N

N

Charmonium production in proton-nucleus collisions at
the LHC in collider and fixed-target modes
Cynthia Hadjidakis

» To cite this version:

Cynthia Hadjidakis. Charmonium production in proton-nucleus collisions at the LHC in collider and
fixed-target modes. Physics [physics]. Université Paris-Saclay, 2020. tel-02910790

HAL Id: tel-02910790
https://hal.in2p3.fr /tel-02910790
Submitted on 3 Aug 2020

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.in2p3.fr/tel-02910790
https://hal.archives-ouvertes.fr

(]
universite

PARIS-SACLAY

N
(D)
<
Q
e
O
=
Q
(D)
S
N
(D)
o
S
(D]
(1))
o
S
o=
o
3
a
o
=
<
i
:
=
e
<
.

% CLb

Irene Joliot-Curie

Laboratoire de Physique
des 2 Infinis

Charmonium production in proton-nucleus
collisions at the LHC 1n collider and

fixed-target modes

Habilitation a diriger des recherches de 1’Université Paris-Saclay
Habilitation présentée et soutenue a Orsay, le 5 juin 2020, par

Composition du Jury :

Jean-Yves Ollitrault
Université Paris-Saclay (IPhT)

Anton Andronic
Université de Miinster

Joao Seixas
Institut supérieur technique de Lisbonne

Sergey Barsuk
Université Paris-Saclay (IJCLab)

Gines Martinez
Subatech Nantes

CyntHIA HADJIDAKIS

Président et rapporteur
Rapporteur
Rapporteur
Examinateur

Examinateur









Contents

1 Charmonium production mechanisms and nuclear effects in pA and AA collisions 3
1.1  Charmonium States . . . . . . . . . v vt vt e e e e e e e e 3
1.2 Charmonium production in pp collisions . . . . . . . . . . .. ... ... ... ... ... 4
1.3 Probing the quark gluon plasma with charmonia in AA collisions . . . . . . ... ... ... 7

1.3.1 Quarkgluonplasma . . . .. .. ... .. 7
1.3.2  Hot medium effects on charmonium production . . . . . . . . ... ... ... ... 8
1.4 Nuclear effects in pA collisions on charmonium production . . . . . . .. ... .. ... .. 9
1.4.1 Production timescales . . . . . . . . ... L L 10
1.4.2 Kinematic variables . . . . . . . ... oL 10
1.43 Observables . . . . . . . . . e 11
1.44 Cold nuclear mattereffects . . . . . . . ... .. L 12
1.4.5 Extrapolating nuclear effects from pA to AAcollisions . . . . . ... ... .. ... 16
2 Charmonium production measurements in pPb collisions at the LHC 17
2.1 ALICEdetectorsatthe LHC . . . . . . ... .. ... .. . . . 17
2.1.1 Globaldetectors . . . . . . . . ... 17
2.1.2 Centralbarrel . . . . . . . . . 19
2.1.3  Muon spectrometer . . . . . . . . . ... e e 19
2.2 Data analysis: focus on inclusive J/i production in pPb collisions at y/syxy =5TeV . ... 20
2.2.1 Rapidity shift . . . . . . . . . 20
2.2.2 Datasample and selection . . . . . .. . ... ... ... 21
2.2.3  Centrality determination . . . . . . . . . . . .. ... 21
2.2.4  Signal eXtraction . . . . . . .. ... e e e e e e 22
2.2.5 Acceptance efficiency correction . . . . . .. ... Lo Lo 23
2.2.6 Normalisation and luminosity determination . . . . . . . . ... .. ... .. ... 23
227 ppreference. . . . ... e e e 25
2.3 Results on charmonium production and interpretation . . . . . . . . . . ... ... .. ... 25
2.3.1 J/¢ measurements in pPb collisions at 4/syxy =5.02and 8.16 TeV . . . .. .. .. 26
232 P2S)results . ... . e e e e 34
2.3.3  Open heavy-flavour and bottomonium measurements and implication for charmonia 36
3 Opportunities for charmonium production in pA collisions in a fixed-target mode at the LHC 43
3.1 Main motivations for a fixed-target experiment at the LHC at high luminosity . . . . . . .. 43
3.1.1 High-xfrontier . . . . . . . . . . . . . e 44
3.1.2  Nucleon spin StruCture . . . . . . . . . v vt v vt vt e e e 44
3.1.3 Quarkgluonplasma . . . ... .. ... 45
3.2 Fixed-target implementations atthe LHC . . . . . . ... ... ... ... .. ... 46

il



3.2.1 General aspects: acceptance and multiplicity . . . . . ... ... ... ... .. 47

3222 Internal gastarget. . . . . . . . . ... e e e e e 48
3.2.3 Crystal and internal solid target . . . . . . . . ... ... L .. 50
3.3 Physics motivations for charmonium production in pA collisions at /syy =72 and 115 GeV 52
References . . . . . . . . . oL e 58

v



Introduction

The charmonium family, bound states of charm and anti-charm quarks, is an important tool for the study of
Quantum Chromodynamics (QCD) in high-energy hadronic collisions. In proton-proton collisions, thanks
to the large mass of the charm quark, the scattering process of charm quark pair production can be described
with perturbative QCD. On the other hand, the formation of the charm quark pair into a bound state is a non
perturbative process as it involves long distances and soft momentum scales. Theoretical and experimental
studies of charmonium production, as well as of open heavy-flavour and bottomonium production, provide
a testing ground for both perturbative and non-perturbative aspects of QCD calculations. In nucleus-nucleus
collisions, charmonium production is one of the probe of the hot and strongly coupled medium, the quark-
gluon plasma (QGP), created at high enough energy and/or density. In particular, the hard scattering process
of charm quark pair is expected to take place at the early stage of the collision before the thermalisation of
the QGP phase and the charm quark pair to experience the full evolution of the system. In proton-nucleus
collisions, the effects from ordinary nuclear matter, also denoted as cold nuclear matter (CNM) effects in
opposition to the QGP medium, can modify the charmonium production w.rt. to its normalised production
in pp collisions. The CNM effects include the modification of the effective partonic distribution in nuclei, the
saturation of the gluon saturation phase space at sufficiently high energy, the multiple scattering and energy
loss of partons in nuclei before and after the hard scattering, the absorption or break-up of charmonium states
in the nucleus, and the interaction with other particles produced in the collision. Studying CNM effects is
important by its own as it gives insight on the modification of the gluon densities in the nuclei, on the
interaction between a heavy-quark bound states with light hadrons, or on the medium-induced energy loss
of heavy-quark pair. Such studies are also used in the interpretation of charmonium measurements in AA
collisions where CNM effects may modify the charmonium yield additionally to the QGP.

In Chapter 1, the production mechanisms of charmonium in pp collisions and the nuclear effects on
its production in AA and pA collisions will be discussed. In particular, the CNM effects that arise in pA
collisions, as well as the observables used to quantify them, will be described in details.

Charmonium production in pPb collisions at the LHC will be described in Chapter 2. In particular,
the analysis of inclusive J/¢ production at +/syy = 5.02 TeV with the ALICE muon spectrometer will be
detailed. The results on charmonium production at +/syx = 5.02 and 8.16 TeV will be discussed, also in the
context of LHC and RHIC results on open and hidden heavy-flavour measurements in pA collisions.

Finally, the physics opportunities to study charmonium production in pA collisions in a fixed-target mode
at the LHC will be discussed in Chapter 3. The general motivations for a fixed-target experiment at the LHC
will be presented, as well as the possible and current implementations. The physics opportunities and the
expected performances in the case of charmonium production in pA collisions will be described.






Chapter 1

Charmonium production mechanisms and
nuclear effects in pA and AA collisions

The charmonium family is extensively studied theoretically and experimentally since its discovery in 1974
as it provides a testing ground for both perturbative and non-perturbative aspects of QCD calculations in
high-energy hadronic collisions. In heavy-ion collisions, it is an important process used to characterise the
quark-gluon plasma formed in nucleus-nucleus collisions and to probe the cold nuclear matter effects that
arise in proton-nucleus collisions. In the following, the charmonium states and its production mechanism in
pp collisions will be briefly described. Hot medium effects on charmonium production in AA collisions will
be then discussed. Finally, the cold nuclear matter effects than can modify charmonium production in pA
collisions will be reviewed in details.

1.1 Charmonium states

Charmonium is a flavorless meson that consists of a charm quark and a charm antiquark. The J/y¥ was
the first discovered charmonium in 1974, thanks to its large cross section, significant branching ratio for
muonic decay and low mass of 3.1 GeV/c?. Its two-letter name was formed from the names given by the
two simultaneous discoverers: "J" from the group of BNL and "Psi" from the one of SLAC. The discovery
of excited states, such as the first J/y excited state, /(2S), came fastly afterwards. Nowadays, 17 states of
charmonium have been experimentally established [1]. The lowest mass charmonium is the 7.(1S) with a
mass of 2.98 GeV/c?. Figure 1.1 shows the charmonium family states, their quantum numbers and hadronic
decay modes.

Thanks to the hadronic and radiative transitions, a given charmonium state can be the product of the
decay of an excited state. One refers to direct production whenever a given state is directly produced and to
indirect if it originates from the feed-down of an excited states. The sum of these two contributions give the
prompt contribution. It is crucial to measure precisely the feed-down contribution of a given state in order to
interpret its measurements. Table 1.1 [2] summarizes the feed-down fraction for J/iy in hadroproduction at
LHC energies. Low (high) pt corresponds to pr values of about 2 (14) GeV/c.

‘ direct ‘ from y .1 ‘ from y .o ‘ from yY(25)
795+4% | 8+2% | 6x1.5% | 6.5+1.5%
645+5% | 23+5% | 5+2% | 7.5+0.5%

low pr J/y
high pr J/y

Table 1.1: J/i feed-down contribution at LHC energies [2].

In addition, the weak decay of beauty mesons can lead to a charmonium state. This represents the
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Figure 1.1: Charmonium family with experimentally established c¢ states. Spin-singlet states are called
n. and h., spin-triplet states ¢ and y.j, and unassigned charmonium-like states X. Only observed hadronic
transitions are shown. The single photon transitions ¢(nS) — yn.(mS), ¥(nS) — yyy(mP), and y(1P) —
vJ /Y are omitted for clarity. Figure from [1].

non-prompt contribution to charmonium production. Since the b-hadron lifetime is large, it is possible
experimentally to separate the prompt from the non-prompt contribution thanks to a vertex detector with
a good precision that allows to isolate the b-decay vertex from the main collision vertex. The inclusive
production is the sum of the prompt and the non-prompt contributions.

1.2 Charmonium production in pp collisions

The charmonium, and more generally the quarkonium production, is extensively studied since its discov-
ery by different theoretical approaches. Nowadays, its production can be described within the Quantum
Chromodynamics (QCD) framework by assuming a factorisation between perturbative and non-perturbative
processes.

In pp collisions, the hard scattering of partons inside the two colliding hadrons can result in the produc-
tion of the charm quark pair. This process can be described perturbatively because of the large mass of the
charm quark. The cross section of this process can be written as:

Oz = Z fdxi dx;j fi(xi, pur) fi(Xj, 1F) Tijmsce(Xis Xjy JoF Rs V/S) (L.1)
iJ

where x; ; are the fractions of the hadron momenta carried by the partons i and j, f; ; are the Parton Distribu-
tion Functions (PDFs) and 07;;_, ¢z is the partonic cross-section. There are two scales entering the equation:
the factorisation and the renormalisation scales, pr and ug, respectively. These scales are introduced to can-
cel the divergences that appear in the calculations of the Feynman diagram at limited order of the coupling
constant as. The renormalisation scale, entering the c¢¢ pair production amplitude, cancel the ultraviolet
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divergences due to large momentum in the loop of Feynam diagram and the infrared divergences that arise
in case of zero momentum of real or virtual particle. The factorisation scale, of which the PDFs and the pro-
cess amplitude depend on, cures the infrared divergences that appear when massless particles radiate other
massless particles. These scale values are not physical and unknown. They are usually fixed to a physics
meaningful value such as the produced particle transverse mass and they are varied in the calculations (e.g.
2u and u/2) in order to test the sensitivity of the theory to those parameters.

At LHC energy, heavy quarks are mainly produced by gluon fusion [3] and the gluon PDFs, such as
MSTWOS (see e.g. [4]), extracted from deep inelastic scattering and Drell-Yan data, are used.

The c¢ pair evolves then into a charmonium state. The hadronisation is a non perturbative process and
is described theoretically by three different approaches: the Color Evaporation Model (CEM), the Color
Singlet Model (CSM) and the Non-Relativistic QCD model (NRQCD).

The CEM considers that every cc pair produced with a mass above the charm pair threshold production
and below twice the open heavy flavour (D meson) threshold production evolves into a charmonium. Since
the cc pair can be produced in a color-singlet or color-octet state, this model assumes that the color of the
produced color-octet c¢ pair "evaporates" through gluon emission that does not change its momentum. The
charmonium cross section is then simply an integral over the mass of the charm pair:

2mD o -
oy =F, fz 7 dmee (1.2)

me dmez

where the phenomenological factor F, represents the probability for the cc pair to evolve into a given char-
monium state. It is a constant defined for a given charmonium state that can be obtained from its total cross
section. This model is quite successful to describe a large set of data but does not provide any predictions
for the polarisation of charmonia.

The CSM assumes no evolution of the quantum state of the pair (spin, colour) between its produc-
tion and its hadronisation into a charmonium state. Therefore, the hard scattering can produce only color-
singlet cc pairs. The name "Color Singlet Model" refers to this assumption.The cross section depends on the
Schrédinger wave function at the origin in the position space and can be written as:

oy = Tl (1.3)

This model is predictive for hadroproduction data since (0) can be extracted from charmonium decay width
measurements. It reproduces well the hadroproduction cross section at low pr. It however largely underesti-
mates the large pt spectra. It was found that higher order corrections in as are larger than the Leading Order
(LO) calculations and are needed for describing the full py spectrum [2].

Finally, NRQCD is an effective model that considers charmonia can be formed from a c¢ pair either
in a color-singlet or a color-octet state. The different probabilities for the transition from a c¢ pair to the
charmonium are encoded in the Long Distance Matrix Elements (LDMEs). In that model, the charmonium
cross section can be written as:

Ty = Z Z f dx; dx; fi(xis ) fi(x)js F) Tijosce, (Xis Xjs fiF s 4> \/$) LDME(Y, n) (1.4)
nooij

with n representing the different quantum number of the c¢ pair for a given charmonium state. An extensive
set of data sample on charmonium production is then needed to extract the LDMEs. The NRQCD models
describe generally well the high-pt charmonium measurements but can not be extended to low pr since the
NRQCD factorisation of Eq. 1.4 is assumed to hold when the momentum transfer p in the hard-scattering
production process is of the order of m, or larger.

The left panel of Fig. 1.2 shows the inclusive J/y pr-differential cross-section in pp collisions at /s =
13 TeV at forward rapidity as measured by ALICE [5]. The data are compared to calculations for prompt
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Figure 1.2: Differential cross-section as a function of pr at /s =13 TeV as measured by ALICE [5] for
inclusive J/yr and compared to theoretical models. In the model calculations, the contributions from prompt
and non-prompt J /s are separated on the left panel, while they are summed up on the right panel.
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Figure 1.3: Differential cross-section as a function of pr at /s =13 TeV as measured by CMS [6] for prompt
J/y and ¥(2S) for |y| < 1.2 and compared to NLO NRQCD.

J/y from a NRQCD model at NLO [7] and a NRQCD model coupled to a Color Glass Condensate (CGC)
description of the low-x gluons in the proton [8]. Since the measurement is inclusive for these data, the
non-prompt contribution estimated from FONLL calculations [9] is also shown. This contribution is of the
same order as the prompt one at pt = 15 GeV/c and is lower than 10% for pt < 8 GeV/c. On the right panel
of Fig. 1.2, the data are compared to the sum of the NRQCD and FONLL calculations. Figure 1.3 shows
the prompt J/y and (25 cross sections as a function of p in a large pr interval for pr > 20 GeV/c from
CMS [6]. The data are also compared to the NRQCD model at NLO [7] for prompt J/i and (25 ). Within
uncertainties, the calculations from NLO NRQCD (with the FONLL contribution for ALICE data) agree
with the LHC data over a large pr interval for pr > 5 GeV/c. At lower pr, the calculations from NRQCD
coupled to CGC describe well the data.



In order to better constrain these models, it is valuable to get precise charmonium measurements as
a function of transverse momentum, rapidity and at various energies. The charmonium polarisation mea-
surement is also crucial since the various approaches give different expectations/predictions. Associated
production of charmonium (charmonium associated to a jet, double charmonium production, etc) is another
tool to dig into the charmonium production mechanism. Studies of bottomonia, bound state of beauty and
anti-beauty quarks, allow one to constrain the models at a larger mass scale.

1.3 Probing the quark gluon plasma with charmonia in AA collisions

1.3.1 Quark gluon plasma

The quark gluon plasma (QGP) is a state of matter predicted by lattice QCD to exist at high temperature
and/or energy density. This matter consists of deconfined quarks and gluons. The temperature (7°) and
baryo-chemical potential (up) define the phases of the QCD matter. When the temperature or energy density
decreases, the quarks and gluons hadronize and there is a transition between the QGP and the hadronic matter
as shown in the QCD matter phase diagram in the left panel of Fig. 1.4. Lattice QCD calculations from the
HotQCD Collaboration predicts that at up = 0, the critical temperature (7.) that defines a deconfined QCD
medium is 7, = 156.5 + 1.5 MeV [10].
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Figure 1.4: Left: Sketch of the QCD matter phase diagram. Right: Schematic view of the space-time
evolution of the QGP as generated in an ultra-relativistic heavy-ion collision. The given values of the phase
lifetimes correspond to LHC energies and to the core of the created fireball. Figure from [11].

It is believed that the Universe was in a QGP state up to a few microseconds after the Big Bang. Exper-
imentally, this state of matter can be created by colliding heavy-ions at very high energy. The space-time
evolution of the two heavy nuclei interaction is illustrated in the right panel of Fig. 1.4. At the initial stage of
the collision, the partons from the two incoming nuclei scatter and quarks, gluons and other hard-scale states
are created through hard processes. Then the medium made of deconfined partons thermalize though multi-
ple parton scattering. This is the QGP phase with a non-equilibrium and an equilibrium phases. The system
continue then to expand and to cool down and, below T, the partons hadronize and the system becomes a hot
hadronic gas. One can then distinguish the chemical and kinetic freeze-out stages. At chemical freeze-out,
there are no more inelastic interactions and the number of formed hadrons in the collision is defined. At
kinetic freeze-out, the density is too low and there are no more elastic interactions between the hadrons and
the kinematics of the produced hadrons do not evolve anymore.

In heavy-ion collisions, many particles are produced. For instance, in PbPb collisions at +/syy =
5.02 TeV, 21.4 k charged particles are produced in the 5% most central collisions [12]. Various probes
can then be used to study the QGP, such as:



particles at low pt made of light quarks (soft particles): multiparticle correlations give access to the
bulk properties in a hydrodynamic picture,

strangeness production: strangeness particles are predicted to be enhanced in a QGP,

jet and high pr particle production: jets are quenched due to parton energy loss in a QGP,

electromagnetic probes such as direct photons and dileptons productions at low pt: thermal photons
can be radiated in QGP and hot hadronic matter phases,

quarkonium production, see next Section.

Heavy-ion experiments have searched for the QGP phase since 1980. Experiments at the SPS at CERN
first announced evidences of a new state of matter in 2010. In the same year the RHIC experiments at BNL,
after ten years of operation, published new results stating that the observations obtained so far in AuAu
collisions at 4/syy = 200 GeV suggest interactions between quarks and gluons in the medium formed in the
collisions. After this period of discovery, the RHIC experiments continued the exploratory phase of QGP by
collecting high statistic data. The LHC extended the exploratory phase of the QGP by using PbPb collisions
at 4/syn = 2.76 and 5.02 TeV. Such high energetic collisions form the longest-lived deconfined medium
with the highest energy density over the largest volume ever produced in the laboratory, at nearly vanishing
up. The set of results obtained at the LHC have refined the physical picture established at RHIC: an almost
perfect fluid with vanishing mean-free path and high color charge density that leads to a medium opaque to
the energetic colored particles that traverse it. At LHC, collective-like dynamics in high multiplicity pp and
pPb collisions have also been discovered, questioning the origin of the collective patterns. Ongoing studies
and future measurements at RHIC and the LHC will allow one to better constrain the QGP properties and
define the dynamical origin of the collective behaviour.

1.3.2 Hot medium effects on charmonium production

Studying the particle production in heavy-ion collisions can probe the QGP created in such collisions. Parti-
cles made of heavy quarks are particularly interesting as heavy quarks are expected to be produced by hard
partonic scatterings in the initial stage of the collision before the thermalization of the QGP phase and to
experience the full space-time evolution of the system. Also in contrast with light hadrons, charmonium
masses are largely determined by the bare charm quark masses. These large quark mass allow a calculation
of many basic charmonium properties using a non-relativistic potential theory, as illustrated in Table 1.2 for
the mass, binding energy and radius of some quarkonium states. These tightly bound states and of very small
spatial size, such as the J/y, are not expected to be dissociated by hadronic interaction.

It was predicted in [13] that the production of quarkonia is suppressed in case of a QGP formation
with respect to its production in a hadronic medium. The suppression would arise from the color screening
of the force that binds the ¢g state. In this scenario, since the binding energy and radius depends on the
quarkonium state, quarkonium suppression should occur sequentially [14]. For the charmonium family, the
strongly J/y bound state should melt at higher medium temperature than the more loosely bound states: the
Xcand ¥(2S). Since the y, and /(2S) contribute to the J/i production from feed-down (indirect production),
the J/¢ production in the hot medium should be first suppressed from (25 ) melting, then from y,. melting
and finally from direct J/i melting. However, this prediction of a J/y sequential suppression pattern is
complicated by several other effects: the regeneration process in hot medium and various effects in cold
matter that we will discuss in Section 1.4.

At LHC energy, the charm cross section is large and lead in heavy-ion collisions to a large number of
charm quarks in the deconfined medium. These charm quarks could combine and produce charmonium states

8



State | I xe(IP) y(2S) | TAS) xp(IP) TQ2S) xp(2P) Y(3S)

Mass [GeV/c?] 310 353 368 | 946 999 10.02 1026 10.36
Binding energy [GeV] | 0.64 020 005 | 1.10 0.67 054 031 020
Radius [fm] 050 072 090 | 028 044 056 068 078

Table 1.2: Masses, binding energies and radius of the charmonium and bottomonium states obtained from
a non-relativistic potential model [15]. The binding energies are the differences between the quarkonium
masses and the open charm or beauty threshold, respectively.

in the QGP or at the phase boundary between the QGP and the hadronic matter [16, 17]. In this scenario of
regeneration, charmonium production is enhanced in the QGP with respect to a hadronic medium.
Experimentally, charmonium production can be compared to its production in pp collisions. In that case,
one defines the nuclear modification factor R44 that can be written as:
Yan

Rap = ————— (1.5)
Tap X Opp

where Y44 is the charmonium invariant yield in AA collisions, T44 the nuclear overlap function calculated
using the Glauber model and o, the cross section measured in pp collisions at the same energy. Rpa is
expected to be equal to unity if the AA collision consists of an incoherent superposition of nucleon-nucleon
collisions, i.e. without nuclear effect.

The azimuthal anisotropy of the final-state particle momentum distribution is sensitive to the geometry
and the dynamics of the early stages of the collision. The spatial anisotropy in non-central collisions is ex-
pected to be transferred to the final momentum via multiple collisions in case of a strongly coupled medium.
The second coefficient (v2) of the Fourier expansion of the particle azimuthal distribution with respect to
the reaction plane is called elliptic flow. Here the reaction plane is defined by the beam axis and the impact
parameter vector of the colliding nuclei. If charm quarks thermalize in the QGP, then regenerated J/y can
have a large v,. In contrast, for primordial J/¢ that survive the QGP, only a small azimuthal anisotropy is
expected due to the shorter in-plane versus out-of-plane path length in non-central collisions.

Measurements carried out at SPS and RHIC energies have revealed a suppression of J/i production in
the most central collisions [18, 19, 20, 21]. At the LHC energy, the suppression of J/i was found to have
a lower magnitude in the low pr region, below ~ 6 GeV/c [22, 23]. These results suggest a non-negligible
contribution from J/y produced via the combination of charm quarks in the medium at LHC. In addition,
non-zero v, were observed for D [24, 25] and J/y [26] mesons in semi-central PbPb collisions at +/syy =
5.02 TeV, suggesting that charm quarks thermalize and flow with the bulk of particles during the QGP phase.

However, for a correct interpretation of the energy, rapidity and pt dependence of the measured suppres-
sion, different effects such as those due to cold or hot nuclear matter have to be considered. The cold nuclear
matter (CNM) effects, that will be described in the next section, can influence the quarkonium production in
heavy-ion collisions without the need of the QGP formation. Characterizing the QGP produced in heavy-ion
collisions therefore requires an accurate study of the cold nuclear matter effects.

1.4 Nuclear effects in pA collisions on charmonium production

The cold nuclear matter (CNM) effects modify the production of charmonium production in nuclear colli-
sions with respect to pp collisions and can be precisely measured in pA collisions, where one does not expect
hot nuclear matter effects. These effects include the modification of the effective partonic distribution in nu-
clei, the saturation of the gluon saturation phase space at sufficiently high energy, the multiple scattering of
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partons in nuclei before and after the hard scattering, the absorption or break-up of charmonium states in the
nucleus, and the interaction with other particles produced in the collision. In this Section, typical timescale
and kinematic relative to pA collisions will be presented, the CNM effects will then be described in details
and the interpolation of the nuclear effects from pA to AA collisions will be shortly discussed.

1.4.1 Production timescales

The CNM effects often refer to various time scales entering the process of charmonium production:

e production time (or coherence time): it is the QQ pair production time and is of the order of 7, =
1/mgp < 0.1 fm/c in the QO rest frame. In the rest frame of the target nucleus, the production time is
e = Epp /m2Q 0 where E ) is the heavy quark pair energy in the nucleus rest frame.

e formation time: it is the time needed by the QQ pair to develop the charmonium wave function and is
much larger than the coherence time. Using the uncertainty principle, it is related to the mass splitting
between the 1S and 28 states [27]: 7y = 1/(mas — mys) ~ 0.3 fm/c. In the nucleus rest frame, this
formation time is denoted as 7.

e color neutralisation time: it is the time for the QQ pair to neutralise its colour. In the colour singlet
model, this process occurs though the emission of a perturbative gluon and should thus occur in a
time comparable to 7.. In the colour octet and colour evaporation models, colour neutralisation occurs
through a soft process on a long timescale, of the order of the quarkonium formation time, 7.

e crossing time: it is the time spent by the QQ state in the nucleus. It is given by Teross = L/Bry [28],
where L is the longitudinal path of the QQ pair or formed charmonium through the nucleus, 3, and

y = 1/ /1 — g2 are the velocity and Lorentz factor of the charmonium along the beam direction in the
nucleus rest frame.

1.4.2 Kinematic variables

If one assumes a 2 — 1 partonic process for charmonium production, there is a direct correspondence
between the longitudinal momentum fractions x; and x; of the partons struck in the nucleons and the rapidity
Yems Of the produced particle in the nucleon-nucleon center-of-mass (cms) frame:

eYems and x, = ¢~ Yems (1.6)

SNN SNN

X1 =

with m the mass of the produced particle. So, the momentum fraction of the parton probed depends on the
rapidity coverage (detector acceptance), the mass of the particle produced and the center-of-mass energy of
the reaction. However, this is a simple assumption, and the x values differ if one assumes different underlying
partonic production processes, such as a2 — 2 partonic process, where the extra degree of freedom can arise
from the transverse momentum of the particle produced.

In addition to the usual kinematic variables used in hadronic collisions, such as the rapidity and the
transverse momentum, the Feynman variable xg is often used in pA collisions to describe charmonium
production where:

_ 2p; _ 2mrsinh(y)

VSN Vswn
with p,, y and mr the charmonium longitudinal momentum, rapidity and transverse mass. Assuminga?2 — 1
process with pt = 0, one ends up with xp = x; — x3.

XF 1.7)
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1.4.3 Observables

As for the AA case, the nuclear modification factor is often used to quantify the nuclear effects in pA
collisions:

Ypa

Rpu = (1.8)

TpA X Opp
where Y4 is the charmonium invariant yield in pA collisions, T4 the nuclear overlap function calculated
using the Glauber model and o, the cross section measured in pp collisions at the same energy. This factor
can be estimated for different selection on event centrality and as a function of the kinematic variables pr
and rapidity. For minimum bias events, one can also directly use:

O'pA

Rpsy = ——,
p AX oy,

(1.9)

with A the atomic mass number of the nucleus. In past experiments, the nuclear modification was estimated
with @ such as:

Opa = 0pp A (1.10)

In the absence of CNM effects, R,4 and « are expected to be equal to 1.
In order to avoid the use of o, the forward-to-backward ratio is also defined as:

O pA (Yems)

RFB@cms) = .
O pA (=Yems)

(1.11)

This is very useful to cancel out some of the experimental uncertainties and the o, uncertainties that appears
in the R4 results. However, since the absolute value of the rapidity interval in the backward and forward
rapidity intervals has to be the same, this factor is obtained at a cost of reduced statistics w.r.t. Rppp.

The (pr) and {p7>) are observables that allow to quantify the nuclear effect on the pr distribution. In
particular, the pt broadening, Apr, is defined as:

Ap12) = (pr2)pn — (P12 (1.12)

and is expected to be null when there is no nuclear effect in pA.

In pPb collision, the nuclear modification factor as well as the pr broadening can also be measured as
a function of the centrality of the collision. Indeed the CNM effects are expected to be the largest for the
most central collisions. The event centrality can be estimated from the energy deposited in the Zero Degree
Calorimeter in ALICE, and the geometry of the collision can be defined thanks to a Glauber model as it will
be explained in Section 2.2.3.

It is also possible to perform a measurement of the charmonium yield and (pt) as a function of the
charged-particle pseudo-rapidity density, dN/dr, measured at mid-rapidity. Such measurements can be
normalised to their average values and do not require an interpretation of the event classes in terms of the
collision geometry. They can be compared to the same measurements performed in pp collisions. A mea-
surement as a function of the multiplicity allows one to select events with very high multiplicities of charged
particles where collective-like effects may arise and establish a connection with multiplicity measurements
for other probes.

The azimuthal anisotropy of charmonia in non-central pA events (e.g. v;) is also used in order to search
for collective effects in pA as in AA.
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1.4.4 Cold nuclear matter effects

Nuclear parton distribution functions The dynamics of partons inside free protons may be different from
those in bound nucleons inside a nucleus due to the larger density of partons in a nucleus. As a consequence,
the free proton PDF of Eq. 1.1 can be modified in a nucleus by a nuclear modification factor R? such as:

SR ) = R, ) X filx, i) (1.13)

fl.A(x, ,u%) is the nuclear parton distribution function (nPDF). As illustrated in the left panel of Fig. 1.5, the
dependence of the nuclear modification factor factor over x defines four regions. The shadowing region
covers small x < 5 x 1072 where Rf.‘ is lower than 1. The anti-shadowing region lies at intermediate x values
5x1072 < x < 5% 107" where Rf is higher than 1. The EMC-effect region, named after its observation by
the EMC Collaboration [29], cover the high x > 5X 107! where Rf is lower than 1. Finally the Fermi-motion
region is defined for x — 1, where Rl‘.1 is higher than 1.

The parametrisation of R;‘ for each nucleus and parton flavour are determined as a function of x and
factorisation scale from global fit analyses of lepton-nucleus and proton-nucleus data, as for instance the
EPPS16 [30] and nCTEQ15 [31] analyses. The right panel of Fig. 1.5 shows the gluon nuclear modification
factor from the EPPS16 analysis at Q?=1.69 GeV?/c?. The uncertainty in that analysis is very large at small
X, in the shadowing region, and at very large x, in the EMC-effect region, because of the lack of existing data
that probes the gluon content of nucleon. Note the uncertainty decreases with increasing Q?. With the LHC
data, the nuclear gluon distribution can be further constrained from electroweak bosons and heavy-flavour
productions [32, 33].
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Figure 1.5: Left: illustrative picture of the parton nuclear parton distribution function as a function of the
parton longitudinal momentum fraction of the nucleon, x. Picture from [34]. Right: nuclear modification
factor as a function of x from EPPS16 analysis at 0%=1.69 GeV? [30].

In the case of J/y production, the left panel of Fig. 1.6 shows the x-range of the parton in the nucleus
probed by four experiments: NA3, E866, PHENIX and ALICE, operating at various center-of-mass energies
per nucleon pair. A simple 2 — 1 partonic process was assumed for this calculation. At forward rapidity
in ALICE, J/¢ production involves gluons with a x value that can be down to 5 x 10~ while at backward
rapidity, the x value is of the order of 5 x 1072, quite similar to the values probed at mid-rapidity with
PHENIX or with the fixed-target experiment E§66. In the nPDF framework, a scaling of the nuclear effect
with x; is expected. This scaling is not observed if one considers the @ factor from Eq. 1.10 as a function
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of x, and measurements from NA3, E866 and PHENIX as shown in the right panel of Fig. 1.6. This scaling
violation may be attributed to other CNM effects such as nuclear absorption or coherent energy loss.
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Figure 1.6: Left: x-range probed by NA3, E866, PHENIX and ALICE experiments by assuming x, =
mr/\syy e>M. Right: a as a function of x; and xr from NA3, E866 and PHENIX experiments. Figure
from [35].

Parton saturation in the nucleus The suppression of small-x parton in the nucleus can alternatively be
described within the Color Glass Condensate (CGC) theoretical framework [36], where the initial nucleus
is seen as a coherent and dense gluonic system. While in the nPDF approach, the small-x evaluation of the
PDF is described with the DGLAP linear evolution equation, the CGC framework is based on the JIMWLK
non-linear evolution equations that describes the saturation of the gluon density in the nucleus at small-x. In
charmonium production models [37, 38, 39, 40, 41], multiple scattering of the initial gluons and produced
heavy-quark pair traversing the dense nucleus are also considered. The numerical values obtained are often
valid only for a restricted interval of rapidity, y > 0, where the nucleus can be seen as a dense system and the
incoming proton is treated as a dilute system. This approximation allows for a factorization between a dense
system described by the CGC and a dilute system parametrized with the usual PDFs.

The left panel of Fig. 1.7 shows the comparison of the J/¢ nuclear modification factor measured at
forward rapidity with PHENIX with the CGC model from [38]. While at pr > 4 GeV/c there is a good
agreement between the calculations and the data, the large Cronin peak at pr ~ 2 GeV/c from multiple
scattering in the model is not seen in the data.

In the CGC approach from [41], soft color exchanges between the c¢ pair and the sources (i.e. the proton
or nucleus) can also affect the charmonium production. The effect from soft color exchanges with the sources
has little impact on the J/i but not on the (2S') which is more weakly bound.

Parton multiple scattering and energy loss Multiple scattering of partons and of the ¢¢ pair in the nucleus
before and/or after the hard scattering can lead to radiative or collisional parton energy loss and consequently
to the broadening of the charmonium transverse momentum. The latter is also known as the Cronin effect.
The multiple scattering is often characterised by the transport coefficient of cold nuclear matter, §.

The approach from [42] is based on the transport properties of the partons in large nuclei. When the
scattering from the medium is largely incoherent, the parton modification is dominated by transverse mo-
mentum broadening that leads to the large Cronin-like enhancement at intermediate pt of the order of few
GeV/c. Instead, when the longitudinal momentum transfer is small compared to the inverse path length of
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the parton as it propagates through the nucleus, the scattering becomes coherent, which can lead to atten-
uation, or shadowing. Multiple scattering also leads to medium-induced radiative corrections that have the
interpretation of energy loss in the limit of soft gluon emission.

In the model from [43], the J/iy production in pA collisions is described within the dipole approach,
assuming the dominance of the CSM mechanism for the pr-integrated cross section. Shadowing and energy
loss contributions are accounted for. In particular, the propagation and attenuation of the dipole c¢ pair in
nuclear matter and the gluon shadowing leads to a J/i suppression that increases with the colliding energy
because the dipole cross section increases accordingly. The energy loss contribution is significant at forward
rapidity at RHIC energy. In order to reproduce the almost constant and large J/i suppression observed at
low pr from RHIC to LHC energy, another contribution from multiple colour exchange interaction of a
cc pair with different bound nucleons in the nuclear matter was introduced. This contribution leads to J/y
enhancement in nuclei w.x.t. proton and is more important at high energy.

Finally, coherent energy loss was proposed in [44] to explain the large J/i suppression observed at for-
ward rapidity/large xr from AGS to RHIC energy. In this model, the charmonium is assumed to be produced
from the splitting of a gluon into a c¢ pair in an octet state. At large c¢ pair energy and small production
angle in the nucleus rest frame, the medium induces energy loss that scales as the c¢ pair energy. The gluon
radiation induced by the medium arises from the interference between the initial and final state emission am-
plitudes, hence it is a coherent energy loss process. Coherent energy loss depends on the production process
and while it is also predicted for open heavy flavour meson production, it is not for Drell-Yan production.

The right panel of Fig. 1.7 shows the comparison of the J/y normalised cross-section ratio ! between
W and Be measured at E866 at the AGS [45] with the coherent parton energy loss model from [44] that
describes well the broad xy interval.
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Figure 1.7: Left: J/¢ nuclear modification factor as a function of pr 1.2 < y < 2.2 at PHENIX compared
to a CGC model [38]. Right: J/¥ normalised cross-section ratio between W and Be as a function of xp at
E866 [45] as compared to an energy loss model [44].

Nuclear absorption Final-state inelastic interactions can dissociate the c¢ bound state when passing through
the nucleus, leading to a suppression of charmonium production. In that case, one expects different disso-

'E866 released the parameter @ such as o4 = oy X A® where A is the atomic mass number and oy the cross section on a nucleon.
Measurements were performed for Be, Fe and W targets. From «, one can compute the normalised cross-section ratio between two
targets such as: Rw/g. = Ryw/Rpse = (Aw/Age)*! where Roa = 0pa/(A X o).
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ciation rate depending on the bound state radius, i.e. more suppression for (2S) than J/¢ according to
Table 1.2. To quantify this effect, the break-up or absorption cross section, o5, Was defined. It represents
the inelastic cross section of a charmonium state with a nucleon. Since the J/i is not necessarily fully
formed, 0,5, can rather be seen as an effective J/y-nucleon cross section. Various studies were carried out
to extract it from pA measurements, by assuming a factorisation between the charmonium production and
its absorption in the nuclear matter. Most of these studies show that o ;s decreases with the colliding energy
at mid-rapidity [46] and with a decreasing time spent in the nucleus [47]. Indeed, at large energy, the for-
mation time 7y becomes much larger than the nuclear size. Consequently, the charmonium state is produced
far outside the nucleus and should not be sensitive to nuclear absorption. This is the case at LHC energy
for almost all rapidity intervals but very large backward rapidity interval, y < —3.8 [48]. At lower colliding
energy, nuclear absorption can not be excluded and has to be considered when interpreting results obtained
with ion beam/target.

Comoving particles In order to describe the SPS pA and AA results on J/¢ and ¥(2S) production, it
was proposed that the charmonia, produced outside of the nucleus and surrounded by a dense system of
hadrons, mainly pions, could convert into open charm due to the interactions with the comoving medium.
The comovers are defined as particles produced at the same rapidity as the charmonia. This purely final-
state effect could describe well the SPS data [49] in heavy-ion collisions, when considering it on top of the
effect from nuclear absorption. It was also used to describe the RHIC and LHC data [50, 51] in addition
to the nPDF initial-state effect. Since the ¥(25) is less bound than the J/iy, this model can reproduce the
relative suppression of (2S) to J/y as observed at PHENIX [52] at backward and mid-rapidity in pAu
and dAu collisions, as shown in the left panel of Fig. 1.8. In that model, the comoving particles can also
suppress slightly the J/i production, in particular at backward rapidity in pA collisions (corresponding to
the nucleus-going direction), characterized by a larger charged-particle multiplicity.
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Figure 1.8: Left: double ratio of ¥(2S5) to J/¢ production in pp and p (or light nucleus)-A collisions as
a function of rapidity at PHENIX and comparison with a comover model [51]. Right: J/¢ and ¥(2S)
nuclear modification factor in dAu collisions at PHENIX and comparison with calculations from a transport
model [53]. In that model, CNM effects include shadowing and multiple scattering in the initial state.

Hot nuclear matter effect in pA The discovery of long-range correlations in high-multiplicity pp and
pA collisions at RHIC and LHC has increased the interest of the heavy-ion community for small collision
systems. Further studies using multi-particle correlations [54, 55, 56] support the interpretation of collective
origin to explain the observed long-range correlations in pp and pA collisions. It is however not clear
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whether the collective effects in small systems at high multiplicity have the same origin as those observed
in AA collisions. For charmonium production, some transport models [57, 58, 53] assume that hot fireballs
are created in the most central collisions in pA collisions. The relative suppression of ¢(25) w.rt. J/i as a
function of the number of binary collisions is shown in the right panel of Fig. 1.8 for mid-rapidity interval
at RHIC. The data are well reproduced by those transport models, e.g. the calculations from [53] which is
also displayed in the Figure. In this model, the final state effect from the hot medium is considered on top
of the CNM effects. Also, the regeneration component of the charmonium production in pA collisions is
found to have a small effect at RHIC and LHC. Note that in [59], a model based on the transport approach
considers the dissociation of the ¥(2S5) in both QGP and hadron gas to describe the y/(2S) suppression in
dAu collisions at RHIC.

1.4.5 Extrapolating nuclear effects from pA to AA collisions

It is important to understand whether cold nuclear matter effects can be extrapolated from pA to AA col-
lisions. Some models assume a factorisation of the CNM effects in AA collisions and related works show
that the cold nuclear matter effects can be extrapolated from pA to AA in nPDF model, see e.g. [60], and
coherent energy loss model [61]. Note that in those models, the nuclear effect on charmonium excited states
production is similar to that on the J/i one. Since additional nuclear effect was measured for ¥(25) w.r1.
J/y production, a factorisation approach of the CNM effects should consider this additional effect, if possi-
ble. Also it is crucial to investigate if such additional nuclear effect applies to direct J/i and y. production.
Measurements on y,. production in pA collisions are however still lacking. First measurements were carried
out at RHIC [28] but the large uncertainties prevent any firm conclusion.

On the other hand, other models consider that the extrapolation of the CNM effects measured in pA
collisions to AA collisions is delicate due to interference effects between the two nuclei involved in the
collisions, such as in the approach from [62].
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Chapter 2

Charmonium production measurements in
pPb collisions at the LHC

In 2013 and 2016, the LHC delivered pPb collisions at y/syy = 5.02 and 8.16 TeV, respectively, as part of the
LHC heavy-ion program. These runs provided to the LHC experiments, ALICE, ATLAS, CMS and LHCb
large luminosities and high statistical data samples, in particular at /syy = 8.16 TeV. In this Chapter, we
will focus on charmonium production measurements in the backward (-4.46 < ycms < —2.96) and in the
forward (2.03 < yems < 3.53) center-of-mass rapidity intervals in ALICE. First, the ALICE detectors will
be briefly described, then the data analysis on J/y production in pPb collisions at /syy = 5.02 TeV will be
detailed and finally the results on charmonium production in pPb collisions at 4/syy = 5.02 and 8.16 TeV
in ALICE will be discussed, also in the context of other results from LHC and RHIC on open and hidden
heavy-flavour measurements.

2.1 ALICE detectors at the LHC

ALICE is the LHC experiment dedicated to the study of the QGP. The ALICE detectors (see Fig. 2.1) are
composed of global detectors, that trigger on minimum bias events and give information on the event char-
acteristics, such as event plane and centrality, of a central barrel at mid-rapidity and of a muon spectrometer
at forward rapidity. In that section, only the detectors that were used in the charmonium pPb analysis are
mentioned. More details on the ALICE detectors can be found in [63, 64].

2.1.1 Global detectors

V0 The VO detector is composed of two scintillator hodoscopes placed at forward rapidity on each side of
the interaction point: on the A-side at z = 340 cm covering 2.8 < 1 < 5.1 and on the C-side at z = —-90
cm covering —3.7 < n < —1.7. They are mainly used for triggering purposes with a time resolution of 1 ns,
allowing to trigger on minimum bias events in all collision systems with a high efficiency. The minimum
bias (MB) trigger is defined by a coincidence of the signals from both VO hodoscopes (VOAND). They are
also used to remove beam-gas events displaced from the main interaction vertex that can be identified by
measuring the time difference between the VOA and VOC. The VO is used to estimate the collision centrality
by measuring the charged particle multiplicity. Finally, it is also used for the measurement of the luminosity,
along with the TO detector.

TO The TO detectors are two quartz Cherenkov counters, placed on each side of the interaction point
covering —3.28 < n < =2.97 and 4.61 < n < 4.92. They are used to measure precisely the event time
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Figure 2.1: The ALICE experiment at the CERN LHC. The central-barrel detectors (ITS, TPC, TRD, TOF,
PHOS, EMCal, and HMPID) are embedded in a solenoid with magnetic field B = 0.5 T and provide particle
detection and identification at midrapidity. The detector ACORDE, positioned on top of the magnet, triggers
on cosmic-rays. Forward detectors (PMD, FMD, V0, T0, and ZDC) are used for triggering, event charac-
terization, and multiplicity studies. The muon spectrometer provides muon detection and identification at
forward rapidity.

information with a time resolution of 20-40 ps and for the luminosity determination.

Zero-Degree Calorimeter (ZDC) The ZDC consists of two sets of hadronic calorimeters positioned sym-
metrically at 112.5 m from the interaction point. They are quartz fibers sampling calorimeters that measure
the energy deposited by spectator protons and neutrons emitted from the nucleus following the collision.
Spectator nucleons can be nucleons produced from de-excitation processes or knocked-out by wounded nu-
cleons. The neutron calorimeter (ZN) is positioned between the two beam pipes downstream of the first
machine dipole that separates the beams. The proton calorimeter (ZP) is installed externally to the outgo-
ing beam pipe. The ZDCs are also used to remove parasitic p-Pb interactions displaced from the nominal
interaction point. The energy deposited in the ZDC is an estimator of the collision centrality.
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2.1.2 Central barrel

The central barrel detectors are placed in a solenoidal magnetic field of 0.5 T and cover a pseudorapidity
range of |g| < 0.9. They are composed of the Inner Tracking System (ITS), the Time Projection Chamber
(TPC), the Transition Radiation Detector (TRD) and the Time-Of-Flight (TOF). Those detectors have a full
azimuthal coverage. In addition the High Momentum Particle Identification (HMPID) detector, the Electro-
magnetic Calorimeter (EMCal) and the Photon Spectrometer (PHOS) have a limited azimuthal coverage.

The ITS contains six cylindrical layers of silicon detectors with the innermost layer at a radius of 3.9 cm
with respect to the beam axis and the outermost layer at 43 cm. The two innermost layers are equipped with
Silicon Pixel Detectors (SPD). The track segments (tracklets) reconstructed from the hits in the SPD layers
are used for reconstructing the primary interaction vertex position as well as vertices from simultaneous
interactions per bunch crossing (pile-up). The position of the interaction vertex is also determined, with
better resolution, from the tracks reconstructed in the TPC and the ITS. The ITS is also used to reconstruct
secondary vertices from decays of heavy-flavour particles.

The TPC is the main tracking and particle identification (PID) device and is a gaseous drift detector with
a cylindrical geometry extending from 85 to 247 cm in the radial direction and 500 cm longitudinally. The
PID is performed via the measurement of the specific energy loss, dE/dx, in the gas volume.

2.1.3 Muon spectrometer

The muon spectrometer covers the pseudorapidity interval of —4 < n < —2.5. It consists of a dipole magnet
with an integrated field of 3 Tm, five high-granularity tracking stations comprising two planes of Cathode
Pad Chambers each, two trigger stations consisting of two planes of Resistive Plate Chambers each and a
system of absorbers.

The tracking system was designed to achieve a spatial resolution of about 100 um (in order to obtain an
invariant mass resolution of about 100 MeV/c? at the I mass) and to operate at a maximum readout rate of
1 kHz. It can operate at a hit density lower than 5 x 1072 cm™2. It consists of five tracking stations; two
tracking stations are placed before the dipole magnet, one inside and two after. Each station consists of two
Multi-Wire Proportional Chambers and each chamber has two cathode planes to provide two-dimensional hit
information. A mixture of Ar (80%) and CO, (20%) gas fills the volume between the two cathode planes. The
first station is located behind the absorber to measure the exit points of the muons. To keep the occupancy at
about 5%, a fine-granularity segmentation of the readout pads was needed: pads as small as 4.2x6.3 mm? are
used for the region of the first station close to the beam pipe, where the highest multiplicity is expected. Since
the hit density decreases with the distance from the beam, larger pads are used at larger radii. Two different
designs were adopted: the first two stations are based on a quadrant structure (four quadrants per chamber)
and the three last stations have a slat architecture (up to 26 slats per chamber, the larger slat dimension being
40 x 280 cm?). In both cases, the quadrants and slats overlap to ensure a full azimuthal coverage.

The total number of readout channels is 1.08 million. The tracking front-end electronics is based on chips
called MANAS, reading 16 channels each. Four MANAS are read out by a chip called MARC, performing
in particular the suppression of the channel pedestal values. This readout chain is mounted on front-end
boards called MANUSs. There are 17000 MANU to readout all the channels of the tracking system. Each
chamber is then readout by two CROCUS that concentrate the data and send them to the DAQ. The trigger
signals coming from the Central Trigger Processor (CTP) are distributed to MANU by the CROCUS through
the Trigger Crate Interface (TCI). The TCI decodes the trigger signals and manages the busy signals of the
CROCUS crates.

The trigger system was designed to deliver trigger signals to the CTP, in less than 800 ns after the
interaction and at 40 MHz frequency. In order to reduce the rate of the trigger signal, a pr cut is applied
on each triggered muon, requiring a position-sensitive trigger detector with a space resolution better than
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1 cm. The muon trigger system consists of four Resistive Plate Chambers planes arranged in two stations. It
provides single muon and dimuon triggers, in combination with the MB trigger set by the VO detector. The
dimuon triggers are defined by the detection of two unlike-sign or like-sign muon candidate tracks in the
trigger system. The muon triggers select muons with a transverse momentum above a threshold of pt = 0.5,
1, 1.7 or 4.2 GeV/c. Two thresholds can be programmed for a given period and those are referred to "low"
and "high" thresholds. These thresholds are not sharp in pr and the single-muon trigger efficiency reaches a
plateau value of ~ 96% at pt ~ 1.5 GeV/c for the 0.5 GeV/c trigger threshold.

A system of absorbers is used for filtering out the hadrons produced in the collision and before the
absorbers by decaying particles: the front absorber, made of concrete, carbon and steel with a thickness
of 4.1 m (10 nuclear interaction lengths) is installed between the interaction region and the muon tracking
stations; a second absorber, a 1.2 m thick iron wall (7.2 nuclear interaction lengths), is located upstream
of the trigger stations and absorbs secondary hadrons escaping from the front absorber and low-momentum
muons produced predominantly from 7 and K decays. Finally, a conical absorber placed around the beam
pipe protects the spectrometer from secondary particles produced in interactions of large-n primary particles
with the beam pipe. The combined effect of the front absorber and the muon filter leads to a detection
threshold of p > 4 GeV/c for tracks matching the trigger.

The clusters of charge deposited by the particles crossing the muon tracking chambers are unfolded and
fitted to determine their spatial locations. A tracking algorithm reconstructs the trajectory of the particles
across the five tracking stations. These tracks are then extrapolated to the vertex position measured by the
SPD and their kinematic parameters are further corrected for multiple scattering and energy loss of muons
in the front absorber.

During data taking in pp, pPb, PbPb or XeXe collisions, muon trigger and tracking detectors were in-
cluded in the muon readout cluster with SPD and VO, as well as TO in pp collisions and ZDC in pPb and
AA collisions. In this cluster, the slowest readout detector was the muon tracking with a readout time of
about 200 us with optimal readout channel pedestal values. Pedestal values could however increase with
time, leading to an increase of muon trigger dead time and several works were carried out during the Long
Shutdown 1 (LS1) to improve the situation. In addition, 8 CROCUS of the first two stations suffer from high
frequency of single event upset during high-rate pp and pPb collisions. The busy states of those CROCUS
were reset during a run thanks to a DAQ pause and reset procedure that was implemented in LS1.

2.2 Data analysis: focus on inclusive J/i production in pPb collisions at

VSNN = 5 TeV
2.2.1 Rapidity shift

The LHC superconducting magnets were designed to contain two magnet coils on the inside, each surround-
ing one of the two beam pipes. This two-in-one magnet design imposes an asymmetry of the energy per
nucleon of the p and Pb beams (E, = 4 TeV and Ep, = 4 X Zp, = 1.58 - Ap, TeV, where Zp, = 82 and
App, = 208 are the lead nucleus atomic and mass number, respectively). The nucleon-nucleon center-of-mass
system is also consequently shifted with respect to the laboratory system by Ay = 0.5 In(Apy/Zpp) = 0.465 in
the p-going direction. The data samples used for the measurements in pPb collisions were collected in two
configurations, obtained by inverting the direction of the p and Pb beams. The two beam configurations allow
one to measure the J/i production using the muon spectrometer in the backward (—4.46 < yems < —2.96)
and the forward (2.03 < y.ms < 3.53) centre-of-mass rapidity (yems) regions, corresponding to the Pb-going
and the p-going directions, respectively. The data samples were requested to have similar luminosities.
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2.2.2 Data sample and selection

The data for this analysis were obtained in 2013 during a LHC run dedicated to the heavy-ion programme
with an integrated luminosity of 5.81 + 0.20 nb~! at backward rapidity and 5.01 + 0.19 nb~! at forward
rapidity. The MB trigger is defined by a coincidence of the signals from both sides of the VO detector. The
dimuon triggers require, in addition to the MB condition, the detection of two unlike-sign muon candidate
tracks in the trigger system of the muon spectrometer. In these data samples, the trigger pr threshold is
pr = 0.5 GeV/c. The signal timing in SPD and ZDC is required to be compatible with that of nominal
pPb interaction in order to reject beam-induced background. The primary vertex is reconstructed from SPD
layers. There is not cut on vertex position since the muon resolution does not depend on it. For the analysis
as a function of event centrality, events belonging to the centrality class 0 — 2% are removed since the
contribution of pile-up events (events with two or more simultaneous interactions per bunch crossing) is
estimated to be large for this event class, of the order of 20 — 30%. The following cuts are applied to
the reconstructed muon tracks: a fiducial cut of -4 < n < —2.5 corresponding to the muon spectrometer
acceptance; a selection on the radial coordinate of the track at the end of the front absorber, 17.6 < R;ps <
89.5 cm, in order to remove particles crossing the high-density section of the absorber; tracks reconstructed
with the tracking stations are required to match with tracks reconstructed in the trigger stations, in order to
reject background from 7 and K particles. J/i candidates are obtained by combining opposite-sign dimuon
pairs. In addition the following selections on dimuon pairs are applied: rapidity cut of 2.5 < |yjup| < 4 and
pr < 15 GeV/e.

2.2.3 Centrality determination

The determination of event centrality is usually based on charged-particle multiplicity estimated with the
VO signal amplitudes in PbPb collisions. However, in pPb collisions, the magnitude of the multiplicity
fluctuations at a given impact parameter is comparable to the whole dynamic range of the minimum bias
multiplicity distribution. The fluctuations can be related to various event topologies (e.g. hard collisions
with large momentum transfers associated to high-multiplicity events, compared to soft collisions without
any high-pr particle), detector acceptance effects (jets fragmenting out of the experimental coverage) or
other effects as explained in [65]. A centrality selection based on charged-particle multiplicity may therefore
select a sample of pPb collisions that contains biases unrelated to the collision geometry.

In contrast, a centrality selection based on the energy measured with the neutron calorimeter of the ZDC
in the Pb-going direction should not induce such a bias. Under this assumption, one can in principle relate
the measured ZN energy to the number of binary nucleon collisions. However, in absence of a model which
properly relates these two quantities, hybrid methods have been developed [65]. They are based on three
assumptions to estimate the average number of binary nucleon collisions, (N,,;), and the average nuclear
overlap function, (Tpp).

The first one assumes that the charged-particle multiplicity measured at mid-rapidity is proportional to
the number of participant nucleons, (N,4). The values of (N, for a given ZN-energy class are calculated
by scaling the MB value of the number of participant nucleons by the ratio of the average charged-particle
multiplicities measured at mid-rapidity for the considered ZN event class to the corresponding value in
MB collisions. (N.oy) and (Tppp) are calculated from (N,4) according to the Glauber model [66]. This
assumption is used for the published results and the resulting values are denoted as (N;’j)‘;ll’) and <ngg’ ) to
indicate the ansatz used for their derivation. The second assumption uses the proportionality of (N, to the
yield of high-pr charged particles (10 < pt < 20 GeV/c) at mid-rapidity. The third method assumes (N, ;)
is proportional to the charged-particle multiplicity measured with the VO detector in the Pb-going direction,
i.e. at forward rapidity.

The variation on (N,,;) obtained with the three methods determine the uncertainty on (N Z’(ljl‘ll’ Y and (Tg%’)
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in each ZN event class. In addition to this hybrid method uncertainty, other uncertainties on {N.,;) and
(Tppy) are related to the Glauber model and are obtained by varying the model parameters. Events without a
signal in the ZN detector are assigned to the most peripheral event class.

Figure 2.2 shows Qppy for high-pt charged particles as a function of centrality, calculated with various
centrality estimators. The left panel shows the results when using the VO (VOM, VOA) and SPD (CL1)
detectors. The multiplicity biases are well reproduced by the MonteCarlo G-PYTHIA (lines in the Figure)
which is the PYTHIA event generator coupled to a MonteCarlo Glauber calculation. The right panel of
Fig. 2.2 shows results from the hybrid method, where the centrality classes are selected with the ZN detector
in the Pb-going direction and (N, are calculated with the hybrid method assumptions. In that case, Qppp
is consistent with unity and the results obtained from the two assumptions used to estimate (N.,;) are in
agreement.
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Figure 2.2: Qppy as a function of centrality for high-pt (10 < pr < 20 GeV/c) charged particles measured at
mid-rapidity, with various centrality estimators. The left panel shows the results from the data with the VO
and SPD centrality estimators while the right panel shows the results obtained from the hybrid method with
ZN energy.

2.2.4 Signal extraction

The raw J /¢ yield is estimated for each rapidity, pt and centrality interval from fits of the dimuon invariant-
mass distribution. Various functions, as described in [67], are used for the signal and background parame-
terisation. The ¥(25) is also included in the fit function. Figure 2.3 shows the distributions in the forward
and backward rapidity intervals with a Crystal Ball functions for the signal and a variable-width Gaussian
for the background. The signal functions include non-Gaussian tails that can not be determined by the data
due to the poor signal-to-background ratio in the tail regions. The tails are determined from Monte-Carlo
simulations for each kinematic (pr, y) interval. The fits are performed in two different invariant mass ranges.
The number of J/y is obtained by integrating the signal function over the fitting range. The invariant mass
fits are performed using different combination of signal and background functions and fitting ranges. The
raw number of J/i and the associated statistical uncertainty are given by the mean value of the results from
various fits. The systematic uncertainty is obtained from the Root Mean Square of the results from various
fits.
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Figure 2.3: Opposite-sign dimuon invariant mass distributions in the forward (left) and backward (right)
rapidity intervals. The data are fitted with a Crystal Ball function (red dashed-lines) for the signal and a
variable-width Gaussian for the background.

2.2.5 Acceptance efficiency correction

The J/y raw yields are corrected by the acceptance and the efficiency (A X €) of the detectors. The A X € is
determined from pure signal simulations where the experimental setup is modeled with GEANT3. Signal
simulations without background particles are motivated because the muon tracking and trigger efliciency
and their resolutions are not deteriorated by the detector occupancy in central pPb collisions (as it is seen in
central PbPb collisions). The kinematic distributions of the J/i signal in the Monte-Carlo are tuned to the
reconstructed distributions using an iterative procedure. The J/¢ is also assumed to be unpolarised, consis-
tent with the measurements performed so far on the polarisation at the LHC [68, 69, 70, 71], however not
yet measured for pr < 2 GeV/c. The data reconstruction and analysis procedures are the same in data and
simulations. Also the detector conditions and their variation with time during the data-taking periods are
considered in the simulations. A dead map is built from data and applied to both data and simulations to
reject detector elements for which the efficiency is unstable and not reproducible in simulations. Figure 2.4
shows the A X € in the backward and forward rapidity intervals as a function of rapidity (left) and pr (right).
It is smaller at backward rapidity which corresponds to the second data-taking period when the muon track-
ing detector efficiency is deteriorated. There are three sources of systematic uncertainties related to A X €:
MonteCarlo input distributions, tracking and trigger efficiency. The systematic from the MonteCarlo input
distributions was estimated by varying the pt and rapidity distributions. The efficiency from the trigger and
tracking stations can be obtained from the detector redundancy in a station (2 chambers per station). The sys-
tematic uncertainty from the tracking efficiency was obtained by comparing the tracking efficiency of single
muon from data and simulation. This uncertainty is squared to obtained the dimuon uncertainty. The system-
atic uncertainty from the trigger efficiency arises from the statistical uncertainty on the measured intrinsic
detector efficiency, as well as on the discrepancy between data and simulation for the pr dependence of the
muon trigger efficiency that slightly differ at the pr trigger threshold. These uncertainties are propagated to
an uncertainty on J /i by using pure signal simulations.

2.2.6 Normalisation and luminosity determination

The luminosity corresponding to the two data samples are computed from the MB cross-section that is
determined using Van der Meer scans [72]. During these scans, the MB triggers were based on the VO and
TO detectors. Since the analysis is based on a dimuon trigger sample, the equivalent number of MB triggers
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Figure 2.4: Detector acceptance and efficiency as a function of rapidity (left) and pr (right) in the backward
(open points) and forward (full points) rapidity intervals.

is evaluated as N;;’B = F X Nyyr where F is a normalisation factor that represents the inverse probability
to have a dimuon trigger in a MB triggered event. This factor can be determined from the recorded data
after event selection (offline method) or from the counters recording the number of level-0 triggers (scaler
method). The statistic is huge from the scaler method. In both methods, corrections from pile-up events
and event selection are needed and are obtained from the recorded data. F has to be computed run per run
because the dimuon trigger is polluted by beam-gas tracks. The resulting F factor for each method is taken
as the average over the runs weighting by the number of dimuon trigger events. The final F value is taken as
the average from the values obtained with the offline and scaler methods and the difference between the two
methods gives the systematic uncertainty.

In the data sample, the MB rate could reach 200 kHz. The average number of MB interactions per bunch-
crossing can be computed assuming a Poissonian distribution of MB interactions, such as: u = —/n(l —
LOb/(np X frev)), where LObD is the number of level-0 MB triggers corrected from beam-gas interaction, ny,
the number of colliding bunches and f,., the LHC revolution frequency of 11245 Hz. The MB rate of the
considered data samples correspond to a maximum pile-up probability of about 3%.

For the analysis as a function of the event centrality, the normalisation factor, F°™, is obtained for each
centrality class from the centrality-integrated value which is scaled by the fraction of MB events and the
inverse fraction of dimuon events in a given centrality class. The pile-up event contribution to the number of
MB events is estimated by using alternatively the interaction vertices reconstructed with the SPD to select
pile-up events, or a fast simulation describing the ZN energy distribution.

The fast simulation is built from the ZN energy distribution of a run with negligible pile-up contribu-
tion. The left panel of Fig. 2.5 shows the ZN energy distribution from data (full blue line), from data with
negligible pile-up contribution (dotted line) and from fast simulation (full pink line). The shoulder at large
ZN energy comes from pile-up contribution and it is well described by the fast simulation. The right panel
of Fig. 2.5 shows that the pile-up event contribution is as large as 20 — 30% for the 0 — 2% centrality class.
It decreases to 43% for the 2 — 10% centrality class and is less than 2% in all other centrality classes. A
systematic uncertainty equal to the pile-up event contribution is assigned to the factors F°¢"'. It was checked
by using the ZN fast simulation that the overall effect of pile-up events, including the shift of events from
a given centrality class to a more central one, is covered by the systematic uncertainties quoted on F¢" for
pile-up events.
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Figure 2.5: Left: ZN energy distribution from data (full blue line), fast simulation (full pink line) and data at
low interaction rate (dotted line). Right: fraction of pile-up events in MB trigger as estimated from the SPD
detector (red line) and a fast ZN energy simulation (pink line) as a function of centrality class.

2.2.7 pp reference

In order to obtain the nuclear modification factor and the pr broadening, one needs the J/iy cross-section in
pp collisions at the same energy and in the same rapidity range than the pPb collisions. The first 5.02 TeV
pp collisions took place in 2015, well after the pPb collisions at the same energy. Note also that pp collisions
were delivered at /s = 8 TeV in LHC Run 2 however at slightly lower energy than the corresponding
pPb collision energy. At both energies, the rapidity shift in pPb collisions requires an extrapolation of the pp
cross-section in rapidity. For these reasons, it was decided to interpolate and extrapolate the pp cross-sections
at the energies and the rapidity intervals of the existing measurements. Note that LHCb decided to reduce the
rapidity acceptance of the pPb measurements by half unit in order to avoid the rapidity extrapolation step.

The reference pp cross section is obtained from an interpolation/extrapolation procedure described in
details in [73]. It uses the ALICE pp results at +/s = 2.76 and 7 TeV for the 5.02 TeV interpolation pro-
cedure.The +/s-interpolation is based on three empirical shapes (linear, power law and exponential) and is
independently performed for each of the rapidity (pt) bins corresponding to the measured do-/dy (do-/dpT)
values. The resulting values are taken from the average values obtained from the three shapes as shown in the
left panel of Fig. 2.6 and their systematic uncertainties are computed from the maximum spread obtained be-
tween the three shapes. The rapidity extrapolation is based on three different functions (Gaussian, 2"¢ and 4
degree polynomials). The resulting values and their systematic uncertainties are estimated as for the energy
interpolation procedure. For the pr-differential procedure, the do-/dpt values are also corrected by factors
that depend on pr and that account for the pt shape modification when the rapidity increases/decreases.
These factors are derived from the inclusive J/y do-/dptdy in pp collisions from LHCb.

The inclusive pp cross-section was measured in 2015 [5, 23] and is shown in comparison to the inter-
polated cross-section in the right panel of Fig. 2.6. The interpolated cross-section is in agreement with the
measured cross-section.

2.3 Results on charmonium production and interpretation

In LHC Run 1 and 2, there were two heavy-ion campaigns with pPb collisions: in 2013 at /syy = 5.02 TeV
and in 2016 at +/syny = 8.16 TeV. In both cases, the data taking period was divided in two configurations
by inverting the proton and lead beam direction. The integrated luminosity collected by ALICE with the
dimuon trigger is higher in 2016: L>TV = 5.81+0.20 nb™' and L§'*V = 12.8 £0.3 nb™! at backward rapidity
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Figure 2.6: Left: Inclusive J/y differential cross-section as a function of rapidity at /s =2.76 and 7 TeV and
interpolated cross-section at /s = 5.02 TeV obtained with the three interpolation functions as well as for the
average values. Right: Inclusive J/¢ cross-section as a function of rapidity at /s = 5.02 TeV and compared
to the interpolated cross-section.

and LTV = 5.01£0.19 nb™" and LTV = 8.4+0.2 nb™" at forward rapidity. In the following the ALICE J /¢
and (25 ) measurements in pPb collisions at /syxy = 5.02 and 8.16 TeV will be presented, and they will be
discussed also in the context of the results obtained at LHC on open and hidden heavy-flavour production.

2.3.1 J/yY measurements in pPb collisions at +/syy = 5.02 and 8.16 TeV

J/y cross sections The double differential cross-section for a given centrality class can be written as:

2 _cent cent
d Tyl _ YJ/W—W*IF

= X OMB» (2.1)
dydpr BR

where oyp is the pPb MB cross-section, BR is the branching ratio of the considered J/i decay channel,
which amounts to (5.96 + 0.03)% for dimuons [1], and Y is the inclusive J/y yield per-event. The

) Jy—pt
latter is defined as
cent
Jy—-ptu”
Ycent L= , (22)
Jp—ptp Nﬁgt.(Axf).Ay.ApT
where N}fg; it is the raw number of J /iy mesons decaying into dimuons for a given centrality class, rapidity

and p range, Ny’ is the number of MB events for the given centrality class, A X € is the acceptance times
efficiency and Ay and Apr are the widths of the rapidity and p intervals, respectively.

The left panel of Fig. 2.7 shows the inclusive J/y differential cross-section as a function of rapidity in
pPb collisions at +/syy = 5.02 TeV [74] and the comparison to the normalized pp reference cross-section
extrapolated from existing ALICE data [73]. The pp cross-section is normalised by the lead atomic mass
number. While the J/i production in pPb is close to its normalised production in pp at backward rapidity,
it is clearly suppressed at forward rapidity. The right panel of Fig. 2.7 shows the differential cross-section
as a function pr at backward, mid- and forward rapidity [75]. The mid-rapidity data were obtained with the
central barrel detectors in the dielectron decay mode. Figure 2.8 shows the J/i cross-section as a function
pr for various centrality classes at backward (left) and forward (right) rapidity [76]. Six centrality classes
were defined: : 2-10%, 10-20%, 20-40%, 40-60%, 60-80% and 80-100%.
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Figure 2.7: Left: inclusive J/y y-differential cross-section in pPb collisions at 4/syy = 5.02 TeV and com-
parison to the pp reference cross-section extrapolated from existing ALICE data. Right: inclusive J/y pr-
differential cross-section as a function of pr in pPb collisions at +/syy = 5.02 TeV at backward, mid- and
forward rapidity.
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Figure 2.8: Inclusive J/y double-differential cross-section as a function of pt for various centrality classes
in pPb collisions at 4/syxy = 5.02 TeV at backward (left) and forward (right) rapidity.

J/y nuclear modification factor The J/y nuclear modification factor can be obtained either from the cross

section in pPb collisions integrated over centrality, as shown in Eq. 1.8, or from the invariant yield as follows:

_ Yy )yt

= -
(Tppv) - BR - o)l

Rypy 2.3)
with (Tppy) the average nuclear overlap function. For the results obtained in various centrality intervals,
the notation Qppy, is used for the nuclear modification factor in order to emphasise the possible bias in the
evaluation of (Tp,pp) (see Section 2.2.3)).

Figure 2.9 shows the rapidity dependence of Rypy at +/syy = 8.16 TeV as measured by ALICE for
inclusive J/y [77] and LHCb [78] for prompt J/i. The inclusive J/i Rppy is compatible with unity at
backward rapidity. It is lower than one at forward rapidity and it decreases with increasing rapidity. The
ALICE results include prompt and non-prompt (from b-hadron decays) J/y contributions. When integrating
over pr, the non-prompt contribution to the inclusive yield based on LHCb results [78] is estimated to be of
the order of 10-15% at /syy = 8.16 TeV. The difference between prompt and inclusive J/¢ Rppy, have been
estimated to be of the order of 1-4% depending on the rapidity. The ALICE and LHCb results show a good
agreement in the two rapidity ranges.
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Figure 2.9: Nuclear modification factor of inclusive J/i in pPb collisions at +/syy = 8.16 TeV as a function
of rapidity [77] and comparison to model calculations (see text).

Figure 2.10 shows the inclusive J /i Rppy as a function of pt at y/syy =5.02 TeV [74] and 8.16 TeV [77]
in the backward (left) and forward (right) rapidity intervals. The results obtained at both energies agree with
each other given the uncertainties. Practically, all the models (e.g. [39]) did expect a larger suppression at
vsnynv = 8.16 TeV but not significantly given the uncertainties on the measurements. Thanks to the higher
energy and luminosities, the results at +/syy = 8.16 TeV are more precise and allow to reach higher pr:
20 GeV/c at y/syy = 8.16 TeV vs 15 GeV/c at +/syy = 5.02 TeV for the pPb cross-section, the pr reach
for Rypp at y/syy = 5.02 TeV being limited by the pp reference cross-section. In the backward rapidity
interval, Rppy increases as a function of pr and is above unity, but not significantly, for pr > 3 GeV/c at
vsnny = 8.16 TeV. In the forward rapidity interval, Rppy, increases as a function of pt from 0.6 at low pr to
unity at pt ~ 10 GeV/c. At mid-rapidity, the ALICE measurements using the dielectron decay channel with
the central barrel [74] show a similar pattern to the one measured at forward rapidity. The J/y is therefore
largely suppressed at low pt for mid- and forward rapidity intervals at LHC energy.

In Fig. 2.11, the data are compared to theoretical calculations. Several groups provided theoretical
calculations for the J/ Rppp. Some groups provided predictions [37, 79, 80, 81] and others postdic-
tions [32, 39, 41, 51, 40, 43], i.e. calculations after the first 5.02 TeV data were released. In Fig. 2.9, a
comparison of J/y Rpp, with several theoretical models for prompt J/y is presented.

There are three calculations based on nuclear shadowing only. The model of Vogt [79] is based on the
CEM model to describe the J/i production associated to the EPS09 nPDF [34]. The model of Lansberg et
al. [32] uses the LHC data on open and hidden heavy-flavour to constrain the gluon nPDF from a Bayesian-
reweighing analysis. For the J/y production, a data driven modeling of the scattering at the partonic level,
folded with one proton PDF and one lead nPDF, was used [82]. For nPDF, this model uses nCTEQ15 [31]
or EPPS16 [30]. These three shadowing calculations describe well the rapidity dependence. If one considers
a 2 — 1 partonic process for J/i production, the x values probes correspond to the shadowing region
(x ~ 5%1077) at forward rapidity and to the transition interval between the shadowing and the anti-shadowing
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Figure 2.10: Nuclear modification factor of inclusive J/i in pPb collisions at /syy = 5.02 and 8.16 TeV as
a function of pr [75, 77] at backward (left) and forward (right) rapidity.
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Figure 2.11: Nuclear modification factor of inclusive J /iy in pPb collisions at +/syy = 8.16 TeV as a function
of pr [77] at backward (left) and forward (right) rapidity and compared to theoretical calculations based on
EPSO9NLO [79] and nCTEQ15 [32] nPDFs, CGC [39, 40] and a transport model [58].

region (x ~ 5 x 1072) at backward rapidity. The pr dependences are also well described by those models in
the full rapidity interval (see [75] and Fig. 2.11).

There are two calculations based on CGC models. These models assume a dilute-dense configuration
where the incoming proton is a dilute system described by the usual PDF and the incoming nucleus is a dense
system described within the CGC framework. This hypothesis is only valid at mid- and forward rapidity. For
the elementary production model, Ducloué et al. [39] uses CEM while Venugoplan et al. [40] uses NRQCD.
These calculations reproduce well the rapidity and pr dependence of the data at forward rapidity as it can be
seen in Fig. 2.9 and 2.11.

The model from Arleo et al. [44] includes effects from parton coherent energy loss. The prompt J/i pro-
duction cross section in pp collisions is parametrised on the world data. In that calculation, it is interesting to
note that there is no shadowing/anti-shadowing effect. It gives a good description of the rapidity dependence
as it can be seen in Fig. 2.9. The pr dependence at forward rapidity is steeper in the model (see [75]) than in
the data. A better agreement is found when the nPDF from EPS09 NLO is included.

Finally, there are two calculations that include final-state interaction of the c¢ pair with the medium
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Figure 2.12: Nuclear modification factor of inclusive J/i in pAl, pAu and *HeAu collisions at \/syy =
200 TeV as a function of pr [52] at backward (top) and forward (bottom) rapidity and compared to nPDFs-
based theoretical calculations [79, 32] and a transport model [53].

created in the collision. This medium can be either of partonic or hadronic nature and the models consider
the effects from initial and final state can be factorized. The model from Ferreiro [51] uses EPS09 LO nPDF
with a comoving hadronic medium. The model from Zhuang et al. [58] uses EPS09 NLO sets for the nPDFs
to describe cold nuclear matter effect and the transport approach to describe the dissociation of J/i in the
hot part of the fireball created in central pPb collisions. Both models can reproduce the rapidity dependence
of the data, despite different Ryp, values at backward rapidity as it can be seen in Fig. 2.9 and 2.11. This
final state effect, however, leads to a small suppression of the J/i production when integrating over event
centrality, while it has a large effect on the /(2S) production as we will see later.

It is interesting to compare the J/i modification factor measured at LHC to lower energy data, in particu-
lar the most recent measurements from PHENIX [52] in pA, pAu and *HeAu collisions at Vsynv =200 TeV,
also shown in Fig. 2.12 at backward (top panel) and forward (bottom panel) rapidity. At backward rapid-
ity in pA collisions, the pr dependence of R4 and its amplitude is very similar for the two energies. For
pr > 3 GeV/c, Ry, is systematically higher than unity at LHC and not at RHIC. At forward rapidity and low
pr the amplitude of R, is similar at RHIC and LHC and an increase of R,4 with pr is observed in both
cases. However while R4 reaches unity at RHIC at pt ~ 3 GeV/c, it reaches unity at LHC only at larger
pPT, PT ~ 8 GCV/C.

The RHIC and LHC data are compared to the same nPDFs models from Lansberg, Shao et al. [32]
where the nPDFs were reweighted on the LHC data. At forward rapidity, the pr distribution of R4 is well
described by this model at RHIC. This indicates that nPDFs can reproduce the large J /iy suppression observed
at RHIC at forward rapidity coherently with the suppression measured at the LHC. Instead at backward
rapidity at 4/syy = 200 TeV with the Au beam, the nPDF model does not describe the J/y suppression for
pt < 2 GeV/c. This difference suggests additional effects at backward rapidity and low pr. In particular,
nuclear absorption is expected to be important at backward rapidity at RHIC because the nuclear crossing
time is comparable with the charmonium formation time 77 [47].

The dependence of the nuclear modification factor as a function of event centrality was also measured,
where the centrality is estimated from the energy deposited in the zero degree calorimeter. (N,o) and (Tppp)
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were calculated according to the Glauber model [66] with the hybrid method, as explained in Section 2.2.3.
Figure 2.13 shows Qpy as a function of the number of binary collisions, (N..), at backward (left plot)
and forward (right plot) rapidity at +/syx = 5.02 [83] and 8.16 TeV. The data at the highest energy are
preliminary. The results at the two energies agree well except for the most peripheral event class at backward
rapidity. At backward rapidity, the measured J/y production is compatible, within the total uncertainties,
with expectations from the binary collision scaling for all centrality classes but the two most peripheral
centrality classes at /syy = 8.16 TeV. At both energies, an increase of Qppy, from peripheral to central pPb
collisions is observed. At forward rapidity, Q,p, decreases from peripheral to central pPb collisions.
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Figure 2.13: Nuclear modification factor of inclusive J /¢ in pPb collisions at y/syny = 5.02 [83] and 8.16 TeV
as a function of the number of binary collisions at backward (left) and forward (right) rapidity. Data at
Vsyn = 8.16 TeV are preliminary.

Some of the models described above based on shadowing, CGC, coherent energy loss or with final-state
interaction reproduce well the Q,p, measurements as a function of event centrality at backward and forward
rapidity as shown in Fig. 2.14 or in the corresponding theoretical papers [39, 58]. Note however that most of
the models do not describe the increase of Qpp, from peripheral to central pPb collisions as measured in data
at backward rapidity. In particular the calculations based on transport model [58] indicate that Q,pp, should
decrease from peripheral to central pPb collisions if one considers hot and cold nuclear matter effects. The
authors of this model conclude that it is not possible to describe both J/i and (25 ) at backward rapidity.
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Figure 2.14: Nuclear modification factor of inclusive J/¢ in pPb collisions at +/syy = 5.02 [83] as a function
of the number of binary collisions at backward (left) mid- (middle) and forward (right) rapidity and compared
to theoretical calculations (see text).

In [83], the nuclear modification factor was also measured as a function of pt for the six centrality
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classes defined above. These results show that Q,p, is compatible with unity over the full pr range at
backward rapidity and for the most peripheral collisions at forward rapidity. At forward rapidity and for all
the other centrality classes, Qppp is lower than unity at low pr, it increases with increasing pr, and its values
at low pr decrease when going to most central collisions.
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Figure 2.15: Left: forward-to-backward ratio of inclusive J/¢ in pPb collisions at +/syy = 5.02 and
8.16 TeV [74, 77] as a function of pr. Right: pt broadening as a function of the number of binary col-
lisions at +/syy = 5.02 TeV [83].

J/y forward-to-backward ratio  As discussed previously, the forward-to-backward ratio defined in Eq. 1.11
has the advantage to not rely on o, at a cost of a reduced statistics. This observable was measured in pPb
collisions at 4/syy = 5.02 and 8.16 TeV [74, 77]. The left panel of Fig. 2.15 shows the pr dependence of
Rrp. The results obtained at different energies agree very well within uncertainties. Rpp is lower than 1 at
low pr and increases with increasing pr. It reaches unity at pr ~ 13 GeV/c.

pt broadening The pr broadening, as defined in Eq.1.12, is useful to study the multiple scattering of the
partons or the c¢ pair in the nucleus. It was extracted from the pr-dependent cross sections corresponding to
pPb and pp collisions. The pr dependence of the cross section was parametrised by the empirical function:

d2
dZJ/t//:CX Pt — (2.4)
e )

where C, po and n are free parameters. The cross sections were fitted by this function in order to obtain
the (pr) and (pr?) which correspond to the first and second moment of the function, respectively. The
uncertainties were obtained by performing fits including only the statistical or the systematic uncertainties
on the differential cross sections.

The right panel of Fig. 2.15 shows the pr broadening as a function of the number of binary collisions
at +/syv = 5.02 TeV [83]. The A(pTz) increases from peripheral to central pPb collisions by 1.1 GeV?/c?
and 1.4 GeV?/c? at backward and forward rapidity, respectively. For the most peripheral collisions, corre-
sponding to (N.o;) ~ 2, the (pTz) value at backward rapidity is compatible with the one in pp collisions.
At forward rapidity, it is found to be larger than in pp collisions by 0.7 GeV?/c?. The magnitude of the pr
broadening observed by PHENIX [84] in dAu collisions at +/syy = 200 GeV in the backward, mid- and
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forward rapidity interval (Jy| < 2.2) is similar to the one measured by ALICE at backward rapidity. At for-
ward rapidity, ALICE data show a stronger pt broadening and a steeper increase with increasing centrality
as compared to PHENIX.

The data are compared to two theoretical calculations on the right panel of Fig. 2.15 and to one transport
model in the corresponding theoretical paper [58]. The first model from Kang et al. [85, 86] is based on the
LO CEM production model and include initial and final-state multiple scattering of partons with the nuclear
medium. In this model, the contribution from final-state multiple scattering on pt broadening is expected to
be sensitive to the colour-octet or colour-singlet nature of the pre-resonant c¢ pair. The calculations are in
good agreement with the data at both rapidity intervals. The second model from Arleo ef al. [81] is based
on coherent energy loss by the incoming and outgoing partons and it was described previously. This model
describes well the centrality dependence of the pt broadening at backward rapidity. The (N,,;) dependence
of A{p1?) of the model at forward rapidity is steeper than for the data. Finally, while the model from Chen,
Zhuang et al. [58] can describe the pt broadening fairly well by including cold and hot nuclear matter, it can
not describe the backward rapidity data.

Self-normalised yield as a function of charged particles at mid-rapidity The self-normalised yields,
dN/dy/(dN/dy), were measured as a function of the self-normalised charged-particle multiplicity, dNcn/dn/{(dNcn/dn),
in pPb collisions at /syy = 5.02 [87] and 8.16 TeV. This observable allows one to link the pp, pPb and PbPb
measurements as a function of the charged multiplicity measured at mid-rapidity and also to reach higher
multiplicity intervals w.rt. the analysis based on the energy deposited in the ZDC [88]. The results are
shown in the left panel of Fig. 2.16. An increase of the self-normalised yield with charged-particle multi-
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Figure 2.16: Left: self-normalised yield of inclusive J/iy as a function of self-normalised charged-particle
pseudorapidity measured at backward and forward rapidity at /syy = 5.02 [87] and 8.16 TeV. The 8.16
TeV data are preliminary. The dashed line is the first diagonal. Right: elliptic flow, v», in pPb and Pbp
collisions at backward and forward rapidity combined with the data at /syy = 5.02 and 8.16 TeV [89]
and compared to the results obtained in central and semi-central PbPb collisions at y/syy = 5.02 TeV [26].
Theoretical calculations from a transport model for semi-central PbPb collisions are also shown (see text)
where the green solid line corresponds to the contribution from path-length dependent suppression inside the
medium and the band corresponds to the v, obtained from recombination of thermalized charm quarks and
the feed-down from b-hadron decays with thermalized beauty quarks.

plicity is observed in both rapidity intervals. At low multiplicity, the self-normalised yield increases linearly
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with the charged-particle multiplicity in both rapidity intervals. At multiplicities beyond 1.5-2 times the
event-average multiplicity, two different behaviours are observed. While at backward rapidity, the increase
is similar as in pp collisions at forward rapidity at /s = 7 TeV [90] and seems to follow a linear dependence,
it has a slower increase at forward rapidity. This slower increase is compatible with CNM effects that re-
duced the J/i production yield at forward rapidity and more importantly for central pPb collisions, as seen
in the R,pp, measurements.

J/y elliptic flow The measurements of angular correlations between particles produced in hadron and nu-
cleus collisions is a powerful tool to study the particle production mechanism. Long-range correlations have
been measured in high-multiplicity pp [91] and pPb [92, 93, 94] collisions for charged hadrons. From stud-
ies using multiple-particle correlations [54, 55, 56], these long-range correlations are attributed to collective
effects. Also it has been found that these measurements in small systems have common features [95, 96] (pr
and particle-mass dependencies of the v, coefficients) with the measurements obtained in PbPb collisions,
where they are usually interpreted as signatures of collective particle flow produced during the hydrody-
namic evolution of the hot fireball (see e.g. [97]). This similarity between small systems and PbPb collisions
suggests a common hydrodynamic origin of the observed correlations. Alternative interpretations based
on CGC based models [98] and final-state parton scattering [99] have also been proposed to explain these
correlations.

The angular correlations between forward and backward J /¢ and mid-rapidity charged hadrons were also
studied in pPb collisions at /syx = 5.02 and 8.02 TeV [89]. At mid-rapidity, the charged-hadrons yield asso-
ciated to a J/y was estimated from the SPD tracklets, allowing to probe a pseudorapidity difference between
the J/y and the tracklets in the range 1.5 < [An| < 5. The J/i second-order Fourier azimuthal coefficient,
or elliptic flow, v;/ Y12, sub}, was estimated by subtracting the associated tracklet yields per dimuon trigger at
low event multiplicity to the one obtained at high multiplicity, by obtaining the J/¢ yield from the dimuon
yield and by extracting the J/y v, from the J/y-tracklet vo. The J/y elliptic flow is found to be positive for
3 < pr < 6 GeV/c. The results, shown in the right panel of Fig. 2.16, are compared to the values obtained in
PbPb collisions at 4/syy = 5.02 TeV. In PbPb collisions, the v, amplitudes reach similar values than in pPb
collisions.

The data are also compared to calculations from a transport model [59] for semi-central PbPb colli-
sions. The solid line corresponds to the contribution of primordial J/i inside the medium from path-length
dependent suppression only. The band includes the contribution from primordial J/i as well as from ther-
malized charm quarks that recombine into J /¢ and the feed-down from b-hadrons assuming a thermalization
of beauty quarks. The model reproduces well the data at pr < 4 GeV/c but do not reproduce the magnitude
of the v;/ ¥ above that value. In pPb collisions, the v;/ Vis expected to be null, as observed for pt < 3 GeV/c,
since the amount of produced charm quarks is small and the contribution from charm recombination should
be negligible. However the comparable magnitude of the v;/ Y coefficients at high pr in pPb and PbPb may
indicate that a similar mechanism is at play in both collision systems.

2.3.2 Y(2S) results

According to most of the CNM-based models such as nPDF and gluon saturation models, or multiple scatter-
ing and energy loss models, the effects of the CNM on the (25 ) should be similar to those on the J/i since
these effects mainly depend on the c¢ pair production and the mass of the final particle. Final-state effect such
as absorption predicts a larger suppression for the y(2S) when crossing the nuclear matter due to its larger
binding radius. However this is not expected at the LHC energy because the charmonium formation time 7
is larger than the nuclear size, as it was discussed in Section 1.4.4. In order to describe the relative ¥/(25) to
J/y suppression measured at RHIC, models that include final-state effects from a comoving medium and/or
from hot nuclear matter in pA collisions were proposed.
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Double ratio (25 )/J/¢ Experimentally, it is convenient to extract the ratio of (25 ) over J/i since many
terms, and their uncertainties, related to the efficiencies and luminosity, cancel out in the ratio. The double
ratio of the ¥/(25) to J/y production cross sections is defined as:

R= [(T¢(25)/(TJ/w]pr / [0'¢/(2S)/0'J/¢/]pp- (2.5)

The double ratio is shown on the left panel of Fig. 2.17 at backward and forward rapidity in pPb collisions
at y/syy = 5.02 TeV [100] and is compared to the mid-rapidity measurement of PHENIX obtained in dAu
collisions at 4/syy = 200 GeV [28]. The production of (25 ) is suppressed relatively to that of J/¢ in both
rapidity ranges and by up to a factor 2 at backward rapidity and at +/syy = 5.02 TeV, suggesting nuclear
matter final-state effects.

© o
T
Pb
—_
[e]

[ ALICE, inclusive w(2S) —» u'n
| L B p-Pb sy, =502 TeV (JHEP 12 (2014) 073)
1.4 L ® pPbys,, =816 TeV (preliminary)
C 1 [ Comovers (E. Ferreiro, Phys.Lett. B749 (2015), 98) CGC+ICEM (Y.Ma et al, arXiv:1707.07266)
U E 12 aeen. p-Pb |5, = 5.02 TeV p-Pb |5, =502 TeV
E [ mmm=: pPbys, -816TeV p-Pb |5, =8.16 TeV I

N o«
e ana==m
R
-

o

Oy (29 Tl o, @ny ' [Ouies) /Cunylip
O O O O O o o
[e)]

T

5_

;" 0.8

< ) 5 (N STy

g 067—@— T

0.2 F ® ALICE, p-Pb, sy=5.02 TeV ik - R
0 1_ B PHENIX, d-Au, Sy= 0.2 TeV 041 \@

05.‘.1....\‘..‘1...l|.".1.‘..m.ul‘...lu..x.‘.. 02;

5 4 3 2 41 0 1 3 4 5 3] S B U N FU T FEUE S B P
y -5 4 3 2 -1 0 1 2 3 4 5
cms

‘yCmS

Figure 2.17: Left: Double ratios of /(25) over J/y at 4/syx = 5.02 TeV in pPb collisions [100], compared
to the results obtained at PHENIX at +/syy = 200 GeV in dAu collisions [28]. Right: Nuclear modification
factor of Y(25) at 4/syny =5.02[100] and 8.16 TeV in pPb collisions and compared to theoretical calculations
(see text). The data at 8.16 TeV are preliminary.

The latest measurements from PHENIX in pp and p (or light nucleus)-A collisions at backward and
forward rapidity [52] are also shown in Section 1.4.4 in the left panel of Fig. 1.8 . While at backward
rapidity, the ¥(2S) production is suppressed relatively to the J/i, this is not the case at forward rapidity as
observed at the LHC. In a comover approach, this is expected since the charged-particle density is much
lower at forward rapidity at RHIC than at LHC energy.

Y(2S) nuclear modification factor The nuclear modification factor was also extracted in pPb collisions
at y/syn = 5.02 [100] and 8.16 TeV. The right panel of Fig. 2.17 shows R,pp as a function of rapidity
and its comparison with two theoretical models that include final-state effects. The results obtained at two
different energies are compatible, those obtained at /syy = 8.16 TeV having a better statistical accuracy.
The y/(2S) production in pPb collisions w.r.z. its normalised production in pp collisions is suppressed by
40% at backward rapidity and 50% at forward rapidity.

The calculations from a comover model from Ferreiro [51] represented by dashed lines reproduce well
the /(25) Rppy in both rapidity range. The model predicts a stronger suppression at +/syy = 8.16 TeV due
to a larger charged-particle multiplicity at 8.16 TeV. This effect can not be confirmed or ruled out by the data
given the size of the effect and the uncertainties of the data. The second model from Ma et al. [41] includes
soft-color exchanges between the c¢ pair undergoing hadronisation and comoving partons that are long-
lived on time scales of quarkonium suppression. The soft-color exchanges suppress the y(2S) production
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relatively to the J /¢ one. These calculations are based on the CGC framework coupled to an improved CEM
model for the hadronisation of charmonia. The dense-dilute hypothesis used in the CGC framework makes
the model valid only at mid- and forward rapidity.

The (2S) Rypy was also measured as a function of rapidity and prt in ALICE. Within the data uncertain-
ties, no dependence as a function of pt was observed [100]. At large pt, ATLAS and CMS also measures
the ¥(25) production in pPb collisions [101, 102]. In particular, CMS found a significant suppression of the
W(2S) up to 40% at yoms ~ —2 for 4 < pr < 10 GeV/c and a relative suppression of the (2S) w.rt. J/y at
backward rapidity in the same pr interval.

The event centrality dependence was also studied. Figure 2.18 shows Qppy as a function of event cen-
trality at backward (left panel) and forward (right panel) rapidity, as determined from the energy deposited
in the ZDC in ALICE [83]. In both rapidity intervals, no significant (N..;) dependence of Qppy is observed
within the data uncertainties. However, the large uncertainties do not allow to draw a firm conclusion. The
data are compared to two theoretical models. The first model is based on final-state effects from a comoving
medium from Ferreiro [51] as shown in the right panel of Fig. 2.17, that can fairly well describe Qppy, in both
rapidity intervals. The second model is based on a transport approach from Du et al. [59, 53] that assumes
hot fireballs are created in the most central collisions in pA collisions. It reproduces fairly well the (2S)
Oppp despite some tension at low (N,;) at backward rapidity. Another transport model from Chen e al. [58]
gives a good description of the ¥(2S) Rypp but a larger suppression of the J/i at backward rapidity and
central collisions.
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Figure 2.18: Nuclear modification factor of J/y and ¥(2S) at +/syxy = 5.02 [83] and 8.16 TeV in pPb
collisions as a function of centrality at backward (left) and forward (right) rapidity and compared to two
theoretical calculations (see text). The data at +/syy = 8.16 TeV are preliminary.

2.3.3 Open heavy-flavour and bottomonium measurements and implication for charmonia

Charm production Open charm production is of great importance when studying charmonium production
since it gives access to the c¢ pair production cross section. An access to the total open charm production in
pPb collisions would allow one to disentangle the nuclear effects on the c¢¢ pair production to those on the
charmonium state formation. Studying nuclear effects on open charm production also constrain the various
models that are used to describe charmonium production.

Open heavy flavour production can be described by pQCD calculations as a convolution of the PDFs
of the incoming nucleons, the hard scattering production of the c¢ pair and the fragmentation function.
The latter parametrises the non-perturbative evolution of a charm quark into a given heavy-flavour hadron
species. Theoretical calculations based on pQCD (GM-VFNS [103] and FONLL [9]) describe generally well
the measured charm cross-section within uncertainties. Open charm cross-sections were usually extracted
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from the D° meson cross section by using the fraction of charm quark hadronising into D° mesons from
e*e” collisions measurements at LEP [104]. However, recent A -baryon measurements in pp collisions at
Vs =7 TeV and pPb collisions at /syy =5.02 TeV [105, 106] suggest that the fragmentation of charm
quarks into charmed baryons in pp collisions at LHC energy differs from the LEP results and therefore
that the fragmentation function is not universal as assumed in the factorisation approach of open charm
production. In order to extract the total charm production cross section, one then needs to rely on more
precise measurements of charmed-baryon production cross sections at the LHC. A, represents about 6% of
charm quark fragmentation as measured by LEP [104].

The left panel of Fig. 2.19 shows the nuclear modification factor of prompt D mesons (average values of
the three non-strange D mesons (DY, D* and D**) as a function of pr as measured by ALICE at +/syy =
5.02 TeV. Rppp is compatible with unity over the full pt interval within 2 o-. The values integrated over pr is:
Rppy = 0.96 + 0.05 (stat) + 0.07 (syst) for —0.96 < ycns < 0.04. It is interesting to compare this value to the
one obtained for inclusive J/y in the same rapidity range: Rppp = 0.71£0.06 (stat) +0.13 (syst) [75]. At mid-
rapidity, the J/¢ Rppy is lower than that of D meson however uncertainties are large and both measurements
are compatible within 1.5 0. The right panel of Fig. 2.19 presents the nuclear modification factor of prompt
D° mesons as a function of rapidity as measured by LHCb at /syy = 5.02 TeV. The nuclear modification
factor depends on rapidity. While the D° meson production is suppressed w.rt. its normalised production
in pp collisions at forward rapidity, it is compatible with unity for -4 < y.ns < —2.5 and is enhanced at
Yems < —4. Note that LHCb has measured the cross sections for D mesons in a larger rapidity range by half a
unit but did not extra/interpolate the pp cross section out of the measured rapidity range, leading to a reduced
rapidity measurement for Ryp,. The LHCb prompt J/i Rppp, indicated in blue in the figure, is consistent
with that of prompt D, suggesting that initial state effects are the dominant ones for J/y production. The
rapidity dependence of the D° Rppy 1s well described by nPDF models based on EPSOONLO and nCTEQ15
from Lansberg et al. [82]. The CGC models from Ducloué et al. [38] and Fuji et al. [107] reproduce the
measurements in the forward rapidity interval. The first model computes the uncertainties from charm quark
mass and factorisation scale only, hence the reduced uncertainty.

o REmEmme R
n:“mi_AL'CE P-Pb, [sy=5.02TeV 1 B 25T ]
“F 1 mm + ~~ LHCb prompt D° LHCb :
F B C LHCb prompt J/y s =5TeV 1
14 2  F=IHELAC-EPS09LO NN ]
L — HELAC-EPSOONLO  p < 10 GeV/c ]
—— - - === HELAC-nCTEQ15 T 1
| 1.5 L B CGC1 ]
LI T BmCGC2 ]
] =Ny ]
1f=< S = .
] : . ><)€::i x\_><; >—f: _<E><>_;>< ><Z ><\)(:

0_4:_ Prompt D mesorns, -096<y_  <0.04 A 05 L el _T_?jff:_'}:}_\fm“k
= Average D°, D*, D** ] I i
02 ©°D° ] - ]
L e D ] 0 L. v v vty 1]

PR AT B I I S W N —
00 5 10 15 20 25 30 35 _4 2 0 2 4 *
p; (GeV/c) y

Figure 2.19: Nuclear modification factor of D mesons at /syy = 5.02 TeV in pPb collisions as a function
of pr at mid-rapidity [108] (left) and as a function of rapidity at backward/forward rapidity (right) [109].

Figure 2.20 shows the inclusive and prompt J/¢ Rpp, integrated over pr and as a function of rapidity
obtained at /syy = 5.02 and 8.16 TeV in pPb collisions and compared to D mesons at 1/syy = 5.02 in pPb
collisions. Since the J/iy results at the two energies are compatible, the 8.16 TeV results are added as well
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in this compilation figure since they are more precise than the 5.02 TeV ones and they extend the rapidity
range. The J/i Rypy is compatible with the J/i one for —4 < ycns < 4 and this suggests that initial state are
the dominant nuclear effects in pPb collisions for J/i production in this rapidity interval. It differs by 3.8 o
for —4.5 < y < —4 when considering LHCb data only, pointing out final-state effect for J/i production. It
will be helpful in the future to increase the precision of these measurements and to extend the J/i ones at
backward rapidity (an additional point could be measured from LHCD) to confirm/infirm the similarity and
difference between J/i and D meson production in pPb collisions. Since the backward/forward rapidity data
are dominated by systematic uncertainty, it could help to measure the pp cross section at the correct energy
or to evaluate directly the ratio of the two measurements within the same experiment. A comparison as a
function of the collision centrality would be very helpful as well.
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Figure 2.20: Nuclear modification factor of J/i at 4/syy = 5.02 and 816 TeV in pPb collisions as compared
to D mesons at +/syy = 5.02 in pPb collisions as a function of rapidity and integrated over pr from ALICE
and LHCb.

Beauty production Open beauty and bottomonium measurements in pPb collisions allow one to probe the
nuclear matter effects at a different mass scale than with open charm and charmonium production: the higher
beauty quark mass is expected to lead to different effect amplitudes. Excited bottomonium states can also
be measured and compared to the ground state as done in the case of the ¥/(25). In the following, we will
discuss the bottomonium results and will compare them to the charmonium measurements. The open beauty
measurements from non-prompt J /¢ will be also discussed.

Figure 2.21 shows the nuclear modification factor of Y(1S) in pPb collisions as a function of rapidity
as measured in ALICE and LHCb at +/syy = 8.16 TeV [110, 111] (left) and ATLAS and CMS at +/syy =
5.02 TeV [112, 101] (right). In the right panel, the data from ALICE and LHCb are also added for com-
pleteness. The Y(1S) is suppressed in pPb collisions in particular at mid and forward rapidity. Given the
uncertainties of the measurements, no significant rapidity dependence of Rppy, is found as for the J/i.

Figure 2.22 shows the pr dependence of the Y(1S) Ryp, at backward (left) and forward (right) rapidity.
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Figure 2.21: Left: nuclear modification factor of T(1S) at 4/syxy = 8.16 TeV in pPb collisions as a function
of rapidity from ALICE [110] and LHCb [111]. Right: nuclear modification factor of Y'(1S) in pPb collisions
at y/syy = 5.02 TeV from ATLAS [101] and CMS [112] and at /syy = 8.16 TeV from ALICE [110] and
LHCb [111] as a function of rapidity.

A decrease of the nuclear modification factor with decreasing pr is observed at both rapidity intervals. At
pr > 8 GeV/c, Rypy is consistent with unity. Rppy is also found to be consistent with unity by ATLAS for
15 < pr < 40 GeV/c at mid-rapidity at +/syy = 5.02 TeV [101].
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Figure 2.22: Left: nuclear modification factor of Y'(1S) at /syny = 8.16 TeV in pPb collisions as a function
of pr at backward (left) and forward (right) rapidity [110].

In the left panel of Fig. 2.21 and in both panels of Fig. 2.22, some of the models that describe the J/y¥
Rppp in Fig. 2.9 are compared to the Y(1S) measurements. The models based on nPDFs (denoted EPSO9NLO
from Vogt [79], "EPPS16 reweighted" and "nCTEQI15 reweighted" from Lansberg et al. [82] in Fig. 2.21
and 2.22) reproduce well the pr and rapidity dependence of the Y'(1S) Rypy, at forward rapidity. However
they overestimate R,pp at backward rapidity and they do not reproduce the pt dependence of the ALICE
measurements. The rapidity dependence measurement is also compared to a model that includes the effects
from coherent energy loss from Arleo et al. [8§1]. When the model does not include the contribution from
nPDF, it overestimates the ALICE measurement for almost the full rapidity range, while it reproduces well
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the rapidity dependence of the J/y Rppy over the full rapidity range. When the contribution from nPDF is
included (with EPS09), the Y(1S) Rypp, is well reproduced by the coherent energy loss model at forward
rapidity.

As for charmonium production, most of the models (nPDF, coherent energy loss, CGC) do not pre-
dict a lower Rypy, for the excited states of the bottomonium family. The LHC experiments (ALICE [110],
ATLAS [101], CMS [113, 112] and LHCDb [110]) have however found a larger suppression of the excited
state Y (2S) and T(3S) productions relatively to the Y(1S) bound state one at /syy = 5.02 and 8.16 TeV
in pPb collisions. Figure 2.23 shows the double ratio of the T(2S) (left panel) and the T'(3S) (right panel)
to the T'(1S) production cross sections, as defined in Eq. 2.5, at backward and forward rapidity at \/syy =
8.16 TeV in pPb collisions as measured by LHCb [110]. The excited states are systematically more sup-
pressed than the ground state. In particular, the double ratio shows a stronger suppression for Y(3S) than
T(1S) at backward rapidity. The data are compared to calculations based on final-state effects from a co-
moving medium [51, 114] that reproduce well the relative suppressions of the T(2S) and Y (3S) w.r.t. Y(1S)
at backward and forward rapidity.
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Figure 2.23: Double ratio of Y(2S) (left) and Y'(3S) (right) over T(1S) in pPb and pp collisions at \/syy =
8.16 TeV as a function of rapidity [110].

As for the charm case, it is valuable to compare the bottomonium cross sections to the open beauty ones.
Figure 2.24 shows the ratio of the Y(1S) to the non-prompt J/i cross sections as a function of rapidity in pPb
collisions at +/syy = 8.16 TeV and in pp collisions at /s = 8 TeV [110]. The ratio is systematically lower
in pPb collisions at forward rapidity. As discussed previously on the charm sector, a larger suppression of
the J/y to the D meson Rppy, is not observed (see the left panel of Fig. 2.19). More data will allow one to
confirm if there is a different suppression mechanism for bottomonium and open beauty in pPb collisions at
the LHC energy.
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Chapter 3

Opportunities for charmonium production

in pA collisions in a fixed-target mode at the
LHC

Fixed-target experiments offer the possibilities to reach high luminosities with dense target and to use various
target types, as well as polarised targets. Fixed-target experiments can be achieved with accelerators that run
in collider mode, as in the past with HERA at DESY and with the Tevatron at Fermilab, and currently with
RHIC at BNL. In the early 90’s, there were two LHC fixed-target projects dedicated to b-physics (GAJET
and LHB). These projects were in competition with a third one on the same physics topic but running in
collider mode. The third project was chosen and finally became the LHCb experiment. Later, the physics
opportunities to run a fixed-target experiment with the LHC beams were discussed in [115, 116] and several
technical implementations were proposed, in particular with the ALICE and LHCb detectors. The expected
performances of a fixed-target programme using the proton and ion beams of the LHC were further studied
within the AFTER@LHC study group and reviewed in [117]. In the following, the general physics motiva-
tions for fixed-target experiments at the LHC will be presented, as well as the possible implementations at
the LHC. Finally the physics opportunities and expected performances in the case of charmonium production
in pA collisions will be discussed.

3.1 Main motivations for a fixed-target experiment at the LHC at high lu-
minosity

The 7 TeV proton and 2.76 A TeV lead beams at the LHC allow one to reach a center-of-mass energy per
nucleon pair of /syy = 115 GeV and +/syn = 72 GeV, respectively. These energies correspond to an energy
domain between SPS and nominal RHIC energies. The interaction of proton beam with a target leads to a
rapidity boost of 4.8 units, while the rapidity boost is of 4.2 units in case of the lead beam. This implies
that the mid- to forward rapidity region in the center of mass frame (y.ys = 0) lies within 1 degree in the
laboratory frame and that the backward region (y.ms < 0) is easily accessible by using standard experimental
techniques or existing detectors such as those of ALICE or LHCb. The fixed-target mode offers thus the
opportunity to access the backward rapidity domain that can be linked to the high-x frontier of the nucleon
and nuclear internal structure, where x is the momentum fraction of the parton struck in a target nucleon or
nucleus.

The physics motivations of a fixed-target experiment at the LHC are three-fold [116, 118, 119, 120,
117]: advance our understanding of the high-x gluon, antiquark and heavy-quark content in the nucleon
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and nucleus, unravel the spin structure of the nucleon, and study the quark-gluon plasma (QGP) created in
heavy-ion collisions towards large rapidity. In the following, these three main motivations will be briefly
discussed.

3.1.1 High-x frontier

As illustrated by the uncertainties on the gluon nuclear modification factor shown on the right panel of
Fig. 1.5, the gluon distribution in nuclei is barely known at large-x. This is also the case of the gluon distri-
bution in the nucleon. At large x, there are also long-standing puzzles such as the non-perturbative source
of charm and beauty quarks in the proton which would carry a non negligible fraction of its momentum.
Accessing the high-x gluon in a nucleon, where gluon carries most of the nucleon momentum would test
the QCD in a new limit, not explored so far. Studying the high-x distribution of the quarks and gluons in
proton and nuclei is also crucial to improve the knowledge of the parton luminosities at hadron colliders for
the production of high-mass particles and ultra high energy cosmic rays.

For nucleus targets, the atomic mass dependence can give important input to study the EMC effects and
understand how quarks and gluons behave in the nuclear medium. Using deuteron and *He targets would
provide access to the parton distribution functions in a neutron and allow one to check the assumptions
usually made for light quarks based on isospin symmetry. Also it can be used to test if the gluon distribution
is similar in a proton and a neutron.

The left and right panel of Fig. 3.1 illustrates the target x range (denoted x; Or Xearger in the following)
covered by the LHCb (left) and ALICE muon spectrometer (right) detectors if used in a fixed target mode in
the case of open and hidden heavy-flavour measurements. By measuring quarkonium and open heavy flavour
production as a function of rapidity and p, one could access the high-x frontier of the gluon distribution at
relatively low scale, represented here by the hadron transverse mass. To access the light quark distribution
functions in the nucleon and nucleus at low scale, the golden process in hadronic collisions is the Drell-Yan
one. Studies carried out in [117] show that Drell-Yan measurements with a LHCb-like detector in a fixed-
target mode would allow one to constrain the quark and antiquark distributions at moderate and high-x. Note
that for these measurements, a high luminosity with a hydrogen target (i.e. £,, = 1 — 10 fb~!) would be
required since the cross section decreases towards the backward rapidity region, i.e. towards the end of the
process phase-space.

3.1.2 Nucleon spin structure

The spin internal structure of the nucleon is still largely unknown despite many precise measurements in
Deep Inelastic Scattering (DIS) and Semi-Inclusive DIS (SIDIS). Nowadays, it is not clear how the quarks
and gluons bind into a spin—% object. The nucleon spin can arise from the intrinsic spin of the quarks and
the gluons but also from their Orbital Angular Momentum (OAM), not yet measured. There is still a long
experimental way to resolve the so-called spin puzzle which consists now in determining how large the
different contributions of the quarks and the gluon to the nucleon spin are. In order to measure the parton
OAM, one should access observables that are sensitive to the parton position and momentum. This can be
carried out with the extraction of the Generalised Parton Distributions from the measurements of exclusive
processes where the final state is fully determined. One can also indirectly access information on the orbital
motion of the partons via Single-Spin Asymmetries (SSA) in different hard processes in SIDIS or hadronic
collisions, and in particular with a transversally polarised nucleon.

Experimentally, one can measure Single Transverse-Spin Asymmetries (STSA) which gives access to the
left-right asymmetries of the parton distributions with respect to the plane formed by the proton momentum
and the spin direction. These STSA are related to the transverse motion of the partons inside the polarised
nucleons. In the approach of the Transverse-Momentum Dependent (TMD) factorisation, the TMD PDFs
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Figure 3.1: Typical kinematical reach with heavy-hadron production in Xt (momentum fraction of the
parton in the target) and the hadron transverse mass of the fixed-target mode with a detector acceptance like

(a) LHCb and (b) ALICE [117]. The transverse mass is chosen to be my = \/
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such as the Sivers function, that can be extracted from STSA measurements, encode the possible spin-spin
and spin-orbit correlations between the hadron and its constituents.

By using the proton beam of the LHC on a polarised transverse hydrogen, deuterium and/or *He target,
one could achieve Drell-Yan STSA measurements, allowing one to constrain the Sivers function for light
quarks. In particular, the TMD factorisation predicts a sign change of the STSA in SIDIS and Drell-Yan
processes that could be tested in the kinematic range accessible at the LHC in a fixed-target mode. On the
other hand, heavy-flavour and quarkonium STSA measurements would allow one to probe the transverse
dynamics of gluons. These measurements would be complementary to the SIDIS measurements performed
by COMPASS. By accessing the backward rapidity region, such measurements would probe the range of
parton at high momentum fraction x in the polarised target.

3.1.3 Quark gluon plasma

With the lead beam of the LHC, one could explore the nuclear medium created in Pb-A collisions at
Vsyn = 72 GeV. At this energy, the medium created in the collision is expected to have a low baryon
chemical potential (1) and a temperature (7)) approximately 1.5 times higher than the critical temperature
of the phase transition between a hadron gas and a QGP [15]. The Beam Energy Scan (BES) programme at
RHIC has shown that in AuAu collisions at +/syy = 62 GeV the produced hadrons have a large elliptic flow
and jet-quenching effects were observed [121, 122, 123, 124]. These results suggest that quarks and gluons
are deconfined in this energy range and that the produced medium can be studied at the LHC in a fixed-target
mode as well.

Model calculations indicate that up and T of the produced medium depend on the charged-particle rapid-
ity [125, 126, 127]. The right panel of Fig. 3.2(b) shows the rapidity dependence of up as calculated by the
viscous hydro+cascade model VHLLE+UrQMD [127]. According to this model, measurements performed
in a broad rapidity coverage, such as the particle yield and their anisotropies, would allow one to scan various
values of up and T and thus the nuclear phase diagram from the deconfined regime to the phase transition
to the hadronic gas. The left panel of Fig. 3.2(b) illustrates the possible coverage of the nuclear phase space
diagram when using the LHC lead beam on a fixed target. It is compared to running and planned heavy-ion
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experiments. A rapidity scan at the LHC in a fixed-target mode would be complementary to the beam energy
scan performed at RHIC. Another possibility to scan the nuclear phase diagram would be to use various
target and beam types. A fixed-target mode has the advantage of the versatility of the target. In addition,
different beam types are possible at the LHC such as xenon beam that was used for a short run in Run 2.
Oxygen beam is also envisioned in Run 3 or 4.

In the sector of quarkonium production, the excited states of Y, as well as the charmonium states, are
expected to melt into the QGP [128] at the medium temperature accessible at the LHC with a lead beam
in a fixed-target mode. It would be very valuable to study the quarkonium production at this energy and
to compare to the results obtained at nominal RHIC and LHC energies. In particular, the recombination
process of ¢ pairs is not expected at +/syy = 72 GeV. For the charmonium family, a direct measurement
on Y. production in heavy ion collisions still need to be measured at high energy. This would allow one
to improve the understanding of charmonium production in proton-nucleus and nucleus-nucleus collisions
since the y. contributes largely to the J/i production via feed-down. At RHIC energy, a first y, measurement
was performed in dAu collisions at +/syy = 200 GeV but with low precision [28].

1 Early Universe

: LHC Experiments Baryon chemical potential vs c.m.s. rapidity

PbPb collisions at 72 GeV c.m.s. energy
Deconfined quarks Centrality class : 20-30 %
and gluons

Critical Point
Hadron Gas

Nuclear
Matter Neutron Stars
-

900 MeV
Baryon Chemical Potential

(a) (b)

Figure 3.2: (a) Phase diagram of the strongly interacting matter and the reach of the heavy-ion program with
a fixed-target experiment at the LHC (b) The baryonic chemical potential yp as a function of the rapidity
Yems in mid-central PbPb  +/syny = 72 GeV collisions predicted by the viscous hydro+cascade model vH-
LLE+UrQMD [Adapted from [127]]. The colour represents the differential density of produced particles as
a function of y¢n,s and pp.

3.2 Fixed-target implementations at the LHC

Several techniques are promising to obtain a fixed-target experiment at the LHC at high luminosity. LHCb
has pioneered the use of gaseous fixed-target with the System for Measuring the Overlap with Gas (SMOG) [129,
130], originally designed for luminosity calibration. In that case, the gas density is low since the gas is not
confined to a specific region and there is no dedicated pumping system. Also only noble gases have been
used so far and for limited running time periods. Higher density gas targets are possible with the gas-jet
system or by using a storage cell as illustrated in the bottom parts of Fig. 3.3. With those target setups, H,
D and *He gases could be injected as well as polarised gases. Solid targets can also provide high luminosity
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fixed-target experiment. The beam halo can directly interact with the target inserted inside the beam pipe as
shown on the top right panel of Fig. 3.3. Another more promising solution, that has the advantage to be more
parasitic to the main beams, is to deviate the beam halo on an internal solid target by using a bent crystal
(see the top left panel of Fig. 3.3). With this technique, two solutions can be envisioned: either the beam is
extracted and a new beam line is created, or the beam is used on a target located in an existing cavern (beam
splitting). The first solution requires however civil engineering and could be achieved only over a longer
timescale. The second solution is possible provided that the deflected beam halo is then absorbed upstream
of the detector.

BEAM SPLITTING Forward detector SOLID TARGETS IN BEAM HALO Forward detector
channeled halo to a solid target _— N _—
g— _—
_— absorber insertable ¢ __—
beam optics [ beam halo target [ r
beam o100m) e > b N -
halo > == — == eam —
crystal-1 solid crystal-2 T — —
target (optional) - _
UNPOLARIZED GAS TARGETS Forward detector POLARIZED GAS TARGETS — Forward detector
__— H, D, 3He Polarized __—
H, , D, ,He, Ny, Ne, Ar ... gas __— gas _—

source _— source _—
storage cell T storage cell
Y .
beam
R, o)
magnetic guiding field ()
\, v ~—
~ Polarimeter ~——
~—_ Analyzer ~—

beam

Figure 3.3: Various possible setups for fixed-target: crystal beam splitting for solid target with optionally a
second crystal (top left), solid target in beam halo (top right), unpolarised gaseous target with optionally a
storage cell (bottom left), polarised gas jet injected into the beam pipe with optionally a storage cell (bottom
right). Figure from [131].

Several implementations of the gas and solid target solutions at the LHC were investigated in [117]
and were discussed in the Physics Beyond Collider working groups at CERN, in particular with the aim at
evaluating the effect on the LHC beams [131, 132]. Building a new dedicated experiment at the LHC would
be the most suitable option, however one would need to have a large community working on and supporting
the project, which is not the case now. It is also possible to use an existing detector at the LHC in order to
cover a large part of the physics opportunities described earlier. There are different projects based on the
internal gas target and the crystal/solid target solutions within the ALICE and LHCb collaborations. We
will first discuss some general aspects regarding the acceptance and the multiplicities of possible fixed-target
implementations at the LHC and we will then briefly describe the ongoing studies and projects.

3.2.1 General aspects: acceptance and multiplicity

One of the main motivation of the fixed-target programme at the LHC is to access the parton in the target
at high x. Due to the large beam rapidity shift (4.8 units with the 7 TeV proton beam and 4.2 units with
the 2.76 A TeV lead beam), the particle production is shifted towards larger angles. Figure 3.4 shows the
rapidity coverage in the center of mass (ycms) of the ALICE and LHCb detectors when used in collider and
in fixed-target modes. In the latter case, various positions of the target are considered: either at the nominal
interaction point corresponding to z = 0, or shifted on the opposite side of the ALICE muon spectrometer or
the LHCb detectors. When the target is shifted from the nominal interaction point, the rapidity acceptance
is estimated by considering the active area of the detectors and massless particles. These rapidity coverages
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are also compared to those of the STAR and PHENIX detectors at RHIC. As illustrated in Fig. 3.4, the major
advantage of a fixed-target experiment is that particle production can be easily measured at large negative ycms
with standard detector techniques and in particular with detectors with full particle identification capabilities.
The full forward hemisphere is compressed into a very small solid angle area. Since the luminosities by using
the LHC beams on a fixed target are expected to be high, as we will see later, it allows one to probe the full
rapidity range with high statistics for many processes.

Collider

STAR S B
PHENIX ]

ALICE ]
LHCb I
Fixed Target

ALICE zge=-4.7Tm ]

ALICE Z44=0 I

LHCD Z,=-1.5m

LHCD Z,yge=-0.4m I
LHCb z,,,,=0

Center-of-mass rapidity

Figure 3.4: Comparison of the kinematical coverages of the ALICE and LHCb detectors at the LHC and the
STAR and PHENIX detectors at RHIC. For ALICE and LHCDb, the acceptance is shown in the collider and
fixed-target modes for a 7 TeV proton beam and for various fixed-target positions. When the target position
is at the nominal Interaction Point (IP), one has zgeer = 0, otherwise the target is located on the opposite side
of the muon spectrometer of ALICE or of the LHCD detectors. The fully filled rectangles refer to detectors
with particle identification capabilities, the double-hatched rectangles to electromagnetic calorimeters and
the hatched rectangles to muon detectors.

In the case of heavy nuclear targets, such as Xe or W, the detectors have to cope with the high mul-
tiplicities foreseen with the lead beam at +/syy = 72 GeV. The average number of charged particles is
maximal at i, ~ 4.2 and amount to dN¢,/dny ~ 600 — 700 for the most 10% central collisions according to
EPOS [133, 134]. The charged-particles multiplicities are shown in Fig. 3.5 for various heavy-ion systems as
a function of the pseudorapidity in the laboratory frame and is compared to the ones obtained at the LHC in
a collider mode. In a fixed-target mode the multiplicities do not exceed the one obtained in the most central
PbPb collisions at /syy = 5.5 TeV up to niap ~ 7.

3.2.2 Internal gas target

The LHCb collaboration has demonstrated that direct gas injection in the beam pipe is tolerable within
a certain range. The SMOG system [129] has injected noble gases (He, Ne and Ar) into the VELO [135]
chamber, i.e. inside the LHC beam pipe, for a limited time. The injected gas travels from the VELO chamber
to the ion pump stations located about 20 m away on both sides. The current limitation to noble gases avoids
altering the Non-Evaporable-Getter (NEG) coating properties of the beam pipe. The gas pressure is limited
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Figure 3.5: The averaged charged-particle multiplicity as a function of the pseudorapidity in the laboratory
frame for the most central collisions in PbAr, PbXe and PbW collisions at +/syny = 72 GeV in a fixed-target
mode and for various event centrality intervals in PbPb collisions at 1/syy =5.5 TeV in a collider mode [117].

to about 1.5 x 1077 mbar, i.e. two ordres of magnitude higher than the LHC vacuum pressure. First physics
results obtained with the SMOG system were published in [136, 137]. Since the uncertainty on the gas
pressure is large with the SMOG system, the luminosity was estimated from the yield of electrons scattering
off gas atoms, a process that is theoretically well-known.

In order to increase the gas density, the SMOG?2 project was proposed [138]. It consists of a storage cell
(a long narrow tube of 20 cm with an inner diameter of 10 mm) placed inside the beam pipe on the axis of
the LHC beam and in front of the VELO detector. The target is thus displaced from the nominal interaction
point by around 40 cm. The gas is injected via capillary into the center of the target. The cell is openable in
order to cope with the larger transverse beam size at beam injection or during beam adjustments. The two
parts of the cell are connected to the VELO boxes and in order to move simultaneously to the VELO boxes.
The project was accepted and is part of the LHCb upgrade for Run 3 [139]. It will allow an increase of the
effective target areal density by up to 2 orders of magnitude with respect to SMOG for the most heavier gases.
This system should in principle allow the use of gases such as Hj, D;, O, Kr and Xe, in addition to the target
species already used with SMOG. However vacuum studies are needed to define the gas density for those
cases. As it can be seen on Fig. 3.4, the rapidity of the LHCb detectors is not expected to be modified by a
shift of 40 cm of the target position. In terms of achievable luminosity, a first scenario was proposed for Run
3 [140] with the following luminosities: £,y = 150 pb™!, £,p =9 pb~!, L4, =45 pb~!, L,k = 30 pb~!
and L,x. = 22 pb~lat /sy = 115 GeV as well as Lppa, = 50 nb™!, Lppy = 10 nb~and L4, = 5 pb™!
at y/syy = 72 GeV. SMOG?2 will allow one to study many of the physics process described earlier at high
luminosities over a broad rapidity range.

The storage cell can also be used in association with an Atomic Beam Source (ABS) that injects polarised
gas (H, D or *He), such as the target that was used for the HERMES experiment [141] at DESY. The project
LHCSpin [142] proposes to install this target around 1.5 m in front of the VELO of LHCb. The target
system would be isolated by a valve from the VELO with a dedicated pumping system allowing to increase
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the gas density in the target area w.r.tz. SMOG2. An instantaneous luminosity of L,y = 5 X 10*2cm=2s7!

is achievable with this target system. In addition to the ABS, there is a magnet around the target to ensure
a vertical holding field and a diagnostic system on the opposite side of the ABS. The diagnostic system
consists of a Breit-Rabi polarimeter and a target gas analyzer to characterize the polarisation of the injected
gas and the degree of recombination of the gas within the cell, respectively. A target polarisation of the
order of 85 % is expected. Many studies are ongoing for that project. The main identified issue with respect
to the original target from the HERMES experiment concerns the coating of the cell that does not comply
with the LHC requirement and R&D studies are ongoing to find a proper coating. Since the target would
be installed at 1.5 m from the VELO, it was proposed to install a vertex detector behind the target. The
rapidity coverage of the LHCb detectors with a target positioned at 1.5 m from the nominal interaction point
is shown in Fig. 3.4. The acceptance computed in the plot does not consider an additional vertex detector,
neither geometrical constraints from the beam pipe. It is worth noting that displacing the target upstream of
the nominal interaction point by few meters reduce the capability of the experiment to access the backward
rapidity range in the center-of-mass frame, which is important to access the high-x partons in the target.

3.2.3 Crystal and internal solid target

When high-energy particles enter a crystal with small angles relative to the crystal planes, their transverse
motion is governed by the crystal potential averaged over the planes. If the particle angles are smaller than
the critical channeling angle, they can be captured into the channeling regime [143]. Channeled particles
move through a crystal oscillating between two neighbouring planes. Channeling is also realised in a bent
crystal if its bending radius is larger than the critical bending radius [144, 145] and high energy particles can
be deviated by a bent crystal. The channeling process is used in particle accelerators for beam extraction
and beam splitting. In particular, the UA9 collaboration has demonstrated the feasibility of crystal-assisted
collimation in the SPS [146] and later in the LHC [147]. Crystal-assisted collimation relies on a well-
oriented bent crystal located inside the beam pipe that deflects the channeled particles into an absorber. The
halo particles that are intercepted by the crystal turn after turn are very well collimated and have a large
probability of being channeled. The halo particles that are not captured at the first hit with the crystal, or that
go through a nuclear reaction, continue circulating and have a high efficiency to be channeled by the crystal
after one or more revolution. This is the so-called multi-pass channeling effect [148].

A slight modification of the crystal collimation scheme allows one to deviate the beam halo particles
into an internal target positioned in front of an existing experiment. The non-interacting deviated halo can
be absorbed by a set of absorbers located behind the experiment. Figure 3.6 shows an example of a fixed-
target scenario in ALICE [149]. A bent crystal of few mm and mounted on a goniometer could be located
upstream of the interaction point by 70 m to channel and deflect the halo of the LHC beam horizontally by
250 urad. This would allow one to place a target at 8 mm from the beam axis when located close to the
interaction point (within few meters). A similar scheme has been proposed in LHCb to measure the electric
and magnetic dipole moments of charmed charged baryons [150, 151, 152]. In the LHCb proposal, there is
a second long bent crystal placed closely after the target that channels part of the baryons produced in the
target and deflects them in the LHCb experiment by 7 mrad. Recent LHC collimation studies show that the
layout proposed could deliver at least 10° protons per second in the case of the LHCb interaction point while
being compatible with high intensity LHC physics operation (i.e. in parasitic operation) [131, 153]. It is
worth noting that another interaction region, IR3, was also considered in these studies, that would require
a new experimental setup but would give less constraints w.r.£. LHCb interaction region. Another scenario
with controlled excitation of beam losses for selected proton bunches would provide higher flux but would
need further studies. Such a scheme could be also used in the ALICE interaction region where dedicated
collimation studies are needed. If a target of the order of 1 cm of W is used, the instantaneous luminosity

expected in pW collisions with the deviated halo intensity quoted above is of the order of 6 x 10?2 cm™2s7.
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Figure 3.6: Particle trajectories for an internal fixed-target experiment: a bent crystal splits and deflects the
halo (green) from the circulating beam (red), and sends it on an internal target (orange) placed in front of
the ALICE detectors; the non-interacting channeled particles are caught by an absorber downstream; a safe
distance is maintained between the channeled beam (green) and the machine aperture (black) [149].

= |

Figure 3.7: Setup for an internal solid target with one target system [149]. On the right side the pipe section
is shown in green. Leftwards are visible the target (yellow), the target holder (brown), the actuator (black)
and flanges (pink and orange) with a gasket inside. In translucent blue is the tapping of the pipe.

In ALICE, a solid target system has been designed in order to have a moveable target with a parking
position outside of the beam pipe and small dimensions of the order of 170 X 50 x 50 mm [149] for a better
integration in the experiment. The target system is shown in Fig. 3.6 where the green part represents the
beam pipe section and the translucent blue part the tapping of the pipe. The target, in yellow, with a radius
of 2.5 mm, a total length of 17.5 mm and a width that can vary between 0.2 mm to few mm, is inserted into
the beam pipe thanks to an actuator which is out of the vacuum. The actuator is a single-effect pneumatic
actuator with a position of work inside the pipe when activated by pressurised air. An electro-valve distributor
controls the position of the actuator through a plastic hose that can be away of the setup. It is possible to
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design a setup with more than one target system allowing one to have several target types distributed along
the beam pipe.

The integration of such system is constrained by the position and the integration of the existing detectors.
A possible location would be at approximately 5 m from the interaction point in front of the existing valve.
The target can outgas and the beam pipe section around the target system has to be isolated by adding a
new valve behind the target, in order to maintain a high vacuum level in IP2. The rapidity coverage of the
ALICE detectors with a target positioned at 4.7 m from the nominal interaction point is shown in Fig. 3.4.
The acceptance computed in the plot does not consider possible geometrical constraints from the beam pipe.
As previously mentioned, moving the target upstream of the nominal interaction point by few meters reduce
the capability of the experiment to access the backward rapidity region in the center-of-mass frame.

3.3 Physics motivations for charmonium production in pA collisions at +/syy =
72 and 115 GeV

The physics opportunities of running a fixed-target experiment at the LHC were evaluated and reviewed
in [117]. In this Section, the interest of measuring charmonium production in pA collisions will be discussed.

In Section 1.4, it was discussed that various nuclear effects can affect the charmonium production in
PA collisions and in Section 2, the results obtained at the LHC were presented and compared to those from
RHIC as well as to theoretical calculations. The interpretation of the current RHIC and LHC data would
benefit from additional measurements at lower energy and above the SPS and Fermilab energy.

At the LHC, two energies can be obtained in pA collisions with a nuclear target if one uses the 2.76 or
the 7 TeV proton beam. The 2.76 TeV proton beams are usually required at LHC for a short running time of
the order of the week as it serves as a reference for the heavy-ion collisions. High precision data over a broad
rapidity and pr range in pA collisions at +/syy = 72 and 115 GeV would help to disentangle the various
cold nuclear matter effects and to constrain theoretical models. We have also discussed earlier that it would
be very valuable to measure precisely the y. production since it is expected to contribute to the prompt J /iy
production through feed-down in pA collisions.

Assuming only the modification of the PDFs in the nucleus on the c¢ and bb pair production, a study
has been carried out in [117] to estimate the impact of open and hidden heavy flavour production (D°, J/y,
B* and T(13)) in a fixed target mode at the LHC on the nPDFs. In this study a data-driven approach [82]
is used to fit the matrix elements of heavy flavour production in pp collisions. In order to compute the
heavy flavour production in pA collisions, the matrix elements are then folded with proton CT14 PDFs
and nucleus nCTEQ15 nPDFs. The nuclear modification factor is then extracted from these computations by
considering pp and pXe collisions at y/syy = 115 GeV with an integrated luminosity of 10 fb~! and 100 pb~!,
respectively. Typical values of efficiency of 10% and systematic uncertainties of 2% (uncorrelated) and 5%
(correlated over rapidity) are considered. The branching ratios of D° — K, Bt — KJ/y — Ku*u-,
I/ — p*u and T(1S) — u*u~ are also included for the yield and statistical uncertainty estimation. For
DY and B*, their charge conjugate particles are summed up.

The nuclear modification factors Rpxe are shown in Fig. 3.8 for the four particles. The interval of rapidity
in the center-of-mass frame corresponds to a rapidity in the laboratory frame of 2 < yp, < 5, such as
the one of LHCb. The red enveloppe corresponds to the uncertainties of the nCTEQ15 nPDFs. The Rpxe
were evaluated at three different choices of the factorisation scale ur. A Bayesian-reweighting analysis was
performed as in [32] for each particle separately by considering the pseudo-data with their total uncertainties.
The blue enveloppe corresponds to the reweighted nCTEQ15 nPDFs uncertainties. A large reduction of
the nPDFs uncertainties is obtained in particular in the backward rapidity range. As it can be seen from
the projected uncertainties, a high statistical data sample is motivated to access a broad rapidity range, in
particular the interval of the far backward rapidity in the center of mass with the open and hidden beauty

52



probes.

Figure 3.8: Projection of the statistical uncertainties on the R4 using the LHCb detectors in a fixed-target
mode for (a) DY, (b) J/i, (c) B*, and (d) Y(1S) production in pXe collisions compared to the uncertainties
encoded in nCTEQ15 nPDFs, which are representative of typical nPDF uncertainties, evaluated at different
typical choices of the factorisation scale, ur, like in [32]. The default normalisation scale, y, is taken to be
M? + pr? for J/y and Y(1S), 4M? + pr? for D° and B*. A 2% uncorrelated systematic uncertainty and a 5%
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The impact of the pseudo-data is visible in Fig. 3.9. The four panels show the ratio of nCTEQ15 gluon
nPDFs over the CT14 gluon PDFs at a scale QO = 2 GeV before and after the reweighting for the three
factorisation scales and for each particle. A combined analysis would reduce further the nPDFs uncertainty.
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In particular the high-x region is largely constrained by the pseudo-data as expected and discussed in Sec-
tion 3.1.1 with the left panel of Fig. 3.1 in the case of the LHCDb rapidity acceptance. This study illustrates
that measurements on open and hidden heavy flavour production at backward rapidity with a high luminosity
would allow one to improve our knowledge on nPDFs, in particular at high-x.
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Figure 3.9: nCTEQIS nPDFs before and after the reweighting using R,x. pseudo-data shown in Fig. 3.8
for (a) DY, (b) J/y, (c) B*, (d) T(1S) production. The plots show ratios ng(e of gluon densities encoded in
nCTEQI1S5 over that in CT14 PDFs at a scale Q = 2 GeV. Figures from [117].

As specified above, this study assumes the absence of other cold nuclear matter effets or that those other
effects can be subtracted. At LHC collider energies this approach was applied to existing data [32]. At
lower energies, and particularly in the backward rapidity region and at low pr, quarkonium breakup by
nuclear absorption will likely happen and should be disentangle from other effects. The excited states of
charmonium (and bottomonium) can help to disentangle the nuclear absorption effect since it depends on the
binding energy of the bounding state.

In [154], the effect from energy loss has been estimated for J/i and T production in pCa, pCu and pPb
collisions at 4/syx = 115 GeV. The nuclear modification factor are shown in the left (J/i) and right () pan-
els of Fig. 3.10 as a function of y.m,s. The expected modification in those systems w.zz. pp collisions is of the
order of 10-20% for y.ms > —2.5 for the J/¥ and y.n,s > —2 for the Y. The vertical arrows indicate the criti-
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cal rapidity, y., below which the J/i and Y may suffer inelastic interactions from the surrounding nucleons
while escaping the nucleus. y, is calculated from the nucleus radius, the quarkonium formation time and the
collision energy. At yems < Ve, an additional suppression from nuclear absorption is expected. For the J/i,
the amplitude of the modification is similar to nCTEQ15 nPDFs but while the central values of nCTEQ15
nPDFs indicate an enhancement of the J/i production, the energy loss model predicts a suppression for
Yems > —1.8.
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Figure 3.10: J/y (left) and Y (right) nuclear modification factor in pCa, pCu and pPb collisions at /s =
114.6 GeV resulting from the coherent energy loss model [154].

In addition to charmonium studies, it will be very interesting to study the Drell-Yan process, a more
cleaner process than charmonium production since its production mechanism is well known in pp collisions
and the invariant mass of the dilepton gives the scale Q of the process. Also only initial state effects are ex-
pected to modify its production in pA collisions w.rxt. pp collisions. Drell-Yan data are used in global (n)PDF
analyses to extract the light quark and anti-quark distributions and will be complementary to charmonium
measurements.

Finally, it would be valuable to search for collective dynamics of partons in pA collisions in a fixed-
target mode at the LHC. As shown in Section 2.3.1 a positive v, has been measured in pPb collisions for
inclusive J/y at 4/syny = 5.02 TeV with a magnitude similar to the elliptic flow measured in PbPb collisions
for 3 < ptr < 6 GeV/c. In heavy-ion collisions, a positive v, is usually interpreted as an indication of
collective interactions at the partonic level and of a possible QGP formation. Also at lower energy in the
RHIC beam energy scan, positive flow parameters were measured for charged particles down to +/syy =
19.6 GeV [155]. Studying heavy flavour and more specifically charmonium production at +/syy = 72 and
115 GeV with various types of targets from low to high atomic mass would contribute to the understanding
of the collective behaviour in small systems.

By using a deuterium target transversally polarised with a lead beam, one could measure the elliptic
flow of charged particles with respect to the target polarisation axis [156]. This is equivalent of measuring
the azimuthal asymmetry of the final hadrons from the one-particle distribution. This would allow one to
disentangle different models that reproduce well the elliptic flow measured in pA collisions at RHIC and
the LHC. In the case of correlations from gluon dynamics (Color Glass Condensate model), no azimuthal
asymmetries are expected while hydrodynamic and transport models that describe collective dynamics of
partons in pA collisions predict a non zero elliptic flow with respect to the target polarisation axis. These
measurements could be done for heavy-flavour production as well.
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Conclusion

Charmonium production is extensively studied experimentally and theoretically since its discovery in 1974.
It provides a testing ground for perturbative and non-perturbative aspects of QCD calculations in high-
energy hadronic collisions. In heavy-ion collisions, it is used as a probe of the quark gluon plasma and in
proton-nucleus collisions, it gives insight on the cold nuclear medium effects that modify its production w.rz.
proton-proton collisions.

The LHC has delivered a large integrated luminosity of pPb collisions at two different energies, /syy =
5.02 and 8.16 TeV. These collisions have allowed precise measurements and have given precious informa-
tions on charmonium production, in particular thanks to the muon spectrometer of the ALICE experiment.

The nuclear effects are estimated with the nuclear modification factor, Ry,py, that compares the production
of charmonia in pPb collisions with their production in pp collisions normalised by the number of binary
nucleon collisions. A suppression of the J/i production is observed at mid- and forward rapidity in pPb
collisions, concentrated in the low pr region (pr < 5 GeV/c) and in the most central collisions. At larger pr,
the J/y production in pPb collisions is compatible with the binary scaling of its production in pp collisions
and this supports the absence of nuclear effects. At backward rapidity, the J/i production is compatible with
no suppression, however the Rppy increases from low pr to higher pr, suggesting small but pr dependent
nuclear effect. Similar results are found at /syy = 5.02 and 8.16 TeV. The pt broadening increases at
backward and forward rapidity with increasing centrality with a steeper increase at forward rapidity. Models
based on pure initial state effects (shadowing and gluon saturation) or that include effect from the final state
(coherent energy loss, comovers and transport models) gives a rather good description of the suppression
observed. Other observables such as the self-normalised yield as a function of charged particles or the elliptic
flow have been measured. In particular, the J/i elliptic flow is found to be positive for 3 < pr < 6 GeV/c.
Since the obtained values are similar than those measured in PbPb collisions for the same p interval, these
results suggest that similar mechanism is at play in both collision systems, such as collective-like effects.

The (2S) excited charmonium state is suppressed at backward and forward rapidity and is relatively
suppressed w.rt. to the production of J/i. This suggests that final-state effects such as those from comoving
particles that are produced along the charmonia (comover model) or from hot nuclear matter (transport
model) need to be considered to describe the production of this weakly bound charmonium state.

A comparison of the results obtained at LHC with those of RHIC at /syy = 200 GeV is very valuable
since it allows to constrain the models at different energies. Finally, results obtained at the LHC on open
charm and open and hidden beauty production are essential to understand better the CNM effects. In par-
ticular, the similarity of suppression of the D meson with the J/i suggests that initial state effects are the
dominant ones for J/i production. The measurements from bottomonium were not predicted by most of the
models in particular the suppression measured at low prt and backward rapidity at the LHC. In the beauty
sector, more statistics will improve the current understanding of CNM effects.

The LHC can also run in a fixed-target mode with one beam scattering on a target placed inside the
beam line, allowing one to reach center of mass energy per nucleon pair of +/syxy = 115 GeV with the 7
TeV proton beam and +/syy = 72 GeV with the 2.76 A TeV lead beam. The achievable luminosities are
expected to be high when considering the fixed-target implementations based on internal gas target and on
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solid target coupled to a bent crystal that deviates the beam halo. Both implementations could allow the
fixed-target setup to run parasitically to the LHC nominal operation. The target versatility, as well as a broad
rapidity range that could be probed by the ALICE and LHCb detectors if used in a fixed-target mode, are
nice features that give access in proton-nucleus collisions to the high-x content of the nuclear structure and
to the study of CNM effects over a broad rapidity range with charmonium production.

Open and hidden heavy-flavour production will be further studied in the future at RHIC and LHC. In
particular, the upgrades of the ALICE detectors [157] are currently ongoing during the long shutdown 2
(2019-2020). The upgrades are planned for Run 3 and 4 (2021-2030). They will allow for a continuous
readout and better studies of correlations between the muon spectrometer and the central barrel by using
identified particles. A Muon Forward Tracker [158] will be placed in front of the absorber of the muon spec-
trometer in order to separate the prompt J /¢ production from the non-prompt one. The MFT will also reduce
the background for the /(2S5 leading to measurements with better precision. The luminosity in proton-lead
collisions is expected to be 300 nb~! [159], i.e. about a factor 10 higher than the luminosity collected with
the muon spectrometer in ALICE in Run 2. The MFT will allow one to measure the hadronic environment
around the measured particles in all systems by using isolation criteria. The other LHC experiments (AT-
LAS, CMS and LHCb) will also collect a high luminosity data sample in proton-nucleus collisions during
Run 3 and 4. In the LHC fixed-target mode, we are studying in ALICE the possibility offered by an internal
solid target associated to bent crystal that deviates the halo of the LHC beams, with the aim of installing
the target and crystal systems in 2027 for Run 4. LHCb will collect data in Run 3 with the SMOG?2 system
that will provide up to 100 times higher gas density than the SMOG system used in Run 2. LHCb is also
studying a polarised gas target system that aims at running in Run 4. Finally, at RHIC, the sSPHENIX ex-
periment [160] is aiming at precision measurements of the T’ family at midrapidity at +/syx = 200 GeV. It
will collect proton-gold collisions at +/syy = 200 GeV with an integrated luminosity of 3.2 pb~! and it is
expected to take place in 2023.
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