliding systems like pp and p-Pb where a non negligible value of the flow parameters has been measured in high particle multiplicity events, and reproduced by hydrodynamical models [START_REF] Chatrchyan | Multiplicity and transverse momentum dependence of two-and four-particle correlations in pPb and PbPb collisions[END_REF][START_REF] Abelev | Long-range angular correlations of π, K and p in p-Pb collisions at √ s NN = 5.02 TeV[END_REF]. Comparing flow harmonics in particle multiplicity ranges in pp, pA and AA systems, a continuous evolution is observed from the smallest system to the largest. Other signs of QGP have been also observed on small collision systems like strangeness enhancement [START_REF]Enhanced production of multi-strange hadrons in high-multiplicity proton-proton collisions[END_REF], although no jet-quenching [START_REF]Transverse momentum spectra and nuclear modification factors of charged particles in pp, p-Pb and Pb-Pb collisions at the LHC[END_REF][START_REF]Measurement of charged jet production cross sections and nuclear modification in p-Pb collisions at √ s NN = 5.02[END_REF][START_REF] Acharya | Neutral pion and η meson production in p-Pb collisions at √ s NN =5.02 TeV[END_REF]. Those are very intriguing results, rather unexpected, since the de-confined matter droplet created in such collisions is quite small. More on perspectives for such measurements in Sect. 4.4.

Jet-quenching: high-p T parton energy loss in the QGP

In this section, a possible parton energy loss model for jet-quenching is introduced, then, the expected effects and a selection of current results are presented, in particular, results on direct photons and their correlation with hadrons or jets.

A parton energy loss model

High-energy partons originated in the pre-equilibrium phase in HIC can travel through the thermalized and colored QGP medium. Such partons loose energy due to its interaction with the thermalized partons in the medium, as shown schematically in Fig. 1.4, via collisional and mostly radiational 3processes, this effect is known as "jet-quenching". The radiational energy loss for high-energy partons can be approximated in the BDMPS model [START_REF] Baier | Radiative energy loss of high energy quarks and gluons in a finite volume quark-gluon plasma[END_REF] as

∆E loss rad ∝ α s q C F L 2 , (1.2) 
where α s is the coupling constant, C F is the Casimir factor and q is the medium transport coefficient: momentum transferred to the medium per squared unit path-length. The transport coefficient is one of the QGP parameters that HIC experiments would like to constrain. From the ∆E loss rad formula, one can remark that the energy loss is larger for gluons than for quarks (C F = 3 for gluons and C F = 4/3 for quarks). Moreover, the gluon radiation at large angles is suppressed for high-mass quarks, so that at maximum the emission angle is θ = M/E and thus heavy quarks (Q) are less suppressed than light quarks (q), effect known as "dead cone" [START_REF] Dokshitzer | Heavy quarks colorimetry of QCD matter[END_REF]. In summary, one expects ∆E loss rad (g) > ∆E loss rad (q) > ∆E loss rad (Q).

(

Partons fragment in vacuum into a spray of particles called "jets". In the presence of the QGP, partons will loose energy and then, the jets transverse momentum (p T ) yield and internal particle angular and momentum distribution or Fragmentation Function (FF),

D(z T ) = 1 N jet dN hadron dz T with z T = p T, hadron p T, jet , (1.4) 
will be modified with respect to those produced in vacuum like in e +e -or pp collisions. Even jets can be completely quenched in the medium and "dissolve" in the plasma. As a consequence, the high-p T particle production is modified. If the jet loses energy, the leading (highest energy) jet particles will have also less energy, suppressing their yield 4 . For more details on theory and phenomenology see [START_REF]Jet quenching[END_REF][START_REF] Salgado | Medium modification of jet shapes and jet multiplicities[END_REF].

Figure 1.4: Schematic view of a 2 → 2 hardscattering process with two partons in the final state, where one of the outgoing partons traverses the QGP of temperature T , coefficient transport q and initial gluon density dN g /dy, radiating gluons and then fragments into a jet of lower energy, while the other, produced near the plasma surface, emerges unaffected.

The nuclear modification factor for high-p T jets and particles

The most direct way to observe the jet-quenching effect is via the calculation of the nuclear modification factor R AA (pA) , defined as the ratio of the particle or jet transverse momentum yield (N particle ), between AA (pA) and pp collisions scaled by the number of binary nucleon-nucleon collisions N coll :

R AA (pA) = 1 N coll (1/N AA (pA) events ) d 2 N AA (pA)
particle /dy dp T (1/N pp events ) d 2 N pp particle / dy dp T ,

where y is the rapidity, N events is the number of analyzed events and N coll is obtained from a Glauber model as the product of the nuclear overlap function and the inelastic nucleon-nucleon cross section [START_REF] Abelev | Centrality determination of Pb-Pb collisions at √ s NN = 2.76 TeV with ALICE[END_REF]. Basically, the following possible conclusions could be extracted from the R AA among others:

(a) R AA = 1, no nuclear modification;

(b) R AA > 1, QGP thermal emission or multi-parton interactions5 ;

(c) R AA < 1, yield suppression from jet quenching.

Figure 1.5-left shows the charged particles R AA and R pA measured at the LHC by ALICE and CMS experiments in Pb-Pb (year 2015) and p-Pb (year 2013) collisions at a center of mass energy √ s N N = 5.02 TeV [START_REF]Transverse momentum spectra and nuclear modification factors of charged particles in pp, p-Pb and Pb-Pb collisions at the LHC[END_REF]. In Pb-Pb collisions, a clear suppression is observed in the charged particle R AA at intermediate p T , which decreases with increasing the p T where it might saturate. A similar suppression to the one seen by RHIC experiments (PHENIX and STAR) [START_REF] Adcox | Formation of dense partonic matter in relativistic nucleus-nucleus collisions at RHIC: Experimental evaluation by the PHENIX Collaboration[END_REF][START_REF] Adams | Experimental and theoretical challenges in the search for the quark-gluon plasma: The STAR Collaboration's critical assessment of the evidence from RHIC collisions[END_REF] is observed, but stronger with a minimum of R AA ∼ 0.15 at p T 7 GeV/c, compared to a minimum of R AA ∼ 0.2 at RHIC. In p-Pb collisions, no suppression is observed for high-p T charged particles, compatible with no jet-quenching in such systems [START_REF]Transverse momentum spectra and nuclear modification factors of charged particles in pp, p-Pb and Pb-Pb collisions at the LHC[END_REF][START_REF] Acharya | Neutral pion and η meson production in p-Pb collisions at √ s NN =5.02 TeV[END_REF].

The radial flow affects to the behavior at low p T on the particle R AA , the less suppressed bump in the ratios below p T 7 GeV/c, where the R AA is higher for heavier mass particles, unlike at high p T where all particles show the same suppression within the current uncertainties [START_REF] Adam | Centrality dependence of the nuclear modification factor of charged pions, kaons, and protons in Pb-Pb collisions at √ s NN = 2.76 TeV[END_REF]. Figure 1.5-right shows the R AA in Pb-Pb collisions for jets in different LHC experiments and a value of R AA from 0.4 to 0.6 is found with a smooth p T dependence and even saturation beyond jets of p T = 200 GeV/c. All experiments show compatible results within the systematic uncertainties. In p-Pb collisions, the R pA for jets is found to be also compatible with unity and reproduced by pQCD NLO models in the explored p T range from 20 GeV/c by the LHC experiments [START_REF]Measurement of charged jet production cross sections and nuclear modification in p-Pb collisions at √ s NN = 5.02[END_REF][START_REF]Measurement of inclusive jet production and nuclear modifications in pPb collisions at √ s NN = 5.02[END_REF][START_REF] Aad | Centrality and rapidity dependence of inclusive jet production in √ s NN = 5.02 TeV proton-lead collisions with the ATLAS detector[END_REF].

Unfortunately, this measurement is not very sensitive to extract quantitative properties of the QGP produced in AA collisions since: a) hadrons are a fraction of the parton fragmentation that needs to be well under control; and b) the measurement of jets in HIC environment is quite challenging due to the large particle multiplicity environment that is not originated in the hard process at the origin of the jet, especially at p T 30 GeV/c, where the quenching is a priori stronger and thus more interesting. In HIC, the large underlying event made of low p T particles that enters in the jet cone makes quite challenging the measurement of the jet energy. The jet constituents background is subtracted event by event by clustering the event particles and calculating the median. The remaining background fluctuations after the subtraction limits the power of the procedure. Figure 1.6 shows the background fluctuations and the raw jet spectra after background subtraction, for different jet cone sizes R, and leading jet track minimum p T . Background fluctuations can be large, with a width of 4 to 7 GeV/c for R = 0.2 and 0.3. The higher is the track minimum p T cut, the jet spectrum is less affected by the low p T particles background fluctuations. However, jet spectra can be more biased to jets less affected by the quenching, the higher is the cut 6 . The figure shows that only for jet p T > 20 ∼ 30 GeV/c the spectra are not dominated by background contribution and the shape is similar for the different track p T cuts.

With the help of theoretical models, one can still attempt to extract QGP parameters from the particle R AA . The JET collaboration [29] in [START_REF] Burke | Extracting jet transport coefficient from jet quenching at RHIC and LHC[END_REF], has extracted the value of the transport coefficient at RHIC and LHC experiments comparing the experimental R AA measurements in AA collisions to different theoretical models. Figure 1.7 shows the RHIC and LHC particle R AA for different values of q for quarks from the Higher-Twist-Berkeley-Wuhan (HT-BW) model compared to the experimental measurements and the χ 2 resulting when comparing theoretical curves to the data. This model finds that q = 1.2 ± 0.3 GeV 2 /fm at the RHIC Au-Au central collisions and q = 2.2 ± 0.5 GeV 2 /fm at the LHC Pb-Pb central collisions. With q ≈ 1 -2 GeV 2 /fm, the effect on partons transport in a medium with lifetime of the order of 10 fm/c can be significant 7 , especially at p T 30 GeV/c. The χ 2 /d.o.f . as a function of the transport parameter from fitting the PHENIX data for pT > 5 GeV/c (red) and ALICE and CMS data for pT > 15 GeV/c (black). From [START_REF] Burke | Extracting jet transport coefficient from jet quenching at RHIC and LHC[END_REF].

Jet fragmentation modification and di-jet momentum imbalance

A more precise measurement of the jet energy loss, and where it goes, is the measurement of the jet fragments p T (FF, Eq. (1.4)) and angular distribution and the comparison between AA and pp systems via a ratio of the measured distributions, in a similar way as with the R AA . However, the measurement of the fragmentation function remains difficult since we need to know accurately the p T of the jet, which is challenging at low p T , as discussed in previous section.

The first results at RHIC looking at di-hadron azimuthal correlations between a high-p T trigger hadron and associated hadrons from the same event (∆ϕ = ϕ triggerϕ assoc )8 showed an apparent suppression of one of the jets, that are expected to be produced back-to-back in the hard parton scattering 2 → 2 processes [START_REF] Adams | Evidence from d+Au Measurements for Final-State Suppression of High-pT Hadrons in Au+Au Collisions at RHIC[END_REF], as shown squematically in Fig. 1.4. This apparent suppression happens when a relatively large p T cut on the associated particles is selected as shown in Fig. 1.8left. When the cut on the associated particles is relaxed, the correlated distribution at ∆ϕ = π rad from the trigger particle appears but broader and lower than in pp collisions. Later, this was directly observed at the LHC on events with a large momentum imbalance between the two jets like in Fig. 1.8-right and Fig. 1.9-(a) but also looking where the particles energy is gone with respect to the jet axis. Figure 1.9-(b) shows that part of the jet energy lost goes to large angles and lowp T particles, p T 1 -2 GeV/c [START_REF]Observation and studies of jet quenching in PbPb collisions at √ s NN = 2[END_REF]. This result is also confirmed in CMS [START_REF]Measurement of jet fragmentation in PbPb and pp collisions at √ s NN = 2[END_REF] and ATLAS [START_REF] Aaboud | Measurement of jet fragmentation in Pb+Pb and pp collisions at √ s= 5.02 TeV with the ATLAS detector[END_REF] single jet FF measurements as shown in Fig. 1.9-(c), where a modification of the FF in central Pb-Pb with respect to pp collisions is observed, together with an enhancement of low-p T particles, p T 3-4 GeV/c, but also at high p T , and a suppression at intermediate p T . This result is difficult to interpret, especially the enhancement for high p T particles, here gluon versus quark jets suppression and jet momentum definition may play a role, thus the need to use a calibrated reference for the initial parton p T before losing energy in the QGP. trality dependence [START_REF] Abelev | Long-range angular correlations of π, K and p in p-Pb collisions at √ s NN = 5.02 TeV[END_REF]. Figure 3 also shows RAB(pT ) for central Au+Au collisions [START_REF]Small collision systems: Theory overview on cold nuclear matter effects[END_REF], exhibiting large suppression in hadron production at high pT . Figure 4(a) shows the two-particle azimuthal distribution D(∆φ), defined as

D(∆φ) ≡ 1 Ntrigger 1 dN d(∆φ) , (2) 
for minimum bias and central d+Au collisions, and for p+p collisions [START_REF]Thermalization at RHIC[END_REF]. Only particles within |η|<0.7 are included in the analysis. Ntrigger is the number of particles within 4<pT (trig)<6 GeV/c, referred to as trigger particles. The distribution results from the correlation of each trigger particle with all associated particles in the same event having 2 < pT < pT (trig), where is the tracking efficiency of the associated particles. The normalization uncertainties are less than 5%. The azimuthal distributions in d+Au collisions include a near-side (∆φ ∼ 0) peak similar to that seen in p+p and Au+Au collisions [START_REF]Thermalization at RHIC[END_REF] that is typical of jet production, and a back-to-back (∆φ ∼ π) peak similar to that seen in p+p and peripheral Au+Au collisions [START_REF]Thermalization at RHIC[END_REF] that is typical of dijet events. The azimuthal distributions are characterized by a fit to the sum of near-side (first term) and back-toback (second term) Gaussian peaks and a constant:

D(∆φ) = AN e -(∆φ) 2 /2σ 2 N √ 2πσN +AB e -(|∆φ|-π) 2 /2σ 2 B √ 2πσB +P. ( 3 
)
Fit parameters are given in Table I. Their systematic uncertainties are highly correlated between the data sets, and are less than 20% for σN and less than 10% for all other parameters. The only large difference in the azimuthal distributions in p+p and d+Au collisions is the growth of the pedestal P . It increases with increasing Nbin , but is not proportional to Nbin as might be expected for incoherent production. Both σN and σB exhibit at most a small increase from p+p to central d+Au collisions. A small growth in σB is expected to result from initial-state multiple scattering [START_REF] Adcox | Formation of dense partonic matter in relativistic nucleus-nucleus collisions at RHIC: Experimental evaluation by the PHENIX Collaboration[END_REF][START_REF] Adams | Experimental and theoretical challenges in the search for the quark-gluon plasma: The STAR Collaboration's critical assessment of the evidence from RHIC collisions[END_REF]. The modest reduction in the correlation strengths AN and AB from p+p to central d+Au collisions is similar to that seen previously for peripheral Au+Au collisions [START_REF]Thermalization at RHIC[END_REF]. Figure 4(b) shows the pedestal-subtracted azimuthal distributions for p+p and central d+Au collisions. The azimuthal distributions are shown also for central Au+Au collisions after subtraction of the elliptic flow and pedestal contributions [START_REF]Thermalization at RHIC[END_REF]. The near-side peak is similar in all three systems, while the back-to-back peak in central Au+Au shows a dramatic suppression relative to p+p and d+Au.

The contrast between d+Au and central Au+Au collisions in Figs. 3 and4 indicates that the cause of the strong high pT suppression observed previously is associated with the medium produced in Au+Au but not in d+Au collisions. The suppression of the inclusive hadron yield at high pT in central Au+Au collisions has been discussed theoretically in various approaches (see [START_REF]Small collision systems: Theory overview on cold nuclear matter effects[END_REF] for references). Measurements of central Au+Au collisions [START_REF]Small collision systems: Theory overview on cold nuclear matter effects[END_REF] are described both by pQCD calculations that incorporate shadowing, the Cronin effect, and partonic energy loss in dense matter, and by a calculation extending the saturation model to high momentum transfer. However, predictions of these models differ significantly for d+Au collisions. Due to the Cronin effect, pQCD models predict that RAB(pT )>1 within 2<pT <6 GeV/c for minimum bias d+Au collisions, with a peak magnitude of 1.1-1.5 in the range 2.5<pT <4 GeV/c [START_REF] Adam | Centrality dependence of the nuclear modification factor of charged pions, kaons, and protons in Pb-Pb collisions at √ s NN = 2.76 TeV[END_REF]. The enhancement is expected to be larger for central collisions [START_REF] Adam | Anisotropic Flow of Charged Particles in Pb-Pb Collisions at √ s NN = 5.02 TeV[END_REF]. The saturation model calculation in [START_REF] Luzum | Conformal Relativistic Viscous Hydrodynamics: Applications to RHIC results at √ s NN = 200 GeV[END_REF] predicts RAB(pT )<1, with larger suppression for more central events, achieving RAB(pT )∼ 0.75 for the 20% most central collisions. In contrast, another saturation model calculation [START_REF]Enhanced production of multi-strange hadrons in high-multiplicity proton-proton collisions[END_REF] generates an enhancement in RAB(pT ), similar to the Cronin 

Photons as probes of the QGP

Photons are electromagnetic particles, therefore, they do not interact with the strong force. Because of this, photons produced in HIC travel through the QGP unaffected. However, depending on their origin, their production can be modified with respect to other collision systems. Two different types of photons can be distinguished, depending if they were originated from hadron decays or not, denominated "decay photons" or "direct photons", respectively. Both types are of key relevance in high-energy heavy-ion collisions.

Decay photons, originated mostly from π 0 and η mesons decays, are the main photon source in heavy-ion and pp collisions, their production yield being one or two orders of magnitude larger than for direct photons, depending on p T . Decay photons production is suppressed in HIC, since their parent hadrons are affected by jet-quenching. Their measurement, of their parent hadrons, is important to be able to make precise direct photons measurements, specially at low p T .

Among the direct photons one can distinguish different types: i) thermal, those produced thermally in the plasma which populate the low p T part of the direct photon spectrum, p T 5 GeV/c, they carry information on the temperature evolution of the QGP, R AA > 1; ii) prompt or isolated or from 2 → 2 processes, those produced in quark-gluon Compton scattering (q + g → q + γ) and quark-antiquark annihilation (q + q → g + γ), produced in the pre-equilibrium phase of the collision, which yield will not be modified by the QGP9 , R AA ∼ 1. These photons are correlated to a parton with initially almost the same momentum, but the parton will interact with the QGP, and therefore, the photon becomes a candle measurement of the associated parton energy loss [START_REF]Photon-tagged correlations in heavy-ion collisions: kinematic requirements and a case study[END_REF][START_REF]Jet Quenching in the Opposite Direction of a Tagged Photon in High-Energy Heavy-Ion Collisions[END_REF][START_REF] Wang | Medium Modification of γ-jets in High-energy Heavy-ion Collisions[END_REF]; iii) f ragmentation, produced directly from the jet fragmentation and thus affected by jet-quenching suppression, R AA < 1; iv) Breemstrahlung and jet-parton interaction, production speculated theoretically only in the presence of the QGP, R AA > 1.

Thermal photons: The QGP thermometer

This report concentrates on the high-p T measurements with photons, but it is worth mentioning the importance of low p T photons originated directly from the QGP by thermal radiation processes. RHIC already showed the presence of a thermal component in the direct photon spectra for p T < 5 GeV/c [START_REF] Adcox | Formation of dense partonic matter in relativistic nucleus-nucleus collisions at RHIC: Experimental evaluation by the PHENIX Collaboration[END_REF], and ALICE has also observed such production [START_REF]Direct photon production in Pb-Pb collisions at √ s NN = 2[END_REF], as shown in Fig. 1.10, being the medium produced at the LHC hotter than at RHIC with a photon spectrum exponential slope parameter T eff = 304 ± 11 stat ± 40 sys MeV (f = Ae -pT/T eff ), which is a convolution of the evolution of the plasma temperature over all the collision phases.

The search of thermal photons has also been attempted in pp and p-Pb collisions [START_REF]Direct photon production at low transverse momentum in proton-proton collisions at √ s = 2.76 and 8 TeV[END_REF][START_REF]Direct photon production and flow at low transverse momenta in pp, p-Pb and Pb-Pb collisions[END_REF], but no sign of them has been observed yet.

While the excess of direct thermal photons in the low-p T part of the p T spectrum was expected, their azimuthal anisotropy (see Sect. 1.2) shown in Fig. 1.11 is found to be large compared to initial expectations, this is known as the "thermal photon puzzle" [START_REF]Direct photon elliptic flow in Pb-Pb collisions at √ s NN = 2[END_REF]. Since the observed direct-photon flow is the convolution of all stages of the collision, including the contribution from the initial stage when the flow pattern has not yet developed, the calculations predicted much smaller azimuthal anisotropy for thermal photons than for hadrons, but current results for direct thermal photons are close to the flow observed for hadrons. This points to late emission or new sources of direct photons like jet-matter interactions or synchrotron radiation in the field of colliding nuclei, but theory has still not arrived to a firm conclusion and ALICE data has still large uncertainties.

I participated in the review of both direct-photon results, in particular, on the publication of the direct-photon v 2 paper. √ s NN =2.76 [START_REF]Direct photon elliptic flow in Pb-Pb collisions at √ s NN = 2[END_REF]. Left compared to PHENIX, right compared to theory predictions.

Prompt photons:

The jet-quenching energy loss reference p T spectrum Prompt photons have been measured both at LHC and RHIC HIC by ATLAS [START_REF]Centrality, rapidity and transverse momentum dependence of isolated prompt photon production in lead-lead collisions at √ s N N = 2.76 TeV measured with the ATLAS detector[END_REF], CMS [START_REF] Chatrchyan | Measurement of isolated photon production in pp and Pb-Pb collisions at √ s N N = 2.76 TeV[END_REF] and PHENIX [START_REF] Adcox | Formation of dense partonic matter in relativistic nucleus-nucleus collisions at RHIC: Experimental evaluation by the PHENIX Collaboration[END_REF] experiments. The CMS and PHENIX prompt photon R AA is shown in Fig. 1.12, and in both experiments their yield is not affected by the QGP, within the still rather large uncertainties, compared to hadrons large suppression observed at the RHIC and LHC. The results from the three experiments confirm the scaling from pp to AA collisions of the prompt photon spectra by collision geometry considerations and that QGP has no effect, as expected. [START_REF]Early isotropization of the Glasma", T.Epelbaum[END_REF][START_REF]Energy loss of energetic partons in Quark-Gluon Plasma: Possible extinction of high p T jets in hadron-hadron collisions[END_REF] and direct ! [START_REF] Adams | Experimental and theoretical challenges in the search for the quark-gluon plasma: The STAR Collaboration's critical assessment of the evidence from RHIC collisions[END_REF]. The error bars include all pointto-point errors. The error bands at R AA = 1 have the same meaning as in Fig. 2. The baseline p+p → ! + X reference used is a NLO calculation [START_REF] Adams | Experimental and theoretical challenges in the search for the quark-gluon plasma: The STAR Collaboration's critical assessment of the evidence from RHIC collisions[END_REF][START_REF] Burke | Extracting jet transport coefficient from jet quenching at RHIC and LHC[END_REF], that reproduces our own data well [START_REF] Aamodt | Two-pion Bose-Einstein correlations in central Pb-Pb collisions at √ s NN = 2.76 TeV[END_REF], with theoretical uncertainties indicated by the dash-dotted lines around the points. The solid yellow curve is a parton energy loss prediction for a medium with density dN g /dy = 1100 [START_REF]Transverse momentum spectra and nuclear modification factors of charged particles in pp, p-Pb and Pb-Pb collisions at the LHC[END_REF]. = 4 -14 GeV/c, independent of their mass (note that the # is four times heavier than the " 0 ). The results are in agreement with expectations of in-medium non-Abelian energy loss of the parent parton prior to its fragmentation in the vacuum. The initial gluon densities needed to quench the high-p T hadrons by such an amount are of the order of dN g /dy = 1100 (solid curve in Fig. 3) [START_REF]Transverse momentum spectra and nuclear modification factors of charged particles in pp, p-Pb and Pb-Pb collisions at the LHC[END_REF].

An additional way to determine possible differences in the suppression pattern of " 0 and # is to study the centrality dependence of the #/" 0 ratio in Au+Au collisions and compare it with the ratio in more elementary systems (e + e -, p+p, d+Au). The #/" 0 ratio in hadron-hadron, hadron-nucleus and nucleus-nucleus collisions is seen to increase rapidly with p T and flatten out above p T ≈ 2.5 GeV/c at an asymptotically constant R #/" 0 ≈ 0.5 for all systems [START_REF]Measurement of inclusive jet production and nuclear modifications in pPb collisions at √ s NN = 5.02[END_REF]. Likewise, in e + e - at the Z pole ( √ s = 91.2 GeV) one also finds R #/" 0 ≈ 0.5 for # and " 0 at large scaled momenta x p = p hadron /p beam 0.3 -0.7 [START_REF]Measurement of inclusive jet production and nuclear modifications in pPb collisions at √ s NN = 5.02[END_REF] consistent with the range of fractional momenta z relevant for high-p T production discussed here. It is interesting to test if this ratio is modified in any way by final-and/or initial-state medium effects in Au+Au collisions at RHIC.

Figure 4 shows R #/" 0 (p T ) for three Au+Au centrality selections and for p+p and d+Au collisions [START_REF]Measurement of inclusive jet production and nuclear modifications in pPb collisions at √ s NN = 5.02[END_REF]. A fit to a constant for p T > 2 GeV/c gives R AuAu 0-20% #/" 0 = 0.40 ± 0.04, R dAu MB #/" 0 = 0.47 ± 0.03 and R pp #/" 0 = 0.48 ± 0.03, where the quoted errors are the quadratic sum of statistical and systematic uncertainties. The Au+Au ratio is consistent within ∼ 1$ with both the essentially identical d+Au and p+p ratios. The R #/" 0 ratio shows thus no apparent collision system, centrality, or p T dependence. The dotted curve is the predicted PYTHIA [START_REF] Adams | Evidence from d+Au Measurements for Final-State Suppression of High-pT Hadrons in Au+Au Collisions at RHIC[END_REF] result for the p+p ratio at √ s = 200 GeV which is also co- FIG. 4: #/" 0 ratio in Au+Au (centralities: 0-20%, 20-60%, 60-92%) compared to the ratio in p+p and d+Au [START_REF]Measurement of inclusive jet production and nuclear modifications in pPb collisions at √ s NN = 5.02[END_REF] at √ s NN = 200 GeV. The error bars include all point-to-point errors that do not cancel in the ratio of yields. The dashed curve is the PYTHIA [START_REF] Adams | Evidence from d+Au Measurements for Final-State Suppression of High-pT Hadrons in Au+Au Collisions at RHIC[END_REF] prediction for p+p at √ s = 200 GeV consistent with the asymptotic R #/" 0 ≈ 0.5 measured in hadronic and e + e -collisions in a wide range of c.m. energies [START_REF]Measurement of inclusive jet production and nuclear modifications in pPb collisions at √ s NN = 5.02[END_REF].

) c (GeV
incident with the world data measured in the same momentum range in hadronic, nuclear, and e + e -collisions in a wide range of energies ( √ s ≈ 3 -1800 GeV) [START_REF]Measurement of inclusive jet production and nuclear modifications in pPb collisions at √ s NN = 5.02[END_REF]. In summary, the transverse momentum spectra of # mesons have been measured at mid-rapidity in the range p T = 2-10 GeV/c in Au+Au at √ s NN = 200 GeV. The invariant yields per nucleon-nucleon collision are increasingly depleted with centrality in comparison to p+p results at the same center-ofmass energy. The maximum suppression factor is ∼5 in central Au+Au. The magnitude, p T , and centrality dependences of the suppression are the same for # and " 0 suggesting that the production of light neutral mesons at large p T in nuclear collisions at RHIC is affected by the medium in the same way. The measured #/" 0 ratio is flat with p T and amounts to R #/" 0 = 0.40 ± 0.04. This value is consistent with the world value at high-p T in hadronic and nuclear reactions and, at high x p , in e + e -collisions. We conclude that all these observations are in agreement with a scenario where the parent parton first loses energy in the produced dense medium and then fragments into a leading meson in the vacuum according to the same probabilities that govern high-p T hadroproduction in more elementary systems (p+p, e + e -).

We thank the staff of the Collider-Accelerator and Physics Departments at BNL for their vital contributions. We acknowledge support from the Department of Energy and NSF (U.S.A.), MEXT and JSPS (Japan), CNPq and FAPESP (Brazil), NSFC (China), CNRS-IN2P3 and CEA (France), BMBF, DAAD, and AvH (Germany), OTKA (Hungary), DAE and DST (India), ISF (Israel), KRF and CHEP (Korea), RMIST, RAS, and RMAE (Russia), VR and KAW (Sweden), U.S. CRDF for the FSU, US-Hungarian NSF-OTKA-MTA, Correlations with hadrons or jets The correlation of prompt photons with hadrons or jets has also been explored at the RHIC and LHC. Such correlations are considered a promising calibrated probe of the jet quenching due to the similar momentum of the prompt photon and the associated parton generated in the same hard process. The correlation of high-p T trigger direct photons or hadrons with jets or hadrons is usually measured via azimuthal correlations like in Fig. 1.13. With azimuthal correlations distributions like in Fig. 1.8-left, one can extract a similar measurement to the R AA using:

Away side objects correlated

I AA = Y AA /Y pp ≈ D AA (z T )/D pp (z T ) = R D (z T ) (1.6)
where Y is the yield of hadrons on an azimuthal range either around (near side) of back (away side) to the trigger particle and with z T = p T, hadron pT, trigger .

The STAR [START_REF] Adamczyk | Jet-like correlations with direct-photon and neutral-pion triggers at √ s NN = 200 GeV[END_REF] and PHENIX [START_REF]Medium Modification of Jet Fragmentation in Au+Au Collisions at √ s NN = 200 GeV[END_REF] collaborations observe a large suppression of hadrons opposite to the trigger photon, as expected in the jet-quenching scenario. Figure 1.14-(a) shows the results from STAR, a suppression of factor 5 at maximum for z T > 0.2. Theoretically, one expects a different I AA for trigger hadrons and photons: high-p T hadrons originate from not too quenched partons produced likely near the QGP surface, and they are correlated mostly to gluon jets which traversed a long distance of the QGP, while prompt photons are not quenched and they are correlated mostly to quark jets that traverse any distance in the QGP. However, with the current uncertainties, the π 0 and direct photon correlations are in agreement, which was not expected.

The LHC experiments have measured the correlation of isolated photons with jets, comparing their momentum, x J,γ = p T, jet /p T,γ , and the jet FF in pp and Pb-Pb collisions, and compared them via R D (ξ γ ) = D(ξ γ )

Pb-Pb /D(ξ γ ) pp with ξ γ =ln(-1/z T ), like it was done for the measurements in Fig. 1.9-(c) but now replacing in the z variable the jet p T by the photon p T . Figure 1.14-(b) shows the x J,γ measured by ATLAS [START_REF] Aaboud | Measurement of photon-jet transverse momentum correlations in 5.02 TeV Pb + Pb and pp collisions with ATLAS[END_REF]. The x J,γ distribution is the same in pp and Pb-Pb peripheral collisions with a peak at one (peripheral not shown in plot), showing the well calibrated probe isolated photons are, but in central Pb-Pb collisions the correlation at one disappears due to the jet quenching. Figure 1.14-(c) shows R D for different centralities measured by CMS [START_REF] Sirunyan | Observation of medium induced modifications of jet fragmentation in PbPb collisions at √ s NN = 5.02 TeV using isolated-photon-tagged jets[END_REF]. A clear modification of the fragmentation function is observed with an enhancement of low-p T particles (large ξ γ ) and suppression of higher-p T particles, unlike in the single jet case where a more complicated pattern is found (Fig. 1.9-(c)), although ATLAS γ-jet FF measurements show a similar pattern as for inclusive jets [START_REF] Aaboud | Comparison of Fragmentation Functions for Jets Dominated by Light Quarks and Gluons from pp and Pb+Pb Collisions in ATLAS[END_REF]. 

ALICE at the LHC

The measurements shown in the previous section requiere particle detectors capable of working in a high particle multiplicity environment and excellent particle-identification capabilities, and in particular, the identification of neutral particles up to very high momenta. "A Large Ion Collider Experiment", ALICE [START_REF] Aamodt | The ALICE experiment at the CERN LHC[END_REF][START_REF] Abelev | Performance of the ALICE Experiment at the CERN LHC[END_REF], at the LHC has been designed to measure and identify a large fraction of the particles produced in pp and AA collisions up to very high particle densities (dN /dη 8000). Figure 1.15 shows a view of the ALICE detectors. In this section, the main detectors used in photon and jet analysis will be briefly presented. The event selection and characterization is done thanks to the forward rapidity detectors FMD, V0 and ZDC [START_REF]ALICE technical design report on forward detectors: FMD, T0 and V0[END_REF]. They trigger the event selection and make particle multiplicity measurements needed for the event centrality determination [START_REF] Abelev | Centrality determination of Pb-Pb collisions at √ s NN = 2.76 TeV with ALICE[END_REF].

Charged particles are key to do the measurement of jets10 and hadron correlation analysis. Those are tracked in the central barrel detectors, covering close to a pseudo-rapidity of |η| < 1 (depending the detector) and full azimuth. The Inner Tracking System (ITS) [START_REF] Aadmodt | Alignment of the ALICE Inner Tracking System with cosmic-ray tracks[END_REF] and Time Projection Chamber (TPC) [START_REF] Alme | The ALICE TPC, a large 3-dimensional tracking device with fast readout for ultra-high multiplicity events[END_REF] are the main tracking devices of the ALICE experiment. The ITS consists of 6 layers equipped with Silicon Pixel Detector (SPD) positioned at radial distances of 3.9 cm and 7.6 cm, Silicon Drift Detector (SDD) at 15.0 cm and 23.9 cm, and Silicon Strip Detector (SSD) at 38.0 cm and 43.0 cm. The two innermost layers cover a pseudo-rapity range of |η| < 2 and |η| < 1.4, respectively. The TPC is a large (85 m 3 ) cylindrical drift detector filled with a mixture of CO 2 and Ne or Ar gas mixture 11 . Its acceptance is |η| < 0.9 over the full azimuthal angle. Charged particles are measured with these tracking devices from p T ≈ 0.1 GeV/c up to very high p T . Figure 1.16 shows the excellent tracking momentum resolution for different combinations of TPC and ITS points. Below p T ∼ 2 GeV/c, TPC and ITS are able to identify π ± , p, k ± , e ± via dE/dx measurements. The identification capabilities are extended to higher p T or other particle types with additional detectors placed farther away from the interaction point: the TOF (Time of Flight, higher mass hadrons) [START_REF] Akindinov | The ALICE Time-Of-Flight system: Construction, assembly and quality tests[END_REF], the TRD (Transition Radiation detector, π ± and e ± , separation) [START_REF]The ALICE Transition Radiation Detector: Construction, operation, and performance[END_REF] and the HPMID (proton and other particles identification at higher momenta than the TPC). ALICE can measure direct photons and neutral mesons, specially π 0 and η mesons, via their two photon decay channel within a large p T range from 0.5 to hundreds of GeV/c with the help of its calorimeters, PHOS [START_REF]ALICE technical design report of the photon spectrometer (PHOS)[END_REF][START_REF]Identification of particles and hard processes with the spectrometer PHOS of the ALICE experiment[END_REF] and EMCal [START_REF]EMCal Technical Design Report[END_REF] plus DCal [START_REF]DCal Technical Design Report[END_REF] but also with the Photon Conversion Method (PCM), reconstructing photons converted in the inner material of the detectors measuring the e + e -pairs with the Central Tracking System (ITS+TPC). The conversion probability of photons before the middle of the TPC in ALICE is of the order of 8%. Besides measuring photons, both PHOS and EMCal+DCal can measure electrons, the neutral part of jets and they are trigger detectors for photons (e ± , neutral mesons) and jets.

The PHOS detector is a PbWO 4 electromagnetic calorimeter that covers ∆ϕ = 60 • in azimuthal angle (70 • from year 2015) and |η| < 0.13 in pseudo-rapidity, the radial distance to the interaction point is 4.60 m. The PHOS is subdivided in 3 (3.5 from year 2015) modules each having 56×64 (η × ϕ directions) crystals of 2.2×2.2 cm in its base.

The EMCal and DCal detectors are Pb-scintillator sampling electromagnetic calorimeters, both located at a radial distance to the interaction point of 4.28 m. They are subdivided in supermodules (SM), that cover different acceptances: EMCal covers |η| < 0.7 in pseudo-rapidity and in azimuth it covered different configurations over the years, ∆ϕ = 40 • in 2010 (4 SM's), increased to ∆ϕ = 100 • in 2011 to 2013 (+6 SM's) and ∆ϕ = 107 • from 2015 (+2 SM's). The DCal was installed for the 2015 runs and it is located in opposite azimuthal direction to the EMCal and around PHOS, covering 0.22 < |η| < 0.7 and ∆ϕ = 60 • (6 SM's) plus |η| < 0.7 and ∆ϕ = 7 • (2 SM's). In total 20 SM's of variable size depending the number of towers 12 placed in η × ϕ direction, each tower of 6×6 cm (0.0143×0.0143 rad) in its base: the first 10 EMCal SM's contain 48×24 towers, the first 6 DCal SM's contain 32×24 towers and the remaining 4 SM's with ∆ϕ = 7 • in DCal and EMCal have 48×8 11 Depending on the running year compositions and mixture changed. 12 Basic active region of the calorimeter, denoted also as cell. Cell is used in most of the document instead of tower.

towers. For more details on the EMCal/DCal geometry see Appendix A. Figures 1.17 show the energy resolution of the EMCal/DCal and PHOS, both measured in beamtest experiences of both detector prototypes, where I have participated. The PHOS has a better energy resolution than the EMCal/DCal, in particular at low energies, but the acceptance is significantly smaller. In any case, the resolution at high energy for the EMCal of ∼ 2% is close to the PHOS of ∼ 1%, which are low values good for high-energy photon analyses.

EMCal e -beam test PHOS e -beam test The neutral pion mass linearity is also shown. While the measured PHOS and PCM π 0 mass is well centered at the PDG value of M ≈ 135 MeV/c 2 , the EMCal and PCM-EMCal (one photon measured by EMCal and the other by PCM) π 0 mass are not constant at lower p T since the energy linearity correction was not applied in this analysis. The simulation was tuned to emulate the detector response as shown in the plot. A short discussion on EMCal/DCal energy linearity can be found in Sect. 2.2.1, within Chapter 2 devoted to EMCal performance and how to do photon analysis with the calorimeter.
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How to get results from the ALICE ElectroMagnetic Calorimeter, EMCal

This chapter is devoted to introduce how the EMCal data is reconstructed and calibrated (Sect. 2.1), what are its basic performances with beam-test measurements and as trigger detector (Sect. 2.2), what are the basic analysis parameters (Sect. 2.3) and how can it be used to do photon related analysis (Sect. 2.4). The EMCal/DCal geometry is already briefly described in Sect. 1.5 and with more detail in Appendix A.

I will put some emphasis in this chapter on two relevant problems for the photon analysis where I spent long time the last years, the removal of cells with abnormal large energy depositions denoted internally in the ALICE-EMCal collaboration as exotic clusters/cells (Sect. 2.3.2) and the cell-to-cell electronics cross-talk (Sect. 2.3.4). Also, I will describe with some detail how to do the neutral mesons (Sects. 2.4.1 and 2.4.2) and isolated photon (Sect. 2.4.3) identification analyses.

I have been in charge of the calorimeter offline code maintenance and developments for the simulation, reconstruction, calibration and analysis since the end of my PhD until this report. In particular, I wrote the code used to do the first steps in both "Quality Assurance" (QA) and π 0 energy calibration, prepared the storage and upload of the different calibration parameters in data bases, and I supervised the different periods calibration and QA during Run1/2 periods. An incomplete documentation on how the reconstruction code works can be found in [64].

I have also developed a number of analysis tools devoted to the photon and neutral meson identification not only for the EMCal but also for PHOS (see Appendix B), available for all ALICE collaborators. My expertise allowed me to participate in different results obtained using the EMCal that I will present in the next chapter.

Detector data treatment, reconstruction and validation

The EMCal data reconstruction delivers as final output objects named "cells" (energy, time and location are assigned to them), and more importantly "clusters" of cells, objects which are used in the final analysis. Data reconstruction consists of the following basic steps handled by the ALICE offline code AliRoot [65]:

1. Raw data fitting: The energy deposited by the particles in the cells produces scintillating light that is propagated with optic fibers through the different scintillator/Pb layers to Avalanche Photo Diodes (APD's) placed at the base of the cells. The APD's amplify the signal with two gains, high and low, and generate two digitized time dependent electronic pulse shapes that are stored in the "raw data" format. When the signal is below energies of E ≈ 16 GeV, the high gain is used, else the low gain, that allows to reach a dynamic range of few hundreds of MeV to 250 GeV with good energy resolution [START_REF]EMCal Technical Design Report[END_REF]. The selected pulse shape is fitted during the reconstruction via a parametrized Γ-function, from which the signal amplitude (energy) and arrival time are extracted per cell.

2. Clusterization: A particle produces signals in different cells, the electromagnetic shower expands a bit more than its Molière radius which corresponds to an EMCal cell size. Then, the next step is the formation of "clusters" of cells, each one ideally belong to one particle, although depending on the particle energy, detector granularity, clusterization algorithm and event type, those clusters might have contributions from different particles. Different algorithms are available to select the cells to be aggregated to the cluster, discussed in Sect. 2.1.1. At this step, the calibration and bad channel map are applied (see last items).

3. Cluster characterization: Finally, the cluster parameters used in analyses are calculated, here the most characteristic ones: i) Energy, sum of the energy of all cells associated to the cluster, plus optionally a non-linearity correction factor presented in Sect. 2.2.1; ii) Time, measured time on highest energy cell of the cluster; iii) Global position in ALICE, weighted by the cells energy as in [START_REF] Awes | A simple method of shower localization and identification in laterally segmented calorimeters[END_REF]; iv) Cluster-to-track matching, the cluster position information is compared to the position of the propagated TPC+ITS tracks to the EMCal surface, to identify the clusters generated by charged particles, more details in Sect. 2.3.1; v) Shower shape, a parameter that accounts for how the cells spread in the cluster, depending on the cells energy, used at the analysis level for particle identification, procedure similar as the one described in [START_REF] Awes | A simple method of shower localization and identification in laterally segmented calorimeters[END_REF], more details in Sect. 2.3.3.

Calibration

The extracted cell energy and time from raw data are not calibrated and also, the cells could be not well behaved, unrealistic pulse shapes for example. ALICE data can have several reconstruction passes due to improvements in detectors performances, and the first one is used in the EMCal to get calibration parameters per cell and bad cell masks. Different techniques are used, as discussed in Sect. 2.1.2 and Sect. 2.1.3. For the final analysis, the calibration and masks declaring and rejecting bad cells should be applied.

Data quality and selection:

The parameters of the clusters are used to control the quality of the data over periods of time, and to decide if data is usable for analysis, as discussed in Sect. 2.1.3. The quality is checked at ALICE "periods" or "runs" level 1 .

1 ALICE considers "periods" as selected data taking time ranges that can have lengths of few weeks or a month for standard pp and Pb-Pb or p-Pb collisions campaigns, or less like days or hours depending if tests are done. Usually, a period changes from one LHC technical stop to the next, although it can change in between if something changed in the detector configuration (for example, reversal of magnetic field) or the beam conditions (for example, change of collision system or energy). Periods are denoted as LHC/yy/l, where yy denotes the year and l corresponds to a letter to separate different periods. Some of the plots contain such period tags for example "LHC12c". Periods are subdivided in runs (from ∼10 minutes to several hours), tagged with a number.

In the next sections, more details are given on some of the steps introduced here.

Clusterization

A calorimeter cluster, an aggregate of calorimeter cells, is the main object delivered by the reconstruction. The clusterization method chosen defines what cells belong to a cluster. Clusters represent ideally the energy a particle deposited in the calorimeter, particularly for photons and electrons. There are several clusterization methods available for EMCal. The selection of the clusterization method depends on the analysis one wants to perform.

The basic clusterization algorithm considered, denoted as "V1" clusterizer, starts the clusters selecting a seed cell with energy above a given threshold E seed , with values of 300 to 500 MeV. Then, it aggregates to the cluster all cells with common side to the seed cell if their energy is above E min = 100 MeV. It continues aggregating cells with common side to the already aggregated ones if their energy is still larger than E min . A cell cannot belong to more than one cluster.

In order to prevent as much as possible shower overlaps in the same cluster, specially in high particle multiplicity environment like Pb-Pb collisions, an improved algorithm is used. Before aggregating a cell to the cluster, it checks if the energy of the cell to be aggregated is smaller than the energy of the cell that belongs already to the cluster and it is neighbor with common side. If the energy is larger, the cell is not added to this cluster and the clusterization stops. This clusterizer is named "V2" clusterizer.

These two are the main clusterization methods used in the EMCal analyses but other are available like the "N × M " clusterizer, which restricts the size of the cluster to N × M cells in η or ϕ direction around the seed cell, and the "V1+unfolding" clusterizer, which can separate better the not too overlapping showers but it is slower. The unfolding splits the V1 clusters into several sub-clusters by fitting the cell energy profile, and it allows a cell to be present in two clusters, with a different fraction of energy in the cell assigned to each cluster. The unfolding splits better the energy of the photons into clusters than in the V2 case or the strict N × M = 3 × 3 case. The different clusterizers have been used at some point over the last ten years, and the final conclusions and agreements found were that V1 and V2 clusterizers are more adequate for the different analyses ongoing in Run1 and Run2. The V1 clusterizer is suitable for shower shape analyses where clusters with different particle shower overlaps are used, like in the high-p T π 0 and isolated photon identification analyses, since the discrimination of π 0 clusters (decaying to two overlapping photon showers) from single photon clusters is excellent from 6 to about 20 GeV/c, both analyses presented in Sect. 2.4.2 and Sect. 2.4.3, respectively.

A cluster splitting algorithm like V2 clusterizer is preferred on invariant mass analysis to extend as much as possible the meson high-p T reach, from about 12 GeV/c (V1) to about 20 GeV/c (V2), and reduce the shower overlaps due to the underlying event in high-particle multiplicity collisions like central Pb-Pb. Comparing V2 and V1+unfolding, it was observed that the neutral meson mean invariant mass and resolution dependence with p T is smaller using unfolding (see Fig. 1.18 for EMCal using V2 clusterizer), but given the slower time performance due to the fits2 , the need to rely on simulations to tune the fits, and the not perfect reproduction of the shower shape in simulations (as discussed in Sect. 2.3.4), it was preferred the use of V2 clusterizer. The N × M clusterizer with 3 × 3 size, was also considered, since most of the particle energy is contained in the cluster with such a configuration. In Pb-Pb collisions environment, such cluster size limitation can help to restrict the amount of underling event overlapping in the cluster, but a small part of the particle energy can be lost on the excluded cells, thus affecting energy resolution, so it was preferred to use also V2 clusterizer. Figure 2.19 shows the effect of the different clusterizers on the π 0 and η invariant mass.

The clusterization cuts have also evolved over the time, initially E min = 50 MeV was used, which is barely above the noise level. π 0 spectra analysis found that the result was much less stable than increasing the cut to 100 MeV. Cell time cuts were also considered initially of the order of |t cell | > 50 ns 3 , but in analysis like spectra, deficits in the corrected particle yields were found when such cuts were used. It was found that cells with E cell < 0.5 GeV have time not well constrained, and therefore, it was concluded that cell time cuts cannot be used at the cluster formation level.

Cell energy and time calibration

The first reconstruction pass of the EMCal data did not have assured the best quality in Run1 (2009-2013) and Run2 (2015-2018) data taking periods. Calibration must be made from the first reconstruction pass with a large amount of data, to improve the quality in a later reconstruction pass or to be applied on the fly at the analysis level. The EMCal measures two basic quantities, the energy deposited in cells and the time of arrival of the signal. Both quantities need to be calibrated using different techniques introduced in the next sections.

Energy calibration

We can consider three energy calibration steps: i) MIP calibration; ii) π 0 calibration; iii) Temperature variations, run by run calibration adjustments. All energy calibration matters are detailed in [START_REF]Étude du Plasma de Quarks et de Gluons au LHC: Mesure des corrélations photon-hadron à l'aide du calorimètre de l'experiénce ALICE[END_REF][START_REF]Mesure des corrélations photon-hadron auprès de l'expérience ALICE au LHC pour l'étude du plasma de quarks et de gluons[END_REF].

MIP calibration procedure A first calibration was done on cosmic measurements before installing the super-modules in ALICE. Cosmic muons deposit on average ∼ 260 MeV as Minimum Ionizing Particles, and a peak should be observed in the cells centered at this value. A relative calibration of ∼ 2% is obtained after fixing the MIP position of each cell at 260 MeV with the appropriate voltage gains. The ALICE-LPSC team was in charge of the MIP calibration since most of the SM were sent to Grenoble after being assembled in different locations in Europe and USA, and before final installation at CERN in ALICE. π 0 calibration procedure This calibration is done with pp collisions data measured inside ALICE. Since π 0 's decay into two photons, the meson mass can be obtained from the energy and opening angle of the two photon clusters measured in the calorimeter using the invariant mass formula Eq. (2.9) presented later in Sect. 2.4.1. Combining all cluster pairs in a SM in many collisions, one obtains invariant mass distributions like in Fig. 2.19 where the π 0 and η mesons mass peaks are clearly visible. Energy decalibration of the calorimeter will be reflected on a shift and increased width of the invariant mass peak. Since most of the energy of a photon falls in a single cell, one can extract the energy calibration factor per cell comparing the invariant mass obtained for photon clusters centered in the cell and the PDG mass value for π 0 's (M γγ ≈ 135 MeV/c 2 ). From the invariant mass distribution, the π 0 mass is obtained fitting the measured distribution with a gaussian (signal) plus a polynomial of order two (combinatorial background). The position of the invariant mass peak for a cell doesn't depend only on its response and calibration coefficient, but also on an average of the responses and calibration coefficients of all the other cells with lower energy contributing to the cluster. For this reason, the calibration of the calorimeter with the π 0 is an iterative procedure: When the number of counts per cell are enough, about three iterations are needed to finalize the calibration to achieve about 1 -2% accuracy. About 100 -200 M events EMCal (L0) triggered (trigger threshold at 2 -2.5 GeV, see Sect. 2.2.2 for brief trigger description) allow the calibration of the majority of the cells, except some cases close to borders, badly behaving or located behind specially dense material 4 , for which we need additional iterations or more data.

The π 0 energy calibration has also been in charge of the ALICE-LPSC team during Run1 and Run2 data taking periods. Different energy calibrations were provided for years 2010 (first four SM), 2011 (calibration of additional 6 SM) and 2012-2013 (after APD's voltage gain update discussed later) data during Run1 and with 2015 data and some special EMCal triggered runs for the 1/3 SM's in 2018 for the full Run2 (addition of DCal SM's and 1/3 EMCal SM's). [START_REF]Étude du Plasma de Quarks et de Gluons au LHC: Mesure des corrélations photon-hadron à l'aide du calorimètre de l'experiénce ALICE[END_REF] shows an example of the variation of the energy calibration coefficient per cell from first to last iteration in 2012. In the plot, 2011 and 2012 final calibrations are shown, in between, 2011 and 2012 the online APD voltage gains were updated with the 2011 found cells calibrations. We expected to have the same or close calibration response in 2011 and 2012 first iteration, but as seen in the plot this was not the case. We found that the transformation from calibration parameters to gains is a delicate procedure which needs perfect knowledge of each of the cell APD curve gains, and small variations from the real value can have effects in the calibration. Since the online calibration has a strong effect on the trigger performance (cells with low online calibration can have different trigger rates and thresholds compared to cells with higher online calibration), the update of the voltage gains of the APD's is needed to get a uniform trigger response, if no calibration and voltage tuning was done in previous periods to fix this non-uniformity. This exercise produced a uniform trigger response, but meant redoing the calibration to get back the calibration accuracy of 1-2%. The main lesson followed in the coming years, was that unless the trigger performance is affected, it is better not to update the voltage gains and apply improved calibrations offline. This approach was followed in Run2 data, and indeed the already installed EMCal SM's calibration was the same, although small shifts in the π 0 mass peak per SM were found, order of few %, for reasons not yet understood, so a simple overall global calibration factor per SM was obtained with the data. The final calibration accuracy obtained with the new DCal SM's was similar as in Run1 EMCal SM's. Left: Variation of the π 0 energy calibration coefficient in all channels of 2012 data from the last iteration (blue) compared to first iteration (red), and compared to the last iteration of 2011 data (green) [START_REF]Étude du Plasma de Quarks et de Gluons au LHC: Mesure des corrélations photon-hadron à l'aide du calorimètre de l'experiénce ALICE[END_REF]. Right: Run-by-run variation of the π 0 mass (integrated over pT) with and without applying the T calibration correction factor in a sample of 2012 runs. Two data taking periods considered, LHC12c and LHC12d, separated both by an LHC technical stop of 1-2 weeks, the drop in the mass before calibration can be appreciated from run index 60 corresponding to the start/end of each period.

Figure 2.2-left

Run by run temperature gain variations

The cells calibration depends on the temperature dependence of the different cell gains. We observe that from one period to another, where the temperature (T ) changes, the π 0 peak positions also changes. This can have unwanted effects in the energy calibration done using π 0 , so this decalibration needs to be corrected before the π 0 calibration is attempted, although it is a small effect within the π 0 calibration uncertainties if the period used for calibration is not long (small T variations). There are two ways to correct for this effect: either measure the mean T per run, and get the gain curves per cell to calculate the corresponding correction; or use the calibration LED events to quantify the variation from one reference run 5 5 . Using the T measured per SM, the run-by-run calibration variation was calculated and applied to the data.

Figure 2.2-right shows the average value of the π 0 mass position integrated over p T with and without applying the correction factors due to T variations, the effect is small, less than %, but it is clearly seen the more stable behaviour per run when the corrections are applied.

Time calibration

The time of arrival of a signal in a given cell is a good candidate to reject noisy cells, identify pileup events when coming from different Bunch Crossings (BC), or even identify heavy-mass hadrons at low energy (not attempted so far with EMCal but it does not seem possible). The raw average time measured in Run1/2 data is close to time = 600 ns. This number is driven mainly by cable lengths from the SM's to the Front-End Electronics (FEE). The aim of the time calibration is to do a relative calibration between cells to align all cells to a mean value of time = 0 ns, with as small spread as possible. The time calibration coefficient for each cell is the result of the average time of the cell when belonging to a cluster with enough energy (E cell > 1 GeV). 
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TeV, Calibrated Timing s pp acquisition one, and it is extremely rare to mix a triggered event with another minimum bias event with high-energy clusters. For the higher energy-cluster range, one can observe that the timing peak resolution widens and even shifts. Above the low-to-high gain transition energy, the time calibration needs to be redone, with the current approach just the high-gain pulse shapes are well calibrated and low gains only partially. Since this requires very high-energy cells, the accumulated statistics in Run1 is not enough to do this. At the time of this document, the feasibility of the calibration with full Run2 data is being studied.

Detector quality assurance and bad channels finding

The detector is not well behaved all the time, cell or cluster energy and timing can have unexpected values or rates. Therefore, the stability of the channels, calorimeter electronic cards or super-modules must be controlled via "Quality Assurance" (QA) studies that will decree if a period, run or a series of channels must be discarded from the analysis. Since the calorimeter needs a large amount of data for bad channel recognition, those studies are performed after the first reconstruction pass of full periods is available. Some channels or regions of the calorimeter do not behave properly for certain periods of time for various reasons, so those must be found and removed from the clusterization in the final reconstruction pass and analysis. Bad channels can be spotted because their energy spectra or timing distribution behaves different to a reference well behaved cell. Figure 2.4 shows different examples of particularly bad behaved channels energy spectra, one can clearly observe spikes or unexpected tails in the energy distribution. Some of the basic parameters used to recognize a cell as problematic are the cell energy spectra (slope of the fit), its mean value and number hits in a cell per event. Given the large number of cells to control, one has to rely as much as possible on semi-automatic algorithms to tag the cells as good or bad. However, one has to be careful automatizing the decision since sometimes the channel behaves normally in part of the spectrum, so comparisons at different energy regions are needed to consider a channel as bad. Figure . 2.5 shows the distribution of the number of hits per cell and event, for different cell energy bins, where an expected symmetric kind of gaussian distribution is found and some outliers at high or lower values that are tagged as bad. One also has to be careful on what to use as reference, channels behind dense material structures will not have the same frequency as shown in the figure, and thus a bit different reference is needed. This procedure is executed per run and a final bad channel data base is produced ideally per period, but often the cells misbehave within several runs so the data base can have variable run range size. The QA is based on the study of the calorimeter cluster and cell parameters stability and it is done checking per run basic parameters like the overall or per SM average cluster/cell energy and multiplicity, the position of the π 0 mass and width (after calibrations) etc. If variations are larger than a certain reference value for a given period, runs are considered bad for the analysis. Figure 2.6 shows the average number of clusters per event as a function of the run number for a selected period, per each of the EMCal SM's. One can observe the very good stability except for few chunks of runs where EMCal was taking data misconfigured, and those runs are then excluded. One can see that the average is different for each SM which have the same acceptance, this is due to the different quantity of dead/masked cells in each of the SM's.

(a) 0.1 < E cell < 0.3 GeV (b) 0.5 < E cell < 1 GeV (c) 1 < E cell < 10 GeV
Overall, the EMCal and DCal bad channel masking has been of the order of 6% over the full period, more on average on DCal. Unfortunately, electronic cards have needed replacements or repairs during the technical stops quite often to have a quite uniform active acceptance. This has been studied by electronic engineers, and fixes and improvements on the electronics are being implemented during the current LHC long shut down in preparation for Run3. Apart from that, the detector over the two runs has been been rather stable thanks to the continuous surveillance in site of the EMCal system run coordinators.

Detector performance

In this section, the main results from the beam test of an EMCal prototype are shown and also some basic performance plots of the detector as trigger system. I participated in one of the beam-test data taking periods at CERN, helped in the energy resolution/linearity studies with simulations, and contributed to the QA of the L1 trigger during its first activation in 2011 runs. 

Electron beam test: energy resolution and linearity

There were tests of a prototype composed of 8×8 cells in 2007 at Fermilab [START_REF] Allen | Performance of prototypes for the ALICE electromagnetic calorimeter[END_REF] and in 2009 at SPS and PS facilities [START_REF]Energy non linearity correction of ALICE EMCal detector measured by 2010 test beam data[END_REF]. The prototype was irradiated with electron beams of different energies from 0.5 to hundreds of GeV. In those tests, the energy and position resolution and energy non linearity of the detector were measured. The energy resolution can be described with

σ E /E = a ⊕ b/ √ E ⊕ c/E, with a = (1.7 ± 0.3)%, b = (11.3 ± 0.5)%, c = (4.8 ± 0.8)%, (2.1) 
the position resolution was found to be

σ xy = 1.5 mm ⊕ 5.3 mm / √ E, (2.2) 
and finally, the non linearity is described with

E reconstructed /E beam = a * 1 1 + be -E beam /c * 1 1 + de (E beam -f )/g , (2.3) 
where the parameters are in Table 2.1. The energy E is in units of GeV in the different equations.

Figures 1.17-left and 2.7-right show the comparison of the energy resolution and linearity with the simulation, respectively. The agreement of the energy resolution and the simulation is good but there is a small discrepancy in the non linearity at low energies which is currently not understood. The non-linearity at low energy is due to particles hitting close or on the edges of the cells. There is a maximum deviation of ∼7% at very low energy that gets smaller increasing the energy and disappears above 3 GeV where the detector energy response starts to be linear. At very high energies, beyond ∼ 90 GeV, the energy response is not linear again, and the behavior is also not reproduced in current simulations, where the distribution continues almost linear (not shown in the plot), although this has been recently understood as a saturation in the electronics that could be modeled in the simulation (MC). There are two approaches to make the simulation and data energy linearity response the same:

• Data is corrected at the analysis level with the non linearity found in the beam-test and therefore, the simulation used to do comparisons or corrections has to be corrected by the non-linearity parametrization found in the simulation, with the parameters in the table. This approach is used in all of the analysis where I am directly involved.

• Only the simulation is corrected to match energy linearity in the data. The correction to the MC is found tagging photon clusters in MC and data from π 0 decays with one photon measured in EMCal and the other via the conversion method PCM, which has much better resolution at low p T . From the ratio of the measured meson mass versus tagged cluster E in data and MC, the correction is found. This approach is followed in different neutral meson spectra publications using the EMCal [START_REF] Acharya | Neutral pion and η meson production in proton-proton collisions at √ s= 8 TeV[END_REF][START_REF]Production of π 0 and η mesons up to high transverse momentum in pp collisions at 2[END_REF][START_REF] Acharya | Neutral pion and η meson production in p-Pb collisions at √ s NN =5.02 TeV[END_REF], for this reason the π 0 mean peak mass dependence on p T is not constant below p T = 5 GeV/c in Fig. 1.18.

In summer 2019, there was a reanalysis of the 2009 beam-test data and MC with stricter clusterization and analysis cuts, closer to those lately used in pp collisions data analysis (E cell > 100 MeV instead of 50 MeV and more than 1 cell in the cluster among others), and a better agreement between data and MC energy linearity was obtained as shown in Fig. 2.8. The somewhat loose cuts that were used made the data sensitive to noise biasing the result. The position resolution is also shown. The use of a non-linearity correction based on this analysis applied on data and MC was being tested during the write-up of this report.

The energy resolution of the EMCal is worse than PHOS and PCM resolution (Figs. 1.17-left and 1.18), specially at low p T , but the strong point of the EMCal is high-p T measurement. In any case, the neutral mesons mass behavior is reasonably reproduced in MC after the corrections are applied with pion momentum as low as p T = 1.4 GeV/c in pp collisions analyses, since the minimum photon cluster energy used was E = 0.7 GeV. 

Trigger

The EMCal has been used from 2011 as trigger detector in ALICE in all systems. The trigger logic is discussed in [START_REF] Bourrion | The ALICE EMCal L1 trigger first year of operation experience[END_REF][START_REF]Measurement of jet spectra reconstructed with charged particles in Pb-Pb collisions at 5,02 TeV with the ALICE detector at the LHC[END_REF]. The basic element in the trigger is the fast signal provided by 2×2 calorimeter cells or FastOR. A first level on the trigger decision (L0) is made forming a trigger patch, signal sum of 2×2 FastORs (4×4 cells) with all possible combinations, and comparing via a sliding algorithm the trigger energy threshold and the patch energy. At the L0 level, patches cannot share FastOR from 2 different Trigger Region Unit cards (TRU), there are three TRU's in a standard EMCal SM. In a second level (L1), the patch size can cross TRU's and can be of the same size as the L0 trigger (Gamma trigger) or bigger size (Jet trigger), usually 8 × 8 FastOR. This operation is handled by the Summary Trigger Unit (STU) developed at the LPSC. The STU also allows one to apply on the fly variable trigger thresholds depending on the event multiplicity since V0 information is collected by the STU, which allows a triggering independent on the centrality of the HIC. It also allows more sophisticated calculations, combining EMCal versus DCAL+PHOS trigger information in the STU, one can do a rough estimate of the underlying event in the trigger patch not related to the signal one wants to trigger, and remove it from the patch before applying the energy threshold cut. This approach is used in Run2 Pb-Pb collisions for the jet triggering, more details in [START_REF]Measurement of jet spectra reconstructed with charged particles in Pb-Pb collisions at 5,02 TeV with the ALICE detector at the LHC[END_REF]. Another feature of the STU is that it allows to trigger with at least 2 different energy thresholds for gamma and jet triggers. Figure 2.9 shows the EMCal trigger rejection factors (triggered cluster sample over minimum bias sample) in pp, p-Pb and Pb-Pb collisions. We see a nice flat trigger rejection factor plateau above the L0 and two L1-Gamma triggers. The trigger efficiency is found to be of the order of 90% for L0 trigger and better for L1 triggers.

Thanks to the triggering capabilities of the EMCal, Run1/2 analyses are being able to reach high-p T measurements from 20 to 100 GeV and even more, impossible to obtain with the limited minimum bias samples in pp collisions that takes the ALICE due to the TPC limitations compared to what the LHC delivers. The L0 triggering was enabled for all the 2011 pp collisions data taking, after some tests were performed in the last pp collisions data samples in 2010. The L1 trigger was tested in the last pp collisions data samples of 2011 and enabled for the 2011 Pb-Pb collisions campaign at the end of the year. Since then, all data samples have used the EMCal triggering capabilities, except some special periods. In general, the trigger has been quite stable over Run1/2 data taking, again thanks to the continuous watch of hardware the experts. 

Data analysis parameters

This section presents the different common selection parameters used at the EMCal analysis level, some of them will be developed in the following sections:

• Cell with highest energy in cluster must be 1 cell away from border of the calorimeter. This cut avoids clusters with energy leaking in the borders of the calorimeter. Also, the energy calibration made with π 0 of cells at the borders is not as good as more central cells due to lack of statistic.

• Removal of clusters containing a bad channel (see Sect. 2.1.3) if not done before clusterization. Also, clusters for which the distance of the highest energy cell to a bad channel is smaller than two cells are removed, in case of possible influence (electronics cross-talk).

• Clusters are selected if their time after calibration is about |time| 30 ns, range depending on the filling scheme of the period, to avoid different collisions bunch pile-up.

• Cluster-track matching: clusters originated by charged hadrons or electrons (positrons) are tagged as charged particles when the distance between the projection of the track to the EMCal surface and a cluster is within an angular ∆η-∆ϕ window. More details in Sect. 2.3.1.

• Exotic clusters removal: Unrealistic high-energy deposition in a single cell. More in Sect. 2.3.2

• Shower shape: The spread of the shower in the cluster cells is different for photons and hadrons or clusters with several particle contributions. More in Sect. 2.3.3 and the influence of cell-tocell cross-talk in Sect 2.3.4.

Track-calorimeter cluster matching

A cut in the residual angular position between the clusters and the projection of the TPC tracks to the EMCal surface is applied to select candidate to photon clusters. The separation of the extrapolated position on the EMCal surface from the cluster position must fulfill the following conditions to tag the cluster as "neutral": ) is in GeV/c units as detailed in [START_REF] Acharya | Neutral pion and η meson production in proton-proton collisions at √ s= 8 TeV[END_REF]. Due to the magnetic field, tracks incidence in the calorimeter is less perpendicular in ϕ than in η direction which causes a larger spread for low energy tracks, important effect for p T 2 GeV/c, and thus, the wider selection window in ϕ direction. The track-to-cluster matching efficiency depends on the tracking and reconstruction quality and period being in general larger than 90% for E > 1 GeV. Figure 2.10 shows the difference of the ϕ and η position of the clusters and tracks projected to the calorimeter surface versus the cluster energy. Note that the EMCal cell lateral size is 0.0143 rad and the selection band size applied is close to this value at high energy, and of few cells below 1 GeV. 

Exotic clusters

Early in the data taking, large energy depositions with low number of calorimeter cells were observed at the calorimeters of the different LHC experiments [START_REF] Bialas | Mitigation of anomalous APD signals in the CMS ECAL[END_REF]. This observation, clearly non physical, lead to the study of such phenomenon and the development of analysis cuts to remove those, that I studied in detail [START_REF]Rejection of exotic clusters in EMCal[END_REF]. In electromagnetic calorimeters, energy depositions can have a hadronic component response in addition to the electromagnetic response. Within the hadronic component of energy depositions, contributions from nuclear binding energy and slow neutrons [START_REF]Techniques for Nuclear and Particle Physics Experiments: A How-To Approach[END_REF] can be highlighted. Typical energy depositions from these slowed neutrons are characterized by energy hits in the APD's readout of the cells. These hits produce high energetic clusters localized in single cells as opposed to a spread in multiple cells as expected from purely electromagnetic showers. This effect was studied by CMS ECal which makes use of the same APD's as ALICE EMCal and PHOS [START_REF] Bialas | Mitigation of anomalous APD signals in the CMS ECAL[END_REF]. Within the ALICE EMCal collaboration, such cells and clusters are called exotic.

In ALICE, exotic clusters are observed in both calorimeters EMCal and PHOS. While the description of exotics have been known and analyzed in data for some time, we have not yet implemented them in MC. Exotic clusters can be easily recognized in Figs. 2.11-left for p-Pb collisions (similar observation in pp and Pb-Pb collisions), where the histograms represent the number of cells of the cluster as a function of the cluster energy in the data. A continuous band of clusters with low number of cells (one to ∼5 cells) that spans from E ∼ 4 -5 GeV to clusters with very high energies is observed in data but not in simulation. These low number of cells are observed in both triggered and minimum bias data. Looking in more detail at the cell energy in the cluster itself, we identify a characteristic high energy cell neighbored by very low energy depositions that is not observable in simulation. Therefore, a topological cut is used to remove such kind of clusters, the same developed by CMS experiment where a similar calorimeter as PHOS is installed. The aim of the cut is to force a more homogeneous energy repartition in the cluster by looking at the following ratio:

F + = 1 -E + /E max cell (2.5)
where E max cell is the energy of the cell with highest energy and E + is the sum of the energy of the four cells with common side to the maximum energy cell. Figures 2.11-right show the dependence of F + with respect to the cluster energy, at high energy, the value of F + shows a spike at unity not observed in simulation. In data, a minimum is observed at F + = 0.96 ∼ 0.97 and thus below this minimum we expect just normal clusters. Figure 2.12-(a) shows the fraction of exotic clusters over all clusters as a function of cluster energy. The population of exotic clusters has a large contribution with respect to the normal cluster population at E > 10 GeV and dominate the cluster spectrum for E > 30 GeV. This will have im-plications in the trigger threshold selection: the higher the trigger energy threshold, the more likely the EMCal will trigger on exotic clusters, thus it is not interesting to use very high energy triggers. So far, a rejection of such events at the trigger hardware level has not yet been studied.

To corroborate that clusters with F + > 0.97 are indeed not normal and are safe to remove, the cluster timing (time of highest energy cell in cluster t max ) was studied. Figure 2.12-(b) shows a peaked distribution at about |t max | 20 ns for normal clusters, and a non peaked distribution over a broad timing window for exotic clusters. This means that the timing assigned to the exotic cell/cluster is quite random and within the detector readout timing window. The time difference between the highest energy cell in the cluster and other cells ∆t max-sec is shown in Fig. 2.12-(c). Secondary cells timing seems not correlated and even come from other bunch crossings (∆t max-sec > 50 ns) for exotic clusters. This time offset behavior is not observed in normal clusters. One possible explanation to this offset may be that the main cell of the exotic cluster is associated with a random noise of an adjacent cell or a normal low energy particle originated from another BC event or some signal induced via cross-talk electronics. Other checks were done selecting clusters with large exoticity: i) clusters matched to tracks show no matching residuals correlation, ii) exotic clusters are distributed uniformly in the calorimeter.

In conclusion, we are quite confident that those exotic signals measured in the calorimeter are safely removed and that we are not removing any normal signal. This kind of signals can be of special relevance for isolated photon studies, but in our studies, we have not observed any variations of the results when modifying the exotics rejection within reasonable values.

Shower shape

The shower shape of a cluster can be described using an ellipsoidal parametrization by the axis of the shower surface ellipse [START_REF] Conesa | ALICE: Physics Performance Report[END_REF][START_REF]ALICE EMCal Physics Performance Report[END_REF]. The shower surface is defined by the intersection of the cone containing the shower with the front plane of the calorimeter. This surface can be represented by a covariance matrix with four terms representing the average cluster position in η and ϕ direction in the calorimeter plane, weighted logarithmically by the cell energy [START_REF] Awes | A simple method of shower localization and identification in laterally segmented calorimeters[END_REF]. The diagonalization of the covariance matrix gives as eigen-values the shower surface long and short ellipse axes defined as:

σ 2 ± = (σ 2 ϕϕ + σ 2 ηη )/2 ± (σ 2 ϕϕ -σ 2 ηη ) 2 /4 + σ 4 ηϕ with σ 2 + = σ 2 long and σ 2 -= σ 2 short (2.6) therefore σ 2 long > σ 2 short
, where σ 2 ϕϕ , σ 2 ηη and σ 2 ϕη are weighted coefficients by the cell energy:

σ 2 αβ = i w i α i β i w tot - i w i α i w tot i w i β i w tot , (2.7) 
where, w i = Maximum(0, w 0 + ln(E i /E cluster )), w 0 = 4.5 6 and w tot = i w i [START_REF] Awes | A simple method of shower localization and identification in laterally segmented calorimeters[END_REF]. The index i indicates a cell that belongs to the cluster and η i and ϕ i are the indexes of the cell inside an EMCal SM in longitudinal and azimuthal direction, respectively, with 0 ≤ η i < 48 and 0 ≤ ϕ i < 24. One can conclude that those clusters with σ 2 long > 0.3 can be considered as π 0 or η, but the merging of photon clusters is not the only reason to have large shower shape like: a) Conversion photons in the material in front of EMCal produce the EM shower earlier, instead of a photon there is a separated e +e -pair depositing energy in the calorimeter; b) Several particles from a jet or heavy-ion underlying event or pile-up event produced in a close region; c) Incidence angle of the particle in the calorimeter (negligible effect for particles coming from the interaction point); d) Hadronic interactions: neutrons, charged pions, etc., produce a broader shower compared to the electromagnetic particles; e) Electronic cross-talk between cells. Most of those effects are modeled in simulation, except pile-up, considered negligible so far and cross-talk, to be discussed below in detail.

σ / d N d N 1/ ALICE simulation = 7 TeV s pp < 14 GeV E , 10 < γ < 60 GeV E , 40 < γ < 14 GeV E ), 10 < γ γ ( 0 π < 60 GeV E ), 40 < γ γ ( 0 π < 30 GeV E ), 25 < γ γ ( η < 60 GeV E ), 40 < γ γ ( η = 0.
< 60 GeV E , 40 < γ < 14 GeV E ), 10 < γ γ ( 0 π < 60 GeV E ), 40 < γ γ ( 0 π < 30 GeV E ), 25 < γ γ ( η < 60 GeV E ), 40 < γ γ ( η

Effect of electronics cross-talk on the cluster shower shape

Already in early analysis, a discrepancy between data and simulations response to the energy measured in the calorimeter was observed: i) On the energy linearity at low energies shown in Fig. 2.7, and discussed in Sect. 2.2.1; ii) On how the deposited energy is distributed in the cluster cells, and in particular on the shower shape variables as shown in Fig. 2.14, where a broader distribution is observed, especially on the right part of the photon peak at 0.3 < σ long < 0.4 interval comparing data (black) and MC (blue), interval relevant in photon analysis. Another possible origin of broader cluster shapes could be that some extra material is present in data and not in MC. Plotting the cluster activity on the EMCal in the tail region 0.3 < σ 2 long < 0.4, one can observe an enhancement in the regions corresponding to the rails of the ALICE frame at |η| ≈ 0.6, as can be expected, but also large regions corresponding to full SM, in particular SM's 3 and 7, have clearly enhanced activity with respect to other SM's, which was unexpected. This is even more evident when applying an extra cut on the cluster selection on the number of significant cells in the cluster. Not all the cells in the cluster contribute to the shower shape calculation, only those with w i > 0 and thus with at least ∼1.1% contribution to the cluster energy. Naively, one can think that in the presence of cross-talk, from a sufficiently high-energy cell, some energy can leak to cells with small energy than now can pass the w i threshold. Figure 2.16-right shows σ 2 long when the number of cells in the cluster that contribute to the shower shape calculation, n w cell , is larger than 4. Data (black line) shows a bump in the photon region 0.1 < σ 2 long < 0.3, which is not observed in the default simulation (dark blue line). One can calculate the fraction of clusters in the photon region that have n w cell > 4 to get an idea on how large is the effect per SM and compared to simulations: in data on average ∼ 12% of the clusters have n w cell > 4, ∼ 20% in SM's 3 and 7, while only ∼ 2% in the default simulation. In order to emulate the observed features on the data, let's consider that: i) the problem is purely a cross-talk between cells inside a T-Card; ii) it affects all cells in the calorimeter; iii) given a signal in a cell, the cells around are affected, and possibly those two rows away; iv) it can depend on the cell energy; and it can depend on the SM number but not in rapidity or azimuth. This last condition is not true for the rapidity dependence, due to cable lengths calorimeter zones close to η = 0 have more effect, but not considered so far. Having this in mind, the implemented algorithm to treat the emulation at the MC level works as follows: inspect all the cells with signal in the simulation, and per each cell with energy E cell , add to the surrounding 5 cells in the same T-Card an induced energy E ind i,j (i and j indicate the column and row with respect to the selected cell)

E ind i,j = F ind E cell , with F ind = µ 1 + µ 2 E cell , (2.8) 
where µ 1 and µ 2 can be different per SM and even per induced cell location (i, j). Finally, the total induced energy in the nearby T-Card cells is subtracted from the main signal cell, E final cell = E cell -ΣE ind i,j , so that the energy scale is preserved. Figure 2.16 shows the effect on σ long with and without the cut on n w cell for a fixed µ 1 value of few % and µ 2 = 0, applied on the 5 surrounding cells in MC. A clear broadening and even shift of the distribution is observed when increasing µ 1 from 0.5% to 1.5%. A parametrization per SM and as a function of the cell energy was found that varies between F ind ∼ 0.5% to F ind ∼ 1.8%. All the details of the implementation are described in [START_REF] Conesa | Study and emulation of cell energy cross-talk in EMCal[END_REF]. long distributions with and without the final cross-talk emulation. Other parameters were tested like σ 2 short , cell activity inside the cluster, and ratio of maximum cell energy over cluster energy, for example, and in general, a better agreement was found although not perfect.

Finally, a test was done on the energy linearity and resolution of this approach with monoenergetic electron simulations like in the beam-test studies of Sect. 2.2.1. The shape of the energy linearity at electron energies below 3 GeV gets a similar shape as in the beam-test data, and no effect on the energy resolution, as shown in Fig. 2.17. In conclusion, the cross-talk observed in the EMCal that affects the shower shape took several years to understand, and finally a simple model is able to reproduce reasonably the behavior in data, although not completely. More detailed studies are needed to refine the model and parametrizations, especially, the behaviour at very high energies, beyond 50 GeV/c that was not inspected so far for the modeling. EMCal project aims at using shower shape analysis to identify π 0 at very high energies, and the use of an improved cross-talk modeling is needed.

Photons and Neutral mesons identification

In this section, the identification procedures to tag clusters originated from neutral mesons decays or single prompt photons are described. Neutral mesons can be identified via invariant mass analysis, when both photons produce two separate clusters (Sect. 2.4.1) and via shower shape analysis when both photons are merged into a single cluster (Sect. 2.4.2). Photons originated directly from QCD 2 → 2 processes can be identified via the combination of isolation and shower shape analyses (Sect. 2.4.3). These thecniques were used in the final results presented in Chapter 3.

Neutral mesons identification via invariant mass

Neutral meson decay kinematics The invariant mass of two photons produced by the decay of π 0 or η mesons is

M γ1γ2 = 2E 1 E 2 (1 -cos θ 12 ), (2.9) 
where θ 12 is the relative opening angle between the photons in the laboratory frame being

cos θ 12 = γ 2 π β 2 π -γ 2 π A 2 -1 γ 2 π (1 -A 2 ) , (2.10) 
where A = |E1-E2| E1+E2 is the decay asymmetry, β = p/E and γ = 1/ 1β 2 . From the equations and Fig. 2.18 one can remark that θ 12 becomes smaller when increasing the meson energy and is minimal at A = 0. Also, asymmetric pairs (A ∼ 1) have a θ 12 larger, thus for high-energy mesons only asymmetric decays can be separated depending the detector minimum distance resolution power. Neutral meson decay photon showers overlapping in the calorimeter: effect of clusterization The EMCal cell lateral size is 6 cm (Molière radius) and the distance to the interaction point is about 4.28 m, which means that for opening angles close or smaller to 0.8 degrees (0.0143 rad), the two decay photons are too close to be resolved separately either via shower shape analysis or invariant mass analysis. Figure 2.18 shows that beyond particle energies of 15 GeV for π 0 's and 60 GeV for η's, the minimum opening angle is close or smaller than the cell size, and that beyond 6 GeV for π 0 's and 24 GeV η's the angle is of the typical lateral size of a cluster (3-4 cells, i.e. ∼0.5 rad). When increasing the energy of the π 0 , only asymmetric decays will be possible to be identified in the EMCal since they will be the only ones not producing too merged photon decay clusters, becoming the measured mean asymmetry closer and closer to 1.

Depending on the clusterizer choice and the clusterization parameters used (see Sec. Considering this, neutral mesons can be identified in two ways: i) Invariant mass analysis: Select cluster pairs with an invariant mass close to the π 0 or η mass, within 2 -3σ from the peak mean. The combinatorial background can be subtracted with a poly-nomial+gaussian fit where the polynomial represents the background or use mixed event techniques (spectra analysis), or one can select bands left and right of the meson peak region (event-by-event correlation analysis). For invariant mass analysis, V2 or V1-unfolded clusters are more suitable as Fig. 2. [START_REF] Baier | Radiative energy loss of high energy quarks and gluons in a finite volume quark-gluon plasma[END_REF] shows, where the performance of four different clusterizers is shown. All the clusterizers performances are close at the lowest π 0 energy bin (E ∼ 2 GeV), except at very low mass where the splitting algorithms can separate converted photons fragments. Increasing the energy, the peak for V1 clusters diminishes significantly until it disappears (E ∼15 GeV). The other clusterizers reach their limit at E ∼ 22 GeV for π 0 mesons and therefore, E ∼ 90 GeV for η mesons (not shown, not enough statistics). When comparing the π 0 and η peaks, V1+unfoding case shows less combinatorial background and narrower peak, so in principle is a more attractive clusterization method, but discarded for the moment for the reasons commented in Sect. 2.1.1.

ii) Shower shape analysis: For merged photon clusters, the spread of the shower on the calorimeter surface is larger and the energy distribution is less uniform than for single photon clusters. A cut on the topology of the cell energy distribution and spread can help to distinguish between single photon clusters (symmetric deposition like in Fig. 2.20-right) and merged particle clusters (Fig. 2.20-middle-left). In π 0 analysis, this is possible with clusterizer V1 for cluster E 6 GeV, and for V2 clusterizer for E 15 GeV. Figure 2.13 shows that the shower shape parameter σ 2 long can be used to discriminate such cases. The next sub-section briefly discusses the selection of photon merged clusters with V1 clusterizer coming from π 0 decays via a shower shape cut.

Identification of neutral mesons from merged cluster decays

Overlapped π 0 decay clusters can be split using the V1+unfolding or V2 clusterizers, but I implemented a simplified approach that did not involve the full event reclusterization, it is applied directly on selected V1 clusters at the analysis level, allowing the tagging of clusters as merged meson decays event by event, described in [START_REF]Pi0 identification with EMCAL in ALICE in 2011 data via cluster splitting: pp and Pb-Pb collisions[END_REF]. The procedure inspects the cell energy distribution of neutral clusters (not matched to a charged track, Sect. 2.3.1) with large σ 2 long , within a band like in Fig. 2.13-(a), and gets how many local maxima cells are there, n LM7 . If n LM > 1, it takes the cells around the two highest energy local maxima cells and creates two new sub-clusters (3 × 3 maximum size). If n LM = 1, it considers the two highest energy cells as core of two sub-clusters. The case with n LM > 2 was not considered. If cells from sub-clusters are shared, a fraction of the cell energy is assigned to each of the sub-clusters, depending on the local maxima cells energy. From these two new sub-clusters, one calculates the invariant mass and tags the original cluster as merged if the mass is within a mass range 2 -3σ from mean of the peak. The advantage of this procedure with respect to the traditional invariant mass analysis is that there is no need to combine all the clusters in the event, which can be too time consuming in Pb-Pb central analysis, the combinatorial background is largely reduced and one can identify very high-energy π 0 with the EMCal. Figure 2.21 shows the invariant mass peak after splitting for π 0 tagged clusters with 6 < E π 0 < 15 GeV in pp and central Pb-Pb collisions. The peak is clearly observed since π 0 clusters have mostly n LM = 2 in this energy range and the two photon contributions are rather well separated in the cluster. For n LM = 1, the mass is not well defined and mostly a shower shape cut is used, like the one defining the π 0 band in Figure 2.13-(a). This procedure allows to measure with the EMCal the neutral pions spectra for 6 < E π 0 < 50 GeV (possibly higher E but depends on statistics and MC description of the detector), and it could be applied to η mesons for E η > 25 GeV. The purity of this method obtained from simulation studies is of the order of 80% in Pb-Pb central collisions to larger than 90% in pp collisions for 6 < E π 0 < 50 GeV. This approach is used in [START_REF] Adam | Jet-like correlations with neutral pion triggers in pp and central Pb-Pb collisions at 2.76 TeV[END_REF][START_REF]Etude de la fragmentation des partons par mesure de corrélations photon-hadrons auprès de l'expérience ALICE au LHC[END_REF][START_REF]Mesure des corrélations photon-hadron auprès de l'expérience ALICE au LHC pour l'étude du plasma de quarks et de gluons[END_REF], and these studies triggered the high-p T measurement done in [START_REF]Production of π 0 and η mesons up to high transverse momentum in pp collisions at 2[END_REF] which uses V2 clusterizer and pure shower shape cut since it was considered that the reproduction of the n LM in the simulation was not optimal.

In conclusion, with shower shape and intra-cluster splitting techniques when possible, one can simplify event-by-event correlation analysis tagging directly clusters as originated from π 0 mesons, and one can reach very high energies with the EMCal. Similar approach could be used for PHOS at even higher energies if statistics allow.

Identification of direct photons via isolation methods

Direct photons from 2 → 2 processes should be isolated, i.e. they are produced with no hadronic activity in their vicinity except for the underlying event of the collision, in contrast to other photon sources like decays of mesons that are likely generated by parton fragmentation [START_REF]Sensitivity of isolated photon production at TeV hadron colliders to the gluon distribution in the proton", R. Ichou & D. d'Enterria[END_REF] and have a high probability to be accompanied by other fragments. To increase the purity of the direct photon from 2 → 2 processes in the sample, the direct photon candidates measured in the EMCal are required to be isolated. This isolation technique will also reject the largest part of photons from fragmentation. The isolation criterion is based on the so-called "isolation momentum" p iso T , i.e. the transverse momentum of all particles measured inside a cone around the photon candidate, located at η γ and ϕ γ . The cone radius is defined as:

R = (η -η γ ) 2 + (ϕ -ϕ γ ) 2 = 0.4.
(2.11)

The isolation momentum is the sum of the transverse momenta of all neutral clusters in the calorimeter, excluding the candidate photon, and of the transverse momenta of all charged tracks that fall into the cone:

p iso T = p cluster T + p track T .
(2.12)

The candidate photon is declared isolated if p iso T < 1 or 2 GeV/c, depending the analysis searching for larger purity or efficiency. These values have been chosen after studying the efficiency and purity performances in pp collisions. In case of Pb-Pb and p-Pb analysis, the collision underlying event (UE) not correlated to the hard process, shifts p iso T . The UE is estimated looking at perpendicular cones to the candidate, and the measured value is subtracted event by event. In p-Pb collisions, the UE contributes in the cone with an energy density in the cone ρ UE = 1.7 GeV/c for charged particles, a non negligible value [START_REF]Measurement of the inclusive isolated photon production cross section in p-Pb collisions at √ s NN = 5.02 TeV[END_REF], but orders of magnitude smaller compared to the UE in most central HIC [START_REF]Centrality, rapidity and transverse momentum dependence of isolated prompt photon production in lead-lead collisions at √ s N N = 2.76 TeV measured with the ATLAS detector[END_REF][START_REF] Chatrchyan | Measurement of isolated photon production in pp and Pb-Pb collisions at √ s N N = 2.76 TeV[END_REF][START_REF]Identification of particles and hard processes with the spectrometer PHOS of the ALICE experiment[END_REF][START_REF]Etude de la fragmentation des partons par mesure de corrélations photon-hadrons auprès de l'expérience ALICE au LHC[END_REF].

The isolated photon candidate sample still has a non-negligible contribution from background clusters, mainly from meson decays. To estimate the background contamination, different classes of measured clusters were used: (1) classes based on the shower shape σ 2 long , i.e. wide (σ 2 long > 0.4) (most often elongated, i.e. non-circular) and narrow (0.1 < σ 2 long < 0.3), and (2) classes defined by the isolation momentum, i.e. isolated (p iso T < 2 GeV/c) and non-isolated (p iso T > 3 GeV/c). The different classes are denoted by sub-and superscripts, e.g. isolated, narrow clusters are given as X iso n and non-isolated, wide cluster are given as X iso w . The yield of isolated photon candidates in this nomenclature is N iso n . It consists of signal (S) and background (B) contributions: N iso n = S iso n + B iso n . This class is labeled with the letter A in Fig. 2.22, which illustrates the parameter space used in this procedure. The three other classes that can be defined (labeled as B, C, and D in the figure) should dominantly contain background clusters. The contamination of the candidate sample is then C = B iso n /N iso n , or respectively, the purity is then P ≡ 1 -C. Assuming that the proportion of background in the narrow cluster areas (A and C) is the same as in the wide cluster areas and assuming that the proportion of signal in the control regions (B, C and D) is negligible compared to the proportion of background, the purity can be derived in a data-driven approach (dd) as Unfortunately, both assumptions do not hold fully. In part, this is due to the fact that single photons from meson decays can have a higher value of p iso T than merged decay photons at the same p T , because of the presence of the second photon from the meson decay in the isolation cone as shown schematically in Fig. 2.23. Also, fluctuations in the cluster distributions, e.g. caused by overlapping showers from close particles originating from the same hard process, may lead to some energy contribution either to be included in the cluster candidate and increase its width, or not to be included and increase the isolation momentum, causing an anti-correlation of the two parameters. Since those are purely particle kinematics and detector effects, the simulation is assumed to reproduce them so that one can estimate the bias with the following equation:

P dd = 1 - B iso n /N iso n B iso w /B iso w = 1 - N iso n /N iso n N iso w /N iso w . ( 2 
N iso n N iso w N iso n N iso w A B C D
P = 1 - N iso n /N iso n N iso w /N iso w data × B iso n /N iso n N iso w /N iso w MC . (2.14)
Figure 2.24-left from [START_REF]Measurement of the inclusive isolated photon production cross section in pp collisions at √ s=7 TeV[END_REF] shows the purity calculated using Eq. (2.14). The boxes in the middle plot indicate the systematic uncertainty. There is a large contamination of 80% at p γ T = 10 GeV/c, mainly from single decay photon clusters, that decreases and saturates at 30-40% for p γ T > 18 GeV/c, mainly from merged π 0 decay clusters. Figure 2.24-right from [START_REF]Mesure des corrélations photon-hadron auprès de l'expérience ALICE au LHC pour l'étude du plasma de quarks et de gluons[END_REF] follows the same approach finding higher purity but there p iso T = 1 GeV/c instead of 2 GeV/c and analysis is only done with neutral TeV, calculated using Eq.(2.14) [START_REF]Measurement of the inclusive isolated photon production cross section in pp collisions at √ s=7 TeV[END_REF] with (left) p iso T < 2 GeV/c, |η γ |<0.27 and p γ T dependent σ 2 long cut [START_REF]Measurement of the inclusive isolated photon production cross section in pp collisions at √ s=7 TeV[END_REF] or (right) with p iso T < 1 GeV/c, |η γ |<0.6 and 0.1 < σ 2 long < 0.27 [START_REF]Mesure des corrélations photon-hadron auprès de l'expérience ALICE au LHC pour l'étude du plasma de quarks et de gluons[END_REF].

and charged particles in cone, whereas in the other an average is done considering or not the neutral particles in the cone, among other details like a tighter shower shape cut.

The p γ T dependence of the purity is caused by an interplay of physics and detector effects. On the one hand, the p T spectra of prompt photons are harder than that of neutral pions, mainly because the latter undergo fragmentation. Because of this, the γ dir / π 0 yields ratio rises with p T , and as a consequence, the photon purity in the cluster sample should also increase. Also, the probability to find a photon as isolated varies with p T . At higher p T , isolation of jet fragments is less probable for a fixed isolation momentum. On the other hand, due to the decreasing mesons decay opening angle at high p T and the corresponding higher probability to obtain a narrow shower from the merged photons, the contamination from π 0 mesons increases with p T . At p T = 20 GeV/c, 5% of the π 0 decay photons are found in the narrow shower shape region, and beyond 40 GeV/c this contribution rises to more than 25%. The combined effect of these mechanisms leads to the rise of the purity at low p T and a saturation for p T > 18 GeV/c.

In conclusion, with this approach developed by the ALICE-LPSC team in collaboration with the ALICE-SUBATECH team, the isolated photon measurement is possible using the EMCal in combination with the tracking detectors, with a reasonable purity from p T = 10 GeV/c to at least 60 GeV/c with the presented approach and thanks to the EMCal triggered data to reach such high momentum in pp collisions. The same approach was followed on the spectra analysis in p-Pb collisions at √ s NN = 5.02 TeV and a similar performance was found [START_REF]Measurement of the inclusive isolated photon production cross section in p-Pb collisions at √ s NN = 5.02 TeV[END_REF] but with improved systematic errors (better tracking performance in the data). Pb-Pb collision still remain to be studied with the EMCal at the time this document is written, although very preliminary studies were done at the LPSC in [START_REF]Etude de la fragmentation des partons par mesure de corrélations photon-hadrons auprès de l'expérience ALICE au LHC[END_REF], discussed in the perspectives chapter Sect. 4.2. PHOS and PCM could also do the isolation analysis, although not using the same purity estimation approach (except PHOS for p T > 30 GeV/c), if the statistics allow.

3

Physics results with high-p T photons in ALICE

In this chapter, a summary and selection of the results on photon and meson p T spectra and their correlations with hadrons measured with ALICE in pp, p-Pb and Pb-Pb collisions are presented, where I have participated either directly or as supporting member or convener of the Gamma Physics Working Group.

The several analysis techniques to identify neutral mesons and isolated photons introduced in the previous chapter were used in the selected results. In some of the analysis presented here, not only the EMCal but also PHOS and PCM are used to measure the photons or the neutral mesons.

Neutral mesons spectra

ALICE can measure neutral mesons with excellent performance via different detector combinations as discussed in Sec. 1.5. In particular, π 0 and η mesons p T spectra have been measured in different collisions systems and energies: pp at √ s= 0.9 [START_REF]Neutral pion and η meson production in proton-proton collisions at √ s= 900 GeV and √ s= 7[END_REF] (no EMCal), 2.76 [START_REF]Production of π 0 and η mesons up to high transverse momentum in pp collisions at 2[END_REF][START_REF]Neutral pion production at midrapidity in pp and Pb-Pb collisions at √ s NN = 2[END_REF], 5.02 (preliminary), 7 [START_REF]Neutral pion and η meson production in proton-proton collisions at √ s= 900 GeV and √ s= 7[END_REF] (no EMCal) and 8 [START_REF] Acharya | Neutral pion and η meson production in proton-proton collisions at √ s= 8 TeV[END_REF] TeV; p-Pb at √ s NN = 5.02 TeV [START_REF] Acharya | Neutral pion and η meson production in p-Pb collisions at √ s NN =5.02 TeV[END_REF]; and Pb-Pb at √ s NN = 2.76 [START_REF]Neutral pion production at midrapidity in pp and Pb-Pb collisions at √ s NN = 2[END_REF][START_REF] Acharya | Neutral pion and η meson production at midrapidity in Pb-Pb collisions at √ s NN = 2.76 TeV[END_REF] and 5.02 TeV (in preparation). Measurements with the ω meson are in preparation.

Figure 3.1 shows the current available spectra in pp collisions at the different energies, compared to theory predictions. In general, PYTHIA event generator predicts rather well, within 10%, the meson yields except at very low p T (< 1 GeV/c), but the most recent pQCD NLO predictions have problems describing the shape, specially at intermediate p T . A large fraction of hadrons at low to intermediate p T is produced in pp collisions via soft parton interactions and from resonance decays, which cannot be well described within the framework of pQCD, but are taken into account in the event-generator approach. It has to be noted that FF uncertainties of NLO pQCD calculations have been considerably reduced after including the published ALICE π 0 measurement at √ s = 7 TeV for the parton distribution function (PDF) DSS14 [START_REF] De Florian | Parton-to-Pion Fragmentation Reloaded[END_REF]. So far, ALICE is the only experiment at the LHC that does such kind of analysis with neutral mesons that helps constraining the pQCD models with pp collisions. I would like to remark the large p T range measured with the EMCal with π 0 in pp collisions at √ s = 2.76 TeV, up to p T = 40 GeV/c, obtained via shower shape analysis introduced in Sect. 2.4.2.

There are perspectives to extend it on other samples with higher statistics to much higher p T values, but this will be more complicated since we need a good control of the contamination sources (direct photons, merged clusters from η decays) for this kind of analysis, and there the cross-talk plays an important role in the shower shape description in the MC that needs careful study. √ s NN = 2.76 TeV from [START_REF] Acharya | Neutral pion and η meson production at midrapidity in Pb-Pb collisions at √ s NN = 2.76 TeV[END_REF] with the EMCal and PCM compared to models, that extends the measurement of π 0 to p T = 20 GeV/c (previously at 12 GeV/c with PHOS and PCM measurements [START_REF]Neutral pion production at midrapidity in pp and Pb-Pb collisions at √ s NN = 2[END_REF]). For the η meson, the results are the first measurement of its kind in HIC at the LHC and the first measurement of this meson to reach down to p T of 1 GeV/c in a collider experiment. 3.2 using the measurements in pp and Pb-Pb collisions. A p T and centrality dependent suppression is clearly observed. For the most central collisions, the R AA has a maximum around p T ≈ 1.5 GeV/c and a minimum for p T ≈ 7 GeV/c, after which it increases. The increase at high p T could be due to the variation of the relative gluon and quark contributions to meson production as a function of p T , with gluons being expected to suffer a stronger suppression than quarks due to a larger Casimir factor. The suppression observed at high p T may indicate a larger quark than gluon relative contribution for high-p T jet production in heavy-ion collisions at the LHC. A similar behavior is observed for semi-central events, though with a smaller suppression over the full transverse momentum range. The invariant yields and R AA of both mesons are compared to predictions including a hydrodynamic approach focusing on low-p T phenomena and pQCD based calculations. These comparisons show different levels of agreement, and data with the present level of accuracy is able to discard some models, but even the models close to the results are not fully compatible. At lower p T , the present accuracy is not enough to determine if the suppression is different for the two mesons as observed for charged K compared to charged π. The R AA values for both centrality classes are also compared to the ALICE charged pion and kaon R AA [START_REF] Adam | Centrality dependence of the nuclear modification factor of charged pions, kaons, and protons in Pb-Pb collisions at √ s NN = 2.76 TeV[END_REF] measured at the same center-of-mass energy and collision system and is of interest given the similar masses of kaons and η mesons. This comparison indicates similar suppression patterns for η and charged K across the whole p T range and similar suppression for all particle types for p T > 4 GeV/c. This result is consistent with previous baryon and strange meson R AA results, compatible with the assumption that the suppression observed is purely a parton energy loss in the medium. Since all are low mass quarks (u, d, s), the energy loss is expected to be similar.

The nuclear modification factor in the 0-10% centrality class is compared to previous HIC π 0 measurements in Fig. 3.2-(d), reported by the WA98 and PHENIX collaborations for √ s NN ranging from 17.3 GeV (WA89) to 200 GeV (PHENIX). Our results confirm a dependence of the suppression on the center-of-mass energy and indicate a larger suppression when increasing the collision energy. At p T > 11 GeV/c, the relative difference in suppression between the PHENIX and ALICE data is inconclusive due to the large uncertainties.

The ratio of η over π 0 yields is shown in Fig. 3.

for pp at various energies and central Pb-Pb collisions at

√ s NN = 2.76 TeV. This ratio is in agreement between the two systems, but within large uncertainties, although with hints of some tension at p T = 2 -3 GeV/c that goes in the direction of the deviation observed for the charged K/π mesons, which have similar mass difference and s-quark content, and it is assumed that this maximum could be caused by radial flow as explained in Sect. 1.2. At high p T , the ratio is flat at about 0.45 and in agreement with pQCD NLO predictions and the same value is observed at different √ s in pp collisions. An m T scaling prediction from π 0 to η is shown, which fails below 3 GeV/c to reproduce the trend, this is important to know since m T is often used to scale the contribution of other mesons to the background of for example direct photon or di-electron measurements at very low p T .

Neutral mesons spectra were also measured in p-Pb collisions at √ s NN = 5.02 TeV [START_REF] Acharya | Neutral pion and η meson production in p-Pb collisions at √ s NN =5.02 TeV[END_REF], the nuclear modification factor, R p-Pb , was found to be in agreement with unity above 2 GeV/c, confirming the interpretation that the suppressed yield of neutral mesons measured in Pb-Pb collisions is due to parton energy loss, and the ratio of η over π 0 is also compatible with pp measurements.

In conclusion, ALICE is, so far, the only LHC experiment measuring and reporting the neutral mesons spectra cross section from low to very high p T in all the collision systems and energies delivered by the LHC machine, an ALICE specificity together with other PID capabilities. In Pb- Pb collisions a strong suppression is observed due to the expected jet-quenching effect. The current measurements show tensions or discrepancies with the theoretical models putting strong constrains. Here, I showed mostly Run1 analysis, with Run2 accumulated statistics, higher p T and statistical precision reach will be attained, further constraining theoretical predictions.

Isolated γ spectra

Isolation techniques have been used to identify prompt photons in ALICE using the EMCal in conjunction with the ALICE trackers, as discussed in Sect. 2.4.3. The result is published in [START_REF]Measurement of the inclusive isolated photon production cross section in pp collisions at √ s=7 TeV[END_REF], and Fig. 3.4-(a) shows the measured isolated photon cross section, compared to pQCD NLO predictions. The measurement is compared to NLO pQCD calculations using JETPHOX 1.3.1 [START_REF]Cross-section of isolated prompt photons in hadron-hadron collision[END_REF][START_REF] Aurenche | A New critical study of photon production in hadronic collisions[END_REF]. The PDF used is CT14 [START_REF] Dulat | New parton distribution functions from a global analysis of quantum chromodynamics[END_REF], and the fragmentation function is BFG II [START_REF]Quarks and gluon fragmentation functions into photons[END_REF]. The central values of the predictions were obtained by choosing factorization, normalization and fragmentation scales equal to the photon transverse energy (µ f = µ F = µ R = E γ T ). Within the uncertainties, the isolated photon cross section in data and theoretical predictions are in agreement for the full transverse momentum range measured as illustrated by Fig. 3.4-(b). Figure 3.5-left shows the comparison of ratios to theoretical predictions of differential isolated photon cross section measured in the different LHC experiments ATLAS [START_REF] Bourhis | Measurement of the inclusive isolated prompt photon cross section in pp collisions at √ s = 7 TeV with the ATLAS detector[END_REF] and CMS [START_REF] Khachatryan | Measurement of the Isolated Prompt Photon Production Cross Section in pp Collisions at √ s = 7 TeV[END_REF]. The comparison is done on ratios of data to theory predictions obtained with same isolation criteria used in the experiment, since criteria differ among these experiments such that a direct comparison of the isolated photon cross sections is not fully adequate. The ATLAS and CMS experiments use larger values for p iso T : ALICE 2 GeV/c, ATLAS 3 GeV/c and CMS 5 GeV/c. In JETPHOX predictions, this should reflect in a larger fragmentation contribution in the total cross section without necessarily increasing the total isolated photon cross section compared to smaller isolation criteria. However, the data to theory ratios should be consistent between the experiments as it is observed, within the large uncertainties.

For a comparison of cross sections measured at different

√ s, it is more appropriate to use the variable x T = 2p T / √ s, which is also closely related to Bjorken x [START_REF] Bjorken | Inelastic Electron-Proton and γ-Proton Scattering and the Structure of the Nucleon[END_REF]. A compilation of all available data on isolated photon cross section measurements in collider experiments has been performed TeV compared to JETPHOX predictions; Right, ratio ALICE data to predictions. From [START_REF]Measurement of the inclusive isolated photon production cross section in pp collisions at √ s=7 TeV[END_REF].

in [START_REF]Quantitative constraints on the gluon distribution function in the proton from collider isolatedphoton data[END_REF] and all x T spectra were compatible with a single curve when scaled by ( √ s) n with n = 4.5.

The ALICE measurement is compared to those data including also latest LHC measurements and the result is presented on Fig. 3.5-right. The ALICE measurement, allows us to extend the x T reach to lower values, and is in agreement with the n = 4.5 scaling, suggesting that all data are sensitive to the same production mechanisms. However, the value n = 4.5 deviates from the 1/(p T ) n=4 dependence expected for the leading-twist partonic production mechanisms. This may be due to effects like the running coupling and the evolution of PDF's, but could also indicate significant contributions from fragmentation photons and higher twist diagrams [START_REF] Arleo | Higher-Twist Dynamics in Large Transverse Momentum Hadron Production[END_REF]. theory, data from ALICE [START_REF]Measurement of the inclusive isolated photon production cross section in pp collisions at √ s=7 TeV[END_REF], ATLAS [START_REF] Bourhis | Measurement of the inclusive isolated prompt photon cross section in pp collisions at √ s = 7 TeV with the ATLAS detector[END_REF] and CMS [START_REF] Khachatryan | Measurement of the Isolated Prompt Photon Production Cross Section in pp Collisions at √ s = 7 TeV[END_REF]. Right, ALICE data compared to the world's data of isolated photon spectra measured in pp and pp collisions as a function of xT where the invariant cross sections have been scaled by ( √ s n ) with n = 4.5 compiled in [START_REF]Quantitative constraints on the gluon distribution function in the proton from collider isolatedphoton data[END_REF]. For this comparison only the results covering mid-rapidity are shown. From [START_REF]Measurement of the inclusive isolated photon production cross section in pp collisions at √ s=7 TeV[END_REF].

The same analysis approach using again the EMCal was followed to analyze p-Pb collisions at √ s NN = 5.02 TeV, except for the UE subtraction in the isolation cone (see Sect 2.4.3), and the preliminary results from [START_REF]Measurement of the inclusive isolated photon production cross section in p-Pb collisions at √ s NN = 5.02 TeV[END_REF] are shown in Fig. 3.6. Compared to the pp collisions result, the same p T reach but improved uncertainties, due mainly to better stability and calibration of the tracking detectors, are obtained in this result. The comparison with theoretical models using two different nuclear PDF's (nPDF) shows good agreement with the predictions. In conclusion, ALICE has shown the feasibility of the isolated photon measurements in pp and p-Pb collisions combining the EMCal and tracking detectors. The ALICE measurement in pp collisions at √ s = 7 TeV extends the p γ T range to lower values with respect to ATLAS and CMS, which have measured the isolated photon cross section at mid-rapidity for p γ T ≥ 15 GeV/c (ATLAS) and p γ T ≥ 21 GeV/c (CMS) in the same collision system. The measurement in p-Pb collisions at √ s NN = 5.02 TeV is the first one at the LHC (to my knowledge). Both results are in agreement with pQCD predictions.

π 0 -hadron correlations

Due to the parton energy loss in high-energy Pb-Pb collisions, jets and thus high-p T hadrons, like neutral mesons presented earlier in this chapter, are suppressed with respect to pp collisions, as discussed in Sect. 1.3. Another way to study more in detail this energy loss is via di-hadron azimuthal correlations where the azimuthal angle of a trigger high-p T π 0 (p trig T ) is compared to the azimuthal angle of other lower p T associated hadrons in the event (p assoc T ). When triggering on a high-p T particle, the parton-jet at the origin of the trigger traversed a priori a short distance in the QGP, meanwhile the associated jet should have seen more medium and therefore, it should be strongly modified as shown schematically in Fig. 1.4. This should be translated in a modification on the jet associated particle yields opposite in azimuth to the trigger particle.

The azimuthal correlation of high-p T π 0 's with charged hadrons was measured in pp and 0-10% central Pb-Pb collisions at √ s NN = 2.76 TeV and published in [START_REF] Adam | Jet-like correlations with neutral pion triggers in pp and central Pb-Pb collisions at 2.76 TeV[END_REF]. The trigger π 0 is measured in the EMCal with the shower merging and split technique introduced in Sect. 2.4.2 in the transverse momentum range 8 < p trig T < 16 GeV/c, and correlated with unidentified charged particles at different p assoc T bins in the range 0.5 < p assoc T < 10 GeV/c measured by the TPC and ITS. Figure 3.7 shows the azimuthal distributions in four selected p assoc T bins in both collision systems. The distributions show the two jet peaks, one more pronounced close to the trigger particle at ∆ϕ = 0 • and another less strong peak at ∆ϕ = 180 • due to detector acceptance effects or jet-quenching in Pb-Pb collisions. The final aim is to calculate the I AA following Eq. (1.6), the ratio of the "away" or "near" side yields normalized by the number of π 0 triggers in Pb-Pb over pp collisions, a way to quantify how the jet components are modified by the medium, and it is shown in Fig. 3.8. The particle yields are integrated in the "near" or the "away" side of the trigger particle, and then the underlying event is subtracted considering the counts at the minimum plus corrections due to the effect of the particle flow that modulates the background, as shown in Fig. 3.7 by the dashed lines.
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On the near side (Fig. 3.8-left), the I AA is found to be significantly larger than unity. The enhancement increases from I AA ≈ 1.2 at high p assoc On the away side, the suppression at high p assoc T is understood to originate from parton energy loss, while the enhancement at low p assoc T may involve an interplay of various contributions, such as broadening, medium-excitation, as well as fragments from radiated gluons. The enhancement on the near side, first observed and discussed in [START_REF] Aamodt | Particle-yield modification in jet-like azimuthal di-hadron correlations in Pb-Pb collisions at √ s NN = 2.76 TeV[END_REF], may also be related to the hot medium, inducing a change of the fragmentation function or the quark-to-gluon jet ratio. The observation of I AA > 1 at low p assoc T is consistent with the measured enhancement of low-p T particles in the jet fragmentation measurements at the LHC in Pb-Pb relative to pp (see Sect. surement, I AA on the away side was found to reach at most 2-3 [104], neglecting high order flow harmonics in the background subtraction, while on the near side no significant enhancement was reported.

Results are compared to different model calculations JEWEL [START_REF] Zapp | A perturbative framework for jet quenching[END_REF], AMPT [START_REF] Ma | Jets, Mach cone, hot spots, ridges, harmonic flow, dihadron and γ-hadron correlation in highenergy heavy-ion collisions[END_REF] and pQCD [107], and all are able to qualitatively describe the suppression of I AA at high p assoc T on the away side, corroborating the idea that the suppression is caused by parton energy loss in hot matter. JEWEL and the pQCD calculations do not exhibit an increase at low p T , while AMPT quantitatively describes the enhancement at the near (except at lowest p assoc T ) and away side. In AMPT, the low-p assoc T enhancement is attributed to the increase of soft particles as a result of the jet-medium interactions. However, on the near side for p assoc T > 5 GeV/c, AMPT predicts a strong suppression of I AA down to about 0.6, which clearly is not seen in the data. Also, on the away side AMPT tends to underpredict the I AA for p assoc T > 5 GeV/c. Both defects indicate that the description implemented in AMPT is not complete.

In conclusion, ALICE has measured the suppression of jets using high-p T identified π 0 with the EMCal and unidentified hadron triggers and their correlation with jet-associated hadrons in the full event. This is reflected in the suppression of higher-p T associated hadrons on the away side. In both sides below p T ≈ 3 GeV/c, the more interesting novelty of the π 0 -hadron correlation analysis with respect to previous ALICE I AA measurements, is the strong enhancement of associated hadrons at low p T observed that could be due to the lost parton-jet energy diluted in the plasma. There is no difference between unidentified hadron and π 0 triggers, since they are mostly correlated to gluon jets, and as seen earlier, the suppression of the trigger particle is similar at high-p T for different identified hadron types. However, the interest of using identified hadrons relies in the comparison with direct-photon correlation with hadrons, since photons are correlated mostly with quark jets, and thus it is a way to measure the energy loss of gluons with respect quarks. Also, a comparison with the correlation of hadrons from heavy-quark triggers could give insight in the energy loss of such quarks.

Isolated γ-hadron correlations

Isolated photons can be used to calibrate jet energy in pp collisions and thus, measure the energy loss in Pb-Pb collisions, as discussed in Sect. 1.4, via azimuthal correlations like in Fig. 3.9-left. In a first step towards this final goal, the correlation of the isolated photons and hadrons in pp collisions at √ s = 7 TeV was measured together with exploratory studies in p-Pb and Pb-Pb systems [START_REF]Etude de la fragmentation des partons par mesure de corrélations photon-hadrons auprès de l'expérience ALICE au LHC[END_REF][START_REF]Mesure des corrélations photon-hadron auprès de l'expérience ALICE au LHC pour l'étude du plasma de quarks et de gluons[END_REF].

In the correlation, a variable close to the z T was used:

x E = |p hadron T |cos(∆ϕ) |p γ T | ≈ z T , (3.1) 
which is weighted by the azimuthal distance between the trigger photon and the hadron that gives less weight to particles far from the jet core in order to suppress the underlying event contribution.

With this variable, one can construct an approximated jet fragmentation function (replacing z T in Eq. (1.4)) in pp collisions as shown in Fig. 3.9-right. In this analysis, the isolation parameters were a bit different compared to the spectra analysis, the main differences are p iso T < 1 GeV/c and a tighter photon cut on 0.1 < σ 2 long < 0.27, to have higher purity in the measurement as shown in Fig. 2.24 using Eq. (2.14).

The x E distribution is obtained by selecting hadrons within 2π/3 < ∆ϕ < 4π/3 with respect to the trigger photon. To subtract the contamination coming mainly from neutral meson decays, the x E distribution of isolated π 0 -hadron correlations was measured, scaling it with respect to the purity of isolated photons. π 0 clusters were tagged with the shower shape and cluster split technique (Sect. 2.4.2). Isolated photon-hadron correlations are then corrected for the UE soft background coming from correlations between photon and hadrons not originating from the hard scattering, such as initial/final-state radiations or multiple-parton interactions. This background has been estimated using two different UE regions at π/3 < ∆ϕ < 2π/3 and 4π/3 < ∆ϕ < 5π/3 from the trigger particle.

The resulting x E distribution of isolated photon-hadron correlations was extracted for a p T range from 10 to 25 GeV/c using the equation:

f (x E ) γ,iso = α away corr 1 P f (x E ) clusters - 1 -P P f (x E ) π 0 -α U E corr f (x E ) UE , (3.2) 
where α corr corrects detector effects in the "away" jet region and the perpendicular UE region. An exponential slope can then be obtained by fitting the final x E distribution and for isolated photon triggers it was found to be 7.3 ± 1.1 stat ± 0.3 sys . Figure 3.11 (top frames) compares the slopes for isolated π 0 and photon triggers to theoretical fragmentation functions for quarks and gluons. In addition to those, the distribution f(x E ) for inclusive π 0 (no isolation tagging) as a trigger particle was measured (not shown) and the slope was extracted to be compared to the isolated measurements also in Fig. 3.11-bottom frames. Figure 3.11 shows that the isolated particles f(x E ) slopes are close or in agreement with the quark FF slopes given by DSS [109] or KKP [START_REF]Fragmentation functions for pions, kaons, and protons at next-to-leading order[END_REF] models, as expected for isolated photon triggers but not a priori for isolated π 0 triggers, which should be correlated mostly with gluon jets at the LHC collisions energies. The isolation selects mainly π 0 which carry a large fraction of the total jet energy. Thus, it increases significantly the partonic momentum fraction < z >= p π 0 T /p parton T carried by the π 0 . In PYTHIA, the expected value for π 0 is < z >≈ 0.5 without isolation, and < z >≈ 0.8 with isolation [START_REF]Mesure des corrélations photon-hadron auprès de l'expérience ALICE au LHC pour l'étude du plasma de quarks et de gluons[END_REF]. For inclusive π 0 triggers, the f(x E ) slopes are close to the slope for gluon FF's when < z >= 0.5 and below the slopes for isolated π 0 f(x E ), which are closer to the quark FF than to the gluon FF when < z >= 1, likely due to the fact that p π 0 T < p parton T . The inclusive and isolated π 0 f(x E ) slopes were obtained with PYTHIA doing the same analysis and they were compared the data measurement, having both a reasonable agreement [START_REF]Mesure des corrélations photon-hadron auprès de l'expérience ALICE au LHC pour l'étude du plasma de quarks et de gluons[END_REF].

The analysis was tested also on Pb-Pb [START_REF]Etude de la fragmentation des partons par mesure de corrélations photon-hadrons auprès de l'expérience ALICE au LHC[END_REF] and p-Pb [START_REF]Mesure des corrélations photon-hadron auprès de l'expérience ALICE au LHC pour l'étude du plasma de quarks et de gluons[END_REF] collisions and compared to the pp collisions result, although unfortunately, the analyses did not manage to converge. In p-Pb collisions, a compatible fragmentation function to pp collisions was found with a slope parameter of 7.8 ± 0.9 stat , and the ratio of the f(x E ) in both colliding systems was compatible with unity for π 0 or isolated photon triggers, as expected and confirmed by an independent analysis in ALICE [START_REF]Measurement of isolated photon-hadron and jet correlations in 5 TeV pp and p-Pb collisions with the ALICE detector at the LHC[END_REF]. In Pb-Pb collisions, the huge underlying event present did not allow us to get a meaningful result with the current approach, which is not surprising, more powerful UE estimation methods are needed. [START_REF]Fragmentation functions for pions, kaons, and protons at next-to-leading order[END_REF]. Upper for isolated π 0 and γ and lower for inclusive π 0 . From [START_REF]Mesure des corrélations photon-hadron auprès de l'expérience ALICE au LHC pour l'étude du plasma de quarks et de gluons[END_REF].

In conclusion, ALICE has shown the feasibility of the isolated photon-hadron correlation in pp and p-Pb collisions using the EMCal as photon trigger detector. The uncertainties are large but compatible or close results with the quark FF predictions are obtained, depending the theoretical model. No modification of the jet fragmentation function is observed in p-Pb with respect pp with the still large uncertainties. This is a quite statistics hungry analysis that would benefit from larger samples like those available in Run2 pp collisions at √ s = 13 TeV. Pb-Pb collisions still present the challenge of the proper isolated photon selection in ALICE and the proper treatment of the huge underlying event and discussed in the perspectives Sect. 4.2.

In this chapter, perspectives on the field and my possible contributions to analysis ongoing or future are discussed, in particular, contributions on the next decade to measurements to be done with the LHC experiments.

The first and third chapter have shown that the results obtained in high-energy nucleus-nucleus collisions during the last two decades at the LHC and RHIC indicate a large energy loss of high-energy partons in the hot and dense QGP medium created. This is inferred from the strong suppression of high-p T hadrons (p T 5 GeV/c) and jets (p T > 30 GeV/c) in nucleus-nucleus collisions with respect to their production in pp collisions scaled by the number of binary collisions at the same collision energy. Also, a modification of the jet fragmentation function is observed, with part of the jet energy being radiated at large angles and low momentum. The suppression and jet modification is observed independently of the origin (light versus heavy quarks). At low particle p T (below 10 GeV/c), the particle flavor shows different pattern of suppression, consistent with expectations from radial flow and parton recombination in the medium.

Most of these measurements are still limited in p T reach and accuracy. In the next years, further precision and differential measurements are foreseen by the LHC experiments with the recently finished and not yet fully analyzed LHC Run2 (at the time this document was written) and the next decade of data taking at the LHC, briefly presented in Sect. 4.1. The more precise and differential measurements foreseen will strongly constrain theoretical models describing the mechanisms contributing to the energy loss and especially in the very high (TeV scale) and intermediate (10 GeV scale) particle and jet energy regions. The higher statistics will help to the isolated direct-photon and heavy-flavor measurements at intermediate to high p T , but also to develop more differential observables to study jet-substructure or looking into jet angular deflection. At low p T , one needs to improve the systematics of the current measurements (quarkonia, direct photons, etc.) which in some cases can only happen with improved detectors for example lowering material budget and better vertexing, which is considered in the different detector upgrade programmes.

The list of items treated in this chapter is the following: In Sect. 4.2, I discuss what still needs to be done on the short term in the photon analysis in ALICE with Run1/2 data with isolated photons and what can be improved with the coming LHC runs; Perspectives on measurements with jets for Run3/4 are presented in Sect. 4.3; Smaller systems collisions (pp, Ar-Ar, p-Pb etc.) interest and perspectives are briefly introduced in Sect. 4.4; On the longer term, new and unprecedented photon/mesons/jet measurements at large rapidity proposed by the new ALICE-FoCal project for LHC Run4/5 are presented in Sect. 4.5; Finally, I will present briefly some experimental facilities where one could continue the QGP studies in the intermediate to even longer term in Sect. 4.6. Most of the discussion on future analysis is based on [112] and on a discussion prepared in [START_REF]QGP Hard Probes: Jets and photons perspectives[END_REF].

The LHC in the next decade and experiment upgrades

The LHC has delivered a luminosity of 1 nb -1 Pb-Pb collisions in Run2 (years 2015 to 2018) and in the upcoming Run3/4 (years 2021 to 2023 / 2026 to 2029) the LHC will deliver a tenfold increase of Pb-Pb statistics in form of 50 kHz collision rate, previously only 10 kHz. In pp collisions, the LHC will deliver similar pp collision luminosities in Run3 compared to Run2 just a small increase in the collision center of mass energy from 13 to 14 GeV. In Run4, the main change will be the tenfold increase of luminosity in the High-Luminosity LHC phase (HL-LHC) [114]. In order to profit at maximum all the delivered data, the different LHC experiments will upgrade their detectors.

ALICE will be upgraded to cope with the new data rates and to improve its performance already in Run3 [115]: i) the electronics of the detectors and data processing will be faster [START_REF] Abelev | Upgrade of the ALICE Readout and Trigger system[END_REF]117]; ii) new continuous TPC readout with GEM technology allowing full Pb-Pb data recording [118]; iii) new ITS with lower material budget and closer layers to the interaction point, improving significantly the pointing resolution and thus heavy-quark measurements [119]; iv) new muon tracking stations closer to the interaction point and before the absorber, the MFT (Muon Forward Tracker) will improve the pointing resolution of muons measured in the forward MUON detector, allowing better low mass mesons detection and measurements of quarkonia at low p T [START_REF] Abelev | Muon Forward Tracker[END_REF]. ALICE is also considering the addition of a new forward detector for photon and jet measurements for Run4, FoCal [121], an unexplored region for such probes so far in ALICE. More details in Sect. 4.5.

ALICE will likely take part of the data with a lower magnetic field B = 0.2 T (nominal one is B = 0.5 T), which would greatly help on, for example, electron measurements at low p T since electron efficiency and resolution will improve significantly. The addition of small wires of converter material, with very well known properties is also discussed to better map the ALICE material budget, the main systematic error source on, for example, direct thermal photon measurements via PCM analysis.

The HL-LHC ends in Run5 (year 2037). ALICE operation ends after Run4 (end year 2029). A proposal of a new detector replacing ALICE with a low-mass, high-speed, all-silicon tracker with particle identification capabilities, for high-precision measurements of heavy-flavour production and of soft electromagnetic and hadronic radiation, has been submitted [START_REF]A next-generation LHC heavy-ion experiment[END_REF].

The AFTER [123] collaboration has proposed to use ALICE as a fixed target experiment in Run5. In such conditions, the physics case would be forward physics of nPDF's with high-energy heavy flavors at energies close to the ones at SPS-RHIC but with much higher luminosity. If a calorimeter was considered in the set-up, similar physics as FoCal could be studied at lower collision energies.

LHCb [START_REF]Framework TDR for the LHCb Upgrade : Technical Design Report[END_REF] will also upgrade its detectors for Run3 in the same spirit as ALICE, in order to be able to take more data with continuous readout and to cope with higher luminosities with improved detectors performance. ATLAS [START_REF]ATLAS phase II scoping document[END_REF] and CMS [START_REF]CMS the phase II scoping document[END_REF] detectors will also be upgraded on 2024 to cope with higher radiation dose, higher particle rate, higher pile-up, and higher event rate of Run4 pp collisions at the (HL-LHC). predictions is observed and no modification in the jet fragmentation in p-Pb compared to pp is present. CMS and ATLAS have measured the isolated photon R AA [START_REF]Centrality, rapidity and transverse momentum dependence of isolated prompt photon production in lead-lead collisions at √ s N N = 2.76 TeV measured with the ATLAS detector[END_REF][START_REF] Chatrchyan | Measurement of isolated photon production in pp and Pb-Pb collisions at √ s N N = 2.76 TeV[END_REF] and the correlations with jets [START_REF] Aaboud | Measurement of photon-jet transverse momentum correlations in 5.02 TeV Pb + Pb and pp collisions with ATLAS[END_REF][START_REF] Sirunyan | Observation of medium induced modifications of jet fragmentation in PbPb collisions at √ s NN = 5.02 TeV using isolated-photon-tagged jets[END_REF]. In the coming years, further improvements and developments in the analysis with isolated photons can be achieved:

Isolated photon selection and spectra measurement in Pb-Pb collisions in ALICE: The next important step with the ALICE-EMCal is the isolated photon spectrum and correlations measurements in Pb-Pb collisions, that so far have presented a challenge due to the large HIC environment, as shown in the preliminary studies presented in Nicolas Arbor thesis [START_REF]Etude de la fragmentation des partons par mesure de corrélations photon-hadrons auprès de l'expérience ALICE au LHC[END_REF]. In this study, the direct photon signal was observed, Fig. 4.1-left, but in the Run1 samples there was still too low statistics to do a spectrum analysis with more than a couple of low p T bins, in Run2 data it has to be explored.

In any case, one has to be extremely careful with the reproduction of the shower shape in Pb-Pb conditions in simulations. As discussed in Sect. 2.3.4, the proper modelling of the EMCal cell crosstalk is crucial for the proper efficiency and purity estimation. Detailed studies of the effect of the cross-talk in Pb-Pb collisions data are required.

Another key point for the photon identification will be the subtraction of the Pb-Pb UE from the isolation cone. One can estimate the UE looking to perpendicular cones or to other zones in the detector without jet environment, as was proven in p-Pb collisions by the analysis in Astrid Vauthier's thesis [START_REF]Mesure des corrélations photon-hadron auprès de l'expérience ALICE au LHC pour l'étude du plasma de quarks et de gluons[END_REF] or in spectra analysis [START_REF]Measurement of the inclusive isolated photon production cross section in p-Pb collisions at √ s NN = 5.02 TeV[END_REF] but additional studies are needed in Pb-Pb collisions. Another approach is to estimate the UE like in jet analysis using the FastJet [127] tools as used the other p-Pb isolated photon analysis [START_REF]Measurement of isolated photon-hadron and jet correlations in 5 TeV pp and p-Pb collisions with the ALICE detector at the LHC[END_REF].

Isolated photon-hadron or jet correlations in Pb-Pb collisions in ALICE: Nicolas Arbor thesis analysis showed that the extraction of the x E distribution at low to intermediate values was not possible following the pp analysis approach, using perpendicular cones to the trigger isolated photon candidate to estimate the underlying event as discussed in Sect. 3.4. Figure 4.1-right shows the f(x E ) of the UE and the distribution at the opposite side of the trigger photon candidate, being both mostly the same for x E < 0.5. Other approaches must be considered like the conceptually similar of doing azimuthal correlations like in π 0 -hadron correlation analysis of Sect. 3.3 where after the proper mixed event correction is applied to get rid of detector effects, the UE can be estimated From [START_REF]Etude de la fragmentation des partons par mesure de corrélations photon-hadrons auprès de l'expérience ALICE au LHC[END_REF].

in the zones with no jet particles contribution. Like in the isolation energy case, one could consider more advanced approaches based on jet analysis estimation of the UE.

High p T photon-jet correlations ATLAS and CMS have measured the correlation of isolated photons and jets in Pb-Pb collisions in Run1/2 for photons at high energies (higher than 30 GeV/c). A clear imbalance is observed between the photon energy and the jet energy in central collisions but the uncertainties are still large. A projection study was done in [112] with the expected statistics of Run4 and a clear improvement will be achieved, further discrimination of the available models that currently agree with the measurement will be possible as shown in Fig. 4.2-left. ALICE should be able to do complementary measurements at lower p T .

Energy loss flavor dependence with isolated photon correlations: The next step with isolated direct photons is the study of the energy loss in Pb-Pb collisions via correlations with the associated jet/hadrons emitted on the opposite azimuthal side, tagging the event depending on the parton flavor. As discussed in Sect. 1.3.1 and Eq. (1.3), models predict that the energy loss is less strong for heavy quarks compared to light quarks, and also gluons loose more energy than quarks. At low p T , the medium interaction with the parton/jet is expected to produce stronger effects than those observed at higher p T 's as hinted in Fig. 1.5-right but this could not be measured yet below p T = 30 GeV/c due to the challenge the HIC large particle environment poses at lower p T . This is especially interesting in the heavy-flavor sector. For c-jets and particularly b-jets the dead cone effect is expected to be playing a role restricting the gluon radiation at large angles, and thus reducing the energy loss, being more relevant at low p T [128]. The b-jets R AA has been measured by the CMS experiment at high-p T and no difference with respect to inclusive jets has been observed so far [129]. The inclusive b-jet or isolated-photon correlation with b-jet measurements in the p T range from 10 to 30 GeV/c would be key in the confirmation and understanding of the dead-cone mechanism. In this particular p T range, ALICE has proven to be able to measure isolated photons and correlations at least in pp and p-Pb collisions. The high statistics to be collected from Run3/4 by ALICE and the improved vertexing, crucial to tag the events with c-and b-quarks, will make this measurement statistically feasible [128], in particular, to measure correlations between isolated photons and c-jets [128] and possibly correlations with b-jets.

Multiplicity dependent isolated photon production and correlations with hadrons in pp collisions: A large pp collisions sample was collected at √ s = 13 TeV in Run2 by the LHC experiments and more will be collected with the higher luminosities of Run4 at √ s = 14 TeV. The study of the correlation with hadrons or jets depending on the event particle multiplicity is a necessary measurement to check if there are any quenching effects for events with very high particle multiplicity, only possible with such large samples. CMS made a simulation study of the sensitivity of such measurement in pp collisions at √ s = 14 TeV and different luminosities and it is shown in Fig. 4.2-right. One has to be careful with the biases introduced by the particle multiplicity selection as seen in the plot, before extracting conclusions, for that the isolated photon p T spectrum as a function the multiplicity at high p T would be and interesting measurement to understand what are the biases the multiplicity selection induces since direct prompt photons are not modified by the QGP quenching, if it is present in the collision.

Before checking the effect of the event multiplicity selection, the isolated photon spectrum can be measured with a p T reach enlarged with respect to Run1 measurements, for sure until 100 GeV/c and possibly 200 GeV/c, and therefore pQCD predictions could be further constrained. Also, ALICE would help constraining better the proton PDF at low x, since the measured spectra would cover at least 10 to 100 GeV/c, lower than ATLAS [130] and CMS [START_REF] Sirunyan | Measurement of differential cross sections for inclusive isolated-photon and photon+jet production in proton-proton collisions at at √ s = 13 TeV[END_REF] experiments in pp collisions at √ s= 13 TeV, their spectra currently starting at p T = 125 and 190 GeV/c, respectively, so that ALICE would cover an unexplored momentum region at this collision energy.

Jets spectra and internal structure

LHC experiments concentrated during Run1/2 on the direct measurement of the jet-quenching via particle or jet R AA measurements and jet fragmentation functions or equivalent measurements where the quenched energy is gone, see Sect. 1.3. The next step is to improve the precision of current stablished measurements and the use of more differential measurements to better understand the parton evolution inside the QGP and further constrain the quenching mechanism. Measurements of the jet angular deflection and jet internal structure via variables such as fragmentation function, jet mass, girth, N-subjettiness, etc. have been proposed and tested in Run1/2 data and some gave promising results in view of the higher statistics of Run3/4.

Nuclear modification factor: The particle R AA at high p T shows a rising trend reaching apparently unity (Fig. 1.5-left for current measurements and Fig. 4.3-left for projections), thus no quenching, to be confirmed with Run3/4 data. This is the expected behavior with an energy loss depending on constant log E of the parton. Regarding jets, there seems to be a flat R AA , up to very high-p T jets, possibly with a small p T dependence, expected in the models, but not enough precision has been achieved as shown in Fig. 4.3-right together with a projection on the expected uncertainty in Run3/4 with ATLAS. One naively would have expected same behavior of high-p T particles (core of the jet) and jet R AA , but it seems that jets with an strong core (high-p T particles) are less affected by quenching and those jets with multiple-parton first splittings might have a stronger modification. Both high-p T particle and jet R AA precision measurements in Run3/4 would help confirming this picture, together with more differential jet substructure analysis proposed in the next paragraphs. Jet deflection and acoplanarity: Jet deflection/broadening due to scattering of the high energy parton with QGP quarks and gluons is an expected effect sensitive to medium properties. Current measurements with di-jet and isolated photon-jet angular correlations, do not show any difference with respect to the pp reference within the limited statistical precision, maybe some hints on Z-jet angular correlations [132,[START_REF]Measurement of jet quenching with semi-inclusive hadron-jet distributions in central Pb-Pb collisions at √ s NN = 2[END_REF]134,135]. Jet deflection is also expected to be larger for lower p T jets, but only a few percent effect, which sets the sensitivity limit of this measurement [START_REF] D'eramo | Molière Scattering in Quark-Gluon Plasma: Finding Point-Like Scatterers in a Liquid[END_REF][START_REF] Gyulassy | Precision Dijet Acoplanarity Tomography of the Chromo Structure of Perfect QCD Fluids[END_REF]. Such low p T jet and angular sensitivity can be achieved with semi-inclusive jet measurements with trigger and most photon-jets are quark jets, which can be better understood from models. The current measurements have quite high accuracy, especially for inclusive jets, but the precision to be achieved in Run3/4 will highly constrain the models. Photon-tagged jets have still some small contribution from gluons, therefore, studies with gamma correlated to c-or b-tagged jets would further constrain this picture.

The evolution of the jet in the QGP can be further constrained studying other internal variables like the jet splittings configuration. The high-p T parton produced at the first stages of the collision can split into two high-p T partons well separated in angle. One can get those leading splittings removing the low-momentum and high-angle radiated contributions via jet-grooming algorithms that split a single jet into two subjets [140,141,[START_REF]Exploration of jet substructure using iterative declustering in pp and Pb-Pb collisions at LHC energies[END_REF]. For a parton shower in vacuum, these subjets provide access to the properties of the first splitting in the parton evolution [START_REF] Larkoski | Sudakov Safety in Perturbative QCD[END_REF]. The momentum sharing fraction of the two subjets, z g , was studied in ALICE [START_REF]Exploration of jet substructure using iterative declustering in pp and Pb-Pb collisions at LHC energies[END_REF] and CMS [141], finding a significant modification of the z g distribution for jets with large separation angle between the main splittings and no modification of those jets with small angle (hard jet core and thus high-p T hadrons origin). Figure 4.5 shows the expected performance in CMS [START_REF] Larkoski | Sudakov Safety in Perturbative QCD[END_REF]141], in the Run4 phase based on Run2 results, and as it can be seen, the uncertainties are small enough to strongly constrain the value of the transport coefficient from the models. 

Light-ion collisions

The heavy-ion physics community has an increasing interest in small systems, pp, p-Pb or other smaller ion combinations, where signs of collectivity have been observed when looking into events with high particle multiplicity [112]. So far, quenching effects have not been observed [START_REF]Transverse momentum spectra and nuclear modification factors of charged particles in pp, p-Pb and Pb-Pb collisions at the LHC[END_REF][START_REF]Measurement of charged jet production cross sections and nuclear modification in p-Pb collisions at √ s NN = 5.02[END_REF][START_REF] Acharya | Neutral pion and η meson production in p-Pb collisions at √ s NN =5.02 TeV[END_REF] contrary to other typical QGP observations like particle flow [START_REF] Chatrchyan | Multiplicity and transverse momentum dependence of two-and four-particle correlations in pPb and PbPb collisions[END_REF][START_REF] Abelev | Long-range angular correlations of π, K and p in p-Pb collisions at √ s NN = 5.02 TeV[END_REF] or strangeness enhancement [START_REF]Enhanced production of multi-strange hadrons in high-multiplicity proton-proton collisions[END_REF]. This lack of quenching observations is puzzling to understand the origin of the observed possible collective behaviors in small collision systems: Is the QGP medium size so small that the early produced highenergy partons do not see it or cannot loose too much energy, but the medium is large enough so that hydrodynamical properties of a QGP system can appear? Are those hydrodynamical properties just a reflection of the initial spatial anisotropy configuration of the partons in the nucleon (pp collisions) and/or of the nucleons in the nuclei (p-Pb collisions) or something else? Checking the high-p T particles or jets spectra or substructure in pp or p-Pb events with very high particle multiplicity events, higher than current measurements, will put even more constrains on the issue. This is an statistics hungry measurement and certainly Run4/5 data will help to corroborate or not this lack of energy loss.

The use of lighter ions like Xe, Ar, O, have been proposed as a natural way to increase the luminosity by orders of magnitude and the rare probes cross section (higher collision energy), as the short Xe-Xe run in 2018 has proven. Another gain is the fact that the lower particle multiplicities would reduce considerably the systematic errors due to background fluctuations that currently constrain the measurements to higher jet energies, paying the price of reducing the highest particle multiplicity achievable with Pb-Pb collisions, but the quenching effects are still large enough [START_REF]Transverse momentum spectra and nuclear modification factors of charged particles in Xe-Xe collisions at √ s NN = 5[END_REF]. Such small ion collisions would allow going to lower p T (10-20 GeV/c) where the QGP effects are expected to be strong as discussed before. The use of lighter ions is going to be considered for Run5 (Ar or other species, after 2029). Short runs with O are proposed to be done in Run4, those are especially interesting for cosmic ray studies.

The ALICE-FoCal

The FoCal project, currently under discussion, proposes the installation of a calorimeter for photon and jet measurements at very forward rapidities in ALICE [START_REF]The FOCal project[END_REF][START_REF]ALICE Forward Calorimeter (FOCal) -detector design and physics reach[END_REF][START_REF]The FoCal prototype -an extremely fine-grained electromagnetic calorimeter using CMOS pixel sensors[END_REF]. The main physics topics are: a) The measurement of isolated photons in p-Pb and pp collisions at forward rapidity to explore the low-x structure of protons and nuclei at high energy and measure the gluon density, saturation and shadowing effects and therefore to constrain the nPDF's; b) Investigate the origin of long range flow-like correlations (ridge) in pp and p-Pb collisions [START_REF] Khachatryan | Observation of Long-Range Near-Side Angular Correlations in Proton-Proton Collisions at the LHC[END_REF] (is it an initial or final state effect?) with isolated photon and π 0 correlations in mid to forward regions; c) The measurement of high transverse momentum neutral pions and the modification of their spectra in Pb-Pb collisions to probe the hot and dense strongly interacting medium away from mid-rapidity and with other particles than the existing measurements with heavy-flavor quarks [START_REF]J/Ψ suppression at forward rapidity in Pb-Pb collisions at √ s NN = 5.02[END_REF]150]. Other measurements like that of other neutral pseudoscalar mesons and vector mesons, should also be possible.

Large rapidity measurements require a placement of the detector close to the beam pipe. As the particle density in these regions is very high due to the kinematic boost of produced particles, a large distance from the primary interaction vertex is advantageous. The current proposal considers to put FoCal on the A-side of the experimental setup outside of the ALICE magnet and in front of the compensator magnet, placing the detector at z = 7 m from the interaction point, which translates into a pseudo-rapidity coverage of 3.3 < η < 5.5 (to be compared to LHCb acceptance 2.5 < η < 4). On this side, there would be enough room to place both an electromagnetic (FoCal-E) and optionally a hadronic (FoCal-H) calorimeter. The FoCal-E would be a finely granular Si/W-calorimeter to measure photons with a novel technology and π 01 and FoCal-H is to be used for photon isolation and jets in conjunction with FoCal-E. The FoCal-E would be composed of a series of 20 layers, each with absorber layers made of W (3.5 mm depth ≈ 1 X 0 ) coupled to Si layers, with low granularity Si layers of 1×1 cm2 basic active area (about the Molière radius R M , to measure good energy (∼1%), position (∼1 mm) and time resolution), and two high granularity Si layers of 30×30 µm 2 basic active area (to discriminate single and merged photons, much smaller than R M ) located close to the particle shower maximum. All in a 1 m 2 detector area. A prototype was tested successfully as reported in [START_REF]The FoCal prototype -an extremely fine-grained electromagnetic calorimeter using CMOS pixel sensors[END_REF]. The FoCal-H could be located at z = 8 -10 m from the IP, under discussion, and it could be a conventional sampling hadronic calorimeter with a total thickness of ∼ 0.8λ had and an extent of ∆z ∼1.5 m.

Studies on the perspectives on performance with the current design assumptions have been done and Fig. 4.6 highlights some of the more interesting features of this detector. FoCal will cover an unprecedented low-x region compared to other experiments in order to use isolated photons to study PDF's, as shown by panel (a). Run1/2 results by LHCb with D 0 measurements [151] were able to constrain highly the PDF's [START_REF] Kusina | Gluon Shadowing in Heavy-Flavor Production at the LHC[END_REF], but still no x dependence is observed at low values, besides D 0 can be modified by the nuclear medium which can affect the sensitivity of the measurement, unlike isolated photons. Panel (b) shows the sensitivity of photons and charm mesons, one clearly sees that the photon distribution is more peaked and thus more sensitive to PDF's. Finally, panel (c) shows the great improvement the inclusion of isolated photons with FoCal would introduce on the nPDF's at low x, not achievable with charmed hadrons. A "Letter of intent" is to be sent in the second semester of 2019 to the LHC-Committee for approval and installation scheduled in 2024 for Run4 and possibly Run5 data taking (see next section for Run5 discussion). The coming years are going to be crucial to the project and an early implication on the project has been suggested to the ALICE-LPSC group given our background in the central barrel calorimeters.

Future experiments

After and during HL-LHC, there are some opportunities to extend the QGP physics studies in new facilities that are discussed briefly here, depending on the subject within the QGP physics or facility.

Higher energy collisions at the LHC The natural continuation of the QGP studies discussed in this document would be the next phases of the LHC at CERN, where more differential analysis will be possible with increased statistics of rare probes (heavy flavor, direct photons, Z) that will be available, plus a larger and hotter medium (although from RHIC to LHC a factor 10 increase in energy did not generate significantly larger effects of the QGP medium).

After the HL-LHC period (Run4/5 end in 2037), the LHC is proposed to be upgraded to the High-Energy LHC (HE-LHC) [153]. With respect to HL-LHC, the HE-LHC considers a collision energy of √ s = 27 TeV in pp collisions and √ s NN = 10 TeV in Pb-Pb collisions and a higher luminosity of a factor 5. In terms of physics at the HE-LHC,

• the temperatures of the medium in the AA collisions will be of the order of T = 1 GeV, where charm quarks start to contribute as active thermal degrees of freedom in the QGP equation of state in addition to u, d and s quarks, thus playing a novel role in QCD equilibration processes to be studied;

• there will be a larger abundance of hard-scattering processes than at the LHC, as well as novel probes like boosted top-quark jets [154] and even Higgs bosons [155] quenching in heavy-ion environment, although still with too limited statistics. Recent studies propose top quark jets measurement as a quenching chronograph measurement: the decay chain of t-t quarks delays the generation of the parton-jet with respect to inclusive jets, thus it will allow an study of jets emitted late with respect to inclusive jets, that can traverse any length/time of the medium. The measurement of the top jet mass has been proposed as the key measurement of such probe of the quenching;

• a wide previously uncharted kinematic range of Q 2 and x will be possible to study, where parton densities become very large and may reach the non-linear QCD regime known as "parton saturation".

Even after HE-LHC, CERN is discussing the construction of a Future Circular Collider (FCC) in a 100 km tunnel (LHC is in 27 km tunnel) around Geneva. The pp collisions energy would be √ s ≈ 100 GeV in pp collisions and therefore about Electron-ion colliders Electron-ion colliders have been proposed and are currently under discussion: LHeC [START_REF] Fernandez | A Large Hadron electron Collider at CERN[END_REF] at CERN, eRHIC [165] at RHIC, JLEIC [166] at Jefferson Laboratory. They are great tools for QCD studies for better understanding of the proton or nucleus structure (PDF's) and gluon saturation. More directly related to the QGP, such kind of collisions will further explore the initial conditions of the AA or pA collisions, the cold nuclear matter, and help in the understanding of the collective behavior observed on small collision systems. Also, they will be a benchmark for hard probes production and passage through the initial cold-nuclear matter.

Final thoughts on perspectives

The LHC in Run3/4 presents a rather rich plan of measurements for the next 10 years. Given my expertise in photon physics the natural thing would be to continue exploring the higher statistics to be delivered, but also it is time for a change after 20 years doing calorimeter maintenance and photon analyses. I consider the jet-subtructure and heavy-flavor jet tagging analyses quite attractive research tool to explore deeper the energy loss in the plasma.

Beyond Run4, it is quite difficult have a clear position, there are too many scientific and political uncertainties. In my opinion, electron-ion collider experiments are necessary to answer and constrain some of the questions now in the field, like origin of collective like effects in small colliding systems, so I would favor them.

Conclusions

In this document, I have tried to first present the current understanding on the parton energy loss in the QGP, for sure incomplete, a part of the vast QGP characterization studies: high-energy partons produced in the heavy-ion collision loose energy in the opaque QGP medium suppressing the jet and high-energy particle yields and radiating low-energy particles at large angles. This energy loss can be studied with photons produced or HIC in the different LHC experiments, and in particular in ALICE, via its two main sources, decay photons from neutral mesons and direct photons. The ALICE calorimeter EMCal has been used, together with PHOS and PCM, to do photon analysis, while I was in charge of EMCal data processing and maintenance of the offline simulation and reconstruction code. I have first shown how the ALICE-EMCal detector can be used to measure photons, describing how the EMCal data is treated from raw data reconstruction to clusters and the basic cluster selection for final analysis. Then, I explained how to use shower shape and isolation analysis to measure mesons or direct photons, with techniques I have contributed developing over the years, that have been used in physics results. But to get to the results, one has to deal with the calorimeter performance, model it to a satisfactory degree, which was not an easy task in certain aspects like the influence of the electronics cross-talk in the clusters shower shape, for which I found preliminary tunes to the simulation. Also, other undesirable effects like the "exotic" clusters needed to be removed carefully and I defined the selection cuts for such objects. ALICE has published several results regarding photons where I was involved either as simple analyzer or convener of the Physics Working Group Gamma. The neutral meson spectrum was measured in pp, p-Pb and Pb-Pb collisions, putting strong constrains to pQCD models, and observing a large suppression of mesons in Pb-Pb collisions when compared to pp collisions properly scaled, which is due to the parton energy loss. In a further step, high-p T π 0 's were correlated with other hadrons in the event, observing the large suppression of intermediate to high-p T hadrons produced in opposite side of the pion, the opposite side jet in azimuth, again a sign of the parton energy loss, together with an increase of low-p T hadrons near and opposite to the trigger π 0 , indicating the emission of the lost energy far from the quenched parton, together with quark versus gluon yield changes in pp versus Pb-Pb. The next step was the measurement of direct prompt photons via isolation method, considered a very interesting probe to calibrate the lost energy by the quenched jet produced on the opposite side of the photon, since the photon is not modified by the medium. In pp and p-Pb collisions, the isolated photon p T spectra measurement was done showing good agreement with theoretical predictions and other LHC experiments, with still large uncertainties. And finally, the correlation of the isolated photon and hadrons in pp collisions showed the possibility to use this analysis as a measurement of the jet fragmentation function.

Many things remain to be done regarding high-p T direct photon analyses, in particular in AL-ICE, one has to do the measurements in Pb-Pb collisions. Such measurements were already done in other LHC experiments, but at high photon energies, higher than what ALICE should be capable of measuring. I wanted also to stress the need of lower energy measurements, at p T ∼ 10 -30 GeV/c, of isolated photons, heavy quark and light quark trigger hadrons correlations with hadrons, and jets spectra and sub-structure, where energy loss or dead cone effects should be more important, but also, it is a more challenging region due to the large particle environment in HIC.

I tried also to list what are the next steps in the coming years to enter into the precision era measuring QGP properties with the different LHC experiments. Not only photons are important, I tried to put some emphasis on the measurement of jet sub-structure and deflection and heavy-flavor jets, associated or not to isolated photons. Such more differential measurements will allow the HIC community to constrain more the QGP models. All this can only be done with a significantly higher luminosity, like the ones to be delivered from Run3/4 in HIC.

Going beyond, there are several proposal on the table like the HE-LHC and the FCC, with sensibly higher collision energies than at the LHC, where we may enter on new QGP regimes and more rare probes will be available to test the characteristics of the medium. Other proposals like EIC could help to further constrain the remaining questions on the field opened by small systems collisions where QGP like effects are observed.

Appendices

A

EMCal detector description

The EMCal technology is a layered Pb-scintillator sampling calorimeter with a longitudinal pitch of 1.44 mm Pb and 1.76 mm scintillator with longitudinal Wavelength Shifting Fiber (WLS) light collection, see the EMCal TDR [START_REF]EMCal Technical Design Report[END_REF] for complete details.

The detector in its original configuration spans η = -0.7 to η= 0.7 with an azimuthal acceptance of ∆ϕ = 107 • and is segmented into 12,288 towers, each of which is approximately projective in η and ϕ to the interaction vertex. The towers are grouped into super modules of two types: full size which span ∆ϕ = 20 • (24 (ϕ) ×48 (η) towers) and 1/3 size which span ∆ϕ = 6.67 • (8 (ϕ) ×48 (η) towers). There are 10 full size and 2, 1/3-size super modules in the full detector acceptance (Fig. In 2014, DCal (Di-jet calorimeter), extension of the EMCal, was installed [START_REF]DCal Technical Design Report[END_REF], consisting of 6 super modules, with 2/3 the acceptance of an EMCal super-module (same acceptance in ϕ smaller in η where 0.22< |η| <0.7, 24(ϕ)×32 (η) towers) and 2 super-modules with 1/3 acceptance like for the EMCal. This extension covers 67 • in azimuth and same coverage in η as the EMCal if one considers PHOS, although there is a gap of approx. 0.09 pseudo-rapidity units between PHOS and DCal super-modules, see Fig. A.2. DCal is located opposite to EMCal, in azimuth, in the ALICE coordinate system EMCal is located at 80 • < ϕ <187 • and DCal at 260 • < ϕ < 327 • degrees. The total number of towers in DCal is 5,376.

The super module is the basic structural units of the calorimeter. These are the units handled as the detector is moved below ground and rigged during installation. Each module has a rectangular cross section in the ϕ direction and a trapezoidal cross section in the η direction with a full taper of 1.5 • . The resultant assembly of stacked strip modules is approximately projective with an average angle of incidence of less than 2 • in η and less than 5 • in ϕ.

The smallest building block of the calorimeter is the individual module illustrated in Fig. Particles traversing the calorimeter, in particular photons and electrons, will deposit energy in different towers. The EMCal reconstruction measures such energy per tower, forms clusters of cells produced by a given particle, and if possible matches them with particles detected by the tracking detectors in front of EMCal (charged particles). 

B Analysis tools developed

The code developed under the ALICE analysis frame in AliROOT [65] is called CaloT rackCorrelations, and it is devoted to "Particle identification (in calorimeters) and correlation with tracks"

The frame is modular and rather flexible, allowing to correlate trigger particles "Photon, π 0 , η, electron, tracks" with "tracks, jets, π 0 , etc", trigger objects come mainly from calorimeter data (PHOS and EMCal), but track objects can also be used. Quite complete documentation can be found in [167]. The output are trees or histograms with the analysis results. 1. Events (collisions) are selected depending on vertex, centrality, hardware trigger and other criteria.

2. Detector input like calorimeter clusters (PHOS, EMCal) and tracks (TPC, ITS) are filtered with basic cuts like energy, p T , acceptance exoticity (see Sect. 2.3.2) etc., and they are put in an array to be used later in the analysis.

3. Particle identification: From the cluster or track array, different analysis modules can be used to identify those as particles (photon, electron, π 0 , η,...) applying the corresponding PID criteria to the tracks or clusters. The selected particle is put in a new array for this particular type of particle that can be accessed by other analysis modules executed right after the one used in the identifications.

4. Correlation: the selected/identified particules produced are correlated with tracks, jets or other particles.

As an example, here is a typical analysis case, with different analysis modules executed one after the other:

1. Calorimeter clusters are selected as photons based on track matching veto and shower shape criteria (class AliAnaP hoton), and put in an array with photons. 2. π 0 (η) mesons are selected event by event combining via invariant mass the previously selected photons, and put those pairs in a single π 0 (η) object in a separate array (class AliAnaP i0EbE).

Neutral meson spectra can be extracted.

3. The photons and also mesons (triggers) are tagged isolated, depending on the amount or total energy of particles in a cone centered on the the trigger particle (class AliAnaParticleIsolation). Isolated photon spectra can be extracted (see Sect. 3.2).

4. Finally, the photons or mesons, isolated or not, are correlated with TPC-ITS tracks (class AliAnaParticleHadronCorrelations). Azimuthal correlation and x E distributions (see Sect. 3.3) can be extracted.

This framework is used within the ALICE collaboration, some of the results of the Chapters 2 and 3, when including the EMCal at high p T were obtained using this framework I developed in collaboration with other ALICE members.
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 11 Figure 1.1: Simulation of a HIC phases.
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 12 Figure 1.2: Left: Illustration of an AA collision with outgoing nuclei (blue, red) and the interaction zone (orange) where the QGP is formed. Right: Schematic view of the collision and its impact parameter b and the reaction plane angle ψRP.
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 13 Figure 1.3: Simulation of anisotropic flow in two AA collisions with v2 and v3 prominent harmonics in each one. Each point represents a nucleon and the red ones indicate the interaction region.
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 15 Figure 1.5: Left: RAA of charged particles measured in ALICE and CMS for 0-5% central Pb-Pb collisions and RpA for p-Pb collisions, both at √ s NN = 5.02 TeV [16]. Right: RAA of jets from ALICE (charged jets), CMS and ATLAS experiments in Pb-Pb central 0-10% collisions at √ s NN = 2.76 TeV.
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 16 Figure 1.6: Charged jets measurement in Pb-Pb collisions at √ s = 2.76 TeV in ALICE [26]. (a) Fluctuations of the jet background estimated with random cones and two cone sizes R = 0.2 and 0.3. (b) Width of the fluctuations depending the centrality and two R. (c) Raw jet yield after subtracting the underlying average collision energy, R = 0.2, and for different leading track pT cuts.
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 17 Figure 1.7: HT-BW model results for the nuclear modification factor at mid-rapidity for π 0 spectra in 0-5% central Au-Au collisions at √ s NN = 200 GeV (a) and charged particle spectra in 0-5% central Pb-Pb collisions at √ s NN = 2.76 TeV (b), with a range of values of initial quark transport parameter at t = 0.6 fm/c in the center of the most central collisions in PHENIX, CMS and ALICE experiments. (c):The χ 2 /d.o.f . as a function of the transport parameter from fitting the PHENIX data for pT > 5 GeV/c (red) and ALICE and CMS data for pT > 15 GeV/c (black). From[START_REF] Burke | Extracting jet transport coefficient from jet quenching at RHIC and LHC[END_REF].

FIG. 4 :

 4 FIG.4:(a) Efficiency corrected two-particle azimuthal distributions for minimum bias and central d+Au collisions, and for p+p collisions[START_REF]Thermalization at RHIC[END_REF]. Curves are fits using Eq. 3, with parameters given in TableI. (b) Comparison of two-particle azimuthal distributions for central d+Au collisions to those seen in p+p and central Au+Au collisions[START_REF]Thermalization at RHIC[END_REF]. The respective pedestals have been subtracted.
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 186 Figure 1.8: Left: Di-hadron azimuthal correlation in pp, d-Au and Au-Au collisions at √ s NN = 200 GeV in the STAR experiment at RHIC, triggering on charged particles with 4 < p trigger T < 6 GeV/c and selecting associated charged particles with 2 < p assoc T < p trigger T GeV/c [32]. Right: Example of an unbalanced di-jet in a Pb-Pb collision event at √ s NN = 2.76 TeV in the CMS experiment [33].
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 19 Figure 1.9: (a) Fraction of sub-leading (pT > 40 GeV/c) over leading (pT > 100 GeV/c) jet pT in pp and central 0-10% Pb-Pb collisions at √ s NN = 5.02 TeV by CMS [36]. (b) Average missing transverse momentum projected into the jet axis as a function of the di-jet asymmetry AJ = |p Jet1 T p Jet2 T |/(p Jet1 T + p Jet2 T ) for 0-30% central events in Pb-Pb collisions at √ s NN = 2.76 TeV by CMS [33]. Left frame for particles in jet cone and right frame for particles out of jet cone. (c) RD(zT) (Eq.(1.6)) in 0-10% central Pb-Pb and pp collisions at √ s NN = 5.02 TeV by ATLAS [35].
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 110 Figure 1.10: Left: Direct photon spectra measured by ALICE in central 0-20% Pb-Pb collisions at √ s NN =2.76 [40] compared to PHENIX, both fitted at low pT with an exponential slope to get the effective temperature T eff parameter. Right: Direct photon RAA in ALICE, with denominator used at low pT from a theoretical pp prediction since measurement was not available.
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 111 Figure 1.11: Azimuthal anisotropy of direct photons measured by ALICE in central 0-20% Pb-Pb collisions at√ s NN =2.76[START_REF]Direct photon elliptic flow in Pb-Pb collisions at √ s NN = 2[END_REF]. Left compared to PHENIX, right compared to theory predictions.

FIG. 3 :

 3 FIG. 3: R AA (p T ) measured in central Au+Au at√ s NN = 200 GeV for #, " 0[START_REF]Early isotropization of the Glasma", T.Epelbaum[END_REF][START_REF]Energy loss of energetic partons in Quark-Gluon Plasma: Possible extinction of high p T jets in hadron-hadron collisions[END_REF] and direct ![START_REF] Adams | Experimental and theoretical challenges in the search for the quark-gluon plasma: The STAR Collaboration's critical assessment of the evidence from RHIC collisions[END_REF]. The error bars include all pointto-point errors. The error bands at R AA = 1 have the same meaning as in Fig.2. The baseline p+p → ! + X reference used is a NLO calculation[START_REF] Adams | Experimental and theoretical challenges in the search for the quark-gluon plasma: The STAR Collaboration's critical assessment of the evidence from RHIC collisions[END_REF][START_REF] Burke | Extracting jet transport coefficient from jet quenching at RHIC and LHC[END_REF], that reproduces our own data well[START_REF] Aamodt | Two-pion Bose-Einstein correlations in central Pb-Pb collisions at √ s NN = 2.76 TeV[END_REF], with theoretical uncertainties indicated by the dash-dotted lines around the points. The solid yellow curve is a parton energy loss prediction for a medium with density dN g /dy = 1100[START_REF]Transverse momentum spectra and nuclear modification factors of charged particles in pp, p-Pb and Pb-Pb collisions at the LHC[END_REF].
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 11420 Figure 1.14: (a) IAA of away side hadrons with respect to a direct photon or a π 0 trigger in central Au-Au collisions with 12 < p trigger T
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 115 Figure 1.15: 3D view of the ALICE experiment in Run2 configuration, from year 2015 to 2018.
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 116 Figure 1.16: Track 1/pT resolution depending different kind of track components, from [52].
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 117 Figure1.17: Resolution of ALICE calorimeters: EMCal/DCal (upper-left) and PHOS (upper-right) energy resolution from beam test data with electrons on prototypes made in 2009[START_REF]Energy non linearity correction of ALICE EMCal detector measured by 2010 test beam data[END_REF] and 2002[START_REF]Identification of particles and hard processes with the spectrometer PHOS of the ALICE experiment[END_REF], respectively.
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 1 Figure 1.18 shows the neutral pion mass mean and resolution for mesons measured via invariant mass analyses with PHOS, EMCal and PCM in Run1 pp collisions at √ s = 8 TeV [63]. The mass resolution is strongly correlated with the energy and position resolution and granularity in the calorimeters and the tracking momentum resolution for PCM. PCM has the best energy resolution, specially at low p T since TPC and ITS have an excellent resolution there, and then PHOS and finally EMCal.

Figure 1

 1 Figure 1.18: π 0 mass (a) and width (b) depending on meson energy measured in pp collisions at √ s = 8 TeV [63] combining two photons from the combination of EMCal-EMCal, PHOS-PHOS, PCM-PCM and PCM-EMCal.

Figure 2 .

 2 Figure 2.1 shows schematically how the different clusterization methods work and Sect. 2.4.1 shows the effect on neutral mesons invariant mass analysis.
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 21 Figure 2.1: Schematic comparison of different clusterization algorithms. Boxes represent energy in cells. E th is the clusterization threshold defined in the text as Emin. Color code: green, cells not considered in clusters; blue, cells belonging to the primary cluster; orange, cells belonging to a secondary cluster. Each frame represents a clusterization case: a) energy in cells before clusterization; b) V1; c) V2; d) 3 × 3; e) V1+unfolding, here one cell is associated to two clusters and its energy is shared.

  Figure 2.2:Left: Variation of the π 0 energy calibration coefficient in all channels of 2012 data from the last iteration (blue) compared to first iteration (red), and compared to the last iteration of 2011 data (green)[START_REF]Étude du Plasma de Quarks et de Gluons au LHC: Mesure des corrélations photon-hadron à l'aide du calorimètre de l'experiénce ALICE[END_REF]. Right: Run-by-run variation of the π 0 mass (integrated over pT) with and without applying the T calibration correction factor in a sample of 2012 runs. Two data taking periods considered, LHC12c and LHC12d, separated both by an LHC technical stop of 1-2 weeks, the drop in the mass before calibration can be appreciated from run index 60 corresponding to the start/end of each period.

Figure

  Figure 2.3 shows the time distribution in pp collisions at √ s = 7 TeV in an EMCal-L0 triggered
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 23 Figure 2.3: Clusters time before (left) and after (right) time calibration for three cluster energy ranges, in pp collisions at √ s = 7 TeV data triggered with EMCal-L0 at Etrigger = 5.5 GeV (Sect. 2.2.2).
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 24 Figure 2.4: Example of four bad channels energy spectra (blue lines) compared to the spectra of a reference good channel (black line), pp collisions at √ s = 13 TeV, period LHC17g, minimum bias. Plots courtesy of Eliane Epple from 2017 EMCal workhshop [68].
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 25 Figure 2.5: Number of times a cell gives signal in different cell energy ranges, pp collisions at √ s = 13 TeV, period LHC17g. The vertical lines indicate the region considered as normal cell behavior. Blue line all cells, green line cells behind TRD structures and pink line those that are not. Plots courtesy of Eliane Epple from 2017 EMCal workhshop [68].
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 26 Figure 2.6: Average number of clusters per run, pp collisions at √ s = 13 TeV, period LHC16k triggered by EMCal L1. Plots courtesy of Marie Germain.
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 27 Figure 2.7: Left: Position resolution of EMCal prototype from[START_REF] Allen | Performance of prototypes for the ALICE electromagnetic calorimeter[END_REF]. Right: Energy linearity of the EMCal prototype from 2010 beam tests, compared to simulations, from[START_REF]Energy non linearity correction of ALICE EMCal detector measured by 2010 test beam data[END_REF].
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 28 Figure 2.8: Reanalysis of the energy linearity (right) and position resolution (left) of the EMCal prototype from 2010 beam tests, compared to simulations. The energy linearity is compared to simulations made with GEANT3 and GEANT4 with not a significant difference between them and the data. Plot courtesy of Martin Poghosyan.
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 29 Figure 2.9: EMCal trigger rejection factors for L0 and L1-Gamma trigger obtained dividing the cluster spectra by the minimum bias spectra for different data taking periods: (a) pp collisions at √ s = 2.76 TeV in January 2013; (b) p-Pb collisions at √ s NN = 5.02 TeV in January 2013; (c) Pb-Pb collisions at √ s NN = 2.76 TeV in November 2011. The L1 and L2 symbols in the plots refer to the high and low energy threshold of the actual L1 triggers.

  ∆η residual > 0.010 + (p track T + 4.07) -2.5 and ∆ϕ residual > 0.015 + (p track T + 3.65) -2 rad, (2.4) where ∆ϕ residual = |ϕ track -ϕ cluster |, ∆η residual = |η track -η cluster | and the track transverse momentum (p track T
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 210 Figure 2.10: Difference between the cluster and projected track to the EMCal surface η or ϕ angle versus the cluster energy (a,b) or versus each one (c), V2 clusterizer. pp collisions sub-sample data at √ s = 7 TeV, EMCal-L0 triggered collisions. Energy bins normalized to their integral.
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 211 Figure 2.11: Left frames, number of cells in the cluster. Right frames, exoticity variable F+ (Eq. (2.5)). V2 clusterizer. Upper frames: 2D histograms with cluster E in x axis. Minimum Bias data in p-Pb collisions at √ sNN = 5.02 TeV. Lines guide the eye on where exotic clusters appear in data and not in simulation. Each energy bin is normalized to its integral. Lower frames: Distributions for pp collisions at √ s = 8 TeV, and cluster E > 6 GeV in minimum bias data and MC. Each distribution is normalized (k) by the integral of the distribution, on the left for n cells > 10 and on the right for F+ < 0.85.
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 212 Figure 2.12: (a) Fraction of clusters with F+ > 0.97 as a function of cluster E in different ALICE data samples. (b) Cluster time for exotic (F+ > 0.97 or n cells = 1) and non exotic (F+ < 0.97) clusters. (c) Difference of time of highest cell energy in cluster and the other cluster cells for exotic and non exotic clusters. Both, V2 clusters with E > 6 GeV in min. bias data p-Pb collisions √ sNN= 5.02 TeV.

Figure 2 .

 2 Figure 2.13-(a) shows the σ 2 long distributions in data as a function of the cluster p T for V1 clusterization. Two bands are observed, one constant around σ 2 long = 0.25 populated by single photons and another decreasing with p T to the photon band populated by overlapped showers from π 0 decaying into two photons. Figure 2.13-(b) and (c), show the σ 2short and σ 2 long in MC for clusters originated from single photons or overlapping π 0 and η decays with 10 < E < 60 GeV. Photons are peaked at σ 2 long = 0.25 within a narrow range, 0.1 < σ 2 long < 0.3, and mostly independent of the energy. Neutral mesons (overlapped decay photon showers) have a widely spread distribution, that changes with the energy, being closer to the photon region when increasing the meson energy. No clear dependency on the particle type and energy can be observed for σ 2 short , hence, the most sensitive parameter to separate single and merged photon clusters is σ 2 long .(a) (b) (c)
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 213 Figure 2.13: (a) σ 2 long versus cluster pT in data, bands indicate regions populated by single photons and merged photon pairs from π 0 decays. (b) σ 2long and (c) σ 2 short distributions at two cluster energy bins generated by single photons, π 0 and η mesons merged decays in PYTHIA jet-jet+γ-jet simulations. V1 clusterizer, pp collisions at √ s = 7 TeV. Each energy bin is normalized to its integral.
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 214 Figure 2.14: Distributions of the shower shape parameter σ 2long of neutral clusters (not matched to a track) in data and simulations. The different panels show different neutral cluster pT intervals. All distributions are normalized to the integral. Data are shown as black histograms and simulations, PYTHIA6 jet-jet + γ-jet events, with GEANT3 default settings in blue. For the red histograms, a GEANT3 tuned, a modelling of the cross-talk observed, was applied in the simulations.

Figure 2 . 15 :

 215 Figure 2.15: Schematic view of the measured ADC time distribution shapes considering the contribution of the signal and a baseline. The effect of baseline on the final shape is shown.

Figure 2 . 16 : 4 .

 2164 Figure 2.16: Comparison of clusters σ 2 long in data and simulation in pp collisions at √ s = 7 TeV, V1 clusterizer. Right plot for clusters with n w cell > 4. Simulation modified with different fixed µ1 and µ2 = 0 used in Eq. (2.8). Data is EMCal L0 triggered. MC is γ-jet+ jet-jet PYTHIA.

Figure 2 .

 2 Figure 2.14 shows the final agreement between data and simulation σ 2 long distributions with and without the final cross-talk emulation. Other parameters were tested like σ 2 short , cell activity inside the cluster, and ratio of maximum cell energy over cluster energy, for example, and in general, a better agreement was found although not perfect.

Figure 2 . 17 :

 217 Figure 2.17: Energy linearity (left) and resolution (right) for single mono-energetic electron simulations and beam test electron data for clusterization parameters Emin = 50 MeV and E seed = 300 MeV. Different cross-talk parametrizations depending on the SM applied.

Figure 2 . 18 :

 218 Figure 2.18: Opening angle θ12 of π 0 (left) and η (right) two decay photons as a function of the meson energy at MC generator level. Horizontal lines: Black line represents the angle corresponding to an EMCal cell, blue line of 3 cells and green line of 5 cells, corresponding roughly to the limits where the two photons are completely merged (black) or start to merge (blue). Vertical blue line corresponds roughly to the limit where decay photon clusters start to merge for V1 clusterizer.

  2.1.1), the reach of neutral mesons p T via invariant mass measurements will change, clusterizer V1 is able to measure π 0 up to about E = 12 -15 GeV but splitting clusterizers (V2, 3 × 3 and V1+unfolding) can reach about E = 20 -22 GeV as shown in the invariant mass distributions of Fig. 2.19.

Figure 2 . 19 :

 219 Figure 2.19: Invariant mass distribution of cluster pairs in pp collisions data at √ s = 7 TeV for different energy bins and different clusterizer types and cell Emin = 50 MeV and cluster E > 300 MeV.

Figure 2 . 20 :

 220 Figure 2.20: Schematic view of cluster shower overlaps from π 0 decays with E π 0 = 4, 10 and 20 GeV from left to right

Figure 2 . 21 :

 221 Figure 2.21: Mass of split clusters in data, pp collisions at √ s = 7 TeV (left) used in [82, 67], and pp and Pb-Pb collisions at √ s NN = 2.76 TeV (right) used in [81]. The π 0 mass peak centred close to the PDG value is observed.

Figure 2 . 22 :

 222 Figure 2.22: Illustration of the parametric-space of the photon p iso T and σ 2 long , used to estimate the background yield in the signal region (A) from the observed yields in the three control regions (B, C, D). The red regions indicate areas dominated by background and the blue regions by the photon signal. The color gradient indicates mixture of signal and background.

Figure 2 . 23 :

 223 Figure 2.23: Illustration of the biases induced in the energy in the cone by the π 0 's: (a) both photons generate a cluster, (b) photons are separated and the lower energy one contributes to p iso T , (c) the lower energy photon is out of the cone, very asymmetric decays, or hits a dead area in the calorimeter.

Figure 2 . 24 :

 224 Figure2.24: Isolated photon corrected purity in pp collisions at √ s= 7 TeV, calculated using Eq.(2.14)[START_REF]Measurement of the inclusive isolated photon production cross section in pp collisions at √ s=7 TeV[END_REF] with (left) p iso T < 2 GeV/c, |η γ |<0.27 and p γ T dependent σ 2 long cut[START_REF]Measurement of the inclusive isolated photon production cross section in pp collisions at √ s=7 TeV[END_REF] or (right) with p iso T < 1 GeV/c, |η γ |<0.6 and 0.1 < σ 2 long < 0.27[START_REF]Mesure des corrélations photon-hadron auprès de l'expérience ALICE au LHC pour l'étude du plasma de quarks et de gluons[END_REF].

Figure 3 . 1 :

 31 Figure 3.1: π 0 and η spectra measured in pp collisions at √ s = 0.9, 2.76, 5.02, 7 and 8 TeV with different detector combinations. Derived from [86, 63, 72].

Figure 3 . 2 -

 32 Figure 3.2-(a), shows the neutral mesons spectra in Pb-Pb collisions at √ s NN = 2.76 TeV from [88]

Figure 3 . 2 -

 32 Figure 3.2-(b)shows the nuclear modification factor defined in Eq. (1.5) of Sect. 1.3.2 using the measurements in pp and Pb-Pb collisions. A p T and centrality dependent suppression is clearly observed. For the most central collisions, the R AA has a maximum around p T ≈ 1.5 GeV/c and a minimum for p T ≈ 7 GeV/c, after which it increases. The increase at high p T could be due to the variation of the relative gluon and quark contributions to meson production as a function of p T , with gluons being expected to suffer a stronger suppression than quarks due to a larger Casimir factor. The suppression observed at high p T may indicate a larger quark than gluon relative contribution for high-p T jet production in heavy-ion collisions at the LHC. A similar behavior is observed for semi-central events, though with a smaller suppression over the full transverse momentum range. The invariant yields and R AA of both mesons are compared to predictions including a hydrodynamic approach focusing on low-p T phenomena and pQCD based calculations. These comparisons show different levels of agreement, and data with the present level of accuracy is able to discard some models, but even the models close to the results are not fully compatible.

Figure 3 . 2 -

 32 Figure 3.2-(c) shows that the magnitude and pattern of the suppression is the same for both mesons for p T > 4 GeV/c despite the difference in mass (M π ≈ 135 MeV/c 2 and M η ≈ 548 MeV/c 2 ).At lower p T , the present accuracy is not enough to determine if the suppression is different for the two mesons as observed for charged K compared to charged π. The R AA values for both centrality classes are also compared to the ALICE charged pion and kaon R AA[START_REF] Adam | Centrality dependence of the nuclear modification factor of charged pions, kaons, and protons in Pb-Pb collisions at √ s NN = 2.76 TeV[END_REF] measured at the same center-of-mass energy and collision system and is of interest given the similar masses of kaons and η mesons. This comparison indicates similar suppression patterns for η and charged K across the whole p T range and similar suppression for all particle types for p T > 4 GeV/c. This result is consistent with previous baryon and strange meson R AA results, compatible with the assumption that the suppression observed is purely a parton energy loss in the medium. Since all are low mass quarks (u, d, s), the energy loss is expected to be similar.

Figure 3 . 2 :

 32 Figure 3.2: π 0 and η pT spectra (a) and RAA (b,c,d) measured in 0-10% and 20-50% Pb-Pb collisions at √ s NN = 2.76 TeV combining PMC (low pT) and EMCal (high pT) invariant mass analysis. (a) and (b), compared to theoretical predictions. (c): Comparison of π 0 η, K ± and π ± RAA in 0 -10% centrality. (d): Comparison of π 0 RAA at different √ sNN and central collisions. From [88].

Figure 3 . 3 :

 33 Figure 3.3: Left: π 0 / η ratio measured in pp collisions at √ s = 0.9, 2.76, 7 and 8 TeV. Right: π 0 / η ratio and K ± /π ± ratio measured in pp and Pb-Pb collisions, 0-10% and 20-50% central, at √ sNN = 2.76 TeV and compared to an mT scaling prediction.

Figure 3 . 4 :

 34 Figure 3.4: Left, isolated photon spectrum measured in pp collisions at √ s = 7 TeV compared to JETPHOX predictions; Right, ratio ALICE data to predictions. From [84].

Figure 3 . 5 :

 35 Figure 3.5: Left, ratio of isolated photon spectrum measured pp collisions at √ s = 7 TeV in data to

Figure 3 . 6 :

 36 Figure 3.6: Left, isolated photon cross section measured in p-Pb collisions at √ s NN = 5.02 TeV minimum bias, where the nuclear overlap function is TpA = 0.09923 mb -1 [99]. Data compared to JETPHOX predictions using as fragmentation function BFGII [100] and nuclear PDF's EPS16 [101] and nCTEQ15 [102]. Right, ratio data to theory. From [85].
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Figure 3 . 7 :

 37 Figure 3.7: Azimuthal correlation triggered by π 0 with 8 < p trig T < 16 GeV/c, measured by EMCal and associated tracks in central Pb-Pb collisions (left) and pp collisions (right) at √ s NN = 2.76 TeV.

T= 3 = 4 > 3

 343 to I AA ≈ 1.8 at low p assoc T . On the away side (Fig.3.8-right), I AA is strongly enhanced below p assoc T GeV/c, reaching values up to I AA ≈ 5 at lowest p assoc T , while above p assoc T GeV/c it is suppressed to about I AA ≈ 0.6. The results are consistent with previous ALICE results extracted from unidentified di-hadron correlations above p assoc T GeV/c[START_REF] Aamodt | Particle-yield modification in jet-like azimuthal di-hadron correlations in Pb-Pb collisions at √ s NN = 2.76 TeV[END_REF].

Figure 3 . 8 :

 38 Figure 3.8: IAA, ratio of per trigger yields of Fig. 3.7, triggered by π 0 measured by EMCal and associated tracks in central Pb-Pb collisions over pp collisions at √ s NN = 2.76 TeV. Data compared to theory models.

Figure 3 . 9 :

 39 Figure 3.9: Left: Cartoon of γ-jet event. Equivalent to Fig. 1.4 with two jets in the final state. Right: γ-hadron xE distribution calculated with DIPHOX [108] compared to quark and gluon fragmentation functions (arbitrary scaled), from [82].

Fig- ure 3 .Figure 3 .

 33 Figure 3.10: f(xE) distributions of isolated clusters, isolated π 0 and UE (left) and isolated photons (right). Isolated photons f(xE) distribution was obtained using Eq. (3.2) and the input from the left plot, for trigger transverse momentum 10 < pT < 25 GeV/c in pp collisions at √ s = 7 TeV. From [67].

Isolated π 0 Figure 3 .

 03 Figure 3.11: f(xE) negative slope parameter for different pT bins for π 0 and fixed pT for isolated photons in pp collisions at √ s = 7 TeV. Compared to different FF for quarks and gluons from DSS (left) [109] (left) and KKP (right)[START_REF]Fragmentation functions for pions, kaons, and protons at next-to-leading order[END_REF]. Upper for isolated π 0 and γ and lower for inclusive π 0 . From[START_REF]Mesure des corrélations photon-hadron auprès de l'expérience ALICE au LHC pour l'étude du plasma de quarks et de gluons[END_REF].

4. 2

 2 Isolated photon spectra and their correlations with hadrons or jets ALICE has measured the isolated photon spectrum in the EMCal in pp at √ s = 7 TeV [84] and p-Pb at √ s NN = 5.02 TeV [85] collisions and their correlations with hadrons and jets in pp and p-Pb collisions at √ s NN = 5.02 TeV (see Sect. 3.2), where quite good agreement with theoretical

Figure 4 . 1 :

 41 Figure 4.1: Pb-Pb collisions at √ s NN = 2.76 TeV, trigger cluster within 10 < pT < 25 GeV/c. Left: Shower shape σ 2 long (λ 2 0 here) template fit, background template distribution in blue and exceeding signal in orange. Right: Ratio of f(xE) for different triggers (isolated clusters with σ 2long < 0.27, inclusive π 0 clusters and isolated π 0 clusters) and hadrons in opposite azimuthal angle to the f(xE) for the UE. From[START_REF]Etude de la fragmentation des partons par mesure de corrélations photon-hadrons auprès de l'expérience ALICE au LHC[END_REF].

Figure 4 . 2 :

 42 Figure 4.2: Momentum imbalance between isolated photons and jets in Pb-Pb collisions at √ s NN = 5.02 TeV (right) and pp collisions at √ s= 14 TeV (left). Projections of CMS experiment for Run4 [112]. Pb-Pb collisions, current measurement uncertainty compared to the expected one in Run4. pp collisions, PYTHIA generation, different particle multiplicity bins selected and two luminosities considered.

Figure 4 . 3 :

 43 Figure 4.3: RAA in Pb-Pb collisions at √ s NN = 5.02 TeV, projections for Run3/4 from [112]. Left: CMS charged hadrons D 0 , B + and non prompt J/ψ RAA. Right: ATLAS jet RAA with current and expected uncertainties and compared to different models up to very high pT.

Figure 4 . 5 :

 45 Figure 4.5: Performance of jet splitting function measurement in CMS with Run4 data in Pb-Pb collisions for two different selections in jet transverse momentum. Figures from [112].

2 QFigure 4 . 6 :

 246 Figure 4.6: (a) Approximate (x, Q) coverage of various experiments for regions probed by DIS measurements as well as possible future direct photon (FoCal) and Drell-Yan measurements. (b) Distribution of the momentum fraction x2 of the gluons contributing to production of D 0 mesons and isolated photons with 4 < pT < 5 GeV/c, PYTHIA8 generator. (c) The nuclear modication of the gluon distribution for large nuclei versus x at Q 2 = 10 GeV 2 /c 2 . Comparison (for x > 10 -6 ) between the Pb nNNPDF1.0 parameterization and the fit where FoCal pseudo-data and high-energy EIC pseudo-data were added. Plots courtesy of Thomas Peitzmann and Marco Van Leeuwen.

√ s NN ≈ 40

 40 GeV in Pb-Pb collisions. With such high energies, the top and Higgs probes production would be even more favored than at HE-LHC. High baryonic density QGP The LHC and RHIC have explored the QGP phase diagram at low values of baryonic density, µ B ≈ 0, (same amount of matter and antimatter produced in the collision). The facilities J-PARC [156, 157], CBM at FAIR (GSI) [158, 159] and NICA [160] (experiments MPD [161] and BMD [162]) propose the exploration of large µ B which can be obtained with low √ s NN of the order of few GeV. This region has been explored at SPS and RHIC with limited luminosities that the new projects will largely exceed, especially J-PARK. At such high µ B , one can study for example the equation-of-state of nuclear matter at neutron star core densities, search for phase transitions (crossover like at LHC or first or second order transitions) and chiral symmetry restoration[163]. The different projects are scheduled to start in the 2020 decade with different timelines.

A. 1 )

 1 . The EMCal was installed in different steps during the LHC Run1, 4 super-modules for years 2009 and 2010, covering ∆ϕ = 40 • , 10 super-modules in 2011, ∆ϕ = 100 • , and 12 super-modules (addition of the 1/3 super-modules) in 2012 and 2013.

  Fig. A.3 shows a full size super module with 12×24 modules configured as 24 strip modules of 12 modules each. DCal super modules contain 12 × 16 modules, 16 strip modules of 12 modules each. The supporting mechanical structure of the super module hides the stacking into a nearly projective geometry which can be inferred by the different tilt of the strip modules from lower η to higher η. The electronics integration pathways

Figure A. 1 :

 1 Figure A.1: Azimuthal view from the A-side (opposite to the di-muon arm) of the full EMCal as installed into the ALICE detector. The two 1/3-size super-modules are visible at 9 o'clock position.

. 4 .

 4 Each individual module contains 2 × 2 = 4 towers built up from 77 alternating layers of 1.44 mm Pb and 1.76 mm polystyrene, injection molded scintillator. The Pb-scintillator stack in a module is secured in place by the static friction between individual layers under the overall load of 350 kg. The module is closed by a skin of 150 µm thick stainless steel All modules in the calorimeter are mechanically and dimensionally identical. The front face dimensions of the towers are 6 × 6 cm 2 resulting in individual tower acceptance of ∆η × ∆ϕ = 0.0143 × 0.0143 at η=0. The EMCal design incorporates a moderate detector average active volume density of 5.68 g/cm 3 which results from a 1:1.22 Pb to scintillator ratio by volume shown in Fig. A.4. This results in a compact detector consistent with the EMCal integration volume at the chosen detector thickness of 20.1 radiation lengths.

Figure A. 2 :

 2 Figure A.2: Cartoon of the DCal+PHOS configuration in super-modules.

Figure A. 3 :

 3 Figure A.3: View of one EMCal super-module during the installation into the ALICE detector. The cradle holds the 24 strip modules into a mechanically rigid unit. Each strip module holds 12 unit modules. On the right side the two electronics crates are visible.

Figure A. 4 :

 4 Figure A.4: Left: Internal Pb-scintillator sandwich of EMCal modules. Right: Compressed module between Al plates. Scintillator fibers inserted.

Figure B. 1

 1 Figure B.1 shows schematically the framework, essentially what it does is:

Figure B. 1 :

 1 Figure B.1: Schematic description of the CaloT rackCorrelations analysis package. Explanation of the classes: AliAnalisysTaskSE and AliAnalysisCaloTrackCorrelation, steering classes that execute the analysis; AliAnaCaloTrackMaker: main manager class that executes the different analysis modules; AliCaloTrackReader: Event selection and detector input filtering; AliAODCaloT rackP article: kinematics of identified calorimeter clusters or tracks are stored in this format (deltaAOD); AliAnaXXX, analysis modules mentioned in the text.
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  AD: Antiproton Decelerator • AFTER: A Fixed-Target ExperRiment • ALICE: A Large Ion Collider Experiment (LHC) • ATLAS: A Toroidal Lhc ApparatuS (LHC) • BNL: Brookhaven National Laboratory • BMD: Baryonic Matter at Nuclotron • CERN: Conseil européen pour la recherche nucléaire / Organisation européenne pour la recherche nucléaire / Laboratoire européen pour la physique des particules • CBM: Compressed Baryonic Matter (FAIR) • CMS: Compact Muon Solenoid (LHC) • EIC: Electron-Ion Collider • FAIR: Facility for Antiproton and Ion Research • FCC: Future Circular Collider • GSI: Gesellschaft für Schwerionenforschung • HL-LHC: High Luminosity LHC • HE-LHC: High Energy LHC • ISR: Intersecting Storage Rings • JINR: Joint Institute for Nuclear Research • J-Park: Japan Proton Accelerator Research Complex • LHC: Large Hadron Collider • LHCb: Large Hadron Collider beauty • MDB: Nuclotron-based Ion Collider fAcility • NA: North Area (CERN) • NICA: Nuclotron-based Ion Collider fAcility • PHENIX: a Physics Experiment at Rhic • RHIC: Relativistic Heavy Ion Collider • SPS: Super Proton Synchrotron • STAR: Solenoidal Tracker At Rhic • WA: West Area (CERN) ALICE Detectors • DCal: Dijet CALorimeter • EMCal: ElectroMagnetic CALorimeter • FoCal: Forward Calorimeter • FMD: Forward Multiplicity Detector • HMPID: High Momentum PID • ITS: Inner Tracking System • MFT: Muon Forward Tracker • PHOS: PHOton Spectrometer • PMD: Photon Multiplicity Detector • TOF: Time Of Flight • TPC: Time Projection Chamber • TRD: Transition Radiation Detector • SDD: Silicon Drift Detector • SPD: Silicon Pixel Detector • SSD: Silicon Strip Detector • ZDC: Zero Degree Calorimeter Theory and models • AKK: Albino-Kniehl-Kramer • AMPT: A Multi-Phase Transport model • BW: Budapest-Wuppertal collaboration • CGC: Color Glass Condensate • DSS: de Florian-Sassot-Stratman • DGLAP: Dokshitzer-Gribov-Lipatov-Altarelli-Parisi • EPOS: Energy conserving quantum mechanical multiple scattering approach based on Partons, parton ladders, strings, Off-shell remnants, Splitting of parton ladder • HIJING: Heavy Ion Jet INteraction Generator • JEWEL: Jet Evolution With Energy Loss • KKP: Kniehl-Kramer-Pötter • LO: Leading Order • NLO: Next to Leading Order • NNLO: Next to Next to Leading Order • MC-KLN: Monte-Carlo Kharzeev-Levin-Nardi • QCD: Quantum ChromoDynamics • lQCD: lattice QCD • pQCD perturbative QCD • PDF: Parton Distribution Function • nPDF: nuclear PDF • VISHNU: Viscous Israel-Steward Hydrodynamics 'n' urqmd • YaJem: Yet another Jet Energy-loss Model Other • APD: Avalanche PhotoDiode • BC: Bunch Crossing • BES: Beam Energy Scan • FEE: Front-End Electronics • FF: Fragmentation function • HIC: Heavy ion collisions • HV: High Voltage • IP: Interaction Point • LED: Light Emitting Diode • MC: Monte Carlo simulation • MIP: Minimum Ionizing Particle • PCM: Photon Conversion Method • PID: Particle IDentification • PDG: Particle Data Group • QA: Quality Assurance • QGP: Quark-Gluon Plasma • RMS: Root Mean Square • SM: SuperModule of the ALICE-EMCal • UE: Underlying Event

TABLE I :

 I 

		p+p min. bias	d+Au min. bias	d+Au central
	AN	0.081±0.005	0.073±0.003	0.067±0.004
	σN	0.18±0.01	0.20±0.01	0.22±0.02
	AB	0.119±0.007	0.097±0.004	0.098±0.007
	σB	0.45±0.03	0.48±0.02	0.51±0.03
	P	0.008±0.001	0.039±0.001	0.052±0.002

Fit parameters from Eq. 3. Errors are statistical only.

Table 2 . 1 :

 21 Parameters of Eq. (2.3) used to reproduce the non linearity in beam-test data and simulation.

		a	b	c	d	f	g
	Data 1.019 0.1976 0.865 0.06775 156.6 47.18
	MC	0.981 0.1135 1.0017 0.00968 219.4 63.16
	Position Resolution [mm]					
		1/√ Energy [GeV -1/2 ]			

  .13) 

	p iso T				
	p iso T, min				
	p iso T, max				
	0.1	σ 2 max, sig	σ 2 min, bkg	σ 2 max, bkg	σ 2 long

Photons do not have such feature.

High-p T particles or jets means p T 5 -10 GeV/c, which is still low p T in other close physics communities like high-energy particle physics.

Via gluon emission, like photon emission in QED for electric charges in strong fields, gluonstrahlung versus breemstrahlung.

Most of the high-p T hadrons are originated as leading or highest energy particles in the jet.

MPI are also possible without the QGP in pA and even pp collisions.

The higher the track p T cut, the more likely the jet did not traverse a long distance in the medium, less energy lost.

Depending the experiment, the azimuthal angle is denoted as φ or ϕ, that is why it changes in some figures.

Nuclear isospin, multi-particle interactions can have small effects to be taken into account when comparing different collision systems.

Jet measurements can already be done just with charged particles without the neutral component.

A disadvantage on central Pb-Pb collisions with many particle combinations and future Run3 (2021-2024) since a fast online reconstruction is required.

Cells very difficult to calibrate are those behind the TRD support structures
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A LED system flashes regularly the calorimeter with light to test its stability.
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This value suppresses cells with E cell <E cluster × 1.1% in the shower shape calculation.

How many cells in cluster do not have around it any other cell with higher energy. In Fig.2.20-middle n LM = 2 and in right n LM = 1.

At such forward rapidities the π 0 decay photon opening angle is at p T = 10 GeV/c of

mm.
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hadron recoil jet correlations like in [START_REF]Measurement of jet quenching with semi-inclusive hadron-jet distributions in central Pb-Pb collisions at √ s NN = 2[END_REF] by ALICE, where the background jet yield is subtracted comparing recoil jet p T spectra of two different trigger hadron ranges, in the ALICE measurement a "reference" 8 to 9 GeV/c bin dominated by background jets, compared to the "signal" 20 to 50 GeV/c bin, allows the measurement of semi-inclusive jets as low as 20 GeV/c. The jet deflection or acoplanarity from the medium can be measured subtracting the azimuthal trigger-hadron and jet distribution of the signal p T bin to the reference p T bin,

where ∆ϕ = ϕ trigger hadronϕ assoc jet (azimuthal angles) and c ref is a scale factor. Figure 4.4 shows the projection of such measurement for Run3/4, in particular, the cumulative yield Σ(∆ϕ thresh ) (integral of Φ(∆ϕ) between a threshold ∆ϕ to π, right plot) is sensitive to the acoplanarity. The projections show that small variations of the distributions compared to the pp collisions case could be measured. Such measurement with isolated photon or Z triggers could also be of interest since the trigger boson should not be deflected or loose energy, as can happen to the trigger hadron.