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Abstract This report reviews the study of open heavy-
flavour and quarkonium production in high-energy hadronic
collisions, as tools to investigate fundamental aspects of
Quantum Chromodynamics, from the proton and nucleus
structure at high energy to deconfinement and the proper-
ties of the Quark—Gluon Plasma. Emphasis is given to the
lessons learnt from LHC Run 1 results, which are reviewed
in a global picture with the results from SPS and RHIC at
lower energies, as well as to the questions to be addressed in
the future. The report covers heavy flavour and quarkonium
production in proton—proton, proton—nucleus and nucleus—
nucleus collisions. This includes discussion of the effects of
hot and cold strongly interacting matter, quarkonium pho-
toproduction in nucleus—nucleus collisions and perspectives
on the study of heavy flavour and quarkonium with upgrades
of existing experiments and new experiments. The report
results from the activity of the SaporeGravis network of the
I3 Hadron Physics programme of the European Union 7th
Framework Programme.
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cesses take place in the early stage of the collision on a
time scale that is in general shorter than the QGP ther-
malisation time. Disentangling the medium-induced effects
and relating them to its properties requires an accurate
study of the so-called cold nuclear matter (CNM) effects,
which modify the production of heavy quarks in nuclear
collisions with respect to proton—proton collisions. CNM
effects, which can be measured in proton—nucleus inter-
actions, include: the modification of the effective partonic
luminosity in nuclei (which can be described using nuclear-
modified parton densities), due to saturation of the parton
kinematics phase space; the multiple scattering of partons in
the nucleus before and after the hard scattering; the absorp-
tion or break-up of quarkonium states, and the interaction
with other particles produced in the collision (denoted as
comovers).

The nuclear modification of the parton distribution func-
tions can also be studied, in a very clean environment, using
quarkonium photoproduction in ultra-peripheral nucleus—
nucleus collisions, in which a photon from the coherent elec-
tromagnetic field of an accelerated nucleus interacts with the
coherent gluon field of the other nucleus or with the gluon
field of a single nucleon in the other nucleus.

During their propagation through the QGP produced in
high-energy nucleus—nucleus collisions, heavy quarks inter-
act with the constituents of this medium and lose a part
of their momentum, thus being able to reveal some of the
QGP properties. QCD energy loss is expected to occur via
both inelastic (radiative energy loss, via medium-induced
gluon radiation) and elastic (collisional energy loss) pro-
cesses. Energy loss is expected to depend on the parton
colour-charge and mass. Therefore, charm and beauty quarks
provide important tools to investigate the energy-loss mech-
anisms, in addition to the QGP properties. Furthermore,
low- pt heavy quarks could participate, through their inter-
actions with the medium, in the collective expansion of
the system and possibly reach thermal equilibrium with its
constituents.

In nucleus—nucleus collisions, quarkonium production is
expected to be significantly suppressed as a consequence
of the colour screening of the force that binds the cc (bb)
state. In this scenario, quarkonium suppression should occur
sequentially, according to the binding energy of each state.
As a consequence, the in-medium dissociation probability of
these states are expected to provide an estimate of the initial
temperature reached in the collisions. At high centre-of-mass
energy, a new production mechanism could be at work in the
case of charmonium: the abundance of ¢ and ¢ quarks might
lead to charmonium production by (re)combination of these
quarks. An observation of the recombination of heavy quarks
would therefore directly point to the existence of a deconfined
QGP.

@ Springer

The first run of the Large Hadron Collider (LHC), from
2009 to 2013, has provided a wealth of measurements in
pp collisions with unprecedented centre-of-mass energies
/s from 2.76 to 8 TeV, in p-Pb collisions at /sN\N =
5.02 TeV per nucleon—nucleon interaction, in Pb—Pb col-
lisions at /sy = 2.76 TeV, as well as in photon-induced
collisions. In the case of heavy-ion collisions, with respect
to the experimental programmes at SPS and RHIC, the LHC
programme has not only extended by more than one order
of magnitude the range of explored collision energies, but it
has also largely enriched the studies of heavy-flavour pro-
duction, with a multitude of new observables and improved
precision. Both these aspects were made possible by the
energy increase, on the one hand, and by the excellent per-
formance of the LHC and the experiments, on the other
hand.

This report results from the activity of the SaporeGravis
network! of the I3 Hadron Physics programme of the Euro-
pean Union 7th FP. The network was structured in working
groups, that are reflected in the structure of this review, and
it focussed on supporting and strengthening the interactions
between the experimental and theoretical communities. This
goal was, in particular, pursued by organising two large work-
shops, in Nantes (France)? in December 2013 and in Padova
(Italy)3 in December 2014.

The report is structured in eight sections. Sections 2, 3, 4,
5 and 6 review, respectively: heavy-flavour and quarkonium
production in proton—proton collisions, the cold nuclear mat-
ter effects on heavy-flavour and quarkonium production in
proton—nucleus collisions, the QGP effects on open heavy-
flavour production in nucleus—nucleus collisions, the QGP
effects on quarkonium production in nucleus—nucleus colli-
sions, and the production of charmonium in photon-induced
collisions. Sect. 7 presents an outlook of future heavy-flavour
studies with the LHC and RHIC detector upgrades and with
new experiments. A short summary concludes the report in
Sect. 8.

2 Heavy flavour and quarkonium production in
proton—proton collisions

2.1 Production mechanisms of open and hidden
heavy-flavour in proton—proton collisions

2.1.1 Open-heavy-flavour production

Open-heavy-flavour production in hadronic collisions pro-
vides important tests of our understanding of various aspects

1 https://twiki.cern.ch/twiki/bin/view/ReteQuarkonii/SaporeGravis.
2 https://indico.cern.ch/event/247609.
3 https://indico.cern.ch/event/305164.
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of Quantum Chromodynamics (QCD). First of all, the heavy-
quark mass (mg) acts as a long distance cut-off so that
this process can be calculated in the framework of pertur-
bative QCD down to low pr and it is possible to com-
pute the total cross section by integrating over pr. Second,
the presence of multiple hard scales (m g, pt) allows us to
study the perturbation series in different kinematic regions
(pt < mg, pt ~ mg, pr > mg). Multiple hard scales
are also present in other collider processes of high interest
such as weak boson production, Higgs boson production and
many cases of physics Beyond the Standard Model. There-
fore, the detailed study of heavy-flavour production and the
comparison to experimental data provides an important test-
ing ground for the theoretical ideas that deal with this class of
problems.

On the phenomenological side, the (differential) cross sec-
tion for open-heavy-flavour production is sensitive to the
gluon and the heavy-quark content in the nucleon, so that
LHC data in pp and p—Pb collisions can provide valuable con-
straints on these parton-distribution functions (PDFs) inside
the proton and the lead nucleus, respectively. In addition,
these cross sections in pp and p—A collisions establish the
baseline for the study of heavy-quark production in heavy-
ion collisions. This aspect is a central point in heavy-ion
physics since the suppression of heavy quarks at large pr is an
important signal of the QGP (see Sect. 4). Finally, let us also
mention that a solid understanding of open-charm produc-
tion is needed in cosmic-ray and neutrino astrophysics [1].
In the following, we will focus on pp collisions and review
the different theoretical approaches to open-heavy-flavour
production.

Fixed-Flavour-Number Scheme Conceptually, the sim-
plest scheme is the Fixed-Flavour-Number Scheme (FFNS)
where the heavy quark is not an active parton in the proton.
Relying on a factorisation theorem, the differential cross sec-
tion for the inclusive production of a heavy quark Q can be
calculated as follows:

do 9% s, pr, v, mol
1 1 A 5
=Y [ an [ gt we £ g )
— . JO 0

L]

Xd&ij—)Q-‘rX[-xiv-xjssv pTv )’»mQ»MF, I‘LR]» (1)
or in short
do @t > 3" (A @ (8 ®dij-grx. )

ij
where pt and y are the transverse momentum and the rapidity
of the heavy quark and s is the square of the hadron centre-
of-mass energy. The PDFs fiA f jB ) give the number density
of the parton of flavour ‘i’ (*j’) inside the hadron ‘A’ (‘B’)
carrying a fraction x; (x;) of the hadron momentum at the
factorisation scale u r. Furthermore, the short-distance cross

section do is the partonic cross section from which the so-
called mass singularities or collinear singularities associated
to the light quarks and the gluon have been removed via
the mass-factorisation procedure and which therefore also
depends on pr. The partonic cross section also depends on
the strong-coupling constant o, which is evaluated at the
renormalisation scale ;g. As a remainder of this procedure,
the short-distance cross section will depend on logarithms of
the ratio of up with the hard scale. In order to avoid large
logarithmic contributions, the factorisation scale ur should
be chosen in the vicinity of the hard scale. Also the renor-
malisation scale pp is determined by the hard scale. The
tilde is used to indicate that the finite collinear logarithms of
the heavy-quark mass present in the partonic cross section
have not been removed by the mass-factorisation procedure.
These logarithms are therefore not resummed to all orders in
the FFENS but are accounted for in Fixed-Order (FO) pertur-
bation theory. The error of the approximation in Eq. (1) is
suppressed by an inverse power of the hard scale which is set
by the mass or the transverse momentum of the heavy quark,
i.e. it is on the order of O((A/r)P) where A ~ 200 MeV
is a typical hadronic scale, and p = 1 or 2.

In Eq. (1), a sum over all possible sub-processes i +
j — O + X is understood, where i, j are the active par-
tons in the proton: i,j € {¢.q = (u,u,d.,d,s,5),g}
for a FFNS with three active flavours (3-FFNS) usable for
both charm and beauty production, and i, j € {q,q =
(u,u,d, d,s,s,c, ¢), g}inthe case of four active flavours (4-
FENS) often used for beauty production. In the latter case, the
charm quark is also an active parton (for ur > m.) and the
charm-quark mass is neglected in the hard-scattering cross
section do whereas the beauty quark mass m is retained.
At the leading order (LO) in «g, there are only two sub-
processes which contribute: (i) ¢ + 3 — Q + Q, (ii)
g+g— O+ 0. Atthe next-to-leading order (NLO), the
virtual one-loop corrections to these 2 — 2 processes have
to be included in addition to the following 2 — 3 processes:
Mg+qg—> 0+Q0+¢g (ig+g—> 0+ 0+g, (i)
g+9g—>qg+0Q0+Qandg+q — g+ Q+ Q. Complete
NLO calculations of the integrated/total cross section and of
one-particle inclusive distributions were performed in the late
80s [2-5]. These calculations form also the basis for more
differential observables/codes [6] (where the phase space of
the second heavy quark has not been integrated out) allowing
us to study the correlations between the heavy quarks —some-
times referred to as NLO MNR. They are also an important
ingredient to the other theories discussed below (FONLL,
GM-VENS, POWHEG, MC@NLO).

The typical range of applicability of the FFNS at NLO is
roughly 0 < pt < 5xm . Arepresentative comparison with
data has been made for BT production in [7] where it is clear
that the predictions of the FFNS at NLO using the branching
fraction B(b — B) = 39.8 % starts to overshoot the Tevatron
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data for pr 2 15 GeV/c even considering the theoretical

uncertainties evaluated by varying the renormalisation and
factorisation scales by factors of 2 and 1/2 around the default

value? WF = R = mt withmp = /sz + p%.

Such a kind of discrepancies at increasing pr can be
attributed to the shift of the momentum between the b quark
and the B meson which can be accounted for by a frag-
mentation function (FF). Indeed, the scope of the FFNS can
be extended to slightly larger pt by convolving the differ-
ential cross section for the production of the heavy quark
Q with a suitable, scale-independent, FF Dg (z) describ-
ing the transition of the heavy quark with momentum pg
into the observed heavy-flavoured hadron H with momen-
tum py =z po (see [7]):

do" =do? ® D] (2). 3)

At large transverse momenta, the differential cross section
falls off with a power-like behaviour do € /dpt o 1/ )2z
with n = 4, 5 so that the convolution with the fragmenta-
tion function (FF) effectively corresponds to a multiplica-
tion with the fourth or fifth Mellin moment of this FF which
lowers the cross section and leads to an improved agreement
with the data at large pt. It should be noted that this FF is
included on a purely phenomenological basis and there are
ambiguities on how the convolution prescription is imple-
mented (Ey = zEg, pH =z ﬁTQ ) leading to differences
at pt 2 mg. Furthermore, at NLO, a harder FF should be
used than at LO in order to compensate for the softening
effects of the gluon emissions. Apart from this, it is gener-
ally believed that this scale-independent FF is universal and
can be extracted from data, e.g. from ete™ data.

The same conclusions about the range of applicability of
the FFNS apply at the LHC where the heavy-quark produc-
tion is dominated by the gg-channel (see, e.g. Figure 3 in [7])
over the gg one. As can be seen, the uncertainty at NLO due
to the scale choice is very large (about a factor of two). For
the case of top pair production, complete NNLO calculations
are now available for both the total cross section [8] and, most
recently, the differential distributions [9]. To make progress,
it will be crucial to have NNLO predictions for charm and
beauty production as well.

ZM-VFNS For pt > mg, the logarithms of the heavy-
quark mass (5% In( p% / mQQ)) become large and will even-
tually have to be resummed to all orders in the perturba-
tion theory. This resummation is realised by absorbing the
large logarithmic terms into the PDFs and FFs whose scale-
dependence is governed by renormalisation group equations,

4 We stress here that this widespread procedure to assess theoretical
uncertainties associated with pQCD computations does not provide val-
ues which should be interpreted as coming from a statistical procedure.
This is only an estimate of the missing contributions at higher-order
QCD corrections.

@ Springer

the DGLAP evolution equations. This approach requires that
the heavy quark is treated as an active parton for factorisa-
tion scales ur > wr where the transition scale w7 is usually
(for simplicity) identified with the heavy-quark mass. Such a
scheme, where the number of active flavours is changed when
crossing the transition scales is called a Variable-Flavour-
Number Scheme (VENS). If, in addition, the heavy-quark
mass m g is neglected in the calculation of the short-distance
cross sections, the scheme is called Zero-Mass VENS (ZM-
VENS). The theoretical foundation of this scheme is provided
by a well-known factorisation theorem and the differential
cross section for the production of a heavy-flavoured hadron
(A+ B — H + X) is calculated as follows:

1 1 1
a0 Y [Can [Cay [ auton

i,j,k
< fP wp) A6 sk x DY (2 i) + Omy/p). ()

Because the heavy-quark mass is neglected in the short-
distance cross sections (d& ), the predictions in the ZM-VFENS
are expected to be reliable only for very large transverse
momenta. The sum in Eq. (4) extends over a large number of
sub-processesi+j — k+ X sincea, b, c can be gluons, light
quarks, and heavy quarks. A calculation of all sub-processes
at NLO has been performed in the late 1980s [10].

Concerning the FFs into the heavy-flavoured hadron H =
D, B, A, ..., two main approaches are employed in the lit-
erature:

e In the Perturbative-Fragmentation Functions (PFF)
approach [11], the FF Df (z, () is given by a convo-
lution of a PFF accounting for the fragmentation of the
parton k into the heavy quark Q, DkQ (z, ,u/F), with a scale-
independent FF DZ (z) describing the hadronisation of
the heavy quark into the hadron H:

D (z. 1) = DE (z. 11p) ® DH (2). (5)

The PFFs resum the final-state collinear logarithms of the
heavy-quark mass. Their scale-dependence is governed
by the DGLAP evolution equations and the boundary
conditions for the PFFs at the initial scale are calculable
in the perturbation theory. On the other hand, the scale-
independent FF is a non-perturbative object (in the case
of heavy-light-flavoured hadrons) which is assumed to be
universal. It is usually determined by a fit to e™e™ data,
although approaches exist in the literature which attempt
to compute these functions. It is reasonable to identify the
scale-independent fragmentation function in Eq. (3) with
the one in Eq. (5). This function describing the hadroni-
sation process involves long-distance physics and might
be modified in the presence of a QGP, whereas the PFFs
(or the unresummed collinear logarithms In p1/m7, in
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the FFNS) involve only short-distance physics and are
the same in pp, p—A, and AA collisions.

e In the Binnewies—Kniehl-Kramer (BKK) approach [12-
14], the FFs are not split up into a perturbative and a
non-perturbative piece. Instead, boundary conditions at
an initial scale 4. >~ mg are determined from ete

data for the full non-perturbative FFs, D (z, i), in

complete analogy with the treatment of FFs into light
hadrons (pions, kaons). These boundary conditions are
again evolved to larger scales ', with the help of the

DGLAP equations.

It is also noteworthy that the BKK FFs (D(z, uz)) are
directly determined as functions in z-space whereas the FFs
in the PFF approach are determined in Mellin-N-space where
the Nth Mellin moment of a function f(z) 0 < z < 1)
is defined as f(N) = [, dz zV~! f(z). GM-VFNS The
FENS and the ZM-VFENS are valid only in restricted and
complementary regions of the transverse momentum. For
this reason, it is crucial to have a unified framework which
combines the virtues of the massive FO calculation in the
FFNS and the massless calculation in the ZM-VENS. The
General-Mass VENS (GM-VENS) [15,16] is such a frame-
work which is valid in the entire kinematic range from the
smallest to the largest transverse momenta (pt << mg, pr =
mg, pr > mg). It is very similar to the ACOT heavy-
flavour scheme [17, 18] which has been formulated for struc-
ture functions in deep inelastic scattering (DIS). Differ-
ent variants of the ACOT scheme exist like the S-ACOT
scheme [19] and the (S)-ACOT,, scheme [20] which are used
in global analyses of PDFs by the CTEQ Collaboration and
the ACOT scheme has been extended to higher orders in
Refs. [21-23]. The theoretical basis for the ACOT scheme
has been laid out in an all-order proof of a factorisation the-
orem with massive quarks by Collins [24]. While the dis-
cussion in [24] deals with inclusive DIS, it exemplifies the
general principles for the treatment of heavy quarks in per-
turbative QCD (see also [25,26]) which should be applica-
ble to other processes as well. Therefore, it is very impor-
tant to test these ideas also in the context of less inclusive
observables. First steps in this direction had been undertaken
in [27,28] where the ACOT scheme had been applied to
inclusive D-meson production in DIS. The case of hadropro-
duction in the ACOT scheme had been studied for the first
time in [29] taking into account the contributions from the
NLO calculation in the FENS combined with the massless
contributions in the ZM-VFNS from all other sub-processes
at O(asz) resumming the collinear logarithms associated to
the heavy quark at the leading-logarithmic (LL) accuracy. In
contrast, the GM-VFNS has a NLO+NLL accuracy. It has
been worked out for ¥y, pp, pp, ¢te”, ep, and yp colli-
sions in a series of papers [7,15,30-38] and has been suc-
cessfully compared to experimental data from LEP, HERA,

Tevatron and the LHC. Furthermore, inclusive lepton spectra
from heavy-hadron decays have been studied for pp collisions
at the LHC at 2.76 and 7 TeV centre-of-mass energy [39]
and compared to data from ALICE, ATLAS and CMS. In
addition, predictions have been obtained for D mesons pro-
duced at /s = 7 TeV from B decays [40]. A number of
comparisons with hadroproduction data are discussed in
Sect. 2.2.

The cross section for inclusive heavy-flavour hadropro-
duction in the GM-VENS is calculated using a factorisation
formula similar to the one in Eq. (4):

! ! !
do HHX ~ Z[ dxi/ dxj/ dz
0 0 0

i,j,k
A N B . AL H 12
Xfi (xi, I'LF)fj (xijF)dalJ—)k+X[pTa mQ]Dk (z, MF)~
(6)

In particular, the same sub-processes as in the ZM-VFNS
are taken into account. However, the finite heavy-quark-mass
terms (powers of sz / p%) are retained in the short-distance
cross sections of sub-processes involving heavy quarks. More
precisely, the heavy-quark-mass terms are taken into account
in the sub-processes ¢ +¢ —> Q0+ X, g+¢g — O + X,
g+g - 0+ Xand g +g9g — QO + X, which are also
present in the FFNS. However, in the current implemen-
tation, they are neglected in the heavy-quark-initiated sub-
processes (Q+g —> O+ X,0+g —> g+X,...)asisdone
in the S-ACOT scheme [19]. The massive hard-scattering
cross sections are defined in a way that they approach, in the
limit mg/pt — 0, the massless hard-scattering cross sec-
tions defined in the MS scheme. Therefore, the GM-VENS
approaches the ZM-VNFS at large pt > mg. It can be
shown that the GM-VFEFNS converges formally to the FFNS
at small pr. However, while the S-ACOT scheme works
well for the computation of DIS structure functions at NLO,
this scheme causes problems in the hadroproduction case
at low pr because the massless b-quark initiated cross sec-
tions diverge in the limit pt — 0. This problem can be cir-
cumvented by a suitable choice for the factorisation scale
so that the heavy-quark PDF is switched off sufficiently
rapidly and the GM-VENS approaches the FFNS at small
pr [7].

FONLL Similar to the GM-VENS, the Fixed-Order plus
Next-to-Leading Logarithms (FONLL) approach [41] is a
unified framework which is valid in the entire kinematic
range (pt < mg, pr = mg, pt > mg). This approach
has also been applied to DIS structure functions and is used
in the global analyses of PDFs by the NNPDF Collabora-
tion [42,43]. Predictions for ¢ and b quark production at the
LHC with a centre-of-mass energy of 7 TeV have been pre-
sented in [44]. The FONLL scheme is based on the match-
ing of the massive NLO cross section in the FENS (=FO)
with the massless NLO calculation in the ZM-VNEFES (=RS)

@ Springer
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according to the prescription

doponLL = dogo + G(mg, pr) x (dogrs — doromo)  (7)

where doromo is the cross section dogg in the asymptotic
limit pt > m o where the finite power-like mass terms can be
neglected and the cross section is dominated by the collinear
logarithm of the heavy-quark mass.

The condition doponLL, — dors for prt > m implies
that the matching function G(mg, pr) has to approach
unity in this limit. Furthermore, in the limit of small trans-
verse momenta doponLL has to approach the fixed-order
calculation dogp. This can be achieved by demanding that
G(@mg, pr) — 0 for pr — 0, which effectively sup-
presses the contribution from the divergent b-quark initi-
ated contributions in dogs. In the FONLL, the interpolating
function is chosen to be G(mg, pt) = p%/(p% + azsz)
where the constant is set to a = 5 on phenomenologi-
cal grounds. In this language the GM-VENS is given by
dogm_vEns = dogo + dors — doromo, i.€. no interpolating
factor is used.

Other differences concern the non-perturbative input. In
particular, the FONLL scheme uses fragmentation functions
in the PFF formalism whereas the GM-VFNS uses fragmen-
tation functions which are determined in the z-space in the
BKK approach.

Monte Carlo generators The GM-VFNS and FONLL cal-
culations are mostly analytic and provide a precise descrip-
tion of the inclusive production of a heavy hadron or its
decay products at NLO+NLL accuracy. Compared to this,
general-purpose Monte-Carlo generators like PYTHIA [45]
or HERWIG [46] allow for a more complete description
of the hadronic final state but only work at LO+4LL accu-
racy. However, in the past decade, NLO Monte Carlo gen-
erators have been developed using the MC@NLO [47] and
POWHEG [48] methods for a consistent matching of NLO
calculations with parton showers. They, therefore, have all the
strengths of Monte Carlo generators, which allow for a com-
plete modelling of the hadronic final state (parton showering,
hadronisation, decay, detector response), while, at the same
time, the NLO accuracy in the hard scattering is kept and the
soft/collinear regimes are resummed at the LL accuracy. A
comparison of POWHEG NLO Monte Carlo predictions for
heavy-quark production in pp collisions at the LHC with the
ones from the GM-VFNS and FONLL can be found in [49].

2.1.2 Quarkonium-production mechanism

The theoretical study of quarkonium-production processes
involves both pertubative and non-perturbative aspects of
QCD. On one side, the production of the heavy-quark
pair, QQ, which will subsequently form the quarkonium,
is expected to be perturbative since it involves momentum
transfers at least as large as the mass of the considered heavy

@ Springer

quark, as for open-heavy-flavour production discussed in the
previous section. On the other side, the evolution of the Q Q
pair into the physical quarkonium state is non-perturbative,
over long distances, with typical momentum scales such as
the momentum of the heavy-quarks in the bound-state rest
frame, m g v and their binding energy m o v2, v being the typ-
ical velocity of the heavy quark or antiquark in the quarko-
nium rest frame (v> ~ 0.3 for the charmonium and 0.1 for
the bottomonium).

In nearly all the models or production mechanisms dis-
cussed nowadays, the idea of a factorisation between the
pair production and its binding is introduced. Different
approaches differ essentially in the treatment of the hadro-
nisation, although some may also introduce new ingredients
in the description of the heavy-quark-pair production. In the
following, we briefly describe three of them which can be
distinguished in their treatment of the non-perturbative part:
the Colour-Evaporation Model (CEM), the Colour-Singlet
Model (CSM), the Colour-Octet Mechanism (COM), the lat-
ter two being encompassed in an effective theory referred to
as Non-Relativistic QCD (NRQCD).

The Colour-Evaporation Model (CEM) This approach is
in line with the principle of quark—hadron duality [50,51]. As
such, the production cross section of quarkonia is expected
to be directly connected to that to produce a Q Q pair in an
invariant-mass region where its hadronisation into a quarko-
nium is possible, that is between the kinematical threshold
to produce a quark pair, 2m g, and that to create the lightest
open-heavy-flavour hadron pair, 2m g.

The cross section to produce a given quarkonium state is
then supposed to be obtained after a multiplication by a phe-
nomenological factor Fg related to a process-independent
probability that the pair eventually hadronises into this state.
One assumes that a number of non-perturbative-gluon emis-
sions occur once the QQ pair is produced and that the
quantum state of the pair at its hadronisation is essentially
decorrelated — at least colour-wise — with that at its produc-
tion. From the reasonable assumption [52] that one ninth
— one colour-singlet QQ configuration out of nine possi-
ble — of the pairs in the suitable kinematical region hadro-
nises in a quarkonium, a simple statistical counting [52]
was proposed based on the spin Jg of the quarkonium O,
Fo =1/9x 2Jg+1)/>;(2J; + 1), where the sum over
i runs over all the charmonium states below the open heavy-
flavour threshold. It was shown to reasonably account for
existing J /¢ hadroproduction data of the late 1990s and, in
fact, is comparable to the fit value in [53].

Mathematically, one has

4o NLO

2my —
og)w _ FQ/ Lde@ )
g dmyg
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In the latter formula, a factorisation between the short-
distance Q Q-pair production and its hadronisation is the
quarkonium state is of course implied although it does not
rely on any factorisation proof. In spite of this, this model
benefits — as some figures will illustrate it in the next section
— from a successful phenomenology but for the absence of
predictions for polarisation observables and discrepancies in
some transverse momentum spectra.

The Colour-Singlet Model (CSM) The second simplest
model to describe quarkonium production relies on the rather
opposite assumption that the quantum state of the pair does
not evolve between its production and its hadronisation, nei-
ther in spin, nor in colour [54-56] — gluon emissions from
the heavy-quark are suppressed by powers of o (mg). In
principle, they are taken into account in the (p)QCD cor-
rections to the hard-scattering part account for the Q Q-pair
production. If one further assumes that the quarkonia are non-
relativistic bound states with a highly peaked wave function
in the momentum space, it can be shown that partonic cross
section for quarkonium production should then be expressed
as that for the production of a heavy-quark pair with zero
relative velocity, v, in a colour-singlet state and in the same
angular-momentum and spin state as that of the to-be pro-
duced quarkonium, and the square of the Schrodinger wave
function at the origin in the position space. In the case of
hadroproduction, which interests us most here, one should
further account for the parton 7, j densities in the colliding
hadrons, f; ;(x), in order to get the following hadronic cross
section:

do1Q + X1 = Y [ s d S wr) £x5. )
i,j

xd6;, i ooy x R, LE)Y O) ©

In the case of P-waves, |y (0)|? vanishes and, in principle,
one should consider its derivative and that of the hard scat-
tering. In the CSM, |/ (0)|? or |4/ (0)|? also appear in decay
processes and can be extracted from decay-width measure-
ments. The model then becomes fully predictive but for the
usual unknown values of the non-physical factorisation and
renormalisation scales and of the heavy-quark mass entering
the hard part. A bit less than ten years ago, appeared the first
evaluations of the QCD corrections [57-61] to the yields of
J/¢ and Y (also commonly denoted Q) in hadron collisions
in the CSM. It is now widely accepted [62—64] that ozj.1 and
ozf corrections to the CSM are significantly larger than the
LO contributions at ocg’ at mid and large pt and that they
should systematically be accounted for in any study of their
pT spectrum.

Possibly due to its high predictive power, the CSM has
faced several phenomenological issues although it accounts
reasonably well for the bulk of hadroproduction data from
RHIC to LHC energies [65-67], eTe™ data at B facto-

ries [68—70] and photoproduction data at HERA [71]. Taking
into account NLO — one loop — corrections and approximate
NNLO contributions (dubbed NNLO* in the following) has
reduced the most patent discrepancies in particular for pt up
to a couple of m g [72-75]. A full NNLO computation (i.e. at
OlSS ) is, however, needed to confirm this trend.

It is, however, true that the CSM is affected by infra-red
divergences in the case of P-wave decay at NLO, which were
earlier regulated by an ad hoc binding energy [76]. These can
nevertheless be rigorously cured [77] in the more general
framework of NRQCD which we discuss now and which
introduce the concept of colour-octet states.

The Colour-Octet Mechanism (COM) and NRQCD Based
on the effective theory NRQCD [78], one can express in a
more rigorous way the hadronisation probability of a heavy-
quark pair into a quarkonium via long-distance matrix ele-
ments (LDMESs). In addition to the usual expansion in pow-
ers of oz, NRQCD further introduces an expansion in v. It
is then natural to account for the effect of higher-Fock states
(in v) where the Q Q pair is in an octet state with a different
angular-momentum and spin states — the sole consideration
of the leading Fock state (in v) amounts to the CSM, which is
thus a priori the leading NRQCD contribution (in v). How-
ever, this opens the possibility for non-perturbative transi-
tions between these coloured states and the physical meson.
One of the virtues of this is the consideration of 3§ 58] states in
P-wave productions, whose contributions cancel the afore-
mentioned divergences in the CSM. The necessity for such
a cancellation does not, however, fix the relative importance
of these contributions. In this precise case, it depends on a
non-physical scale w4 .

As compared to the Eq. (9), one has to further consider
additional quantum numbers (angular momentum, spin and
colour), generically denoted n, involved in the production
mechanism:

ao1Q + X1 = Y [ dn; fits ) £ej )
i,j,n

Xd&i-{-j—)(QE)n-i-X(MR’ HF, MA)(OHQ> (10

Instead of the Schrodinger wave function at the origin
squared, the former equation involves the aforementioned
LDMEs, (O"Q), which cannot be fixed by decay-width mea-
surements nor lattice studies® — but the leading CSM ones of
course. Only relations based on Heavy-Quark Spin Symme-
try (HQSS) can relate some of them.

5 We, however, note that a first attempt to evaluate colour octet decay
LDMEs was made in [79]. In principle they can be related by crossing
symmetry to the production LDMEs which are relevant for the present
discussion. Quantitative results are, however, still lacking.

@ Springer



107 Page 10 of 151

Eur. Phys. J. C (2016) 76:107

Three groups (Hamburg [80], IHEP [81] and PKU [82])
have, in recent years, carried out a number of NLO studies®
of cross section fits to determine the NRQCD LDMEs. A
full description of the differences between these analyses is
beyond the scope of this review, it is, however, important
to stress that they somehow contradict each other in their
results as regards the polarisation observables. In particular,
in the case of the J/y, the studies of the Hamburg group,
which is the only one to fit low pr data from hadroproduc-
tion, electroproduction and e*e™ collisions at B factories,
predict a strong transverse polarised yield at variance with
the experimental data.

Theory prospects Although NRQCD is 20 years old, there
does not exist yet a complete proof of factorisation, in partic-
ular, in the case of hadroproduction. A discussion of the dif-
ficulties in establishing NRQCD factorisation can be found
in [64]. A first step was achieved in 2005 by the demonstra-
tion [84,85] that, in the large- pt region where a description
in terms of fragmentation functions is justified, the infra-red
poles at NNLO could be absorbed in the NRQCD LDME:s,
provided that the NRQCD production operators were modi-
fied to include nonabelian phases.

As mentioned above, it seems that the mere expansion
of the hard matrix elements in «; is probably not optimal
since higher QCD corrections receive contributions which
are enhanced by powers of pt/mg. It may therefore be expe-
dient to organise the quarkonium-production cross section
in powers of pt/mg before performing the o,-expansion
of the short-distance coefficients for the QQ production.
This is sometimes referred to as the fragmentation-function
approach (see [86,87]) which offers new perspectives in the
theoretical description of quarkonium hadroproduction espe-
cially at mid and large pt. Complementary information could
also be obtained from similar studies based on Soft Collinear
Effective Theory (SCET); see [88].

At low pr, it was recently emphasised in [67] that one-
loop results show an intriguing energy dependence which
might hint at a break-down of NRQCD factorisation in this
kinematical region. In any case, as for now, past claims that
colour-octet transitions are the dominant source of the low-
pr J/¢ and Y cannot be confirmed at one loop accuracy.
Approaches such as the kT factorisation based on the Lipatov
action in the quasi-multi Regge kinematics (see [89,90] for
quarkonium studies), the TMD factorisation (see [91,92] for
recent applications to quarkonium production) or the com-
bined use of the CGC formalism and NRQCD [93,94] may
therefore bring their specific bricks in the building of a consis-
tent theory of quarkonium production. Finally, let us mention
the relevance of the colour-transfer mechanism [95], beyond

6 A recent LO study has also been performed including LHC data in
the used sample [83].
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NRQCD, in the case of production of a quarkonium in the
vicinity of another heavy quark.

2.2 Recent cross section measurements at hadron colliders

Due to their short lifetimes (at most a picosecond), the pro-
duction of open-heavy-flavour particles is studied through
their decay products. Four main techniques are used:

1. Fully reconstruction of exclusive decays, such as B —
J/yKQorD? — K~ nt.

2. Selection of specific (semi-)inclusive decays. For beauty
production, one looks for a specific particle, for example
J/¢, and imposes it to point to a secondary vertex dis-
placed a few hundred’ jum from the primary vertex. Such
displaced or non-prompt mesons are therefore supposed
to come from b-decay only.

3. Detection of leptons from these decays. This can be done
(i) by subtracting a cocktail of known/measured sources
(photon conversions, Dalitz decays of 7° and 7 in the
case of electrons, light hadron, Drell-Yan pair, J/y,...)
to the lepton yield. Alternatively, the photon conversion
and Dalitz decay contribution can be evaluated via an
invariant-mass analysis of the eTe™ pairs. (ii) By select-
ing displaced leptons with a track pointing to a secondary
vertex separated by few hundred pwm from the primary
vertex.

4. Reconstruction of c- and b-jets. Once a jet is recon-
structed, a variety of reconstructed objects, such as tracks,
vertices and identified leptons, are used to distinguish
between jets from light or from heavy flavour. A review
of b-tagging methods used by the CMS Collaboration
can be found in [96].

Different methods are used in different contexts, depending
on the detector information available, the trigger strategy, the
corresponding statistics (hadronic decays are less abundant
than leptonic ones), the required precision (only exclusive
decay channels allow for a full control of the kinematics),
the kinematical range (b-tagged jets give access to very large
pt whereas exclusive-decay channels allow for differential
studies down to pr equal 0). A fifth method based on the
indirect extraction of the total charm- and beauty-production
from dileptons — as opposed to single leptons — (see e.g. [97])
is not discussed in this review.

Hidden-heavy-flavour, i.e. quarkonia, are also analysed
through their decay products. The triplet S-waves are the
most studied since they decay up to a few per cent of the
time in dileptons. This is the case for J/v, ¥(2S), Y (1S),
Y(2S), Y (3S). The triplet P-waves, such as the x. and x;, are
usually reconstructed via their radiative decays into a triplet

7 For larger pt or y, such a distance can significantly be larger.
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Fig. 2 do/dpr for heavy-flavour decay leptons in pp collisions: a elec-
trons at mid-rapidity for v/s = 200 GeV from PHENIX [112], b elec-
trons at mid-rapidity for /s = 2.76 TeV [118] and ¢ muons at forward-
rapidity for /s =2.76 TeV from ALICE [119]. FONLL [44,99] predic-

S-wave. For other states, such as the singlet S-wave, studies
are far more complex. The very first inclusive hadroproduc-
tion study of 1, was just carried out this year in the pp decay
channel by the LHCb Collaboration [98].

A compilation of the measurements of the pr-integrated
c¢ and bb cross section, oz and 0,5- is shown in Fig. 1
from SPS to LHC energies. Let us stress that most of the
pr-integrated results and nearly all y-integrated ones are
based on different extrapolations, which significantly depend
on theoretical inputs and which are not necessarily iden-
tical in the presence of nuclear effects. The results are
described within the uncertainties by pQCD calculations,
NLO MNR [6] and FONLL [44,99] for the cc and bb, respec-
tively. Note that most of the experimental results for oz, in
particular at high energies, lie on the upper edge of the NLO
MNR uncertainties.

tions are also shown; in a and ¢ the calculations for leptons from charm
and beauty decays are shown separately (without theoretical uncertainty
bands in a). GM-VENS [15,16] and kt-factorisation [122] calculations
are also drawn in b

2.2.1 Leptons from heavy-flavour decays

The first open-heavy-flavour measurements in heavy-ion col-
lisions were performed by exploiting heavy-flavour decay
leptons at RHIC by the PHENIX and STAR Collaborations.
These were done both in pp and AA collisions [112-116].
At the LHC, the ATLAS and ALICE Collaborations have
also performed such studies in heavy-ion collisions [117-
121]. A selection of the pr-differential production cross
sections of heavy-flavour decay leptons in pp collisions
at different rapidities and energies is presented in Fig. 2.
The measurements are reported together with calculations
of FONLL [44,99] for /s = 0.2 and 2.76 TeV, GM-
VENS [15,16] and kr-factorisation [122] at /s = 2.76 TeV.
The POWHEG predictions [49], not shown in this figure,
show a remarkable agreement with the FONLL ones. The
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Fig. 3 do/dpr for D-meson production in pp collisions at different
energies. a D? and D** measurements at /s = 200 GeV with the
STAR detector [103]. b D data at /s = 7 TeV with the ALICE detec-
tor [125]. ¢ D:r data at /s = 7 TeV with the LHCb detector [106],

differential cross sections of heavy-flavour-decay leptons are
well described by pQCD calculations.

In addition, leptons from open charm and beauty produc-
tion can be separated out via: (i) a cut on the lepton impact
parameter, i.e. the distance between the origin of the lep-
ton and the collision primary vertex, (ii) a fit of the lepton
impact-parameter distribution using templates of the differ-
ent contributions to the inclusive spectra, (iii) studies of the
azimuthal angular correlations between heavy-flavour decay
leptons and charged hadrons (see e.g. [107,123]). These mea-
surements are also described by pQCD calculations.

2.2.2 Open charm

Recently, D-meson production has been studied at RHIC,
Tevatron and LHC energies [102-104,106,124-126]. The
measurements were performed by fully reconstructing the
hadronic decays of the D mesons, e.g. D — K7t and
charge conjugates. D-meson candidates are built up of pairs
or triplets of tracks with the appropriate charge sign com-
bination. The analyses exploit the detector particle identi-
fication abilities to reduce the combinatorial background,
which is important at low pr. For the measurements at Teva-
tron and LHC, the background is also largely reduced by
applying topological selections on the kinematics of the sec-
ondary decay vertices, typically displaced by few hundred
pm from the interaction vertex. The results at RHIC ener-
gies report the inclusive D-meson yields [103], i.e. those from
both ¢ and b quark fragmentation. The former are called
prompt, and the later secondary D mesons. The measure-
ments at Tevatron and LHC energies report prompt D-meson
yields. Prompt yields include both the direct production and
the feed-down from excited charmed resonances. The sec-
ondaries contribution to the D-meson yields is evaluated and
subtracted by: (i) either scrutinising the D-meson candidates
impact-parameter distribution, exploiting the larger lifetime
of b- than c-flavoured hadrons [102, 106, 124], which requires
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where data from different y ranges are scaled by factors 107", with m
shown in the plot. The measurements are compared to FONLL [44,99]
and GM-VENS [15,16] calculations

large statistics, (ii) or evaluating the beauty hadron contribu-
tion using pQCD-based calculations [104,125,126], advan-
tageous strategy for smaller data samples but limited by the
theoretical uncertainties.

Figure 3 presents a selection of the D-meson measure-
ments compared to pQCD calculations. The D, D and D**
do/d pt are reproduced by the theoretical calculations within
uncertainties. Yet, FONLL [44,99] and POWHEG [48]
predictions tend to underestimate the data, whereas GM-
VENS [15,16] calculations tend to overestimate the data (see
Figures 3 and 4 in [49]). At low pr, where the quark mass
effects are important, the FONLL and POWHEG predictions
show a better agreement with data. At intermediate to high
pt1, where the quark mass effects are less important, all the
FONLL, POWHEG, GM-VFENS and kt-factorisation calcu-
lations agree with data. The agreement among the FONLL
and POWHEG calculations is better for heavy-flavour decay
leptons than for charmed mesons, which seems to be related
to the larger influence of the fragmentation model on the
latter. The D" pr-differential cross section is compared to
calculations in Fig. 3c. The D] measurements are also repro-
duced by FONLL, GM-VENS and kr-factorisation predic-
tions, but POWHEG calculations predict a lower production
cross section than data.

Charmed baryon production measurements in hadron col-
liders are scarce. The properties and decay branching ratios
of the A., X, and E, states have been studied at the charm-
and B-factories and fixed-target experiments; see e.g. [132—
135]. An example are the results by Fermilab E791 [128],
FOCUS [129], and CLEO [130] Collaborations. The CDF
Collaboration measured charmed baryons in pp collisions at
/s = 1.96 TeV; see for example [127]. For illustration, a
compilation of the £ and A" mass difference is shown in
Fig. 4a. The LHCb Collaboration measured the pt and y
differential production cross section of A, in pp collisions at
/s =7 TeV [106]. Figure 4b shows the pr-differential cross
section compared to GM-VFNS calculations. No dedicated
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Fig. 4 a Al and T} (2455) mass differences as measured by
CDF [127], Fermilab E791 [128], FOCUS [129], and CLEO [130].
The vertical dashed line together with the surrounding box symbol-

FONLL calculation is available for A, production due to the
lack of knowledge of the fragmentation function. The GM-
VENS predictions include the fragmentation functions result-
ing from a fit to e™e™ collider data [34], where the prompt
and secondary contributions to the measurements were not
separated.

2.2.3 Open beauty

Open-beauty production is usually measured by looking for
b-jets or for beauty hadrons via their hadronic decays, sim-
ilarly to D mesons. They have been traditionally studied at
the e e~ B-factories (see e.g. [134,135]), where, despite the
small b-quark production cross section, the large luminosity
allows for precise measurements, such as those of the CKM
matrix. Yet, heavier states like the By, B, or A, cannot be
produced at the B-factories. They are, however, studied at
Tevatron and at the LHC hadron colliders. The higher colli-
sion energy increases their production cross section, although
their reconstruction is more difficult at hadron colliders due
to the larger combinatorics compared to the e™e™ environ-
ment. It should also be kept in mind that the experiments
optimised to study the high-p probes, like top production,
are not as good for low- p measurements, and often require
the usage of dedicated triggers.

As discussed in the Sect. 2.1.1, predictions for open-
beauty cross sections rely on the fragmentation functions
derived from fits to eTe™ data [35,138]. A high accuracy
on the eTe™ measurements and on the fragmentation func-
tion parametrisations is required to calculate the b-hadron
production cross section at hadron colliders. b-jet measure-
ments have the advantage to be the least dependent on the
b-quark fragmentation characteristics.

In addition, measurements of the B cross section via a
displaced charmonium have been performed multiple times
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ises the world average value and its uncertainty taken from Ref. [131].
b do/dpy for A production in pp collisions at /s = 7 TeV [106]
compared to GM-VENS [15,16] calculations

at Tevatron and at LHC. Charmonia from beauty decays are
selected by fitting the pseudo-proper decay length distribu-
tion of the charmonium candidates, Lyy (m/pr);,y,. Figure
5 presents a selection of the LHC results: the non-prompt
pr-differential cross section of J/v, ¥(2S), n¢, xc1 and
Xc2 in pp collisions at /s = 7 TeV [98,136,137]. The
results at intermediate to low pr are well reproduced by the
FONLL [44,99], NLO GM-VENS [15,16] and NLO [6] with
FONLL fragmentation calculations. At high- pt the predic-
tions tend to overestimate data. This could be related to the
usage of the eTe™ fragmentation functions in an unexplored
kinematic range. Figure S5c, which reports the first mea-
surement of non-prompt charmonium in a purely hadronic
decay channel at hadron colliders, shows a similar transverse-
momentum spectrum for non-prompt singlet and triplet S-
wave charmonia.

Studies of open-beauty production have also been per-
formed in exclusive channels at Tevatron and at the LHC,
e.g. in the case of B, B® and BY [139,140,142-148]. As
example, Fig. 6 presents the BT pr and y differential cross
section in pp collisions at /s = 7 TeV compared to the-
ory predictions [139,140]. PYTHIA (D6T tune), that has
LO + LL accuracy, does not provide a good description
of the data. This could be explained by the choice of m;
and by the fact that for ptr >~ mj, NLO and resummation
effects become important, which are, in part, accounted for
in FONLL [44,99] or MC@NLO. POWHEG and MC@NLO
calculations are quoted with an uncertainty of the order of
20-40 %, from mj and the renormalisation and factorisa-
tion scales, and describe the data within uncertainties. The
FONLL prediction provides a good description of the mea-
surements within uncertainties.

Measurements of the beauty and charm baryon produc-
tion in pp collisions at /s = 1.96 TeV are summarised
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Fig. 5 pr-differential cross sections for non-prompt charmonia —
assumed to come from b decays — for a ¥ (2S) [136] d%c/dprdy by
ATLAS compared to NLO [6], FONLL [44,99] and GM-VENS [15,16]

calculations, b x.1 and x. do/dpr by ATLAS [137] compared to
FONLL [44], ¢ n, and J/y do/dpT by LHCb [98]
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Fig. 6 Bdifferential cross sections do/d pr (a,b)and do/dy (c) in pp
collisions at v/s = 7 TeV compared to theory predictions [139,140].In ¢
the error bars correspond to the differential cross-section measurement

in Ref. [154]. In particular, the doubly strange b-baryon
2, and measurement of the E, and 2, properties can
be found in Refs. [155,156]. Such measurements have also
been performed at the LHC in pp collisions at /s = 7 and
8 TeV. For example, the observation of the Ej baryon states
was reported in Refs. [157,158]. The measured mass and
width of the Ej; baryon states is consistent with theoreti-
cal expectations [133,159-166]. The A;‘ pt and y differ-
ential production cross section in pp collisions at /s =
7 TeV by CMS [141] is reported in Fig. 7. The A do/dpt
and do/dy are not reproduced by neither PYTHIA (Z2
tune) nor POWHEG calculations: PYTHIA expects a harder
pr-distribution and flatter y distribution than data, while
POWHEG underestimates its production cross section, par-
ticularly at low pr; see Fig. 7a and b. The measured Ay
pr-spectrum at mid-rapidity seems to fall more steeply than
the B® and B ones, see Fig. 7c, and falls also faster than pre-
dicted by PYTHIA and POWHEG. As discussed for the non-
prompt charmonium measurements, this could be influenced
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with total uncertainty (lines on the error bars indicate the statistical
component)

by the lack of data to extract the fragmentation functions in
this kinematic region.

The fragmentation of the b quark is relatively hard com-
pared to that of lighter flavours, with the b-hadron taking
about 70 % of the parton momentum on average at the Z-
pole [167]. Identification of jets from beauty quark frag-
mentation or “b-tagging” can be achieved by direct recon-
struction of displaced vertices, although the efficiency for
doing so is limited. Higher efficiency can be achieved by
looking for large impact-parameter tracks inside jets, or by
a combination of the two methods, which are collectively
known as lifetime tagging. Leptons inside jets can also be
used for b-tagging, but, due to the branching fraction, are
usually only used as a calibration of the lifetime methods.
At the LHC, both ATLAS and CMS have performed mea-
surements of the b-jet cross section [149,150]. Theoretical
comparisons can be made to models which calculate fully
exclusive final states, which can be achieved by matching
NLO calculations to parton showers [168]. Figure 8 shows
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Fig. 8 b-jet cross section as a function of pr in pp collisions at
/s =7TeV: ado/dpr from the lifetime-based and muon-based anal-
yses by CMS [149] and ATLAS [150] compared to the MC@NLO cal-

the b-jet cross section measurement by ATLAS and CMS in
pp collisions at /s = 7 TeV. The measurements are shown
as a function of pr and in several bins of rapidity. Calcula-
tions from POWHEG [152] (matched to PYTHIA [151]) and
MC@NLO [47,153] (matched to HERWIG [46]), are found
to reproduce the data. Measurements from both lifetime- and
lepton-based tagging methods are shown.

2.2.4 Prompt charmonium

In this section, we show and discuss a selection of experi-
mental measurements of prompt charmonium production at
RHIC and LHC energies. We thus focus here on the produc-
tion channels which do not involve beauty decays; these were
discussed in the Sect. 2.2.3.

Historically, promptly produced J/v and ¥ (2S) have
always been studied in the dilepton channels. Except for the
PHENIX, STAR and ALICE experiments, the recent studies
in fact only considered dimuons which offer a better signal-
over-background ratio and a purer triggering. There are many
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recent experimental studies. In Fig. 9, we show only two of
these. First we show do /d py for promptJ /v at \/s =7 GeV
as measured by LHCb compared to a few predictions for the
prompt yield from the CEM and from NRQCD at NLO? as
well as the direct yield” compared to a NNLO* CS evalua-
tion. Our point here is to emphasise the precision of the data
and to illustrate that at low and mid pt— which is the region
where heavy-ion studies are carried out — none of the models
can simply be ruled out owing to their theoretical uncertain-
ties (heavy-quark mass, scales, non-perturbative parameters,
unknown QCD and relativistic corrections, ...). Second, we
show the fraction of J/v from b decay for y close to 0 at /s

8 Let us stress that the NRQCD band in Fig. 9a is not drawn for prt
lower than 5 GeV because such a NLO NRQCD fit overshoots the data
in this region and since data at low pr are in fact not used in this fit.
For a complete discussion of NLO CSM/NRQCD results for the pr-
integrated yields; see [67]. As regards the CEM curves, an uncertainty
band should also be drawn (see for instance [169]).

9 The expected difference between prompt and direct is discussed later
on.

@ Springer



107 Page 16 of 151

Eur. Phys. J. C (2016) 76:107

= 10T T 7 T3
S F \s=7 TeV —e— LHCb (2.0<y <4.5) 3
% ni Prompt NLONRQCD (2.0 <y <45) ]
&) 10°F g
< Direct NLO CSM (2.0 <y <4.5) E
i 16 B Dircct NNLO* CSM (20 <y <4.5) 1‘
=~ ? K. = PromptNLOCEM (20<y <4.5) ?
Sl Lf ‘ ]
Bl 10°E 3
S F E
10E =
10— N 777>~ I 1
0 5 10 15 20
Py [GeV/c]
(a)

Fig. 9 aPromptJ/v yield as measured by LHCb [172] at \/s =7 TeV
compared to different theory predictions referred to as “prompt NLO
NRQCD”[173], “Direct NLO CS”[57,58], “Direct NNLO* CS” [61,62]
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Fig. 10 a ATLAS /(2S) differential cross section [136] compared to
different theoretical curves. b Prompt X (3872) production cross section
measured by the CDF [175,176], CMS [177], and LHCb [178] Collab-
orations compared with NLO NRQCD allowing the CS contribution to

= 7 TeV as function of pt as measured by ALICE [108],
ATLAS [170] and CMS [171]. At low pr, the difference
between the inclusive and prompt yield should not exceed
10 % — from the determination of the 0,7, it is expected to be
a few percent at RHIC energies [111]. It, however, steadily
grows with pt. At the highest pt reached at the LHC, the
majority of the inclusive J/¢ is from b decays. At pt =~
10 GeV, which could be reached in future quarkonium mea-
surements in Pb—Pb collisions, it is already three times higher
than at low pr: 1 J/v out of three comes from b decays.
For excited states, there is an interesting alternative to the
sole dilepton channel, namely J/v+m . This is particularly
relevant since more than 50 % of the ¥/ (2S) decay in this chan-
nel. The decay chain ¥ (2S) — J/¥ + nm — puTpu~ +mm is
four times more likely than v/(2S) — u+ ™. The final state
J/¥ + o is also the one via which the X (3872) was first
seen at pp colliders [175,181]. ATLAS released [136] the
most precise study to date of ¥(2S) production up to pt of
70 GeV at /s = 7 TeV, precisely in this channel. The mea-
sured differential cross section is shown for three rapidity
intervals in Fig. 10a with four theoretical predictions. Along
the same lines, the CDF, CMS and LHCb Collaborations
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differ from that from HQSS [179]. ¢ Prompt-7, transverse-momentum
cross section in pp collisions at /s = 8 TeV measured by LHCb [98]
compared to the CS contribution following HQSS and fitted CO con-
tributions at NLO [180]

measured the prompt X (3872) yields at different values of
pr (see Fig. 10b). In the NRQCD framework, these mea-
surements tend to contradict [179] a possible assignment
of the X (3872) as a radially excited P-wave state above
the open-charm threshold. Such a statement should, how-
ever, be considered with care owing to the recurrent issues
in understanding prompt quarkonium production. In addi-
tion, LHCb determined the X (3872) quantum numbers to
be JPC = 17+, excluding explanation of the X (3872) as
a conventional 1, (1 ID,) state [182]. A brief survey of the
new charmonium states above he DD threshold and their
interpretation can be found in Ref. [131].

Ultimately the best channel to look at all n = 1 char-
monium Yyields at once is that of baryon-antibaryon decay.
Indeed, all » = 1 charmonia can decay in this channel with
a similar branching ratio, which is small, i.e. on the order
of 1073. LHCb is a pioneer in such a study with the first
measurement of J /v into pp, made along that of the 7.. The
latter case is the first measurement of the inclusive produc-
tion of the charmonium ground state. It indubitably opens a
new era in the study of quarkonia at colliders. The resulting
cross section is shown in Fig. 10c and was shown to bring
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Fig. 11 a Typical source of prompt J /¢ atlow and high pt. b Ratio of
Xel tO xc2 as measured by the LHCb experiment in pp collisions at /s
=7 TeV compared to results from other experiments [185,190,191] and

about constraints [180,183,184] on the existing global fits
of NRQCD LDMEs by virtue of heavy-quark spin symme-
try (HQSS) which is an essential property of NRQCD. As
for now, it seems that the CS contributions to 7. are large —
if not dominant — in the region covered by the LHCb data
and the different CO have to cancel each others not to over-
shoot the measured yield. The canonical channel used to
study x.1,2 production at hadron colliders corresponds to
the studies involving P waves decaying into J /v and a pho-
ton. Very recently the measurement of yx.q relative yield was
performed by LHCb [185] despite the very small branching
ratio x.o — J/¥ + y of the order of one percent, that is 30
(20) times smaller than that of x.; (x.2). LHCb found that
0 (xc0)/0 (xc2) is compatible with unity for ptr >4 GeV/c,
in striking contradiction with statistical counting, 1/5.

Currently, the experimental studies are focusing on the
ratio of the y.; yields which are expected to be less sen-
sitive to the photon acceptance determination. They bring
about constraints on production mechanism but much less
than the absolute cross section measurements which can also
be converted into the fraction of J/v from x.;. This was
the first measurement of this fraction at the Tevatron by
CDF in 1997 [186] which confirmed that our understand-
ing of quarkonium production at colliders was incorrect (for
reviews see e.g. [187,188]). It showed that the J/+ yield at
Tevatron energies was mostly from direct J /4 and not from
XcJ decays. The latter fraction was found to be at most 30 %.
Similar information are also fundamental to use charmonia
as probes of QGP, especially for the interpretation of their
possible sequential suppression. It is also very important to
understand the evolution of such a fraction as function of /s,
y and pr.

Fig. 11a shows the typical size of the feed-down fraction
of the x. and ¥(2S) into J /¢ at low and high p, which are
different. One should therefore expect differences in these
fraction between pr-integrated yields and yields measured

NRQCD calculations [189,192]. ¢ xc1 do/dpr [137] as compared to LO
CSM!2, NLO NRQCD [173,189,193] and kr factorisation [194,195]

at pr = 10 GeV/c and above. Figure 11b shows the ratio
of the x.» over x. yields as measured!? at the LHC by
LHCb, CMS and at the Tevatron by CDF. On the experi-
mental side, the usage of the conversion method to detect the
photon becomes an advantage. LHCb is able to carry out mea-
surements down to pr as small as 2 GeV/c, where the ratio
seems to strongly increase. This increase is in line with the
Landau—Yang theorem according to which x.; production
from collinear and on-shell gluons at LO is forbidden. Such
an increase appears in the LO NRQCD band, less in the NLO
NRQCD one. At larger pr, such a measurement helps to fix
the value of the NRQCD LDME:s (see the pioneering study of
Maetal. [189]). As we just discussed, once the photon recon-
struction efficiencies and acceptance are known, one can
derive the y. feed-down fractions which are of paramount
importance to interpret inclusive J/y results. One can of
course also derive absolute cross section measurements
which are interesting to understand the production mecha-
nism of the P-wave quarkonia per se; these may not be
the same as that of S-wave quarkonia. Figure 11c shows the
pr dependence of the yield of the x.; measured by ATLAS
(under the hypothesis of an isotropic decay), which is com-
pared to predictions from the LO CSM,'! NLO NRQCD
and kr factorisation. The NLO NRQCD predictions, whose
parameters have been fitted to reproduce the Tevatron mea-
surement, is in good agreement with the data. Similar cross
sections have been measured for the ;.

10 The present ratio depends on the polarisation of the x. since it
induces different acceptance correction.

I For the P wave case, the distinction between colour-singlet and

colour-octet transition is not as clear that for the S wave. In particular
the separation between CS and CO contribution depends on the NRQCD
factorisation scale pp .

12° As encoded in CHIGEN: https://superchic.hepforge.org/chigen.html.
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Fig. 12 a Y(1S) rapidity differential cross section as measured by ATLAS, CMS and LHCb [197,198]. b Transverse momentum dependence of
the Y'(1S) states as measured by CMS [198]. ¢ Transverse momentum dependence of the Y states ratio as measured by ATLAS [197]

2.2.5 Bottomonium

The study of bottomonium production at LHC energies offers
some advantages. First, there is no beauty feed-down. Sec-
ond, owing to their larger masses, their decay products —usu-
ally leptons — are more energetic and more easily detectable
(detector acceptance, trigger bandwidth, ...). Third, the exis-
tence of three sets of bottomonia with their principal quantum
number n = 1, 2, 3 below the open-beauty threshold offers
a wider variety of states that can be detected in the dilep-
ton decay channel — this, however, introduces a complicated
feed-down pattern which we discuss later on. Fourth, at such
high energies, their production rates with respect to those of
charmonia are not necessarily much lower. It was for instance
noticed [196] that, for their production in association with a
Z boson, the cross sections are similar.

Fig. 12a shows the rapidity dependence of the Y (1S)
yield from two complementary measurements, one at for-
ward rapidities by LHCb and the other at central rapidities
by CMS (multiplied by the expected fraction of direct Y (1S)
as discussed below). These data are in line with the CS expec-
tations; at least, they do not show an evident need for CO con-
tributions, nor they exclude their presence. As for the char-
monia, the understanding of their production mechanism for
mid and high pr is a challenge. Figure 12b shows a typical
comparison with five theory bands. In general, LHC data are
much more precise than theory. It is not clear that pushing the
measurement to higher pt would provide striking evidence in
favour of one or another mechanism — associated-production
channels, which we discuss in Sect. 2.4, are probably more
promising. Figure 12¢ shows ratios of different S-wave bot-
tomonium yields. These are clearly not constant as one might
anticipate following the idea of the CEM. Simple mass effects
through feed-down decays can induce an increase of these
ratios [74,199], but these are likely not sufficient to explain
the observed trend if all the direct yields have the same prt
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dependence. The x; feed-down, which we discuss in the fol-
lowing, can also affect these ratios.

Since the discovery of the x;,(3P) by ATLAS [200], we
know that the three n = 1, 2, 3 families likely completely lie
under the open-beauty threshold. This means, for instance,
that we should not only care about mS — nS and nP —
nS+y transitions butalso of m P — nS+y ones. Obviously,
the n = 1 family is the better known of the three. Figure 13a
shows the ratio of the production cross section of yp2(1P)
over that of x;1 (1 P) measured by CMS and LHCb. Although
the experimental uncertainties are significant, one does not
observe the same trend as the LO NRQCD, i.e. an increase at
low p due to the Landau—Yang theorem. Besides, the ratio
is close to unity which also seems to be in contradiction to
the simple spin-state counting.

Recently, LHCb performed a thorough analysis [203] of
all the possiblem P — nS+y transitions in the bottomonium
system. These new measurements along with the precise
measurements of Y'(2S) and Y (3S) pr-differential cross sec-
tion show that the feed-down structure is quite different from
that commonly accepted ten years ago based on the CDF mea-
surement [209]. The latter, made for pt > 8 GeV/c [209],
suggested that the x(nP) — Y (1S) + y feed-down could
be as large as 40 % (without excluding values of the order of
25 %) and that only 50 % of the Y'(1S) were direct. Based on
the LHC results, one should rather say that, at low pt, where
heavy-ion measurements are mostly carried out, 70 % of the
Y (1S) are direct; the second largest source is from x;(1P) —
approximately two thirds from x;1(1P) and one third from
xp2(1P) [201,202]. Atlarger pt (above 20 GeV/c, say), the
current picture is similar to the old one, i.e. less than half
of the Y (1S) are direct and each of the feed-down is nearly
doubled. For the YT (2S), there is no x»(2P) — Y(2S) + y
measurement at pt lower than 20 GeV/c. Above, it is mea-
sured to be about 30 % with an uncertainty of 10 %. The
feed-down from x, (3 P) is slightly lower than from Y'(3S).
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Fig. 13 a Ratio of the production cross section of xp2 and yp1 in pp
collisions at /s = 8 TeV [201,202]. b and ¢ Fractions of x; to Y(1S)
as a function of Y pr [203]. For better visualisation the data points are
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slightly displaced from the bin centres. The inner error bars represent
statistical uncertainties, while the outer error bars indicate statistical
and systematic uncertainties added in quadrature
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Fig. 14 Typical sources of Y (nS) at low and high pt. These numbers are mostly derived from LHC measurements [197-199,203-208] assuming
an absence of a significant rapidity dependence. a Y (1S); b Y (2S); ¢ T (3S)

Taken together they may account for 10-15 % of the Y(2S)
yield. For the Y'(35), the only existing measurement [203] is
at large pr and also shows (see Fig. 13c) a feed-down frac-
tion of 40 % with a significant uncertainty (up to 15 %). The
situation is schematically summarised on Fig. 14.

2.2.6 B, and multiple-charm baryons

After a discovery phase during which the measurement of
the mass and the lifetime of the B, was the priority, the first
measurement of the p and y spectra of promptly produced
BQL was carried out by the LHCb Collaboration [210]. Unfor-
tunately, as for now, the branching B} — J/v 7 is not yet
known. This precludes the extraction of o), g+, v and the
comparison with the existing theoretical predictions [213—
220]. Aside from this normalisation issue, the pt and y
spectra are well reproduced by the theory (see a compari-

son in Fig. 15 with BCVEGPY [211,212], which is based on
NRQCD where the CS contribution is dominant).

Searches for doubly charmed baryons are being carried
out (see e.g. [221]) on the existing data sample collected
in pp collisions at 7 and 8 TeV. As for now, no analysis
could confirm the signals seen by the fixed-target experiment
SELEX at Fermilab [222,223].

2.3 Quarkonium-polarisation studies

Measurements of quarkonium polarisation can shed more
light on the long-standing puzzle of the quarkonium hadropro-
duction. Various models of the quarkonium production,
described in the previous Sect. 2.1.2, are in reasonable agree-
ment with the cross section measurements but they usually
fail to describe the measured polarisation.

@ Springer
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We have collected in this section all results of polarisa-
tion measurements performed by different experiments at
different collision energies ,/snn and in different kinematic
regions. The results for J /¢ and ¢ (2S) can be found in Tables
1 and 2 for pp and p—A collisions. Since there is no known
mechanism that would change quarkonium polarisation from
proton—proton to proton—nucleus collisions, results from p—
A collisions are also shown in this section. Tables 3, 4 and
5 gather the results for, respectively, the Y'(1S), Y(2S) and
Y (3S) in pp collisions.

Polarisation of a vector quarkonium state is analysed
experimentally via the angular distribution of the leptons
from the quarkonium dilepton decay, that is parametrised
by:

d*N 1 + Ay cos? 6 + Ay sin® 6 cos 2¢
—_— X COS Sin COS
d(cos0)do v ¢

—+ Xgg sin 20 cos @, (11

6 is the polar angle between the positive lepton in the quarko-
nium rest frame and the chosen polarisation axis and ¢
angle is the corresponding azimuthal angle defined with
respect to the plane of colliding hadrons. The angular decay
coefficients, Ag, Ay and Aggp, are the polarisation parame-
ters. In the case of an unpolarised yield, one would have
(Ao, Ag, Aog) = (0,0, 0) for an isotropic decay angular dis-
tribution, whereas (1, 0, 0) and (—1, 0, 0) refer to fully trans-
verse and fully longitudinal polarisation, respectively.

It is, however, very important to bear in mind that the
angular distribution of Eq. (11) is frame dependent as the
polarisation parameters. All experimental analyses have been
carried in a few specific reference frames, essentially defined
by their polarisation axis, > namely: the helicity (H X) frame,
the Collins—Soper (CS) [225] frame, the Gottfried—Jackson
(GJ) [226] frame as well as the perpendicular helicity
(PX) [227] frame.

13

See [224] for the definition of the corresponding axes.
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is a theory evaluation based on the complete order—oc;‘ calculation — as
opposed to fragmentation-function-based computations — implemented
in the B, generator BCVEGPY [211,212]

In spite of the frame dependence of g, A4, Ag¢, there exist
some combinations which are frame invariant [224,228]. An
obvious one is the yield, another one is = o+ 3hg)/(1—
Ag) [224]. As such, it can be used as a good cross-check
between measurements done in different reference frames.
Different methods have been used to extract the polarisation
parameter(s) from the angular dependence of the yields. In
the following, we divide them into two groups: (i) 1-D tech-
nique: fitting cos 8 distribution with the angular distribution,
Eq. (11), averaged over the azimuthal ¢ angle, and fitting the
¢ distribution, Eq. (11), averaged over the polar 6 angle (ii)
2-D technique: fitting a two-dimensional cos6 vs ¢ distri-
bution with the full angular distribution, Eq. (11).

Beyond the differences in the methods employed to extract
these parameters, one should also take into consideration that
some samples are cleaner than other ones, physics-wise.!*
Indeed, as we discussed in the previous section, a given
quarkonium yield can come from different sources, some of
which are not of specific interests for data—theory compar-
isons. The most obvious one is the non-prompt charmonium
yield, which is expected to be the result of quite different
mechanism that the prompt yield. Nowadays, the majority of
the studies are carried out on a prompt sample thanks to a
precise vertexing of the events. Yet, a further complication
also comes from feed-down from the excited states in which
case vertexing is of no help. As for now, no attempt of remov-
ing it from e.g. prompt J /¢ and inclusive Y (1S) samples has
been made owing its intrinsic complication. We have there-
fore found it important to specify what kind of feed-down
could be expected in the analysed sample.

In view of this, Tables 1, 2, 3, 4 and 5 contain, in addition
to the information on the colliding systems and the kine-
matical coverages, information on the fit technique and a
short reminder of the expected feed-down. For each mea-

14 Trrespective of the experimental techniques used to extract it, a sam-
ple of inclusive low pt ¥ (2S) atenergies around 100 GeV is essentially
purely direct.
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Table 1 World existing data for J /v polarisation in pp and p—A collisions

J/SNN (GeV) Colliding  Experiment y range pr range Feed-down Fit Measured Observed trend
system (GeV/c) parame-
ter(s)
200 PP PHENIX [238] |y| <0.35 0-5 B:2 15 % [239], 1-DAg vs pTin HX Ay values from slightly
Xc: 23 =41 % [240], & GJ positive (consistent with 0)
Y (2S): 5 + 20 % [240] to negative as p increases
200 pp STAR [241] lyl <1 2-6 B:2 -+ 15 % [239], 1-DAg vs prin HX Ay values from slightly
Xt 23 =41 % [240], positive (consistent with 0)
Y (2S): 5+ 20 % [240] to negative as pt increases
1800 PP CDF [242] |ly] < 0.6 4-20 Xe: 25 +35 % [186], 1-DAg vs pr in HX Small positive Ay at smaller
¥ (2S): 10 + 25 % [243] pr then for pT > 12 GeV
trend towards negative
values
1960 PP CDF [244] ly] < 0.6 5-30 Xet 25 +35 % [186], 1-DAg vs prin HX Xg values from O to negative
¥ (2S): 10 + 25% [243] as pr increases
7000 PP ALICE [245] 2.5-4.0 2-8 B:10 <30 % [108], xc: 1-DXg, Ay vs prin  Ag and A4 consistent with 0,
15 =30 % [246], HX & CS with a possible hint for a
¥ (2S): 8 =20 % [199] longitudinal polarisation at
low pr in the H X frame
7000 PP LHCb [229] 2.0-4.5 2-15 Xe: 15+ 30 % [246], 2-DXg, Ap> Aoy Vs Ay and gy consistent with O
W (2S): 8 + 25 % [247] pr and y in HX  in the H X frame and A9
& CS (kg = —0.145 £ 0.027)
shows small longitudinal
polarisation; A in agreement
in the HX and CS frames
7000 PP CMS [232] ly| < 1.2 14-70 Xc: 25 +35%, ¥(2S): 2-DAg, Ay, oy, % vs In the three frames, no
15+20% [171] prandin?2 |y| evidence of large |Ag]|
bins in anywhere; A in good
HX,CS,PX agreement in all reference
frames
17.2 P-A NAG60 [236] 0.28-0.78 - B:2-+-8%, Xc: 1-DAg, Ag vs. prin  Ag and A consistent with 0;
25 =40 % [248], HX slight increase of the Ay
v (2S): 7+ 10 % [249] value with increasing pr,
no pt dependence Agp
274 P-A NAG60 [236] —0.17 t0 0.33 - B:2+8%, xc: 1-DAg, Ay vs prin  Ag and Ay consistent with 0,
25 =40 % [248], HX no pt dependence observed
¥(2S): 7+ 10 % [249]
31.5 p—Be E672/E706 [250] xfp:0.00-0.60  0-10 B:2-+-8%, Xc: 1-D Ag in GJ Ao =0.01 £0.12 £ 0.09,
25 =40 % [248], consistent with no
Vv (2S): 7+ 10 % [249] polarisation
38.8 p—Be E672/E706 [250] xf:0.00-0.60  0-10 B:2+8%, xc: 1-D Ag in GJ rg = —0.11 £0.12 £ 0.09,
25 =40 % [248], consistent with no
w(2S): 7+ 10 % [249] polarisation
38.8 p-—Si E771 [251] xp: —0.05t0 0.250-3.5 B:2-+-8%, xc: 1-D Ag in GJ rg = —0.09 £0.12,
25 =40 % [248], consistent with no
W(2S): 7+ 10 % [249] polarisation
38.8 p—Cu E866/NuSea [252] xf: 0.25-0.9 04 Xe: 25 +40 % [248], 1-DXg vs pt and xg Ap values from small positive
V¥ (2S): 7+ 10 % [249] in CS to negative with increasing
XF, no significant pt
dependence observed
41.6 p—C,W HERA-B [253] xf:—0.34t00.140-5.4 Xe: 25 +40 % [248], 1-D2g, A, Agp Vs  Ag and Ay < 0,29 (Agp)

Y(2S): 5 = 15 % [254] prand xp in

HX, CS, GJ

decrease (increase) with
increasing pT; no strong x g
dependence; for

pr > 1GeV/e, i g
depends on the frame:

Ags > Aglx ~ 0 and

A;'X £0
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Table 2 World existing data for 1(2S) polarisation in pp collisions

/5 (GeV)  Colliding Experiment y range pT range Feed-down  Fit Measured Observed trend

system (GeV/c) parameter(s)

1800 PP CDF [242] ly] <0.6  5.5-20 None 1-D X vs pr in HX Lg consistent with O

1960 PP CDF [244] ly] <0.6  5-30 None 1-D X vs pr in HX Mg values vs pt go from

slightly positive to small
negative

7000 PP LHCb [230] 2.0-4.5 3.5-15 None 2-D g, Ay, Aoy, x No significant polarisation

vs. pr and 3 |y]| found, with an indication

bins in HX, CS of small longitudinal
polarisation — A is
negative with no strong
pr and y dependence

7000 PP CMS [232] [y] < 1.5 14-50 None 2-D %o, Ay, Aoy, % vs.  Non of the three reference

pr andin 3 |y| frames show evidence of

bins in HX, CS, large transverse or

PX longitudinal polarisation,
in the whole measured
kinematic range; A in
good agreement in all
reference frames

Table 3 World existing data for Y'(1S) polarisation in pp collisions

/s (GeV) Colliding  Experiment y range pr range Feed-down Fit  Measured Observed trend

system (GeV/c) parame-
ter(s)

1800 PP CDF [255] ly] <04 0-20 T(2S):6+-18% 1-D Xy vs prin HX Mg consistent with 0, no
[209], Y(3S): significant pr dependence
04+14%

[209], x»:
30+-45%
[209]

1960 PP CDF [256] ly] <0.6 0-40 Y(2S):6+18% 2-D  Ag, Ay, Moo, % vs The angular distribution
[209], Y(3S): pr in HX, CS found to be nearly
04+14% isotropic
[209],  x»:
30+-45%

[209]

1960 PP DO [257] [yl <04 0-20 Y(2S):6+18% 1-D Xg vs prin HX Significant negative Ag at
[209], Y(3S): low pr with decreasing
04-+14% magnitude as pr increases
[2091, X»:

30-45%
[209]

7000 juy CMS [233]  |y| <12 10-50 Y (2S): 2-D Ao, Ag, Aogs % vs  No evidence of large
10 =15 %, prandin?2 |y| transverse or longitudinal
Y(3S): bins in HX, CS, polarisation in the whole
05+3% PX kinematic range in the
[198], x»: three reference frames
25 +40 %

[203]

surement, we also briefly summarise the observed trend.
The vast majority of the experimental data do not show
a significant quarkonium polarisation, neither polar nor
azimuthal anisotropy. Yet, values as large as +0.3 are often

tion.

not excluded either — given the experimental uncertainties.

@ Springer

Despite these, a simultaneous description of both measured
quarkonium cross sections and polarisations is still chal-
lenging for theoretical models of quarkonium hadroproduc-
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Table 4 World existing data for Y'(2S) polarisation in pp collisions

/5 (GeV) Colliding  Experiment y range pr range Feed-down Fit  Measured Observed trend

system (GeVl/c) parame-
ter(s)

1960 PP DO [257] ly] <04 0-20 T(3S):25+-5% 1-D Xy vs prin HX Mg consistent with zero at
[198], x»: low pr, trend towards
25+35% strong transverse
[203] polarisation at

pr > 5GeV/c

1960 PP CDF [256] |ly] <0.6 0-40 Y(3S):25+5% 2-D Ao, A, Rog, % vs The angular distribution
[198], x»: pr in HX, CS found to be nearly
25 +35% isotropic
[203]

7000 PP CMS [233]  |y| < 1.2 10-50 Y(3S):25+5% 2-D  Ag, A¢p, rog, % vs  No evidence of large
[198], x»: prandin?2 |y| transverse or longitudinal
25 +35% bins in HX, CS, polarisation in whole
[203] PX kinematic range in the

three reference frames

Table S World existing data for Y'(3S) polarisation in pp collisions

/s (GeV) Colliding  Experiment y range pr range Feed-down Fit  Measured Observed trend

system (GeVl/e) parame-
ter(s)

1960 PP CDF [256] |y] < 0.6 0-40 Xxb: 30 =50 % [203] 2-D  Ag, Ag, Aoy, * vs The angular distribution

pr in HX, CS found to be nearly
isotropic

7000 PP CMS [233] |y| < 1.2 10-50 Xxb: 30 =50 % [203] 2-D  Ag, Ay, Aoy, X vs No evidence of large

prandin?2 |y| transverse or longitudinal
bins in HX, CS, polarisation in whole
PX kinematic range in the
three reference frames
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Fig. 16 Polarisation parameter Ay for prompt J /¢ [229] (a) and ¥ (2S) [230] (b) from LHCb compared to different model predictions: direct NLO
CSM [80] and three NLO NRQCD calculations [80-82], at 2.5 < y < 4.0 in the helicity frame

As an example, we show in Fig. 16 the pr-dependence of
Ag for prompt J /v [229] (left panel) and ¥ (2S) [230] (right
panel) measured by LHCb at 2.5 < y < 4.0 in the helic-
ity frame compared with a few theoretical predictions. NLO
NRQCD calculations [80-82] show mostly positive or zero
values of Ay with a trend towards the transverse polarisation
with increasing pt, and a magnitude of the Ag depending on
the specific calculation and the kinematical region. On the
other hand, NLO CSM models [59,72] tend to predict an

unpolarised yield at low pr and an increasingly longitudinal
yield (Ag < 0) for increasing pt. None of these predictions
correctly describes the measured J/v and ¥ (2S) 1y param-
eters and their pr trends. The NLO NRQCD fits of the PKU
group [180,231], however, open the possibility for an unpo-
larised direct yield but at the cost of not describing the world
existing data in ep and e*e™ collisions and data in pp colli-
sions for pt < 5 GeV/c.
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In order to illustrate the recent progress in these deli-
cate studies, let us stress that LHC experiments have per-
formed measurements of the three polarisation parameters
as well as in different reference frames. This has not always
been the case before by lack of statistics and of motivation
since it is difficult to predict theoretically azimuthal effects,
e.g. Agp. Figures 17a and b show CMS measurements of
Ao, Ay and Agy, in the HX frame for J/vr, ¥ (2S) [232]
and Y (15), T(2S), Y(3S) [233], respectively. CMS has also
conducted polarisation measurements in the CS and PX
frames, in addition to the H X frame and they could cross-
check their analysis by obtaining the consistency in A in
these three frames for different pt and y. As for most of
the previous measurements, no evidence of a large trans-
verse or longitudinal quarkonium polarisation is observed in
any reference frame, and in the whole measured kinematic
range.

To conclude, let us also mention the importance of mea-
suring the polarisation of P-wave states in order to refine
our test of e.g. NRQCD [234]. This can be done either
directly via the measurement of the angular dependence of
the emitted photon or indirectly via that of the polarisa-
tion of the S-wave (J/¢ or Y) in which they decay [235].
Such studies are very important to constrain experimen-
tally the effect of the feed-downs on the polarisation of
the available samples. Let us also stress that such a mea-
surement in heavy-ion collisions (along the line of the first
study in In—In collisions [236]) may also be used as a tool
to study a possible sequential suppression of the quarko-
nia [237].

2.4 New observables

Thanks to the large heavy-flavour samples available at
hadron colliders, studies of the production of open or hidden
heavy-flavour production in association with another parti-
cle (light or heavy hadrons, quarkonium, or vector boson)
are possible. The cross section of these processes is heav-
ily sensitive to the particle production mechanisms and can
help distinguishing between them. In addition, these final
states can also results from multiple parton—parton inter-
actions (or double-parton scatterings, DPS), where several
hard parton-parton interactions occur in the same event
[258-261]. Analogously, heavy-flavour-production depen-
dence with the underlying event multiplicity brings infor-
mation about their production mechanisms. A complete
understanding of heavy-flavour production in hadronic col-
lisions is mandatory to interpret heavy-flavour measure-
ments in p—A and AA collisions, and disentangle cold (see
Sect. 3) and hot (see Sects. 4 and 5) nuclear matter effects at

play.
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2.4.1 Production as a function of multiplicity

The correlation of open or hidden heavy-flavour yields with
charged particles produced in hadronic collisions can pro-
vide insight into their production mechanism and into the
interplay between hard and soft mechanisms in particle pro-
duction. In high energy hadronic collisions, multiple parton—
parton interactions may also affect heavy-flavour produc-
tion [262,263], in competition to a large amount of QCD-
radiation associated to hard processes. In addition to these
initial-state effects, heavy-flavour production could suffer
from final-state effects due to the high multiplicity environ-
ment produced in high energy pp collisions [264,265].

At the LHC, J/ yields were measured as a function of
the charged-particle density at mid-rapidity by the ALICE
Collaboration in pp collisions at /s = 7 TeV [266]. Figure
18 shows the J /v yields at forward rapidity, studied via the
dimuon-decay channel at 2.5 < y < 4, and at mid-rapidity,
analysed in its dielectron-decay channel at |y| < 0.9. The
results at mid- and forward-rapidities are compatible within
the measurement uncertainties, indicating similar correla-
tions over three units of rapidity and up to four times the
average charged-particle multiplicity. The relative J /¢ yield
increases with the relative charged-particle multiplicity. This
increase can be interpreted in terms of the hadronic activity
accompanying J /¢ production, as well as in terms of parton-
parton interactions, or in the percolation scenario [267].

A similar study of the Y yields was performed by the CMS
Collaboration in pp collisions at /s = 2.76 TeV [268]. The
self-normalised differential cross sections of Y (1S)/(T(1S)),
T(2S)/(Y(2S)) and Y(3S)/(Y(3S)) at mid-rapidity are
found to increase with the charged-particle multiplicity. To
unveil possible variations of the different Y states, the ratio
of the Y(2S) and Y'(3S) yields with respect to the Y (1S)
yield is shown in Fig. 19. The left figure presents the produc-
tion cross section ratio as a function of the transverse energy
(ET) measured in 4.0 < |n| < 5.2, whereas the right figure
shows the values as a function of the number of charged tracks
(Niracks) measured in || < 2.4. The excited-to-ground-states
cross section ratios seem independent of the event activity
when they are evaluated as a function of ET measured in the
forward-rapidity. Given the current experimental uncertain-
ties, no strong conclusion can be drawn although these ratios
seem to decrease with N”'=>* The T(1S) is produced on
average with two extra charged tracks than excited states.
Feed-down contribution cannot solely explain the observed
trend. If Y states originated from the same initial partons, the
mass difference between the ground and the excited states
could generate extra particles produced with Y'(1S).

The measurement of open heavy-flavour production (via
D mesons and non-prompt J/v) as a function of charged-
particle multiplicity at mid-rapidity in pp collisions at /s
= 7 TeV was recently carried out by the ALICE Collabora-
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Fig. 17 a Polarisation parameters, Ag, A4 and Ag, as a function of pr ¥(2S) for |y| < 2.4. b Polarisation parameters, Ag, Ay and Agy, as a
measured in the H X frame of prompt J/v, ¥ (2S) [232]. Upper panels function of pr measured by CMS in the H X frame of Y(1S), T(2S),
show also NLO NRQCD calculations [81] of Ag for prompt J/¢ and Y (3S) [233] for |y| < 0.6
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Fig. 18 ]/ yield as a function of the charged-particle density at mid-
rapidity in pp collisions at \/s =7 TeV [266]. Both the yields at forward-
J/¥ — utu=,25 <y < 4) and at mid-rapidity J/ — eTe™,
|y| < 0.9) are shown

tion [269]. Figure 20 (left) presents the results for D mesons in
four pr bins compared to the percolation scenario [267,270],
EPOS 3 with or without hydro [271,272] and PYTHIA 8
simulations [45,151]. D-meson per-event yields are inde-
pendent of pr within the measurement uncertainties (1 <
pt < 12 GeV/c) and increase with multiplicity faster than
linearly at high multiplicities. Figure 20 (right) shows non-
prompt J /v yields compared to PYTHIA 8 simulations. D-
meson and non-prompt J /v yields present a similar increase
with charged-particle multiplicity. The heavy-flavour relative
yield enhancement as a function of the charged-particle mul-
tiplicity is qualitatively described by the percolation model,
EPOS 3 and PYTHIA 8 for D mesons and PYTHIA 8 for

non-prompt J/¢. However, the PYTHIA 8 event genera-
tor seems to underestimate the increase of heavy-flavour
yields with the charged-particle multiplicity at high multi-
plicities. Open (D and non-prompt J/v) and hidden (inclu-
sive J/v) heavy-flavour yields present a similar increase
with the charged-particle multiplicity at mid-rapidity. This
similarity suggests that the enhancement is likely related to
heavy-quark-production mechanisms and is not significantly
influenced by the hadronisation. It could be described by
the hadronic activity associated to heavy-flavour production,
multiple parton—parton interactions, or the percolation sce-
nario [262,264,270].

Hidden and open heavy-flavour production measurements
as a function of the event activity were initiated during the
LHC Run 1 leading to unexpected results with impact on our
understanding of the production mechanisms and the inter-
pretation of p—Pb and Pb—Pb results. Run 2 data, with the
increased centre-of-mass energy of 13 TeV in pp collisions
and larger luminosities, will allow one to reach higher multi-
plicities and to perform pr-differential studies of hidden and
open heavy-flavour hadron production.

2.4.2 Associated production

Heavy-flavour azimuthal correlations in hadronic collisions
allow for studies of heavy-quark fragmentation and jet struc-
ture at different collision energies, which help to constrain
Monte Carlo models, and to understand the different produc-
tion processes for heavy flavour. Heavy quarks can originate
from flavour creation, flavour excitation, and parton shower
or fragmentation processes of a gluon or a light (anti-)quark
including gluon splitting [273]. These three different sources
of the heavy-flavour production are expected to lead to differ-
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Fig. 19 Cross section ratio of Y(2S)/Y(1S) and Y(3S)/Y(1S) for
|[y| < 1.93 as a function of the transverse energy (ET) measured in
4.0 < |n] < 5.2 (left) and the number of charged tracks (Niracks) mea-
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sured in || < 2.4 (right), in pp collisions at /s = 2.76 TeV (open sym-
bols) and p—Pb collisions at /sNN = 5.02 TeV (filled symbols) [268]
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Fig. 20 D-meson production (left) and non-prompt J /v (right) as a function of charged-particle multiplicity in pp collisions at /s = 7 TeV [269]
compared to PYTHIA 8 [45,151], EPOS 3 [271,272] and the percolation scenario [267,270]

ent correlations between heavy quark and antiquark, and so
a measurement of the opening angle in azimuth (A¢) of two
heavy-flavour particles gives an access to different underly-
ing production sub-processes. Azimuthal correlations aris-
ing from the flavour creation populate mostly the away-side
(A¢ ~ m), while the near-side region (A¢ =~ 0) is sensi-
tive to the presence of the flavour excitation and gluon split-
ting [273]. Since D-D and B—B correlation measurements are
statistically demanding one can also look at angular correla-
tions between heavy-flavour particles with charged hadrons
(e.g. D-h) and correlations between electrons from heavy-
flavour decays with charged (e.g. ey p—h) or heavy-flavour
hadrons (e.g. eg r—D).

Studies of heavy-flavour angular correlations in hadronic
collisions were carried out at Tevatron with D-D correla-
tions [124] in pp collisions at /s = 1.96 TeV and at RHIC
with e~y correlations in pp collisions at /s = 0.2 TeV [114],
where electrons and muons come from heavy-flavour decays
and have a large 1 gap. Results on heavy-flavour correla-
tion measurements were also reported by the LHC experi-
ments [150,274,275] with pp collisions at /s = 7 TeV, as
shown in Fig. 21. The LHC measurements of the azimuthal
correlations between charm (beauty) and anti-charm (anti-
beauty) hadrons (see e.g. [274,275]) show an enhancement
at small |A¢|, not reproduced by PYTHIA, pointing to
the importance of the near production (via the gluon split-
ting mechanism) in addition to the back-to-back production
(mostly via flavour creation). At RHIC, the comparison of
the e—u azimuthal correlations [114] with PYTHIA suggests
that 32 % of e—u pairs are from the gluon fusion, which
agrees with the charm production expectation [64]. These
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Fig. 21 Azimuthal correlation of B-B mesons measured by CMS in
different ranges of the leading jet pt and compared to PYTHIA [275]

e—p correlations show a peak at A¢p = 7 dominated by
LO gluon process while the observed continuum is from
higher-order contributions, like flavour excitation and gluon
splitting.

In addition to providing information on the heavy-flavour
production mechanisms, the azimuthal correlations of heavy-
flavour hadrons with light particles allow one to extract the
relative contribution of charm and beauty hadron decays to
the heavy-hadron yields. Due to the different decay kinemat-
ics, the azimuthal distribution of the particles produced from
B-hadron decays presents a wider distribution at A¢ ~ 0
than the one for D decays. The ey p—h angular correlations
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Fig. 22 a Angular correlations between heavy-flavour decay elec-
trons and charged hadrons measured by ALICE in pp collisions at
/s = 2.76 TeV, compared to PYTHIA [107]. b Relative beauty con-

were measured at mid-rapidity in pp collisions at /s =
200GeV [111,113,115] and at /s = 2.76 TeV [107]. Figure
22a presents the azimuthal correlation of ey p—h at the LHC.
PYTHIA calculations of the D and B decay contributions are
also shown. The contribution of beauty decays to the heavy-
flavour electron yield increases with pt and is described by
FONLL pQCD calculations, both at /s = 200 GeV and at
/s = 2.76 TeV (see Fig. 22 [107,115]). The beauty contri-
bution to heavy-flavour electron yields becomes as important
as the charm one at pt ~ 5 GeV/c. The results of ez  — D°
angular correlations at 4/s = 200 GeV are consistent with
the ey r—h ones [115]; see Fig. 22b.

At the LHC, the preliminary results of D-h angular corre-
lations in pp collisions at /s = 7 TeV are described by vari-
ous recent PYTHIA tunes [276]. Analogously, the azimuthal
correlations of J/¢ with charged hadrons (J/v¥—h) can be
used to estimate beauty contribution to the inclusive J/i
production [239,277]. The near-side J/v—h azimuthal corre-
lations originate mostly from non-prompt J /1 coming from
B-meson decays, B — J/v¥ + X.

Recent experimental analyses of associated heavy-flavour
production include the measurements of:

1. double J/v production at LHCb [278], DO [279] and
CMS [280],

open charm hadron plus a J/¢ or another open charm
hadron at LHCDb [274],

open charm meson or jet plus a Z boson at LHCb [281]
and DO [282],

open charm hadron plus a W boson at CMS [283],

J/vr and W production at ATLAS [284],

J/vr and Z production at ATLAS [285],

b
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tribution to the heavy-flavour electron yield measured by STAR in pp
collisions at /s = 0.2 TeV, compared to FONLL calculations [115]

7. open beauty hadron or jet plus a Z boson at CDF [286]
and DO [287], and at ATLAS [288], CMS [289] and
LHCb [290],

. the search of production of Y (1S) associated with W or
Z production at CDF [291],

. the search of the exclusive decay of H into J/v + y and
T +y [292].

The measurements of J/v plus open charm hadron and
of double open charm hadron cross sections are summarised
in Fig. 23 (left). The measurements of the production asso-
ciated with a J/¢ are compared to two computations of
the cross sections shown as green hatched areas [293] and
yellow shaded areas [62]. These are calculations of charm
production in the hard-scattering process of the collision,
and underestimate by one order of magnitude the measured
cross sections. This suggests that a large contribution to
double charm production arises from double-parton scat-
terings (DPS) where both scatterings involve charm pro-
duction. Therefore, in addition to providing useful informa-
tion on the quarkonium-production mechanisms, associate-
quarkonium-production observables can also be a rich source
of information to understand the physics underlying DPS.

This is also supported by the measurement of the ratio of
the double and inclusive production cross sections, defined
as Rc,c, = a(oc,0c,/0c,c,), where a = 1/4 if C; and
C» are identical and non-self-conjugate, o 1 if C; and
C, are different and either C; or C; is self-conjugate, and
o = 1/2 otherwise. This quantity, which would be equal to
oeff in the case of a pure DPS yield, was evaluated by LHCb
for the different aforementioned observed systems. These
are plotted in Fig. 23 (right) and are compared, in the case of
J /¥4 charm, to the results obtained from multi-jet events at
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Fig. 23 Left cross sections for double open charm hadron production (fop) and open charm hadron plus J/v meson (bottom) in pp collisions at
/s =7 TeV. Right measurement of R¢, ¢, for double open charm hadron production (fop) and open charm hadron plus J/y meson (bottom) [274]

the Tevatron, displayed by a green shaded area in the figure.
They point at values close to 15 mb.

As regards J/y-pair production, the cross section mea-
sured by LHCb in the region 2 < y < 45and 0 < pr <
10 GeV/c is [278]

Opp—>J/ Y I/y+X = 5.1 £ 1.0 (stat.) £ 1.1 (syst.) nb, (12)

and was found to be in agreement with various theoretical
models (e.g. dominated [294-297] or not [298-307] by DPS
contributions). At this stage, the experimental and theoretical
uncertainties both on the yield and the invariant-mass spec-
trum are certainly too large to draw any firm conclusion, as
recently discussed in [306,308].

However, double J /¢ production has recently been stud-
ied by DO [279] and CMS [280] respectively at large rapid-
ity separations and large transverse momenta. As for now,
the DO [279] study is the only one which really separated
out the double- and single-parton-scattering contributions
by using the yield dependence on the (pseudo)rapidity dif-
ference between the J/¢ pair, Ay, an analysis which was
first proposed in Ref. [294]. The DPS rapidity-separation
spectrum is much broader and it dominates at large Ay.
DO has obtained the result that, in the region where DPS
should dominate, the extracted value of oef is on the
order of 5 mb, that is significantly smaller than the val-
ues obtained with multi-jet events and J/v+ charm as just
discussed. At small rapidity separations, the usual single-
parton-scattering (SPS) contribution is found to be dom-
inant and the yield is well accounted for by the CSM
at NLO [306-308]. CO contributions are only expected

to matter at very large transverse momenta, in particu-
lar at large values of the smaller pt of both pr of each
/.

Such a small value of o.ff (meaning a large DPS
yield) has been shown to be supported by the CMS mea-
surement [280] at 7 TeV which overshoots by orders of
magnitude the NLO SPS predictions at large transverse
momenta. Indeed, adding the DPS yield obtained with oeff =
5 mb solves [308] this apparent discrepancy first discussed
in [307].

Finally, measurements of vector bosons, W and Z, associ-
ated with a heavy quark or with a J /v could also give access
to the PDF as well as to DPS studies, in addition to providing
complementary information on quarkonium production. As
for now, both ATLAS measurements involving a J/i and a
vector boson [284,285] are difficult to interpret. It seems that
the observed yields are systematically higher than the expec-
tations from the DPS and SPS yields as shown for J/v¥+Z in
Fig. 24.

To summarise, the study of associated production of heavy
quarks and heavy quarkonia has really taken off with the
advent of the LHC and the analysis of the complete data
sample taken at the Tevatron. There is no doubt that forth-
coming studies will provide much more new information —
and probably also puzzles — on the production of these par-
ticles. It is also probable that some of these observables at
LHC energies are dominated by DPS contributions and, in
such a case, specific nuclear dependences should be observed
in proton—nucleus and nucleus—nucleus collisions (see e.g.
[310,311]).
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Fig. 24 Production cross section of J/¢ mesons in association with a
Z boson (normalised to that of a Z boson) as a function of the J /v pr in
pp collisions at /s = 8 TeV [285] compared to CO and CS theoretical
predictions [196,309]

2.5 Summary and outlook

The LHC Run 1 provided a complete set of cross section
and polarisation measurements in the charm and beauty sec-
tor in pp collisions at /s = 2.76, 7 and 8 TeV, that can be
summarised as follows:

e Heavy-flavour decay lepton pr- and y-differential pro-
duction cross sections are well described by pQCD cal-
culations.

e D-meson pr-differential cross sections are well described
by pQCD calculations within uncertainties. FONLL and
POWHEG central calculations tend to underestimate the
data, whereas GM-VFENS tends to overestimate it. The
A pr-differential cross section was measured up to
8 GeV/c and is well described by GM-VENS.

e The pr-differential cross section of charmonia from
beauty decays (non-prompt J /v, ¥ (2S), n¢, xc1 and x¢2)
at low to intermediate pr is well described by pQCD cal-
culations. Athigh pr the predictions tend to overestimate
the data. pt and y-differential cross section measure-
ments were performed for exclusive decays: B*, B and
BY. b-jet cross section measurements are well described
by pQCD calculations taking into account the matching
between NLO calculations and parton showers.

e The B} pr and y-differential cross section was for the
first time measured at the LHC and it is well reproduced
by theory.

e Prompt J/y and (2S) differential cross sections were
measured, none of the tested models can be ruled out due
to large theoretical uncertainties.
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e Y(1S) differential cross section description remains a
challenge at mid and high pt, LHC data being more pre-
cise than theory.

e Quarkonium polarisation studies were performed in var-
ious reference frames for J /v, ¥ (2S) and Y. At present,
none of the models can describe all observed features.

In summary, open charm and beauty differential cross sec-
tions are globally well described by pQCD, although the the-
oretical uncertainties are quite large at low pr, especially in
the case of charm production. On the other hand, quarko-
nium production mechanisms remain a puzzle, especially
if one aims at describing the pr- and y-differential cross
section and polarisation in the same framework, or predict
low and high pT quarkonium production. The comparison of
data with model calculations is still limited by the theoretical
uncertainties.

In addition to the pr- and y-differential production cross
sections, the LHC Run 1 has allowed first measurements
of heavy-flavour production versus charged-particle multi-
plicity, azimuthal angular correlations to charged-particles
or heavy-flavour hadrons, and of associated heavy-flavour
production, giving more insight into the production mecha-
nisms. Those measurements can be summarised as follows:

e Inclusive J/v (at central and forward rapidity), prompt
D meson and non-prompt J /v (at central rapidity) yields
were measured at /s = 7 TeV versus charged-particle
multiplicity. Heavy-flavour yields increase as a function
of charged-particle multiplicity at mid-rapidity; D-meson
results present a faster-than-linear increase at the high-
est multiplicities. Possible interpretations of these results
are the contribution of multiple-parton interactions or
the event activity accompanying heavy-flavour hadrons.
The increase of the prompt D-meson yields is qualita-
tively reproduced by an hydrodynamic calculation with
the EPOS event generator and the percolation scenario.
The Y measurement at /s = 2.76 TeV also presents
an increase with charged-particle multiplicity but the
decrease of the fraction of the Y'(nS) to the Y (1S) state
is at present not understood.

e Measurements of the azimuthal correlations between
charm (beauty) and anti-charm (anti-beauty) point to the
importance of the near production via the gluon splitting
mechanism in addition to the back-to-back production.

e J/¢ plus open charm and double open charm hadron
production cross section measurements suggest a non-
negligible contribution of double-parton scatterings to
double charm production. Measurements of vector boson
production in association with a J /¢ provide further con-
straints to the model calculations.
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The LHC Run 2 will provide more precise and more dif-
ferential cross section measurements at the centre-of-mass
energy /s = 13 TeV. This will provide strong constraints
to the theoretical calculations and further understanding on
the production mechanisms.

3 Cold nuclear matter effects on heavy flavour and
quarkonium production in proton—-nucleus collisions

Characterising the hot and dense medium produced in heavy-
ion (AA) collisions requires a quantitative understanding of
the effects induced by the presence of nuclei in the initial-
state, the so-called cold nuclear matter (CNM) effects. These
effects can be studied in proton—nucleus (p—A) or deuteron—
nucleus (d—A) collisions."

A way to quantify CNM effects is to measure the nuclear
modification factor RSA of hard processes, defined as the ratio
of their production yield NI‘;A in p—A collisions (in a given
centrality class C) and their pp production cross section op
at the same energy, scaled by the average nuclear overlap
function (7ja) - (obtained with the Glauber model[312]),

RS, = (13)

In “minimum-bias” p—A collisions (i.e. without a selection
on centrality), RgA reduces to

_ %pA
A Opp

Rpa (14)
where A is the mass number. The nuclear dependence of
a centrality-integrated hard cross section p—A is sometimes
parametrised by « defined as

opA = opp A%, (15)

In the absence of CNM effects, the p—A production is
expected to be proportional to A, leading to Rpa = 1 and
oa=1.

This section starts (Sect. 3.1) with a brief introduction
to the physics of CNM effects on heavy flavour and with a
compilation of available p—A data. Next, the different theo-
retical approaches are discussed in Sect. 3.2, before a review
of recent RHIC and LHC experimental results in Sect. 3.3.
Afterwards, the extrapolation of CNM effects from p—A to
AA collisions is discussed in Sect. 3.4, from both the theo-
retical and the experimental points of view. Finally, Sect. 3.5
includes a summary and a discussion of short-term perspec-
tives.

15 In the following we will use the generic symbol p—A to denote both
p—A and d-A collisions.

3.1 Heavy flavour in p—A collisions

Open and hidden heavy flavour production constitutes a sen-
sitive probe of medium effects because heavy quarks are
produced in hard processes in the early stage of the nucleus—
nucleus collision. Open and hidden heavy-flavour production
can be affected by the following CNM effects:

e Modification of the effective partonic luminosity in collid-
ing nuclei, with respect to colliding protons. This effect
is due to the different dynamics of partons within free
protons with respect those in nucleons, mainly as a con-
sequence of the larger resulting density of partons. These
effects depend on x and on the scale of the parton—
parton interaction Q2 (the square of the four-momentum
transfer). In collinearly factorised pQCD calculations the
nuclear effects on the parton dynamics are described in
terms of nuclear-modified PDFs (hereafter indicated as
nPDF). Quite schematically three regimes can be iden-
tified for the nPDF to PDF ratio of parton flavour i,
Ri(x, 0%), depending on the values of x: a depletion
(R; < 1) — often referred to as shadowing and related
to phase-space saturation — at small x < 1072, a possi-
ble enhancement R; > 1 (anti-shadowing) at interme-
diate values 1072 <x < 1071, and the EMC effect, a
depletion taking place at large x > 10~!. The R; (x, Q%)
parametrisations are determined from a global fit anal-
yses of lepton—nucleus and proton—nucleus data (see
Sect. 3.2.2).

e The physics of parton saturation at small x can also be
described within the Colour Glass Condensate (CGC)
theoretical framework. Unlike the nPDF approach, which
uses DGLAP linear evolution equations, the CGC frame-
work is based on the Balitsky—Kovchegov or JIMWLK
non-linear evolution equations (see Sect. 3.2.3).

e Multiple scattering of partons in the nucleus before
and/or after the hard scattering, leading to parton energy-
loss (either radiative or collisional) and transverse momen
tum broadening (known as the Cronin effect). In most
approaches (see Sect. 3.2.4) it is characterised by the
transport coefficient of cold nuclear matter, g.

e Final-state inelastic interaction, or nuclear absorption, of
0 Q bound states when passing through the nucleus. The
important parameter of these calculations is the “absorp-
tion” (or break-up) cross section o,ps, namely the inelas-
tic cross section of a heavy-quarkonium state with a
nucleon.

e On top of the above genuine CNM effects, the large set of
particles (partons or hadrons) produced in p—A collisions
at high energy may be responsible for a modification of
open heavy flavour or quarkonium production. It is still
highly debated whether this set of particles could form a
“medium” with some degree of collectivity. If this was the
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case, this medium could impart a flow to heavy-flavour
hadrons. Moreover, heavy quarkonia can be dissociated
by comovers, i.e., the partons or hadrons produced in the
collision in the vicinity of the heavy-quarkonium state
(see Sect. 3.2.5).

Assuming factorisation, and neglecting isospin effects, the
hadroproduction cross section of a heavy-quark pair Q Q is
given by

1 1
oo opxlviml =43 /0 dx; /O dx; fNGy, 1)
i,j

X 1), E) 615, gy x X X /SNNS 4, ig], (16)

where fl.N are the nucleon parton distributions, i (j) denotes
all possible partons in the proton (nucleus) carrying a frac-
tion x; (x;) of the nucleon momentum, &ij S Q0+X is the par-
tonic cross section, ./snN is the nucleon—nucleon centre-of-
mass energy of the collision, and i (i R) is the factorisation
(renormalisation) scale of the process. In high energy hadron
collisions (especially at RHIC and LHC), heavy quarks are
mainly produced by gluon fusion [138].

For a2 — 1 partonic process giving a particle of mass
m, at leading order there is a direct correspondence between
the momentum fractions and the rapidity y of the outgoing
particle in the nucleon—nucleon centre-of-mass (CM) frame,

m

exp(—y). (17
SNN

xX] = exp(y) and x; =

m
~/SNN
For a 2 — 2 partonic process, the extra degree of freedom
coming from the transverse momentum results in a less direct
correspondence leading to the following useful relations:

open heavy-flavour (D and B mesons...)

2
X2~ L exp(—y), (18)
A/ SNN
quarkonia(J /v, Y...)
mr +
vy~ TEELT exp(—y). (19)

+/SNN

where mt = ,/m? + p% is the transverse mass of the outgo-
ing particle of mass m, transverse momentum pt and rapidity
y in the centre-of-mass frame. So, the typical resolution scale
should be of the order of the transverse mass of the particle
produced.

The typical range for the momentum fractions probed is
therefore a function of both the acceptance of the detector
(rapidity coverage) and the nature of the particles produced
and their associated energy scale. Moreover, assuming dif-
ferent underlying partonic production processes can end up
in average values of x that may differ from one another.

Studies of p—A collisions since 1980 were first performed
on fixed-target experiments at SPS, Tevatron and HERA, and
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more recently at colliders, RHIC and LHC. Current avail-
able data are summarised in Table 6 for collider experiments
and in Table 7 for fixed-target experiments. This section is
focussed on the most recent results from the RHIC and LHC
experiments, and their theoretical interpretation.

In LHC Run 1 p-Pb collisions, protons have an energy of
4 TeV and the Pb nuclei an energy Z/A(4TeV) = 1.58 TeV
(Z = 82, A = 208), leading to ,/snn = 5.02 TeV and
a relative velocity of the CM with respect to the labora-
tory frame 8 = 0.435 in the direction of the proton beam.
The rapidity of any particle in the CM frame is thus shifted,
¥ = yiab — 0.465. Applying those experimental conditions to
heavy-flavour probes such as D and B mesons and quarkonia,
and according to Egs. (18) and (19), leads to a large coverage
of x, from 107 for the D meson at forward rapidity, to 0.5
for 10 GeV/c Y at backward rapidity, as reported in Fig. 25.

3.2 Theoretical models for CNM effects

We discuss in this section various theoretical approaches
to treat CNM effects, with emphasis on heavy-quark and
quarkonium production at the LHC.

3.2.1 Typical time scales

Before discussing the various theoretical approaches on
cold nuclear matter effects, it is useful to recall the typical
time scales entering the process of heavy-quark hadron and
quarkonium production in p—A collisions:

e The typical time to produce a heavy-quark pair QQ,
sometimes referred to as the coherence time, which is
of the order of 7. ~ 1/m »5 < 0.1 fm/c in the Q Q rest
frame. In the rest frame of the target nucleus, however,
this coherence time, t, = E 00 / m2Qa (where E 00 is the

Q O energy in the nucleus rest frame), can be larger than
the nuclear size, leading to shadowing effects due to the
destructive interferences from the scattering on different
nucleons.

e The time needed to produce the quarkonium state, also
known as the formation time, is much larger than the
coherence time. It corresponds to the time interval taken
by the Q Q pair to develop the quarkonium wave function.
Using the uncertainty principle, it should be related to
the mass splitting between the 1S and 2S states [362],
ie. it ~ (mas — mys)~! ~0.3-0.4 fm/c. Because of
the Lorentz boost, this formation time in the nucleus rest
frame, ¢, becomes much larger than the nuclear size at the
LHC. Consequently the quarkonium state is produced far
outside the nucleus and should not be sensitive to nuclear
absorption. The time to produce a heavy-quark hadron is
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Table 6 Available p—A data in collider: the probes, the colliding system, ,/snN, the kinematic range (with y the rapidity in the centre-of-mass
frame), the observables (as a function of variables) are given as well as the references

Probes Colliding system 3NN (TeV) y Observables (variables) References
PHENIX
HF — e+ d-Au 0.2 Iyl < 0.35 Raau (p1.Neon), (p2) [313]
HF — p* L4 <yl <2 Raau (Neoll, pT) (314]
bb [y| < 0.5 o(y) [315]
et u*t ly| <05& 1.4 <y <21 A, Jaau [114]
I/ —22<y<24 RdaAu, Rcp [316-318]
(Neolt,y,x2,XF, 1),
—22<y<22 Raau (p1,y.Neon), (P7) [319]
I/, v (2S), xc ly] < 0.35 Riau (N¢on), double ratio [320]
T 1.2 < |yl <22 Raau (v,X2,XF), & [321]
STAR
DY HF — e* d-Au 0.2 Iyl <1 Yield(y,pr) [322]
T [yl <1 0, Raau (3,XF), & [323]
ALICE
D p-Pb 5.02 —0.96 <y < 0.04 o, Rppy (PT1.Y) [324]
I/ —496 <y < —-296 & o, Rppy (), ReB [325]
2.03 <y <3.53
I/, v (2S) o, Rppb (¥,pr), double ratio [326]
I/ & 137 <y <043 o (y.p1)s Rppo (v,pT). [Rppb [327]
(+¥)-Rppo (-1 (pT)
T(1S), T(2S) o, Rppy (), R, ratio [328]
ATLAS
J/¢ (from B) p-Pb 5.02 —287<y<194 o (y, pr), ratio(y,pr), Rrp [329]
(yl.p1)
CMS
T (nS) p-Pb 5.02 [y < 1.93 Double ratio [268]
(E7 Ny ™)
LHCb
J/¢ (from B) p-Pb 5.02 —50<y<-25& o(pr,y), Rppo (¥), RrB [330]
1.5<y<4.0 (y,pT)
T(nS) o (y), ratio(y), Rppb (), [331]
Rrp

longer than for quarkonium production, of the order of
Agcp~! = 1 fm /c in its rest frame.

e Another important time scale is the typical time needed
for the Q Q pair to neutralise its colour. In the colour sin-
glet model, this process occurs through the emission of a
perturbative gluon and should thus occur in a time com-
parable to 7. In the colour octet model (or colour evap-
oration model), colour neutralisation happens through a
soft process, i.e. on “long” time scales, typically of the
order the quarkonium formation time ty.

When discussing the possible nuclear absorption of a
quarkonium state in the nucleus, it is common to compare the
crossing time of the nucleus, Tcoss, Which is the time spent

by the state in the nucleus [320] to its formation time 7. Itis
given by Teross = L/(B; v), where L is the longitudinal path

of the Q Q pair through the nucleus, g, and y = /1 — ,83

are the velocity and Lorentz factor of the quarkonium along
the beam direction, both given in the nuclear rest frame.

3.2.2 Nuclear PDFs

The modification of parton densities in nuclei affects the
yields of heavy-quark and quarkonium production. In this
section, the effects of nPDF on J/¢ and Y production in p—
Pb collisions at the LHC are first presented. The production
of open beauty (through its decay into non-prompt J/v) is
then discussed.
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Table7 Available p—A data in fixed target: the probes, the target, \/sSNN,
the kinematic range (with y the rapidity in the centre-of-mass frame),
the observables (as a function of variables) are given as well as the ref-
erences. The superscript letter a (*) means that a cut on | cos fcs| < 0.5
is applied in the analysis, where 6cs is the decay muon angle in the

2pL.cm

( oper . o where pr.cm
is the longitudinal momentum of the partonic system in the CM frame,
is connected to the momentum fraction variables by xp ~ x| — x2, in
the limit pt < p

Collins—Soper frame. Feynman-x variable xp =

Probes Target /3NN (GeV) y (or xp) Observables (variables) References
NA3
I/ Hj, Pt 16.8-27.4 0<xp<09 o (xg, pT) [332,333]
NA38
I/, ¥ (2S) Cu, U 19.4 —-02<y<l.1 o(ET, A), (p%z))(e), [334-336]
ratio(e, E1, A, L)
J/¥, v (2S), cc w 194 0<y<l Ratio(€), o¢e(prab) [337]
I/¥, v (2S) C, Al, Cu, W 29.1 —04 <y <0.6% o (A) and ratio(A) [338]
J/¥, ¥(2S), DY o,S 19.4 (29.1) 0(—0.4) <y < 1(0.6) o (A, L), ratio(A, L) [339]
NA38/NA50
cc Al, Cu, Ag, W 29.1 —0.52 <y <0.48* oce [97]
NAS50
I/¢, ¢ (2S), DY Be, Al, Cu, Ag, W 29.1 —04<y<06 o(A), ratio(A, E1, L), Oabs [340,341]
I/¥, ¢ (2S) —0.1 <xp <0.12 o (A, L), oabs (Xp) [342]
T,DY —-05<y<05? o(A), (p%)(L), (pT) [343]
NA60
I/ Be, Al, Cu, In, W, Pb, U 17.3 (27.5) 0.3(—0.2) <y < 0.8(0.3)* 0, Ogbs, ratio(L), a (xg, x2) [344]
E772
/¥ (2S) H,,C,Ca, W 38.8 0.1 <xp <0.7 Ratio(A,xg,pr), [345]
o (xg, X2, pT)
T —0.15 < xg < 0.5 o (pr, xp), ratio(A), [346]
a(xF, X2, pT)
E789
DY Be, Au 38.8 0 < xp < 0.08 o(prt), @(xg, pr), ratio [347]
bb 0<xp<0.1 o (xg, pT) [348]
I/ Be, Cu 38.8 0.3 <xp <0.95 o (xp), a(xp) [349]
/¥, (2S) Be, Au —0.03 < xp < 0.15 o (pt, XF, y), ratio(pr,xg) [350]
/v Be,C, W —0.1 <xgp <0.1 a (XF,Xtarget,PT) [351]
E866/NuSea
I/, v (2S) Be, Fe, W 38.8 —0.1 <xp <093 o (pT,XF) [352]
I/ Cu 03 <xp<09 Ao (PT, XF) [252]
T (nS), DY 0<xp<0.6 Ao (pT, XF) [353]
HERA-B
D C, Ti, W 41.6 —0.15 < xp < 0.05 o (xF, p%) [354]
bb, Iy —0.35 < xp < 0.15 o, ratio [355]
bb —0.3 <xp <0.15 o [356]
bb C, Ti —0.25 < xp < 0.15 o [357]
I/ C, Ti,W —0.225 < xg < 0.075 o(A,y) [358]
—0.34 <xp <0.14 (p%)(A), a(pr, XF) [359]
C, W —0.34 <xp <0.14 Ao, Ap, Moy (DT, XF) [253]
1/, v (2S) C, Ti, W —0.35 <xp < 0.1 Ratio(xg, pr, A), o’-a(xp) [254]
1¥ Xe Ratio(xf, pr) [360]
T C, Ti, W —0.6 < xp < 0.15 a(y) [361]
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Fig. 25 Accessible x; and mt range at the LHC (] yjap| < 4.5) in p-Pb
collisions at \/snn = 5.02 TeV for different heavy-flavour probes (D
and B mesons, J/¢ and Y') with 0 < pt < 10 GeV/c

J/vr and Y production The predictions for J/ suppres-
sion due to the nuclear modifications of the parton den-
sities are described in this section and discussed by Vogt
in [363]. Here we show results for the rapidity dependence
of nPDF effects on J /¢ and Y production in p—Pb collisions
at ./sxn = 5.02 TeV and neglecting any other CNM effect.

The results are obtained in the colour evaporation model
(CEM) at next-to-leading order in the total cross section. In
the CEM, the quarkonium @ production cross section in p—
PDb collisions is some fraction, Fg, of all Q@ pairs below the
HH threshold where H is the lowest-mass heavy-flavour
hadron,

& CEM
pr—> D+X [Vs]

4mH 1 1 )
=A- Fq> / df/ dx,'/ d)Cj f,-(x,-,pLF)
4m 0 0

xR}’bm, up)fj<x,-, 13 T 61 oo xS s nR],
(20)

where A is the Pb mass number, ij = ¢gq or gg, and
G ogsxistheij — Q Q + X sub-process cross section of
centre-of-mass energy §. J is an appropriate Jacobian with
dimension 1/5. f; ; is the proton PDF for the parton species
i, while R®" is a nuclear PDF parametrisation for the parton
species j (EPS09 [364] for the results shown in this section).
The normalisation factor Fg is fitted to the forward (inte-
grated over xg > 0) J/y cross section data on p, Be, Li, C,
and Si targets (see [169] for details). In this way, uncertain-
ties due to ignoring any cold nuclear matter effects which are
on the order of a few percent in light targets are avoided. The
fits are restricted to the forward cross sections only.

The values of the central charm quark mass and scale
parameters are m, = 1.27 £+ 0.09 GeV/c?, Ur/me =

2.10%533,and jug/me = 1.607 |} [169]. The normalisation
Fg is obtained for the central set, (m., up/me, ug/me) =
(1.27GeV/ ¢2,2.1, 1.6). The calculations for the estimation
of the mass and scale uncertainties are multiplied by the same
value of Fg to obtain the J/y uncertainty band [169]. Y
production is calculated in the same manner, with the cen-
tral result obtained for (mp, wr/mp, wr/mp) = (4.65 £
0.09 GeV /c?, 1.47077 117022 [365]. In the NLO calcula-
tions of the rapidity and pt dependence, instead of m g, the

transverse mass, mrT, is used with mt = /mZQ + p% where

p% =0.5¢( p% 0 + p%@). All the calculations are NLO in the

total cross section and assume that the intrinsic kT broadening
is the same in pp as in p—Pb.

The mass and scale uncertainties are calculated based on
results using the one standard deviation uncertainties on the
quark mass and scale parameters. If the central, higher and
lower limits of g r/m are denoted C, H, and L, respec-
tively, then the seven sets corresponding to the scale uncer-
tainty are {(ur/m,pug/m)} = {(C,C),(H, H), (L, L),
(C,L),(L,C),(C, H), (H, C)}. The uncertainty band can
be obtained for the best fit sets by adding the uncertainties
from the mass and scale variations in quadrature. The uncer-
tainty band associated to the EPS09 NLO set is obtained by
calculating the deviations from the central EPS09 set for the
15 parameter variations on either side of the central set and
adding them in quadrature. The uncertainty on Rpa associ-
ated to the EPS09 NLO variations turns out to be larger than
that coming from the mass and scale variation, as can be seen
below.

Figure 26 (left) shows the uncertainty in the shadowing
effect on J/¢ due to the variations in the 30 EPS09 NLO
sets [364] (dashed red) as well as those due to the mass and
scale uncertainties (dashed blue) calculated with the EPS09
NLO central set. The uncertainty band calculated in the CEM
at LO with the EPS09 LO sets [364] is shown for com-
parison. It is clear that the LO results, represented by the
smooth magenta curves in Fig. 26, exhibit a larger shadow-
ing effect. This difference between the LO results, also shown
in Ref. [363], and the NLO calculations arises because the
gluon distributions in the proton that the EPS09 LO and NLO
gluon shadowing parametrisations are based on CTEQ61L
and CTEQ6M, respectively, which behave very differently
at low x and moderate values of the factorisation scale [364].
If one uses instead the nDS or nDSg parametrisations [367],
based on the GRV98 LO and NLO proton PDFs, the LO and
NLO results differ by only a few percent. The right panel
shows the same calculation for Y production. Here the dif-
ference between the LO and NLO calculations is reduced
because the mass scale, and hence the factorisation scale, is
larger. The x values probed are also correspondingly larger.

The pt dependence of the nPDF effects at forward rapidity
for J/4 and Y has also been computed in Ref. [366]. There
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Fig. 26 The nuclear modification factor Rypy for J/v (left) and Y
(right) production calculated using the EPS09 modifications as a func-
tion of rapidity. The solid red histogram shows the central EPS09 NLO
prediction (with its uncertainties shown as red dashed histograms) in
p-Pb collisions at \/syn = 5.02 TeV (integrated over pr) while the

is no LO comparison because the pt dependence cannot be
calculated in the LO CEM. The effect s rather mild and Rppp
increases slowly with pr, from roughly R,p, 2 0.7-0.9 for
J/¢ at low pr to Rppp == 1 at pr = 20 GeV/c. There is
little difference between the J/ and Y results for Rypy(pT)
because, for pt above a few GeV/c, the prt scale dominates
over the mass scale. The nPDF effects are somewhat similar
for open heavy flavour as a function of pr, yet the effects
(estimated using EPS09 NLO) tend to go away faster with
pr due to the different production dynamics between quarko-
nium and open heavy flavour.

Non-prompt 1/ production The nPDF effects on non-
prompt J/¢ (coming from B decays) has been investigated
by Ferreiro et al. in [368]. Contrary to the more complex
case of bottomonium production, it is sufficient to rely on
LO calculations [369] to deal with open-beauty production
data integrated in pt as those of LHCb [330]. Indeed such
computations are sufficient to describe the low- pt cross sec-
tion up to (1-2) my, where the bulk of the yield lies.

The nPDF effects on non-prompt J /¢ have been evaluated
using two parametrisations,'® namely EPS09 LO [364]'7 and

16 By coherence with the use of LO hard matrix elements, one may
prefer to use LO nPDFs.

17 To simplify the comparison, one simply uses the central curve of
EPSO09 as well as four specific extreme curves (minimal/maximal shad-

owing, minimal/maximal EMC effect), which reproduce the envelope
of the gluon nPDF uncertainty encoded in EPS09 LO.
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dot-dashed blue histogram shows the dependence on mass and scale.
The magenta curves show the LO modification and the correspond-
ing uncertainty band. The NLO J/v results were originally shown in
Ref. [366]

nDSg LO [367]. In addition to the choice of the nPDFs,
one also has to fix the value of the factorisation scale ur,

which is set to urp = /m2Q +p%. One can also con-

sider the spatial dependence of the nPDFs, either by sim-
ply assuming an inhomogeneous shadowing proportional to
the local density [370,371] or extracting it from a fit [372].
These effects would then translate into a non-trivial cen-
trality (or impact parameter b) dependence of the nuclear
modification factor. To this end, it is ideal to rely on a
Glauber Monte-Carlo which does not factorise the differ-
ent nuclear effects (such as JIN [373] which is used to
study the nuclear matter effects on quarkonium produc-
tion both at RHIC [374,375] and LHC [376,377] ener-
gies).

This results in the nuclear modification factor R,py for
open beauty in p—Pb collisions at 5 TeV shown in Fig. 27.
These values will be compared to the data measured by the
LHCb Collaboration [330] and shown in Fig. 37, at backward
and forward rapidity. As discussed in [368], the measured
values of Rppy slightly favour the nDSg parametrisation,
which does not include anti-shadowing. One should, how-
ever, stress that such a direct theory-data comparison relies
on a good control of the interpolated pp cross section, while
the forward-over-backward production ratio is not affected
by any kind of uncertainty on the pp measurements or mod-
elling. In this case, there is no tension with EPS09. Finally,
one can stress that the nuclear modification factor predicted
for open beauty is similar to that of inclusive Y(1S).
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Fig. 28 Nuclear modification factor Rpa(y) for D and J/¢ in p-Pb
collisions at \/syN = 5.02 TeV in the CGC approach of Fuji and Watan-
abe [378,379]. The bands indicate the uncertainties from the variations
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3.2.3 Saturation in the colour glass condensate approach

Fujii and Watanabe recently computed the heavy quark
production cross section in high energy p—A collisions in
the colour Glass Condensate (CGC) framework [378,379],
which is given at the leading order in the strong-coupling con-
stant o, but includes multiple-scattering effects on the gluons
and heavy quarks by the dense target [380]. It is expressed
in terms of hard matrix elements, 2-point gluon function in
the dilute projectile and multi-point gluon functions in the
dense target, which breaks the kt-factorisation [381]. The
energy dependence in this approach is incorporated through
the gluon functions which obey the non-linear x-evolution
equation leading to the gluon saturation phenomenon.

In the large- N approximation (where N, = 3 is the num-
ber of colours in QCD), the multi-point functions reduce to
a product of two dipole amplitudes in the fundamental rep-
resentation and the evolution equation for the dipole has a
closed form, called the Balitsky—Kovchegov (BK) equation.
The BK equation with running coupling corrections (rcBK)
is today widely exploited for phenomenological studies of

saturation, and its numerical solution for x < xg = 0.01 is
constrained with HERA DIS data and has been applied to
hadronic reactions successfully [382]. Nuclear dependence
is taken into account here in the initial condition for the rcBK
equation by setting larger initial saturation scales, Qf 4 (x0)
(below which gluon distribution in a nucleus starts to satu-
rate) depending on the nuclear thickness.

References [378,379] show the evaluation of heavy quark
production applying the CGC framework in the large-N,
approximation with the numerical solution of the rcBK
equation. In hadronisation processes, the colour evaporation
model (CEM) is used for J/¢ (T) and the vacuum frag-
mentation function for D meson production, assuming that
the hadronisation occurs outside the target as mentioned in
Sect. 3.2.1. The rapidity dependence of the nuclear modifi-
cation factor Ry (y) of J/v is one of the significant observ-
ables to investigate the saturation effect and the CGC-based
model reproduced the RHIC data by setting Qf’ A(x0) =
4-06) Qf, »(X0). Extrapolation to the LHC energy predicted
a stronger suppression, reflecting stronger saturation effects
at the smaller values of x (Fig. 28). Quarkonium suppression
in this framework also includes the multiple scattering effects
on the quark pair traversing the dense target. The comparison
with experimental results will shown in Sect. 3.3.

Several improvements to this approach can be performed.
The CGC expression for the heavy quark production is
derived at LO in the eikonal approximation for the colour
sources. The NLO extension should be investigated to be
consistent with the use of the rcBK equation. Furthermore,
for quarkonium production, colour channel dependence of
the hadronisation process will be important and brings in a
new multi-point function, which is simply ignored in CEM.
Finally, using a similar approach but with an improved treat-
ment of the nuclear geometry and a different parametri-
sation of the dipole cross section, Ducloué et al. [383]
showed that the J/y suppression in p—Pb collisions was less
pronounced.

More recently, attempts to compute quarkonium produc-
tion in pp and p—A collisions have been made by imple-
menting small-x evolution and multiple scattering effects in
the NRQCD formalism [93]. Depending on which NRQCD
channel dominates the J/y production cross section in p—
Pb collisions at the LHC, the J/yr suppression predicted in
this formalism may agree with the current ALICE and LHCb
measurements [384].

3.2.4 Multiple scattering and energy loss

In this section various approaches of parton multiple scat-
tering in nuclei are discussed. These effects include QQ
propagation in nuclei, initial- and final-state energy loss, and
coherent energy loss.
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Q Q propagation and attenuation in nuclei This section
summarises the approach by Kopeliovich et al. [385,386]. At
LHC energies, the coherence time, ., for the production of
charm quarks exceeds the typical nuclear size, f, >> Ra. As
a consequence, all the production amplitudes from different
bound nucleons are in phase. In terms of the dipole descrip-
tion this means that Lorentz time delay “freezes” the cc dipole
separation during propagation through the nucleus, which
simplifies calculations compared with the path-integral tech-
nique, required at lower energies [362,387,388].

Because of the rescattering of the dipole in the nucleus,
the charmonium suppression in p—A collisions with impact
parameter b has the form [385,386,388],

o0
1
Roa =+ f d’b / dz pa (b, 2)|Spa (b, 212, (21)
—00

1
Spa(b, 2) = /der Wee(rr) X exp [— EUcEg(rT)T—(bv 2)
1
— 30 DT b, 2] (22)

Here W.e(rr) o« Ko(merr) r% W (rr) is the distribution
function for the dipole size rr; Ko(m.rr) describes the rr-
distribution of the cc dipole in the projectile gluon; W 7 ()
is the light-cone wave function of the final charmonium;
one factor r1 comes from the colour-exchange transition
(cc)g — (cc)1 amplitude, another factor rt originates either
from radiation of a gluon (colour-singlet model for ), or
from the wave function of a P-wave state (x). The three-
body (gcc) dipole cross section ocgg (1) = %ocg(rT/Z) —
%UCE(I"T) is responsible for the g — cc transition and its
nuclear shadowing. The thickness functions are defined by
T-(b,2) = [ZdZ' pa(b,2); Ty (b, 2) = Ta(b) = T-(b, 2)
and T4 (b) = T_(b, 00) where p4 is the nuclear density pro-
file. The results of parameter-free calculations [386] of Rpa
as a function of rapidity at the energies of RHIC and LHC
are shown in Fig. 29.

At this point one should emphasise that attenuation of cc
dipoles in nuclear matter is a source of nuclear suppression
of J/yr, although it is often not included in model calcula-
tions. Moreover, independently of model details, the general
features of dipole interactions are: (i) the dipole cross sec-
tion studied in detail at HERA, which is proportional to the
dipole size squared (of the order of 1/ mg) and to the gluon
density, (ii) the rise of the dipole cross section (and there-
fore the magnitude of the nuclear suppression) coming from
the observed steep rise of the gluon density at small x. The
observed energy independence of nuclear suppression of J /1
is incompatible with these features, and the only solution
would be the presence of a nuclear enhancement mechanism
rising with energy. Indeed, such a mechanism was proposed
in [389] and developed in [388]. It comes from new possi-
bilities, compared to a proton target, for J /¢ production due
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Fig. 29 Calculations [385] for the pr-integrated nuclear suppression
factor Ryay(y) for J/¢ produced in d—Au collisions with rapidity y at
/5NN = 200 GeV. The upper solid curve presents the result of Eqs. (21)
and (22), including a small effect from shadowing. The lower solid
(dashed) curve shows calculations for LHC at /sy = 5 TeV, including
(excluding) shadowing

to multiple colour exchange interaction of a cc in the nuclear
matter, e.g. the relative contribution of double interaction is
enhanced in nuclei as A!/3 and rises with energy proportion-
ally to the dipole cross section [389]. Numerical evaluation
of this effect is under way [390]. This approach for charmo-
nium production cannot be simply extrapolated from p—A to
AA collisions [385]. The latter case includes new effects of
double colour filtering and a boosted saturation scale [385].

Initial- and final-state energy loss, power corrections and
Cronin effect The approach by Sharma and Vitev is now
described. The basic premiss of this approach is that CNM
can be evaluated and related to the transport properties of
large nuclei for quarks and gluons [391]. At one extreme,
when the scattering from the medium is largely incoherent,
the parton modification is dominated by transverse momen-
tum broadening. It leads to a Cronin-like enhancement of
the cross sections at intermediate pt ~ few GeV/c. At the
other extreme, when the longitudinal momentum transfer
is small compared to the inverse of the path length of the
parton as it propagates through the nucleus, the scattering
becomes coherent, which can lead to attenuation, or shadow-
ing. The coherent limit is described differently in different
approaches and its effects are calculated in terms of nuclear-
enhanced power corrections to the cross sections. Multiple
scattering also leads to medium-induced radiative corrections
that, in the soft gluon emission limit, have the interpretation
of energy loss [392].

The effects are implemented via modifications to the kine-
matics of hard parton scattering a +b — c-+d. For example,
in p—A collisions

Initial —state energy loss

Xg AE,
[(ba(xa)]pA = |:¢a ( >i| , €g = E. (23)
NN

1 —¢,
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Power corrections

(¥)pn = (NN [1 ¥ %} , 4
d
Cronin effect
(kta)pa = (KTINN + (KT, )1s -
(K3 )is = <2Z2L> (25)

In Eq. (23), €, is the fractional energy loss for parton a prior
to the hard collision, which increases linearly with medium
opacity. When the inverse longitudinal momentum trans-
ferred from the nucleus is larger than the Lorentz-contracted
longitudinal size, the scattering can become coherent. This
effect can be included in an effective modification of the
Bjorken-x variable, as shown in Eq. (24), in which &; is
a parameter monitoring the strength of power corrections.
The momentum broadening leading to Cronin effect is given
in Eq. (25) in which u is the typical transverse momentum
transfer in a parton—nucleon scattering and A, the parton
mean free path in the nuclear medium. The typical trans-
verse momentum scales and scattering lengths are 53 /1 fm ~
w?/n =~ 0.1 GeV?/fm (0.225 GeV?/fm) for quarks (glu-
ons), respectively. These yield a quark radiation length
Xo ~ 50 fm [393]. For further details, see [83,391,393].
This approach has successfully described the experimentally
observed suppression of light hadron, photon and dilepton
production cross sections.

As the heavy quark introduces a new mass scale, the
dependence of CNM corrections on this scale and their rela-
tive significance needs to be reassessed in light of the exper-
imental data.

For the case of quarkonium production, a large uncer-
tainty arises form the fact that the Cronin effect is not under-
stood [83], nor have there been attempts to fit it in this
approach. Consequently, for J/¢ and Y results with only

CNM energy loss are shown. Due to the uncertainties in the
magnitude of the Cronin effect and the magnitude of the cold
nuclear matter energy loss, the nuclear modification for open
heavy flavour can show either small enhancement and small
suppression in the region of pt ~ few GeV//c. The uncertain-
ties in the magnitude of A E/ E can be quite significant [393].
Motivated by other multiple parton scattering effects, such
as the Cronin and the coherent power corrections, which are
both compatible with possibly smaller transport parameters
of cold QCD matter we also consider an energy loss that is
35 % smaller than the one from using the parameters above.
The results for quarkonium modification in p—A collisions
is then presented as a band. The left panel of Fig. 30 shows
theoretical predictions for Y Rgay at RHIC [83]. The right
panel of Fig. 30 shows theoretical predictions for J/¥ Rppp
at the LHC [83] that will be compared to data in Sect. 3.3.
Coherent energy loss Another approach of parton energy
loss in cold nuclear matter has been suggested by Arleo
et al. in Refs. [394-398]. A few years ago it was empha-
sised that the medium-induced radiative energy loss AE of
a high-energy gluon crossing a nuclear medium and being
scattered to small angle is proportional to the gluon energy
E [394,397]. The behaviour AE « E arises from soft gluon
radiation which is fully coherent over the medium. Coher-
ent energy loss is expected in all situations where the hard
partonic process looks like forward scattering of an incom-
ing parton to an outgoing compact and colourful system of
partons [398]. In the case of J/¢ hadroproduction at low
pr S myy, viewed in the target rest frame as the scattering
of an incoming gluon to an outgoing colour octet c¢ pair,'®
such an energy loss provides a successful description of J /vy
nuclear suppression in p—A as compared to pp collisions,

18 As for instance in the colour Evaporation Model. In the colour Singlet
Model for J /v production, a colour singlet cc pair is produced, but in
conjunction with a hard gluon, thus making no qualitative difference
with the production of a compact colour octet state.
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Fig. 31 Left ]/ suppression due to coherent energy-loss effects, fit-
ted to E866 data in p—W collisions at ,/snn = 38.7 GeV, as a function

of Feynman-x, xp >~ 2 pg/ v /+/s. The vertical arrow indicates below

from fixed-target (SPS, HERA, FNAL) to collider (RHIC,
LHC) energies [395,396].

In Refs. [395,396], the J/¢ differential cross section
dzopp /dy dpr is determined from a fit of the pp data, and
dzapA /dy dpr is obtained by performing a shift in rapidity
(and in pt) accounting for the energy loss & with probabil-
ity P(e) (and for the transverse broadening Apr) incurred
by the compact octet state propagating through the nucleus.
Independent of the pp production mechanism, the model is
thus able to predict J/y and Y nuclear suppression, Rpa, as
a function of y, pr and centrality. The model depends on a
single parameter go, which fully determines both the broad-
ening Apr and the energy-loss probability distribution, P(¢).
It is determined by fitting the model calculations to the E866
measurements [352] in p—W collisions at ,/sny = 38.7 GeV.
The result of the fit, which yields go = 0.075 GeV2/fm, is
shown in Fig. 31 (left) in comparison to the data.

In order to assess the uncertainties of the model predic-
tions, the parameter entering the pp data parametrisation is
varied around its central value, as well as the magnitude of
the transport coefficient from 0.07 to 0.09 GeV2/fm [395].
The prescription for computing the model uncertainties can
be found in [404]. The model predictions for J/¢¥ and Y
suppression in p—Pb collisions at the LHC as a function of
rapidity are shown in Fig. 31 (right). The extrapolation of the
model to AA collisions is discussed in Sect. 3.4.

3.2.5 Nuclear absorption
The quarkonium nuclear absorption is characterised by an

“effective” cross section oyps. In Ref. [405], Arleo and Tram
analysed all the J /1 cross section measurements available at
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the time, taking into account nuclear absorption and nPDF
effects. They found that, within the experimental uncertain-
ties, the absorption cross section does not show a dependence
on the J/y—N centre-of-mass energy, when going from fixed-
target to RHIC energy. In the approach of Ref. [399] dis-
cussed below, Lourenco, Vogt and Woehri studied the avail-
able fixed-target data to discern a possible dependence of
the J/1¢ normal absorption at mid-rapidity as a function of
the nucleon—nucleon centre-of-mass energy, both with and
without considering nuclear modifications of the parton dis-
tributions.

The J /4 absorption cross section, a:é;ﬁ , was traditionally
assumed to be independent of the production kinematics until
measurements covering broad phase-space regions showed
clear dependences of the nuclear effects on xp and pr. It
was further assumed to be independent of collision centre-
of-mass energy, /SN, neglecting any nuclear effects on the
parton distributions. However, J/v¢ production is sensitive
to the gluon distribution in the nucleus and the fixed-target
measurements probe parton momentum fractions, x, in the
possible anti-shadowing region. This effect may enhance the
J/ production rate at mid-rapidity and a larger absorption
cross section would be required to match the data.

If one focuses on the behavior of J /i production at xp ~
0, the absorption cross section is found to depend on ,/snN,
essentially independent of the chosen nPDF parametrisa-
tion [399], as shown in Fig. 32 (left). The yellow band
represents the uncertainty corresponding to an empirical
power-law fit (solid curve) to all the data points analysed
in [399] from measurements by NA3 [332], NASO [341,342],
E866[352], HERA-B [359], NA60 [406] and PHENIX [407].
The extrapolation of the power-law fit in Fig. 32 (left) to the
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current LHC p—A energy leads to a vanishingly small cross
section within the illustrated uncertainties.

Away from mid-rapidity, the extracted ajésw grows with xg
up to unrealistically large values, as shown in Fig. 32 (right).
This seems to indicate that another mechanism, in addition to
absorption and shadowing, such as initial-state energy loss,
may be responsible for the J/v suppression in the forward
region (xg > 0.25). This confirms that the effective param-
eter oall{;p should not be interpreted as a genuine inelastic
cross section. It seems that the rise starts closer to xp = 0
for lower collision energies [64]. More recent analyses [408],
using EPS09 [364], are in general agreement with the results
of Ref. [399].

Despite different conclusions on the possible energy
dependence of oy, from fixed-target experiments to RHIC
energy in [405] and [399], one expects nuclear absorption
effects to become negligible at the LHC since the quarkonium
formation time becomes significantly larger than the nuclear
size at all values of the rapidity. This is also confirmed by
a more recent analysis. In Ref. [408], the authors show that
the J/i suppression seems to scale with the crossing time
Teross (see Sect. 3.2.1), independently of the centre-of-mass
energy, above a typical crossing time Teross =, 0.05 fm/c.
Below this scale, however, the lack of scaling indicates that
nuclear absorption is probably not the dominant effect. Using
the 2 — 1 kinematics, Teross = 2m, L e™7/,/snN, the con-
dition Teross < 0.05 fm/c would correspond to y > —3.8
(using Lpp ~ 3/4 Rpp =~ 5 fm) at the LHC.

3.2.6 Summary of CNM models

A brief summary of these different approaches is given in
Table 8, in which the dominant physical effects and ingredi-
ents used in each calculation are given. The model acronyms

given in the table match those in the legends of the figures in
the next section.

3.3 Recent RHIC and LHC results

In this section we summarise the recent measurements in p—
A collisions at RHIC and at the LHC. Open heavy-flavour
results are described in Sect. 3.3.2 and hidden heavy-flavour
data in Sect. 3.3.3. As described in the previous section, in
order to understand the role of the CNM effects, the inter-
pretation of these measurements is commonly obtained by a
comparison with measurements in pp collisions at the same
centre-of-mass energy as for p—A and in the same rapidity
interval. At the LHC, so far it has not been possible to carry
out pp measurements at the same energy and rapidity as for
p—Pb. In Sect. 3.3.1 the procedures to define the pp reference
for Rpa are described.

3.3.1 Reference for p—A measurements at the LHC

The pp reference for open heavy-flavour measurements at
/s = 5.02 TeV was obtained either from pQCD calculations
or by a pQCD-based +/s-scaling of the measurements per-
formed at /s = 7 TeV. In some cases, it was also possible to
evaluate the /s-scaled spectra of both the 7 and the 2.76 TeV
data to /s = 5.02 TeV and combine them. The pQCD-
based 4/s-scaling procedure is described in reference [409].
The scaling factor is evaluated as the ratio of the theoreti-
cal calculation at the two energies. The scaling uncertainties
are determined considering the prediction uncertainties, the
variation of the renormalisation and factorisation scales, the
heavy-quark mass and the PDF uncertainties. The assump-
tion behind this calculation is that the values of these param-
eters remain the same at both energies. The scaling factor and
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Table 8 Summary of the various models of CNM approaches discussed in the text and compared to data in Sect. 3.3. The main physical processes

and ingredients used in each calculation are listed

Acronym Production mechanism Medium effects Main parameters References
Open heavy flavour
pQCD+EPS09 LO pQCD LO nPDF 441 EPS09 LO sets [368]
SAT pQCD LO+CGC Saturation Q%, »(%0), Qf, 4(x0) [378]
ELOSS pQCD LO E. loss, power cor., broa. €aq, &4, ;/.2, A [391]
Quarkonia
EXT+EKS98LO+ABS Generic 2 — 2 LO nPDF and absorption EKS98 LO, oabs [374,375]
EXT+EPS09 LO Generic 2 — 2 LO nPDF 4+1 EPS09 LO sets [376,377]
CEM+EPS09 NLO CEM NLO nPDF 3041 EPS09 NLO sets [363]
SAT CEM LO+CGC Saturation 02 ,(x0), Q7 4 (x0) [379]
ELOSS NRQCD LO E. loss, power cor. €aq, &4, uz, A [83]
COH.ELOSS pp data Coherent E. loss q [395,396]
KPS dipole model Dipole absorption Océ [385,386]

uncertainties computed with different heavy-quark produc-
tion models, FONLL [44,99] and GM-VENS [16,410], are
in excellent agreement. This procedure was verified by com-
paring the D-meson CDF measurements at /s = 1.96 TeV
at mid-rapidity to a ,/s-scaling of the ALICE data [409]. A
different strategy was used in order to evaluate the pp refer-
ence for J /¢ from B decays: the procedure is the same as for
J/ ¢ at forward rapidity and it is described in the following.

In the quarkonium analyses, different strategies have been
adopted depending on the precision of the existing measure-
ments. They are mainly based on phenomenological func-
tions and are briefly described in the following.

At mid-rapidity in ALICE, the J/¢ pp integrated cross
section reference has been obtained by performing an inter-
polation based on J/yr measurements at mid-rapidity in pp
collisions at /s = 200 GeV [411], 2.76 TeV [412] and
7 TeV [413], and in pp collisions at /s = 1.96 TeV [414].
Several functions (linear, power law and exponential) were
used to parametrise the cross section dependence as a func-
tion of 4/s. The interpolation leads to a total uncertainty
of 17 % on the integrated cross section. The effect of the
asymmetric rapidity coverage, due to the shift of the rapid-
ity by 0.465 in the centre-of-mass system in p—Pb collisions
at the LHC, was found to be negligible as compared to the
overall uncertainty of the interpolation procedure. Then the
same method as described in [415] was followed to obtain
the pt-dependent cross section. The method is based on the
empirical observation that the J /i cross sections measured
at different energy and rapidity scale with pt/{pt). The (pT)
value was evaluated at /s = 5.02 TeV by an interpolation
of the (pr) measured at mid-rapidity [411,413,414] using
exponential, logarithmic and power-law functions.

At forward rapidity, a similar procedure for the J /v cross
section interpolation has been adopted by ALICE and LHCb
and is described in [416]. In order to ease the treatment of the
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systematics correlated with energy, the interpolation was lim-
ited to results obtained with a single apparatus. The inclusive
J/yr cross sections measured at 2.76 [412] and 7 TeV [199]
were included in the ALICE procedure while the inclusive,
promptJ /vy andJ /i from B-mesons cross sections measured
at2.76 [417],7 [172] and 8 TeV [206] were considered in the
LHCDb one. The interpolation of the cross section with energy
is based, as in the mid-rapidity case, on three empirical shapes
(linear, power law and exponential). The resulting interpo-
lated cross section for inclusive J /v obtained by ALICE and
LHCbin 2.5 < y < 4 at /s = 5.02 TeV were found to be
in good agreement with a total uncertainty of ~8 and ~5 %
for ALICE and LHCb, respectively. The interpolation in /s
was also performed by ALICE independently for each pr
interval and outside of the rapidity range of pp data in order
to cope with the p—Pb centre-of-mass rapidity shift. In that
case an additional interpolation with rapidity was carried out
by using several empirical functions (Gaussian, second- and
fourth-order polynomials).

In the case of the T at forward rapidity, the interpolation
procedure results also from a common approach by ALICE
and LHCb and is described in [418]. It is based on LHCb mea-
surements in pp collisions at 2.76 TeV [419], 7 TeV [199] and
8 TeV [206]. Various phenomenological functions and/or the
/s-dependence of the CEM and FONLL models are used for
the /s-dependence of the cross section, similarly to the J/vr
interpolation procedure at forward rapidity. This interpola-
tion results in a systematic uncertainty that ranges from 8 to
12 % depending on the rapidity interval.

3.3.2 Open heavy-flavour measurements

Open heavy-flavour production occurs in hard processes
at the early stages of the collision (see Sect. 2.1.1 for
an introduction to the different calculations). As explained
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Fig. 33 Nuclear modification factor of heavy-flavour decay leptons in d—Au collisions at ,/snn = 200 GeV as a function of transverse momentum
in the 0-20 and 60-88 % centrality classes, as measured with the PHENIX detector [313,314]

in Sect. 3.2, their production in a nuclear environment is
affected by the modification of the parton probability density
in the nucleus (nPDFs or parton saturation formalisms) and
by the multiple scattering of partons in the nucleus (radiative
or collisional parton energy loss, kT broadening). Due to their
short lifetimes, open heavy-flavour hadrons are measured via
their decay products. Different analyses methods exist: (i)
study leptons from heavy-flavour decays, (ii) examine the
pr-integrated dilepton invariant-mass distribution, to evalu-
ate the charm and beauty cross sections, (iii) fully reconstruct
exclusive decays, such as D’ — K* 7~ or B — J/y K2,
(iv) select specific (semi-)inclusive decays with a displaced
vertex topology, such as beauty decays to leptons or J/v,
(v) identify c- or b-jets from reconstructed jets, (vi) inspect
heavy-flavour azimuthal correlations. In the analyses where
not all the decay products are reconstructed, the correlation
between the heavy-flavour hadron kinematics and that of the
decay particles has to be considered to properly interpret the
measurements.

Heavy-flavour decay leptons The production of heavy-
flavour decay leptons, i.e. leptons from charm and beauty
decays, has been studied at RHIC and at LHC energies in d—
Au and p-Pb collisions at ,/sxy = 200 GeV and 5.02 TeV,
respectively. The p—A measurements exploit the inclusive
lepton pr-spectrum, electrons at mid-rapidity (|n] < 0.5
for PHENIX, 0 < n < 0.7 for STAR and || < 0.6 for
ALICE) and muons at forward rapidities (1.4 < |n| < 2.0for
PHENIX and 2.5 < 1 < 4.0 for ALICE). The heavy-flavour
decay spectrum is determined by extracting the non-heavy-
flavour contribution to the inclusive lepton distribution. The
photonic background sources are electrons from photon con-
versions in the detector material and 7% and n Dalitz decays,
which involve virtual photon conversion. The contribution
of photon conversions is evaluated with the invariant-mass
method or via Montecarlo simulations. The Dalitz decays

contribution can be determined considering the measured
70 and 7 distributions. Background from light hadrons, hard
processes (prompt photons and Drell-Yan) and quarkonia is
determined with Montecarlo simulations, based, when pos-
sible, on the measured spectrum. STAR data is not corrected
for the of J/y decays contribution, which is non-negligible
at high pr. Beauty decay-electron spectra can be obtained
from the heavy-flavour decay-electron spectra by a cut or
fit of the lepton impact-parameter distribution, i.e. the dis-
tance between the lepton track and the interaction vertex, or
exploiting the lepton azimuthal correlation to heavy flavours
or charged hadrons. For the latter see the last paragraph of
this section.

Heavy-flavour decay lepton Rgs, measurements at mid-
rapidity in minimum-bias d-Au collisions at ,/s\v =
200 GeV by STAR and PHENIX [313,420] are consistent and
suggest no modification of the multiplicity-integrated yields
for 1 < pt < 10 GeV/c within uncertainties. The pt depen-
dence of Rgay on the multiplicity and the rapidity was studied
by PHENIX [313,314] and is reported in Fig. 33. It shows a
mild dependence with the multiplicity at mid-rapidity. The
results at forward and backward rapidities are similar for
peripheral collisions, but evidence a strong deviation for the
most central events. As shown in Fig. 34 and in [313], the
measurements at forward rapidity are described both by the
model of Vitev et al. [391,392] — considering nPDFs, kt
broadening and CNM energy loss — (ELOSS model described
in Sect. 3.2.4) or by nPDFs alone. Data at backward rapidity
cannot be described considering only the nPDFs, suggesting
that other mechanisms are at work.

The preliminary results at LHC energies by the ALICE
Collaboration [421] present Rppp multiplicity-integrated val-
ues close to unity at mid-rapidity, as observed at lower ener-
gies. The rapidity dependence of the multiplicity-integrated
Rppy is also similar to that observed at RHIC. In contrast to
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Fig. 34 Nuclear modification factor of heavy-flavour decay leptons
in d—Au collisions at ,/sN\N = 200 GeV as a function of transverse
momentum in the 0-20 and 60-88 % centrality classes, as measured
with the PHENIX detector [313,314]. A PYTHIA calculation consid-

RHIC, model calculations with nPDFs present a fair agree-
ment with LHC data. The first preliminary measurements
of the beauty-hadron decay-electron Rppp at mid-rapidity
by ALICE are consistent with unity within larger uncertain-
ties [421].

The similar behaviour of RHIC and LHC heavy-flavour
decay lepton Rpa, within the large uncertainties, despite
the different x-Bjorken ranges covered, suggests that nPDFs
might not be the dominant effect in heavy-flavour produc-
tion. Additional mechanisms like kT-broadening, initial- or
final-state energy loss could be at play.

Dilepton invariant mass The ¢¢ and bb production cross
sections can be obtained by a fit of the pr-integrated dilep-
ton yields as a function of the pair mass. Such measurement
has been performed by PHENIX at mid-rapidity in d—Au
collisions [315] at \/ss\v = 200 GeV (see Fig. 35). The
contributions of pseudo-scalar mesons, 70 and n, and vec-
tor mesons, w, ¢, J/¥ and Y were simulated based on the
measured d—Au cross sections. The sources not directly mea-
sured (', p, ¥’) were studied in simulation and their con-
tribution determined relative to the measured particles. The
Drell-Yan mechanism contribution was simulated with the
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ering EPS09 LO is also shown, courtesy of Sanghoon Lim. The cal-
culation by Vitev et al. considering nPDFs, k1 broadening and CNM
energy loss is also shown [391,392]

PYTHIA event generator, and its normalisation was one of
the fit parameters. The resulting bb production cross section
isdoy;;/dy = 0.54 +0.11 (stat) £ 0.18 (syst) mb. The large
model dependence prevents an accurate measurement of o¢.

D mesons The pr-differential production cross section
of D°, DF, D** and D in minimum bias p-Pb collisions
at /snn = 5.02 TeV for |yap] < 0.5 was published
in [324] by ALICE. D mesons are reconstructed via their
hadronic decays in different pr intervals from 1 GeV /c up to
24 GeV /c. Prompt D-meson yields are obtained by subtract-
ing the contribution of secondaries from B-hadron decays,
determined using pQCD-based estimates [125,324]. No sig-
nificant variation of the R,p, among the D-meson species
is observed within uncertainties. The multiplicity-integrated
prompt D (average of DY, D and D**) meson Rypy is shown
in Fig. 36 together with model calculations. Rppyp is compat-
ible with unity in the measurement pr interval, indicating
smaller than 10-20 % nuclear effects for pr > 2 GeV/c.
Data are described by calculations considering only initial-
state effects: NLO pQCD estimates (MNR [6]) considering
EPS09 nPDFs [364] or Colour Glass Condensate computa-
tions [378] (SAT model described in Sect. 3.2.3). Predictions
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Fig. 36 Nuclear modification factor of prompt D mesons in p—Pb col-
lisions at /sN\n = 5.02 TeV as a function of transverse momentum
as measured with the ALICE detector [324]. The measurements are
compared with theoretical calculations including various CNM effects

including nPDFs, initial- or final-state energy loss and k-
broadening [422] (ELOSS model discussed in Sect. 3.2.4)
also describe the measurements.

Preliminary measurements of the prompt D-meson pro-
duction as a function of the multiplicity were performed by
ALICE [423]. The nuclear modification factor of D mesons
was evaluated as a function of the event activity, defined

8 10 12 14
m,, [GeV/c?]

shows in detail the mass range up to 4.5 GeV/c?2. In the lower panel, the
ratio of data to expected sources is shown with systematic uncertainties

in intervals of multiplicity measured in different rapidity
intervals. No event-activity dependence is observed within
uncertainties. D meson production has also been studied as a
function of charged-particle multiplicity. The D-meson per-
event yields increase as a function of the multiplicity at mid-
rapidity. The enhancement of the relative D-meson yields is
similar to that of pp collisions at /s = 7 TeV, described
in Sect. 2.4.1. The results in pp collisions favour the sce-
narios including the contribution of multiple-parton interac-
tions (MPI), parton-percolation or hydrodynamic effects. In
p—Pb collisions, the cold nuclear matter effects and the con-
tribution of multiple binary nucleon collisions should also be
taken into account.

Open beauty measurements The first measurements of the
beauty production cross section in p—A collisions down to
pt = 0 were carried out by LHCb in p—Pb collisions at
J/SNN = 5.02 TeV [330]. These results were achieved via
the analysis of non-prompt J/y» mesons at large rapidities,
2 < yiap < 4.5.J/1 mesons were reconstructed by an invari-
ant mass analysis of opposite sign muon pairs. The fraction of
J/ originating with beauty decays, or non-prompt J /v frac-
tion, was evaluated from a fit of the component of the pseudo-
proper decay time of the J/ir along the beam direction. The
Rppp of non-prompt J/ was computed considering as pp
reference an interpolation of the measurements performed in
the same rapidity interval at /s = 2.76, 7 and 8 TeV (see
Sect. 3.3.1). Figure 37 (left) reports the pr-integrated Rppp
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as a function of rapidity, whereas Fig. 37 (right) presents the
double ratio of the production cross section at positive and
negative rapidities, Rrp, as a function of the J/v transverse
momentum. The pr-integrated Rppp is close to unity in the
backward-rapidity range, and shows a modest suppression
in the forward-rapidity region. Rgp is compatible with unity
within the uncertainties in the measured pr interval, with val-
ues almost systematically smaller than unity. These results
indicate a moderate rapidity asymmetry and are consistent
with the Rppp ones. The results are in agreement with LO
pQCD calculations including EPS09 or nDSg nuclear PDF
parametrisations. The ATLAS Collaboration has also mea-
sured the Rpp of non-prompt J/¢ for 8 < pt < 30 GeV/c
and |y| < 1.94 [329]. These results are consistent with unity
within experimental uncertainties and no significant pt or
y dependence is observed within the measured kinematic
ranges.

A preliminary measurement of the production of B mesons
in p—Pb collisions at ,/sny = 5.02 TeV was carried out by
the CMS Collaboration [424,425]. B®, B* and BY mesons
are reconstructed via their decays to J/¢ + K or ¢ at mid-
rapidity for 10 < pp < 60 GeV/c. The do/dp of B?, Bt
and B? are described within uncertainties by FONLL pre-
dictions scaled by the number of nucleons in the nucleus.
B* do/dy is also described by FONLL binary-scaled cal-
culations, and presents no evidence of rapidity asymmetry
within the measurement uncertainties. These results suggest
that B-hadron production for pt > 10 GeV/c is not affected,
or mildly, by CNM effects.

Preliminary results of the pt and # differential cross sec-
tion of b-jets in p—Pb collisions at ./sny = 5.02 TeV have
been reported by CMS at mid-rapidity [426]. Jets from b-
quark fragmentation are identified studying the distribution
of secondary vertices, typically displaced by several mm for
jets of pr ~ 100 GeV/c. The measured b-jet fraction for
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50 < p277°" < 400 GeV/c is consistent with PYTHIA sim-

ulations with the Z2 tune [45, 151]. The pt- and n-differential
spectra are also described by binary-scaled PYTHIA simula-
tions within uncertainties. Rppp is computed using PYTHIA
as pp reference and is compatible with unity. These results
conform with the expectations that cold nuclear matter effects
are not sizeable at large pr.

Heavy-flavour azimuthal correlations As described in
Sect. 2.4.2, heavy-flavour particle production inherits the
heavy-quark pair correlation, bringing information on the
production mechanisms. Heavy-flavour production in p—A
collisions is influenced by initial- and/or final-state effects.
The modification of the PDFs or the saturation of the gluon
wave function in the nucleus predict a reduction of the overall
particle yields. The CGC formalism also predicts a broaden-
ing and suppression of the two-particle away-side azimuthal
correlations, more prominent at forward rapidities [427—
429]. Energy loss or multiple scattering processes in the ini-
tial or final state are also expected to cause a depletion of the
two-particle correlation away-side yields [430]. These effects
could also affect heavy-flavour correlations in p—A collisions.

Heavy-flavour decay electron (pt > 0.5 GeV/c, |n| <
0.5) to heavy-flavour decay muon (ptr > 1 GeV/c, 1.4 <
n < 2.1) A¢ azimuthal correlations have been studied by
PHENIX in pp and d—Au collisions at /s = 200 GeV [114].
They exploit the forward-rapidity muon measurements in
order to probe the low-x region in the gold nucleus. The
analysis considers the angular correlations of all sign combi-
nations of electron—muon pairs. The contribution from light-
flavour decays and conversions is removed by subtracting
the like-sign yield from the unlike-sign yield. Figure 38
presents the electron—-muon heavy-flavour decay A¢ corre-
lations. Model calculations are compared to data for pp col-
lisions; see Fig. 38 (left). Calculations from NLO generators
seem to fit better the A¢ distribution than LO simulations.
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The corresponding measurement in d—Au collision; see Fig.
38 (right), shows a reduction of the away-side peak as com-
pared to pp scaled data, indicating a modification of the charm
kinematics due to CNM effects.

Preliminary results of D-hadron azimuthal correlations in
p-Pb collisions at ,/snn = 5.02 TeV were carried out by
the ALICE Collaboration [276]. The measurement uncer-
tainties do not allow a clear conclusion to be drawn on a
possible modification of heavy-quark azimuthal correlations
with respect to pp collisions.

3.3.3 Quarkonium measurements

Quarkonia are mainly measured via their leptonic decay
channels. In the PHENIX experiment, the Ring Imaging
Cherenkov associated with the Electromagnetic Calorimeter
(EMCAL) allows one to identify electrons at mid-rapidity
(Jy] < 0.35). In this rapidity range where the EMCAL can
reconstruct the photons, x. can also be measured from its
decay channel to J/i¢ and photon. At backward and for-
ward rapidity (1.2 < |y| < 2.2), tWwo muon spectrometers

-4 -2 0 2 4

y y

rapidity dependence of Rppy for inclusive J/v in ALICE [325,327]
and prompt J /¢ in LHCb [330]. The error bars represent the statistical
uncertainties while the open boxes the systematic uncertainties. Other
uncertainties are displayed similarly to PHENIX

allow for the reconstruction of quarkonia via their muonic
decay channel. In the STAR experiment, quarkonia are recon-
structed at mid-rapidity (]y| < 1) thanks to the electron iden-
tification and momentum measurements from the TPC. In
the ALICE experiment, a TPC at mid-rapidity (] yjap| < 0.9)
is used for electron reconstruction and identification and a
spectrometer at forward rapidity for muon reconstruction
(2.5 < y1ap < 4). The LHCb experiment is a forward spec-
trometer that allows for the quarkonium measurement via
their muonic decay channel for 2 < yjap < 4.5. In the CMS
experiment, quarkonia are reconstructed in a large range
around mid-rapidity (|yp| < 2.4) via the muonic decay
channel. In LHCb, CMS and in ALICE at mid-rapidity, the
separation of prompt J/¢ from inclusive J/yr exploits the
long lifetime of b hadrons, with ct value of about 500 pm,
using the good resolution of the vertex detector.
Charmonium The nuclear modification factor for inclu-
sive and/or prompt J /v has been measured for a large range
in rapidity and is shown in Fig. 39 for RHIC (left) and LHC
(right). It should be emphasised that there are no pp measure-
ments at /sy = 5.02 TeV at the LHC and the pp cross sec-
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tion interpolation procedure described in Sect. 3.3.1 results
in additional uncertainties.

The measurements from PHENIX [318] in d—Au col-
lisions at ,/snny = 200 GeV cover four units of rapid-
ity. The J/¢ is suppressed with respect to binary-scaled
pp collisions in the full rapidity range with a suppression
that can reach more than 40 % at y = 2.3. Inclusive J/y
includes a contribution from prompt J/v (direct J/¢ and
excited charmonium states, x. and ¥ (2S)) and a contribu-
tion from decays of B mesons. At RHIC energy, the contribu-
tion from B-meson decays to the inclusive yield is expected
to be small, of the order of 3 % [431], but has not been
measured so far in d—Au collisions. The contribution from
excited states such as x. and 1 (2S) has been measured
at mid-rapidity [320] and is discussed later in this section.
While the inclusive J/¢ Rgau for |y| < 0.9 is found to be
0.77 £ 0.02(stat) & 0.16(syst), the correction from y. and
¥ (2S) amounts to 5 % and leads to a feed-down corrected
J/¥ Rgau of 0.81 £ 0.12(stat) £ 0.23(syst).

Atthe LHC, the results for inclusive J /4 from ALICE [325,
327] and for prompt J /1 from LHCb [330] show a larger sup-
pression of the J/v production with respect to the binary-
scaled J/v production in pp collisions at forward rapidity
(40 % at y = 3.5). In the backward-rapidity region the
nuclear modification factor is slightly suppressed (prompt
J/y from LHCb) or enhanced (inclusive J /¢ from ALICE)
but within the uncertainties compatible with unity. ATLAS
and LHCb have also measured the production of J /4 from B
mesons [329,330]: they contribute to the inclusive J /i yield
integrated over pr by 8 % at -4 < y < —2.5and 12 %
at 1.5 < y < 4 with an increase towards mid-rapidity and
high pr region. At pt > 8 GeV/c, the fraction of B mesons
can reach up to 34 % at mid-rapidity and up to 26 % in the
backward-rapidity region covered by LHCb. In addition, the
nuclear modification factor for J /¢ from B mesons is above
0.8 when integrated over pr, as shown in Fig. 37, Atlow pr,
asmall effect from B mesons on inclusive J /¢ measurements
is therefore expected at LHC energy and this is confirmed by
the comparison of prompt to inclusive J /v that shows good
agreement as seen in the right panel of Fig. 39.

The models based on nuclear PDFs [363,377,432] (CEM
EPS09 NLO, EXT EKS98 LO and EXT EPS09 LO),
gluon saturation [379] (SAT), multiple scattering and energy
loss [386,394] (COH.ELOSS and KPS) described in Sect. 3.2
are also shown in Fig. 39. The uncertainty from the nuclear
PDFs on the gluon distribution function is large as discussed
in Sect. 3.2.2 and is shown by the uncertainty band of the cor-
responding calculations. The models based on nPDFs over-
estimate the data at RHIC in particular at backward rapid-
ity, the anti-shadowing region. At forward rapidity, a strong
shadowing with the EPS09 NLO nPDFs parametrisation is
favoured by the RHIC data. By including a J/v absorption
cross section, O’;é;// = 4.2 mb, the calculation from EXT
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in PHENIX [318] and ALICE [325,327] and for prompt J/¢ in
LHCb [330]. The uncertainties are described in Fig. 39

EKS98 LO ABS that uses EKS98 LO nPDFs can describe
the Rga, measured at RHIC in the full rapidity range. In
the latter calculations, since the behaviour of EKS98 is very
close to the one of the central set of EPS09 LO, the theo-
retical curves are expected to be similar to those of EPS09
LO nPDFs. At the LHC, while the backward-rapidity data
is well described by the nPDF models, a strong shadowing
is favoured by the data at forward rapidity. Both EPS09 LO
and the lower uncertainty band of EPS09 NLO parametrisa-
tions provide such a strong shadowing. In the COH.ELOSS
approach, the rapidity dependence of the nuclear modifica-
tion factor is well described both at RHIC and LHC ener-
gies. In the KPS model, the rapidity dependence of the RHIC
data is correctly described but the calculations are system-
atically lower than the measurements. At LHC energy, the
KPS model overestimates the J /i suppression over the full
rapidity range. Finally, the SAT model is not valid for the full
rapidity range; see Sect. 3.2.3. While it describes correctly
the data for y > 0.5 at \/sxyv = 200 GeV and the mid-
rapidity data at \/sxy = 5.02 TeV, it overestimates the J /v
suppression at forward rapidity at \/syn = 5.02 TeV.

It is interesting to check whether a simple scaling exists
on J/y suppression between RHIC and LHC. The effects of
nPDF or saturation are expected to scale with the momentum
fraction x,, independently of the centre-of-mass energy of the
collision. It is also the case of nuclear absorption, since the
J/¢ formation time is proportional to the Lorentz factor y,
which is uniquely related to x2, y = m/(2m, x2), assuming
2 — 1 kinematics for the production process. In order to
test the possible x; scaling expected in the case of nPDF
and nuclear absorption theoretical approaches, the data from
RHIC and LHC [318,325,327,330] of Fig. 39 are shown
together in Fig. 40 as a function of x; = —2— exp(—y)

SNN. .
where the low x; values correspond to forward-rapidity data.
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Note that Eq. (19) for the calculation of x», which refers
to a2 — 2 partonic process, cannot be used since the (pr)
values for all the data points have not been measured. While at
Xy < 10_2, the nuclear modification factors are compatible at
RHIC and LHC energy within uncertainties, the data presents
some tension with a x, scaling at large x;.

The transverse momentum distribution of the nuclear
modification factor is shown for different rapidity ranges
in Fig. 41 for RHIC (left) and LHC (right) energies. At

JSNN = 200 GeV, the J/Y Rgay is suppressed at low
pt and increases with pr for the full rapidity range. The
mid- and forward rapidity results show a similar behaviour:
Rgau increases gradually with pt and is consistent with unity
at pr = 4 GeV/c. At backward rapidity, Rgqa, increases
rapidly to reach 1 at pt &~ 1.5 GeV/c and is above unity for
pr > 2.5GeV/c. At \/snn = 5.02 TeV, a similar shape and
amplitude is observed for Rppp at mid- and forward rapidity:

in that case it is consistent with unity at pt 2 5 GeV/c. The
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backward-rapidity results are consistent throughout the full
pr interval with unity.

In addition to the aforementioned models, the calculations
based on the energy-loss approach from [83] (ELOSS), valid
for y > 0 and pt > 3 GeV/c, are also compared to the
data. Among these models, only the COH.ELOSS and SAT
model includes effects from initial- or final-state multiple
scattering that may lead to a pt broadening. The pt depen-
dence of Rpa is correctly described by the CEM EPS09 NLO
model except at backward rapidity and ,/syn = 200 GeV.
The model based on EXT EKS98 LO ABS with an absorp-
tion cross section of 4.2 mb describes the mid- and forward
rapidity results at ,/syny = 200 GeV but not the pt depen-
dence at backward rapidity. A good agreement is reached at
/SN = 5.02 TeV with CEM EPS09 NLO and EXT EPS09
LO calculations. The ELOSS model describes correctly the
pt dependence at mid- and forward rapidity at both energies.
The COH.ELOSS calculations describe correctly the data
with, however, a steeper pt dependence at forward rapidity
and /snN = 5.02 TeV. Finally the SAT model gives a good
description of the data at mid-rapidity at ,/syy = 5.02 TeV
but does not describe the pt dependence at forward rapidity
at /sy =200 GeV and overestimates the suppression at
forward rapidity at \/snn = 5.02 TeV.

Itis also worth mentioning that the ratio Rpp of the nuclear
modification factors for a rapidity range symmetric with
respect to y ~ 0 has also been extracted as a function of
rapidity and pr at \/snn = 5.02 TeV [325,329,330]. Despite
the reduction of statistics (since the rapidity range is limited),
the pp cross section and its associated systematics cancels out
in the ratio and results on Rgp provides additional constraints
to the models.

The dependence of the J/v suppression has also been
measured in d—Au as a function of the centrality of the colli-
sion in PHENIX [318,319]. The centrality of the d—Au col-
lision is determined thanks to the total energy deposited in
the beam-beam counter (BBC) located in the nucleus direc-
tion. A larger suppression is observed in central (0-20 %)
as compared to peripheral (60-88 %) collisions. In order
to study the centrality dependence of the nuclear effect, the
nuclear modification factor between central and peripheral
collisions, Rcp, has been measured. Figure 42 shows Rcp as
a function of Rgay: the forward-rapidity measurements cor-
respond to the lowest Rcp values. The nuclear effect has been
parametrised by three functional forms (exponential, linear
or quadratic) that depend on the density-weighted longitudi-
nal thickness through the nucleus A (rt) = pio f dzp(z, r1).
Here pg is the density in the centre of the nucleus and rr
the transverse radial position of the nucleon—nucleon colli-
sion relative to the centre of the nucleus. While the effect
from nuclear absorption is expected to follow an exponential
dependence, other models like nPDF assume a linear form
to describe the centrality dependence of the nuclear effect.
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While at backward and mid-rapidity the data cannot discrim-
inate between the functional forms, the forward-rapidity data
suggest that the dependence on A (rr) is non-linear and closer
to quadratic.

The centrality dependence of the J/v nuclear modifica-
tion factor has also been studied in ALICE [433,434]. In
these analyses, the event activity is determined from the
energy measured along the beam line by the Zero Degree
Neutron (ZN) calorimeter located in the nucleus direction.
In the hybrid method described in [435], the centrality of
the collision in each ZN energy event class is determined
assuming that the charged-particle multiplicity measured at
mid-rapidity is proportional to the number of participants in
the collision. In the J/¢ case, the data is compatible, within
uncertainties, to the binary-scaled pp production for periph-
eral events at backward and forward rapidity. The J/v pro-
duction in p—Pb is, however, significantly modified towards
central events. At backward rapidity the nuclear modification
factor is compatible with unity at low pt and increases with
pr reaching about 1.4 at pt ~ 7 GeV/c. At forward rapidity
the suppression of J /1 production shows an increase towards
central events specially at low pt. The J/¢ production was
also studied as a function of the relative charged-particle mul-
tiplicity measured at mid-rapidity as was already done in pp
collisions [266]. The results show an increase with the rel-
ative multiplicity at backward and forward rapidity. At for-
ward rapidity the multiplicity dependence becomes weaker
than at backward rapidity for high relative multiplicities. In
pp collisions [266] this increase is interpreted in terms of
the hadronic activity accompanying J/¢ production, from
contribution of multiple parton—parton interactions or in the
parton-percolation scenario. In p—Pb collisions, in addition
to the previous contributions, the cold nuclear matter effects
should be considered when interpreting these results.
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Fig. 43 Transverse momentum of Rqay of inclusive J/y for three different rapidity ranges in 0-20 % centrality bin [319] and comparison to heavy

flavour electron and muon in PHENIX [313,314]

Since open and hidden heavy flavour hadrons are char-
acterised by the same production process for the heavy
quark pair, a direct comparison of their productions, if mea-
sured over the entire phase space, is expected to single out
final-state effects on J/vy production. In Fig. 43, the J/y
Rgau [319] is compared to the one of open heavy-flavour
decay leptons [313,314] as measured by PHENIX in cen-
tral d—Au collisions. Despite the fact that the open beauty
contribution is not subtracted and the measurement is car-
ried out only down to ptr =1 GeV/c, this comparison may
already give some hint on the final-state effects on J /¢ pro-
duction. A similar behaviour across the entire pt range is
observed for Rga, at forward rapidity, suggesting that the
suppression of J/v production is related to the suppres-
sion of cc pair production. At backward and mid-rapidity
the J/¢ is clearly more suppressed than leptons from open
heavy-flavour decays at low pr, where the charm contribu-
tions dominate over those from bottom [111]. This difference
between J /1 and open charm may originate from additional
effects beyond charm quark pair production, such as a longer
crossing time Tcross Of the cc state in the nuclear matter or a
larger density of comoving medium [436]. This comparison
suggests that an additional CNM final-state effect signifi-
cantly affects J /¢ production at backward and mid-rapidity
at ./sn\n =200 GeV. One should, however, emphasise that
the comparison of the open heavy-flavour and J/i produc-
tion is carried out as a function of pt. The c quark fragments
into a charm mesons which in turn decays into a lepton and it
is not straightforward to relate the decay lepton momentum to
the parent quark momentum in order to interpret accurately
this comparison.

The binding energy of the excited charmonium states is
significantly smaller than that of the ground state [437]: the
¥ (25) has the lowest binding energy (0.05 GeV), following
by the . (0.20 GeV) and the J/v (0.64 GeV). The excited

charmonium states are then expected to be more sensitive to
the nuclear environment as compared to the J /1. The relative
suppression of the ¥(2S) to J /i from earlier measurements
at lower energy and at mid-rapidity [254,341,352] has been
understood as a larger absorption of the (2S) in the nucleus
since, under these conditions, the crossing time Tcross Of the
cc pair through the nucleus is larger than the charmonium
formation time 7¢. At higher energy, Tcross 1S expected to
be always lower than tr [438] except maybe for backward-
rapidity ranges. This means that the cc is nearly always in a
pre-resonant state when traversing the nuclear matter and the
nuclear break-up should be the same for the ¥(2S) and J /.

The PHENIX experiment has measured Rgay = 0.54 +
0.11(stat) 12 (syst) for the ¥(2S) and Raaw = 0.77 £
0.41(stat) &= 0.18(syst) for the yx. for |y| < 0.35 [320].
While the large uncertainty prevents any conclusion for the
Xe¢» the relative modification factor of the 1/(2S) to inclusive
J/¥ in d-Au collisions, [¥(2S)/T/ ¥ 1aau/[¥(2S)/T/ ¥ Ipp
equivalent to R:ﬁis) / R(Jjﬁ, has been found to be 0.68 +
0.14(stat)‘_"8:%§(syst), i.e. 1.3 o lower than 1. The relative
modification factor as a function of N¢oj is shown in the left
panel of Fig. 44. In the most central collisions, the ¥ (2S) is
more suppressed than the J/y by about 2 .

ALICE has also measured in p—Pb collisions at ./snn
= 5.02 TeV the ¥(2S) to J/¢ relative modification factor
and has found 0.52 £ 0.09(stat) & 0.08(syst) for —4.46 <
y < —2.96 and 0.69 % 0.09(stat) £ 0.10(syst) for 2.03 <
y < 3.53 [326], respectively 4 0 and 2 o lower than unity.
In the right panel of Fig. 44, the relative modification fac-
tor is shown as a function of rapidity. This double ratio has
also been measured as a function of pt [326] and does not
exhibit a significant pt dependence. In addition, preliminary
results [439] show that the nuclear modification factor of the
¥ (2S) follows a similar trend as the J/i as a function of
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event activity at forward rapidity but is significantly more
suppressed at backward rapidity towards central events.

Models based on initial-state effects [363,438] or coherent
energy loss [397] do not predict a relative suppression of the
Y (2S) production with respect to the J/i one. These mea-
surements could indicate that the ¥/ (2S) production is sensi-
tive to final-state effects in p—A collisions. A recent theoreti-
cal work uses EPS09 LO nPDF and includes the interactions
of the quarkonium states with a comoving medium [436]
(COMOV). The COMOV calculations are shown in Fig. 44.
They describe fairly well the PHENIX and ALICE results.
Hot nuclear matter effects were also proposed as a possi-
ble explanation for the 1/(2S) relative suppression in central
p—Pb collisions at the LHC [440].

Bottomonium measurements The nuclear modification
factor for bottomonium is shown in Fig. 45 at RHIC [321,
323] (left) and LHC [328,331] (right). AtRHIC the 3 T states
cannot be measured separately due to the poor statistics and
invariant-mass resolution. At ,/syn = 200 GeV, the Rgau
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is compatible with no or a slight suppression over the full
rapidity range except at mid-rapidity where a suppression
by a factor of two is found in d—Au with respect to (binary-
scaled) pp collisions. The data suggests a larger suppression
by about 40 % at backward rapidity but the uncertainties
are large and Rgay is lower than unity by only 1.30. At
J/SNN = 5.02 TeV, the T(1S) measurements from LHCDb,
despite slightly different rapidity ranges, are systematically
higher than those of ALICE but the two measurements are
consistent within uncertainties. The measured R;py, is con-
sistent with unity at backward rapidity and below unity by,
at most, 30 % at forward rapidity.

The data are compared to models based on nPDFs
(CEM EPS09 NLO, EXT EPS09 LO), coherent energy loss
(COH.ELOSS) and gluon saturation (SAT). Given the lim-
ited statistics, the data cannot constrain the models in most
of the phase space and is in good agreement with the the-
ory calculations. Only at mid-rapidity at /sy = 200 GeV,
the observed suppression is challenging for all the models,
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where no suppression is expected. In the nPDF based model,
the rapidity range where Ry 4 is higher than unity corresponds
to the anti-shadowing region. Clearly the data is not precise
enough to conclude on the strength of gluon anti-shadowing.

As in the J/y case, the ratio Rpp of the nuclear modifi-
cation factors for a rapidity range symmetric with respect
to y ~ 0 has also been extracted for the Y(1S) at
/SNN = 5.02 TeV [328,331].

Comparison of T (1S) Rppy to the one from open beauty
from Fig. 37 can give a hint on final-state effects on Y (1S5). A
similar level of suppression is observed for the Y (1S) and the
J/v from B mesons. Larger statistics data however would be
needed to rule out any final-state effect on Y'(1S) production
in p—Pb.

The study of excited bottomonium states in p—Pb colli-
sions may indicate the presence of final-state effects in bot-
tomonium production. The Y (3S) has the smallest binding
energy (0.2 GeV), followed by the T (2S) (0.54 GeV) and the
Y(1S) (1.10 GeV) [437]. Since the bottomonium formation
time is expected to be larger than the nuclear size, the sup-
pression in p—Pb is expected to be the same for all T states.

The CMS experiment has measured the ratio of the
excited to the ground-state cross section, Y'(nS)/ Y (1S), for
n = 2,3 at mid-rapidity in p—Pb collisions. ALICE (only
for n = 2) and LHCb have performed similar measure-
ments at backward and forward rapidity. The measured ratios
Y'(nS)/Y(1S), shown in the left panel of Fig. 46 are com-
pared to the ratios measured in pp collisions at, however, dif-
ferent energies (/s = 2.76 and 8 TeV) and in addition for the
backward and forward rapidities, in slightly different rapidity
ranges. [tis worth noting that the ratio Y'(nS)/ Y (1S) has been
measured forn = 2, 3 at ﬁ =1.8,2.76 and 7 TeV [198,268,
441] at mid-rapidity and at \/s =2.76, 7 and 8 TeV [206,208,
419] at forward rapidity. The ratio is found to be, within the
quoted uncertainties, independent of /s, and in the rapidity
range 2 < y < 4, independent of y. A stronger suppression

than in pp is observed at mid-rapidity in p—Pb collisions for
Y'(2S) and Y'(3S) as compared to Y (1S), which could sug-
gest the presence of final-state effects that affect more the
excited states as compared to the ground state. At forward
rapidity, the ratios measured by ALICE and LHCb are similar
in p—Pb and pp but the measurements are not precise enough
to be sensitive to a difference as observed by CMS.

To better quantify the modification between pp and p—Pb
and cancel out some of the systematic uncertainties from
the detector set-up, the double ratio [Y(nS)/Y(1S)]ppy/
[Y(0S)/Y(1S)]pp has also been evaluated by CMS at mid-
rapidity using pp collisions at2.76 TeV [268] and is displayed
in the right panel of Fig. 46. The double ratio in p—Pb is lower
than one by 2.4 o for Y (2S) and Y'(3S). The double ratios
signal the presence of different or stronger final-state effect
acting on the excited states compared to the ground state from
pp to p—Pb collisions.

As for the charmonium production, the excited states are
not expected to be differentially suppressed by any of the
models that include initial-state effects nor from the coherent
energy-loss effect. A possible explanation may come from
a suppression associated to the comoving medium. Precise
measurements in a larger rapidity range, which covers dif-
ferent comoving medium density, would help to confirm this
hypothesis.

CMS has also performed measurements as a function
of the event activity at forward (4 < |n| < 5.2 for the
transverse energy ET) and mid-rapidity (|n| < 2.4 for the
charged-track multiplicity Niackiets) [268]. Figure 47 shows
the Y self-normalised cross section ratios Y (1S)/(Y(1S))
where (Y(1S)) is the event-activity integrated value for pp,
p—Pb and Pb—Pb collisions. The self-normalised cross section
ratios are found to rise with the event activity as measured
by these two estimators and similar results are obtained for
Y'(2S) and Y(3S). When Pb ions are involved, the increase
can be related to the increase in the number of nucleon—
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nucleon collisions. A possible interpretation of the positive
correlation between the Y production yield and the under-
lying activity of the pp event is related to Multiple-Parton
Interactions (MPI) occurring in a single pp collisions. Linear
fits performed separately for the three collision systems show
that the self-normalised ratios have a slope consistent with
unity in the case of forward event activity. Hence, no sig-
nificant difference between pp, p—Pb and Pb—Pb is observed
when correlating Y production yields with forward event
activity. On the contrary in the case of mid-rapidity event
activity, different slopes are found for the three collisions
systems. These observations are also related to the single
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cross section ratios Y'(nS)/ Y (1S) as shown in Fig. 19 and
discussed in detail in Sect. 2.4.1.

3.4 Extrapolation of CNM effects from p—A to AA
collisions

It is an important question to know whether cold nuclear
matter effects can be simply extrapolated from p—A to AA
collisions. Some of the CNM effects discussed in Sect. 3.2
can in principle be extrapolated to AA collisions. This is
the case of nPDF and coherent energy-loss effects, discussed
below. Some other approaches, on the contrary, are affected
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Fig. 49 Sketch of the rapidity regions populated by medium-induced
radiation in an A-B collision in the coherent energy loss model. The
‘target’ B and ‘projectile’ A move with, respectively, negative and pos-
itive rapidities

by interference effects between the two nuclei involved in the
collision, making delicate an extrapolation to AA collisions.
Nuclear PDF Regarding the nPDF effects discussed in
Sect. 3.2.2, it is straightforward to make this comparison at
leading order in the colour evaporation model (CEM) where
the pr of the 00 pair is zero and the x; and x, values are
related to the quarkonium rapidity by Eq. (17). As long as the
production cross section obeys the factorisation hypothesis,
Eq. (16), the nuclear modification factors (taken at the same
energy) also factorise, i.e. the following relation is exact:

ROM(y) = Rpa(+Y) - Rpa(—Y). (26)

At next-to-leading order in the CEM, however, the
assumption of factorisation of nPDF effects is less simple to
understand because of the large contribution from 2 — 2 dia-
grams. For such processes, the correlation between the initial
momentum fractions xp, x and the rapidity of the quarko-
nium state is less straightforward. However, the factorisation
hypothesis (see Eq. (26)) is seen to still hold at NLO, as
shown by a calculation using EPS09 NLO central nPDF set
at \/sNN = 2.76 TeV in Fig. 48 as a function of y (left) and
pr (right) [442].

In principle, this factorisation hypothesis can also be
applied to open heavy flavour.

Multiple scattering and energy loss Letus first discuss how
predictions can be extrapolated in the coherent energy-loss
model. In a generic A-B collision both incoming partons,
respectively from the ‘projectile’ nucleus A and the ‘target’
nucleus B, might suffer multiple scattering in the nucleus B
and A, respectively. Consequently, gluon radiation off both
partons can interfere with that of the final-state particle (here,
the compact colour octet Q Q pair), making a priori difficult
the calculation of the medium-induced gluon spectrum in the
collision of two heavy ions.

However, it was shown in [404] that the gluon radiation
induced by rescattering in nuclei A and B occurs in distinct
regions of phase space (see Fig. 49). As a consequence, the
energy loss induced by the presence of each nucleus can be
combined in a probabilistic manner, making a rather straight-

forward extrapolation of the model predictions from p—A to
AA collisions. Remarkably, it is possible to show that the
quarkonium suppression in AA collisions follows the factori-
sation hypothesis (see Eq. (26)). However, since the energy-
loss effects do not scale with the momentum fraction x», the
data-driven extrapolation of p—Pb data at ,/sxn = 5 TeV to
Pb—Pbdataat /sy = 2.76 TeV, discussed below, and which
assumes nPDF effects only is not expected to hold [404].

The model by Sharma and Vitev can also easily be gen-
eralised to AA reactions where both incoming and outgoing
partons undergo elastic, inelastic and coherent soft interac-
tions in the large nuclei. In contrast, the Kopeliovich, Potash-
nikova and Schmidt approach for charmonium production
cannot be simply extrapolated from p—A to AA collisions,
because nucleus—nucleus collisions include new effects of
double colour filtering and a boosted saturation scale, as
explained in detail in [385].

Data-driven extrapolation At RHIC, the d—Au collisions
are performed with symmetrical beam energies, so that
YcMylab = 0, and at the same nucleon—nucleon centre-of-
mass energy than for heavy-ion collisions. The direct com-
parison of d—Au data to heavy-ion data is then easier. In
this context, the PHENIX experiment has evaluated the J /v
break-up (i.e. absorption) cross section by fitting Rga, as a
function of the rapidity, and also as a function of the average
number of binary collisions (N1 ), and by assuming different
shadowing scenarios (EKS and NDSG) [317]. The two shad-
owing scenarios with their resulting break-up cross section
were applied to J/¢¥ Raa, both for Cu—Cu and Au—Au col-
lisions. Moreover, an alternative data-driven method [443]
was applied to PHENIX data [317]. This method assumes
that all cold nuclear matter effects are parametrised with a
modification factor consisting of a function of the radial posi-
tion in the nucleus. Note that the use of d—Au data in [443]
may not be appropriate for peripheral collisions where the
size of the deuteron causes significant averaging over impact
parameter; on the contrary it should be adequated in central
collisions for which the averaging is not so important. An
attempt to solve this issue has been proposed in [64] where
an estimate of Rpay was derived from Rgay using a Glauber
model including EKS98 nuclear PDF.

A more recent investigation of RHIC data by Ferreiro et
al. [374] showed how the use of 2 — 2 partonic process
instead of the usual 2 — 1 can imply a different value of
the absorption cross section [444], since the anti-shadowing
peak is systematically shifted towards larger rapidities in d—
Au. The other noticeable consequence is that Rqa, versus y
is not symmetric anymore around y = 0. This implies that
the CNM effects in Raa at RHIC will also show a rapidity
dependence, with less suppression from CNM effects at mid-
rapidity than at forward rapidity, in the same direction as the
one exhibited by the Au—Au and Cu—Cu data from PHENIX
(see extensive comparisons in [374]). This is quite important
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since this shape of Raa at RHIC was also considered as a
possible hint for hot in-medium recombination effects, while
it might come from CNM effects only.

AtLHC, the p—Pbresults cannot easily be compared to Pb—
Pb collisions. Indeed, the nucleon—nucleon centre-of-mass
energies are not the same (5.02 versus 2.76 TeV) and, more-
over, the p and the Pb beam energies per nucleon are differ-
ent, leading to a rapidity shift of the centre-of-mass frame
with respect to the lab frame. But assuming factorisation and
Eq. (26), a data-driven extrapolation of p—A data to AA can
be performed.

In a given detector acceptance (at fixed yiap), the ratio
of x» values probed in a given process in Pb—Pb and p-Pb
collisions is

Pb

PbPb b

Xy _ SNN pPb 27
I i eXP(— YoM /lab)- 27)
*2 SNN

At the LHC, the rapidity shift is yPy; ;,, = 0.465. In Run 1

" /| PbPb pPb
conditions, one has /siN~ = 2.76 TeV and /sy =

5.02 TeV and the ratio is % =8 TeV/7 TeV =~ 1.14. The
typical momentum fract10121 ranges involved in p—Pb colli-
sions are shown in Fig. 25.

This data-driven extrapolation of p—A collisions to AA
collisions applied by the ALICE Collaboration to J/vr pro-
duction lead to [325]: [Rypr(2 < y < 3.5) - Rppp(—4.5 <
y < =3)1"Y = 0.75 £ 0.10 £ 0.12, the first uncertainty
being the quadratic combination of statistical and uncorre-
lated systematic uncertainties and the second one the linear
combination of correlated uncertainties. The application of
this result to the interpretation of Pb—Pb data is discussed in
Sect. 5.3.

In summary, according to the theoretical and data-driven
extrapolation approaches, one can conclude that there are
non-negligible CNM effects on AA results at the LHC (up to
50 % atlow pr). A pt dependence of J /v Rppyp factorisation
will be presented in Sect. 5.1.2.

3.5 Summary and outlook

The LHC p—Pb Run 1 has opened a new window on the study
of the CNM effects. The broad kinematical range probed by
the different LHC experiments and the comparison to RHIC
d—Au results bring new constraints on the theoretical models.
The main observations resulting from the open and hidden
heavy-flavour data can be summarised in the following way:

e The nuclear modification factor of open heavy-flavour
decay leptons in d—Au collisions at RHIC shows a depen-
dence on centrality and on rapidity, with values smaller
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than unity at forward rapidity and larger than unity at mid-
and backward rapidity in the most central collisions.

e Inp-Pbcollisions at the LHC, the D-meson nuclear modi-
fication factor at mid-rapidityand 1 < pr < 16 GeV/cis
consistent with unity within uncertainties of about 20 %.

e The Rpa of J/¢ from B mesons at the LHC shows a
modest suppression at forward rapidity and is consistent
with unity at backward rapidity.

e Arapidity dependence of J /1 suppression has been mea-
sured at RHIC and LHC. At both energies the suppression
is more pronounced at forward than at mid-rapidity. At
backward rapidity, J /14 production is slightly suppressed
at RHIC but is compatible with no suppression at the
LHC.

e There is no evidence of J/v suppression at large pr in
the full rapidity range at RHIC and LHC.

e AtRHIC, open heavy flavour from lepton decay and J /v
suppression for pt > 1 GeV/c are of the same order at
forward rapidity but not at backward and mid-rapidity:
suppression mechanisms from final-state effects may be
at play on J /v production at backward and mid-rapidity.

e YT(1S) Roa measurements are compatible with unity
except at mid-rapidity at RHIC and forward rapidity at
the LHC. Similar level of suppression is observed for the
T (1S) and the J/¢ from B-mesons at the LHC. How-
ever, the T(1S) Rpa measurements have large statistical
uncertainties.

e Excited states are more suppressed than 1S states at RHIC
and LHC suggesting the presence of final-state CNM
effects.

For the theoretical interpretation of the data, the following
conclusions can be drawn:

e Open heavy-flavour current data do not allow one to
favour specific models based on nuclear PDF, parton sat-
uration, or initial-parton energy loss.

e Regarding J/+ production, one can conclude the follow-
ing:

— The nuclear PDFs describe well the R,A despite large
theoretical uncertainties at forward rapidity where the
data would require strong shadowing effects. At back-
ward rapidity, while the nPDF models describe cor-
rectly the LHC data, they do not describe the RHIC
data without considering additional effects such as
nuclear absorption.

— The early CGC prediction of J/v Rpa by Fuji and
Watanabe is ruled out by the present LHC data at for-
ward rapidity. The calculations do not describe either
the pt dependence of the RHIC data at forward rapid-
ity. Refinements of the model have now been pro-
posed, leading to less disagreement with data.
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— The predictions of the coherent energy-loss model
describes well the rapidity dependence of J/vr Rpa
both at RHIC and at LHC. Regarding the pt depen-
dence, the shape of the data is also rather well
captured, although the dependence is slightly more
abrupt in the model than in the data, especially
at forward rapidity. The predicted J/y suppres-
sion expected in the dipole propagation model by
Kopeliovich, Potashnikova and Schmidt seems much
larger than seen in data, suggesting the need for addi-
tional effects to compensate the suppression. Finally,
the approach based on energy loss and power correc-
tions by Sharma and Vitev predicts a moderate and
flatJ /4 and Y suppression as a function of pr, above
pt = 4 GeV/c, somehow in contradiction with data.

e The suppression of excited states relative to 1S state is
described so far only by considering the effect from a
comoving medium.

The main limitations for the interpretation of the current
experimental results are, on the one hand, the sizeable exper-
imental uncertainties, on the other hand, the large uncertain-
ties on the nuclear modification of the PDFs in the low-x
region.

Regarding the experimental uncertainties, in the case of
rare probes like B mesons, ¥(2S) and Y, but also high pr
yields, the experimental data suffer from limited statistics.
For more abundant probes, like heavy-flavour decay leptons.
D mesons, B from J/v and prompt J/, the size of the sys-
tematic uncertainties is the main limitation.

To address part of these issues, a reference pp period at
/s = 5.02 TeV and a higher-statistics p—Pb period at /s =
5.02 TeV, which will allow a better control of the systematics,
during the LHC Run 2 would be very helpful to improve
the precision of the current measurements. However, for the
probes which are using the full LHC luminosity and have
already a pp reference at 8 TeV from the 2012 Run 1 data
taking period, it would be more interesting to get a new p—Pb
run at ./syn = 8 TeV in order to study the CNM effects at
higher energy. These aspects have to be balanced in order to
choose the energy for the p—Pb run in Run 2.

New observables could help to disentangle the various
CNM effects. First studies of the heavy-flavour azimuthal
correlations at RHIC and LHC were carried out and (at RHIC)
suggest a modification of charm production kinematics in d—
Au. A comparison of open to hidden heavy flavour production
from pt = 0 would allow one to separate initial- from final-
state effects on quarkonia. Another open question is related
to quarkonium polarisation: can the CNM effects modify the
polarisation of quarkonia? In addition, the RHIC capability
to collide a polarised-proton beam with nuclei can be used
to explore new observables.

Finally, it is not clear whether the CNM effects can be
extrapolated from p—A to AA collisions. At present, only phe-
nomenological works based on nPDF and coherent energy-
loss effects have shown that this extrapolation is possible,
although with some caveats. On the one hand, in the nPDF-
based models, the main parameter is the probed momentum
fraction x. Since there is a rapidity shift of the centre-of-
mass in p—Pb collisions at LHC, the optimal strategy would
be to choose the LHC beam energy according to Eq. (27).
On the other hand, in the coherent energy-loss model, the
relevant parameter is the /snn value and p—A collisions can
be directly related to AA collisions only if taken at the same
energy.

4 Open heavy flavour in nucleus—nucleus collisions

Heavy-flavour hadrons are effective probes of the conditions
of the high-energy-density QGP medium formed in ultra-
relativistic nucleus—nucleus collisions.

Heavy quarks, are produced in primary hard QCD scat-
tering processes in the early stage of the nucleus—nucleus
collision and the time scale of their production (or coher-
ence time) is, generally, shorter than the formation time of
the QGP, 9 ~ 0.1-1 fm/c. More in detail, the coherence
time of the heavy quark-antiquark pair is of the order of the
inverse of the virtuality Q of the hard scattering, At ~ 1/Q.
The minimum virtuality 2 m,. , in the production of a cc or bb
pair implies a space-time scale of ~ 1/3 GeV~! ~ 0.07 fm
and ~ 1/10 GeV~! ~ 0.02 fm for charm and for beauty,
respectively. One exception to this picture are configurations
where the quark and antiquark are produced with a small
relative opening angle in the so-called gluon splitting pro-
cesses ¢ — ¢q. In this case, the coherence time is increased
by a boost factor Eg/(2mcp) ~ Ecp/mep and becomes
At ~ E;.p/(2 m? 5)- This results, for example, in a coher-
ence time of about 1 fm/c (0.1 fm/c) for charm (beauty)
quarks with energy of 15 GeV, and of about 1 fm/c for beauty
quark jets with energy of about 150 GeV. The fraction of
heavy quarks produced in gluon splitting processes has been
estimated using perturbative calculations and Monte Carlo
event generators, resulting in moderate values of the order of
10-20 % for charm [445,446] and large values of the order of
50 % for beauty [447]. Given that the gluon splitting fraction
is moderate for charm and the coherence time is small for
beauty from gluon splitting when pt is smaller than about
50 GeV/c, it is reasonable to conclude that heavy-flavour
hadrons in this pt range probe the heavy quark in-medium
interactions.

During their propagation through the medium, heavy
quarks interact with its constituents and lose a part of their
energy, thus being sensitive to the medium properties. Vari-
ous approaches have been developed to describe the interac-
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tion of the heavy quarks with the surrounding plasma. In a
perturbative treatment, QCD energy loss is expected to occur
via both inelastic (radiative energy loss, via medium-induced
gluon radiation) [448,449] and elastic (collisional energy
loss) [450-452] processes. However, this distinction is no
longer meaningful in strongly coupled approaches relying
for instance on the AdS/CFT conjecture [453,454]. In QCD,
quarks have a smaller colour coupling factor with respect
to gluons, so that the energy loss for quarks is expected
to be smaller than for gluons. In addition, the “dead-cone
effect” should reduce small-angle gluon radiation for heavy
quarks with moderate energy-over-mass values, thus further
attenuating the effect of the medium. This idea was first
introduced in [455]. Further theoretical studies confirmed
the reduction of the total induced gluon radiation [456-
459], although they did not support the expectation of a
“dead cone”. Other mechanisms such as in-medium hadron
formation and dissociation [422,460], would determine a
stronger suppression effect on heavy-flavour hadrons than
light-flavour hadrons, because of their smaller formation
times.

In contrast to light quarks and gluons, which can be
produced or annihilated during the entire evolution of the
medium, heavy quarks are produced in initial hard-scattering
processes and their annihilation rate is small [461]. Sec-
ondary “thermal” charm production from processes like
gg — cc in the QGP is expected to be negligible, unless
initial QGP temperatures much larger than that accessible
at RHIC and LHC are assumed [462]. Therefore, heavy
quarks preserve their flavour and mass identity while travers-
ing the medium and can be tagged throughout all momen-
tum ranges, from low to high pr, through the measure-
ment of heavy-flavour hadrons in the final state of the
collision.

The nuclear modification factor
Raa(pr) = L dNAA/dPT’ (28)

(Tan) do'pp/de
of which a detailed definition is given in Sect. 3, is well
established as a sensitive observable for the study of the
interaction of hard partons with the medium. At large pr,
Raa is expected to be mostly sensitive to the average energy
loss of heavy quarks in the hot medium. The study of more
differential observables can provide important insights into
the relevance of the various interaction mechanisms and the
properties of the medium. In particular, the dependence of
the partonic energy loss on the in-medium path length is
expected to be different for each mechanism (linear for colli-
sional processes [450-452] and close to quadratic for radia-
tive processes in a plasma [449]). Moreover, it is still unclear
if low-momentum heavy quarks can reach thermal equilib-
rium with the medium constituents and participate in the
collective expansion of the system [463,464]. It was also
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suggested that low-momentum heavy quarks could hadro-
nise not only via fragmentation in the vacuum, but also via
the mechanism of recombination with other quarks from the
medium [464,465].

These questions can be addressed both with the study of
the Raa at low and intermediate pt (smaller than about five
times the heavy-quark mass) and with azimuthal anisotropy
measurements of heavy-flavour hadron production with
respect to the reaction plane, defined by the beam axis and
the impact parameter of the collision. For non-central colli-
sions, the two nuclei overlap in an approximately lenticular
region, the short axis of which lies in the reaction plane. Hard
partons are produced at an early stage, when the geometrical
anisotropy is not yet reduced by the system expansion. There-
fore, partons emitted in the direction of the reaction plane
(in-plane) have, on average, a shorter in-medium path length
than partons emitted orthogonally (out-of-plane), leading a
priori to a stronger high- pt suppression in the latter case. In
the low-momentum region, the in-medium interactions can
also modify the parton emission directions, thus translating
the initial spatial anisotropy into a momentum anisotropy
of the final-state particles. Both effects cause a momentum
anisotropy that can be characterised with the coefficients v,
and the symmetry planes W, of the Fourier expansion of the
pr-dependent particle distribution d?N /d ppd¢ in azimuthal
angle ¢. The elliptic flow is the second Fourier coefficient
V2.

The final ambitious goal of the heavy-flavour experimen-
tal programmes in nucleus—nucleus collisions is the char-
acterisation of the properties of the produced QCD mat-
ter, in particular getting access to the transport coefficients
of the QGP. Theoretical calculations encoding the interac-
tion of the heavy quarks with the plasma into a few trans-
port coefficients (see e.g. [466]) provide the tools to achieve
this goal: through a comparison of the experimental data
with the numerical outcomes obtained with different choices
of the transport coefficients it should be possible, in prin-
ciple, to put tight constraints on the values of the latter.
This would be the analogous of the way of extracting infor-
mation on the QGP viscosity through the comparison of
soft-particle spectra with predictions from fluid dynamic
models. An even more intriguing challenge would be to
derive the heavy-flavour transport coefficients through a first
principle QCD calculation and confront them with exper-
imental data, via model implementations that describe the
medium evolution. This chapter reviews the present sta-
tus of this quest, from the experimental and theoretical
viewpoints.

The chapter is organised as follows. The first part of the
chapter presents a brief overview of the available data of
heavy-flavour production in nucleus—nucleus collisions at the
RHIC and LHC colliders: in particular, Sect. 4.1 describes
the measurements of the nuclear modification factor Raa,
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Table 9 Open heavy flavour published measurements in Au—Au and Cu—Cu collisions at RHIC. The nucleon—nucleon energy in the centre-of-mass
system (,/SNN), the covered kinematic ranges and the observables are indicated

Probe Colliding system 3NN (TeV) Yems (OT Nems) pt (GeV/c) Observables References
PHENIX
HF — et Au-Au 62.4 ly] <0.35 1-5 Yields (pr,centrality) [467]
Rep(pr)
Raa(pr.centrality)
Raa(Neoll, 1)
1.3-3.5 va(pr,centrality)
1.3-2.5 v2(/snN,centrality)
130 ly] <0.35 0.4-3 Yields (pr,centrality) [468]
200 Inl < 0.35 0.3-9 Yields (pr,centrality) [469—472]
Raa(pr.centrality)
Raa(Npart,p1)
> 0.4 99 (Neon)
>0 d(gl#(centrality)
ofy (centrality)
0.3-5 va(pr,centrality)
200 Iyl < 0.35 24 L isee (ph Ag) [113]
Nt PT
I8 (ph, Ag)
2-3 Rus(pp)
Cu—Cu 200 ly] < 0.35 0.5-7 Yields (pr,centrality) [473]
Raa(pr.centrality)
Raa(Neon,pr)
RaA(Npart,p1)
0.5-6 Rep(pr)
HF — pt Cu—Cu 200 14 <]yl <19 14 Yields (pr,centrality) [474]
Raa(pr.centrality)
Raa(Npart)
STAR
DO Au-Au 200 Iyl < 1 0-6 Yields (pr,centrality) [475]
Raa(pr.centrality)
0-8 RAA(<Npart)spT)
HF — e+ Au-Au 200 0<n<0.7 1.2-8.4 Yields (pr,centrality) [420]
Raa(pr.centrality)
39, 62.4, 200 In] < 0.7 0-7 va(pr) [476]

while Sect. 4.2 focuses on the azimuthal anisotropy. The
published RHIC and LHC data are summarised in Tables 9
and 10, respectively. The second part of the chapter includes a
review of the theoretical models for heavy-quark interactions
and energy loss in the medium, with a detailed description of
the model ingredients in terms of the quark-medium inter-
action (Sect. 4.3) and of the medium modelling (Sect. 4.4).
A comparative overview of the models and comprehensive
comparison with data from RHIC and LHC are presented in
Sect. 4.5. Finally, the theoretical and experimental prospects
for the study of heavy-flavour correlations are discussed in
Sect. 4.6.

4.1 Experimental overview: production and nuclear
modification factor measurements

4.1.1 Inclusive measurements with leptons

Heavy-flavour production can be measured inclusively via
the semi-leptonic decay channels. The key points of the mea-
surement are the lepton identification and background sub-
traction.

In the STAR experiment, electrons are identified using the
specific energy-loss (dE/dx) measurement from the Time
Projection Chamber (TPC) together with the Time of Flight
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Table 10 Open heavy flavour published measurements in Pb—Pb collisions at LHC. The nucleon—nucleon energy in the centre-of-mass system

(/SNN), the covered kinematic ranges and the observables are indicated

Probe Colliding system J/SnN (TeV) Yems (OT Nems) pt (GeV/c) Observables References
ALICE
DY, DT, D** Pb-Pb 2.76 [y] < 0.5 2-16 Yields (pr) [477]
Raa(pr)
2-12 Raa (centrality)
6-12 R (centrality)
[y] < 0.8 2-16 va(pr) [478,479]
va(centrality, pr)
RXl/Aout plane(pT)
HF — pt Pb-Pb 2.76 25<y<4 4-10 Raa(pt) [120]
6-10 Raa (centrality)
Non-prompt J /v Pb-Pb 2.76 ly] < 0.8 1.5-10 Raa (pr) [480]
CMS
b-Jets Pb-Pb 2.76 Inl <2 80-250 Yields (pr) [481]
Raa(pr)
80-110 Raa (centrality)
Non-prompt J /v Pb-Pb 2.76 ly] <2.4 6.5-30 Yields (centrality) [482]

Raa(centrality)

information at pr < 1.5 GeV/c, and energy and shower
shape measurements in the Electro-Magnetic Calorimeter
(EMCal) at pr > 1.5 GeV/c. The background contribu-
tion to the electron yield from photonic sources (mainly
from photon conversion in the detector material and 7°
and n Dalitz decays) are subtracted statistically using the
invariant-mass method [115,116]. The electron identifica-
tion in the PHENIX experiment is based on the Ring Imag-
ing Cherenkov detector in conjunction with a highly granular
EMCal. The subtraction of the electron background is per-
formed by the converter and cocktail methods [112,471]. In
the ALICE experiment, electrons are identified in the central
pseudo-rapidity region (|n| < 0.9) using four detector sys-
tems: the Time Projection Chamber, the Time Of Flight, the
EMCal and the Transition Radiation Detector. Background
electrons are subtracted using both the invariant-mass and
the cocktail methods [117].

In PHENIX, muons are measured with two muon spec-
trometers that provide pion rejection at the level of 2.5 x 10™4
in the pseudo-rapidity range —2.2 < n < —1.2 and 1.2 <
n < 2.4 over the full azimuth.

Muons are detected in ALICE with the forward muon
spectrometer in the pseudo-rapidity range —4 < n < —2.5.
The extraction of the heavy-flavour contribution to the single
muon spectra requires the subtraction of muons from the
decay in flight of pions and kaons, estimated through the
extrapolations of the measurements at mid-rapidity.

In ATLAS, muons are reconstructed in the pseudo-rapidity
range |n| < 1.05 by matching the tracks in the Inner silicon
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Detector (ID) with the ones in the Muon Spectrometer (MS),
surrounding the electromagnetic and hadronic calorimeters.
The background muons arise from pion and kaon decays,
muons produced in showers in the calorimeters and mis-
association of MS and ID tracks. The signal component is
extracted through a MC template fit of a discriminant vari-
able that depends on the difference between the ID and MS
measurements of the muon momentum, after accounting for
energy loss in the calorimeters, and the deflections in the
trajectory resulting from decay in flight [483].

The STAR [420] and PHENIX [469—471] Collaborations
measured the yield of electrons from heavy-flavour decays
at various centre-of-mass energies and in various collid-
ing systems. The pt dependence of the nuclear modifica-
tion factor measured in the 10 % most central Au—Au colli-
sions at ./syn = 200 GeV is shown in Fig. 50 (left panel).
The suppression increases with the transverse momentum,
reaching a factor of about four for pr > 4 GeV/c. This
strong effect is not observed in Au—Au collisions at \/sNN =
62.4 GeV [467,484] for which, however, the pp reference
was not measured at RHIC but taken from ISR data (see
left panel of Fig. 51). The left panel of Fig. 50 also shows
the comparison with the Rap measured in d—Au and Cu-—
Cu collisions at ,/snn = 200 GeV: a clear dependence on
the colliding system is found. In particular, the observation
that the nuclear modification factor is consistent or larger
than unity in d—Au collisions demonstrates that the high-pr
suppression in nucleus—nucleus collisions is induced by the
presence of the hot and dense medium. The Raa of heavy-
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Fig. 50 Left the transverse momentum dependence of the nuclear
modification factors of heavy-flavour decay electrons at mid-rapidity
in central d—Au [313], Cu—Cu [473] and Au—Au collisions [469] at
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Fig. 51 Left Raa of heavy-flavour decay electrons at mid-rapidity
measured in Au—Au collisions at \/sNN = 62.4 GeV as a function of pr
in the 20 % most central collisions [467]. Right Raa of heavy-flavour

flavour decay electrons at mid-rapidity as a function of the
collision centrality (represented by the number of partici-
pants Nput) [470] is shown in the right panel of Fig. 50. The
high-p production shows a clear centrality-dependent sup-
pression, reaching a maximum of a factor four in central colli-
sions (Raa =~ 0.25). At variance, the production of electrons
with pt > 0.3 GeV/c (which measures the charm produc-
tion yield essentially down to pt = 0) is consistent with scal-
ing with the number of binary collisions, within experimental
uncertainties of about 20 %. PHENIX also measured the Raa
of heavy-flavour decay muons at forward rapidity [474] for
the most central Cu—Cu collisions at ,/sxy = 200 GeV:
the observed suppression is stronger than for heavy-flavour
decay electrons at mid-rapidity (see Fig. 51, right).

At the LHC, heavy-flavour production was measured in
the leptonic decay channels in Pb—Pb collisions at ,/sNnn =
2.76 TeV. Figure 52 shows the nuclear modification fac-
tors of muons from heavy-flavour decays in 2.5 < y < 4
measured by ALICE as a function of pt in the 10 % most
central collisions (left panel) and as a function of central-
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decay electrons at mid-rapidity [473] and muons at forward rapid-
ity [474] for the most central Cu—Cu collisions at /sN\y = 200 GeV

ity in 6 < pr < 10 GeV/c (right panel) [120]. The
observed suppression increases from peripheral to central
collisions, up to a factor of three in central collisions. The
result is consistent with a preliminary measurement of the
Raa of heavy-flavour decay electrons at mid-rapidity (with
4 < pt < 18 GeV/c) [485]. Moreover, it is also in qualita-
tive agreement with a preliminary measurement of the heavy-
flavour decay muon central-to-peripheral nuclear modifica-
tion factor Rcp at mid-rapidity (with 4 < pr < 14 GeV/c),
carried out by the ATLAS Collaboration [486], which shows
a suppression of a factor about two, independent of pr, for
the centrality ratio 0—10 %/60-80 %. The comparison of the
results at forward and mid-rapidity indicate a weak depen-
dence on this variable in the rapidity region |y| < 4.

4.1.2 D meson measurements
The differential charm production cross section is deter-

mined from measurements of open charm mesons (STAR
and ALICE). D mesons are reconstructed via the hadronic
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Fig. 52 Nuclear modification factor Raa of heavy-flavour decay
muons with 2.5 < y < 4 measured in Pb—Pb collisions at \/snn =
2.76 TeV as a function of pr in the 10 % most central collisions (/eft
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Fig. 53 Left transverse momentum (pt) dependence of the nuclear
modification factor Ras of D? mesons in the 10 % most central Au-Au
collisions at ,/snn = 200 GeV [475]. Right Raa of prompt D mesons
(averaged) versus pr for the 0-20 % (red discs) and 40-80 % (green cir-

decaysD? — K~ 7+, DT — K~ n*t 7, and D*+(2010) —
D%+ with DY — K~z *, and their charge conjugates. The
mean proper decay lengths of D? and D are of about 120
and 300 pm, respectively, while the D** decays strongly
with no significant separation from the interaction vertex.
In the STAR and ALICE experiments, charmed hadrons
are measured with an invariant mass analysis of the fully
reconstructed decay topologies in the hadronic decay chan-
nels. In both experiments, the kaon and pion identification
is performed by combining the information of the Time
Of Flight and of the specific ionisation energy loss in the
TPC [103,104,125]. The spatial resolution of the ALICE
silicon tracker allows, in addition, to reconstruct the decay
vertex and apply a topological selection on its separation
from the interaction vertex [104].
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cles) centrality classes in Pb—Pb collisions at /sy = 2.76 TeV [477]
and minimum-bias p—Pb collisions at ,/sx\n = 5.02 TeV (black
squares) [324]

The left panel of Fig. 53 shows the transverse momen-
tum dependence of the nuclear modification factor Raa
for D mesons in the most central Au-Au collisions at
/SNN = 200 GeV from the STAR experiment [475]. The
Raa is enhanced at around 1.5 GeV/c and shows a strong
suppression at py > 3 GeV/c. STAR also measured D°
mesons in U-U collisions at ,/sxy = 193 GeV and observed
asimilar trend for the Raa as seenin Au—Au collisions [487].

The ALICE experiment measured the production of
prompt D°, Dt and D** mesons in Pb—Pb collisions at
J/SNN = 2.76 TeV [477]. The average Raa of D mesons
for two centrality classes is shown in the right panel of Fig.
53. The high- pt D-meson yield for the most central events
is strongly suppressed (by factor of about four at 10 GeV/c¢).
The analysis of the Pb—Pb data collected in 2011 allowed
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to extend the measurement to higher transverse momenta: a
similar suppression pattern is observed up to pt = 30 GeV/c
in the 7.5 % most central collisions [488]. In addition, the
D" meson, consisting of a charm and an antistrange quark,
was measured for the first time in Pb—Pb collisions [489].
The D] meson is expected to be sensitive to the possible
hadronisation of charm quarks via recombination with light
quarks from the medium: the expected abundance of strange
quarks in the QGP may lead to an increase of the ratio of
strange over non-strange D mesons with respect to pp colli-
sions in the momentum range where recombination can be
relevant [490,491]. The observed central value of the Dj
RaA is larger than that of DO Dt and D*T mesons at low
pt, although the large statistical and systematic uncertainties
prevent from drawing any conclusion.

Initial-state effects were investigated by the ALICE
Collaboration by measuring D production in p—Pb colli-
sions [324] (see Sect. 3.3.2). The nuclear modification fac-
tor of prompt D mesons in minimum-bias p—Pb at /sy =
5.02 TeV is shown in Fig. 53 (right panel). The Raa is com-
patible with unity within systematic uncertainties. This indi-
cates that the suppression of the D-meson yield observed
for pr > 3 GeV/c in central Pb—Pb collisions is a final-
state effect, most likely induced by the interactions of charm
quarks within the QGP.

4.1.3 Beauty production measurements

The detection and identification of beauty hadrons usually
exploit their long life times, with ¢t values of about 500 pm.
Precise charged particle tracking and vertexing are of cru-
cial importance, with the required resolution of the track
impact parameter in the transverse plane being of the order
of 100 pm. Most decay channels proceed as ab — ¢ hadron
cascade, giving rise to a topology that contains both a sec-
ondary and a tertiary decay vertex.

Lepton identification is often exploited in beauty measure-
ments, as the semi-leptonic branching ratio is about 20 %,
taking into account both decay vertices. The beauty contri-
bution can be extracted from the semi-electronic decays of
heavy flavours through a fit of the impact-parameter distri-
bution. This approach was applied by the ALICE Collabora-
tion in pp collisions at the LHC [107,123] (see Sect. 2.2.3)
and recently also in Pb—Pb collisions [492], where prelim-
inary results indicate Raa values below unity for electron
pr larger than about 5 GeV/c. The charm and beauty con-
tribution can be disentangled also by studying the corre-
lations between electrons and associated charged hadrons,
exploiting the larger width of the near-side peak for B hadron
decays [107,115,493]. The main limitation of the beauty
measurements via single electrons (or muons) is the very
broad correlation between the momentum of the measured
electron and the momentum of the parent B meson.

A more direct measurement is achieved using the inclusive
B — J/v¥ + X decay mode. Such decays can be measured
inclusively by decomposing the J /i yield into its prompt and
non-prompt components, using a fit to the lifetime distribu-
tion. The first measurement with this technique in heavy-ion
collisions was performed by the CMS Collaboration, using
data from the 2010 Pb—Pb run. The Raa of non-prompt J /v
in 6.5 < pr < 30 GeV/c and |y| < 2.4 was measured
to be 0.37 £ 0.08(stat.) &= 0.02(syst.) in the 20 % most
central collisions (see left panel of Fig. 54) [482]. Prelim-
inary measurements from the larger 2011 dataset explore
the pr dependence of Raa [494]. A recent measurement
from the ALICE Collaboration [480] (left panel of Fig. 54)
shows a similar value of Raa in a close kinematic range
(4.5 < pr < 10GeV/c and |y| < 0.8).

Further insights into the parton energy loss can be pro-
vided through measurements of reconstructed jets and com-
parison with theory [495], which is complementary to the
studies on B hadrons as the reconstructed jet energy is closely
related to that of the b quark. Assuming that the quark
hadronises outside the medium, to first approximation the jet
energy represents the sum of the parton energy after its inter-
action with the medium, as well as any transferred energy that
remains inside the jet cone. CMS has performed a measure-
ment of b jets in Pb—Pb collisions by direct reconstruction
of displaced vertices associated to the jets [482]. Despite the
large underlying Pb—Pb event, a light jet rejection factor of
about 100 can still be achieved in central Pb—Pb events. The
Raa of b jets as a function of centrality is shown in Fig.
54 (right), for two ranges of jet pt. The observed suppres-
sion, which reaches a value of about 2.5 in central collisions,
does not show any significant difference compared to a sim-
ilar measurement of the inclusive jet Raa [496] within the
sizeable systematic uncertainties. While quark mass effects
may not play a role at such large values of pr, the difference
in energy loss between quarks and gluons should manifest
itself as a difference in Raa for b jets and inclusive jets, as
the latter are dominated by gluon jets up to very large pr.
It should be noted, however, that the b jets do not always
originate from a primary b quark. As discussed in the intro-
duction to this Section, at LHC energies, a significant com-
ponent of b quarks are produced by splitting of gluons into
bb pairs [447]. For b jets with very large pr a significant
part of the in-medium path length is likely to be traversed
by the parent gluon, as opposed to the b quarks (for exam-
ple, about 1-2 fm for b quarks with pt of 100-200 GeV/c).
The gluon splitting contribution can be minimised by select-
ing hard fragments, although this is complicated by the fact
that the b—hadron kinematics are not fully measured. An
alternative is to select back-to-back b-tagged jets, a config-
uration in which the gluon splitting contribution is negligi-
ble. The dijet asymmetry of b jets can then be compared to
that of inclusive jets, a measurement that should be feasi-
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Fig. 54 Left non-prompt J/¢ Raa measured in two centrality bins
from CMS [482] and in one centrality bin for two pr ranges from
ALICE [480]. The ALICE points are slightly shifted horizontally for
better visibility. The correlated uncertainties are shown as filled box at
Raa = 1. Right Raa of b jets, as a function of Ny, from CMS [481],

ble with the luminosity expected from the upcoming LHC
Run 2.

4.1.4 Comparison of Raa for charm, beauty and
light-flavour hadrons

The expected dependence of in-medium energy loss on the
parton colour charge and mass can be investigated by com-
paring the nuclear modification factor of charged hadrons,
mostly originating from gluon fragmentation at the LHC col-
lision energy, with that of hadrons with charm and beauty.
The comparison between D-meson and charged particle Raa,
measured by the ALICE Collaboration [477] in Pb—Pb colli-
sions at LHC in the centrality class 0-20 % and illustrated in
Fig. 55, shows that the two nuclear modification factors are
compatible within uncertainties, although the central values
show an indication for RE N jo,irged. In the same fig-
ure, the nuclear modification factor measured by the CMS
Collaboration for non-prompt J /¢ mesons (from B decays)
with ptr > 6.5 GeV/c [482] is also shown. Their suppres-
sion is clearly weaker than that of charged particles, while
the comparison with D mesons is not conclusive, because
of the significant uncertainties of the two measurements. In
addition, it is worth noting that the pt of the J/v is shifted
with respect to the one of the parent B meson (by about 2—
3 GeV/c on average in the pr range covered by the CMS
measurement), hence the comparison with D mesons is not
straightforward.

Preliminary measurements based on higher-statistics data
from the 2011 Pb—Pb run at LHC provide a first indication
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Fig. 55 Raa of D mesons, charged hadrons [477] and non-prompt
J/¢ [482] in Pb-Pb collisions at /sx\y = 2.76 TeV in the 0-20 %
centrality class

that the nuclear modification factor of B mesons is larger than
that of D at transverse momentum of about 10 GeV/c. The
measurements were carried out, as a function of collision cen-
trality, for D mesons with 8 < pt < 16 GeV/cand |y| < 0.5
by the ALICE Collaboration [497] and for non-prompt J /v
mesons with 6.5 < pr < 30 GeV/c and |y| < 1.2 by
the CMS Collaboration [494]. With these pt intervals, the
average pt values of the probed D and B mesons are both
about 10-11 GeV/c. In central collisions (centrality classes
0-10 and 10-20 %) the Raa values are of about 0.2 and 0.4
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Fig. 56 Heavy-flavour decay-electron v, measured by the PHENIX
Collaboration in Au—-Au collisions at RHIC. Left measurement in
minimum-bias collisions as a function of p at \/snn = 200 GeV [469].

for D and non-prompt J/¢¥ mesons, respectively, and they
are not compatible within experimental uncertainties. This
experimental observation alone does not allow one to draw
conclusions on the comparison of energy loss of charm and
beauty quarks, because several kinematic effects contribute
to the Raa resulting from a given partonic energy loss. In
particular, the shape of the quark pr distribution (which is
steeper for charm than for beauty quarks) and the shape of
the fragmentation function (which is harder for » — B than
for ¢ — D) have to be taken into account. Model calcu-
lations of heavy-quark production, in-medium propagation
and fragmentation provide a tool to consistently consider
these effects in the comparison of charm and beauty mea-
surements. In Sect. 4.5 we will show that model calculations
including a mass-dependent energy loss result in Raa val-
ues significantly larger for J/¢ from B decays than for D
mesons, consistently with the preliminary results from the
ALICE and CMS experiments.

4.2 Experimental overview: azimuthal anisotropy
measurements

As mentioned in the introduction to this chapter, the
azimuthal anisotropy of particle production in heavy-ion
collisions is measured using the Fourier expansion of the
azimuthal angle (¢) and the pr-dependent particle distri-
bution d>N/dprde. The second coefficient, v, or elliptic
flow, which is the dominant component of the anisotropy
in non-central nucleus—nucleus collisions, is measured using
these three methods: event plane (EP) [498], scalar product
(SP) [499] and multi-particle camulants [S00]. In the follow-
ing, an overview of the elliptic flow measurements for heavy-
flavour particles is presented: the published measurements at

Right measurements at /sy = 62.4 and 200 GeV in the 2040 % cen-
trality class for the interval 1.3 < pt < 2.5 GeV/c, compared with the
70 vy [467]

RHIC use heavy-flavour decay electrons (Sect. 4.2.1); the
published measurements at LHC use D mesons (Sect. 4.2.2).

4.2.1 Inclusive measurements with electrons

The measurement of the production of heavy-flavour decay
electrons has been presented in Sect. 4.1.1. In order to deter-
mine the heavy-flavour decay-electron vy, the starting point
is the measurement of vy for inclusive electrons. Inclusive
electrons include, mainly, the so-called photonic (or back-
ground) electrons (from photon conversion in the detector
material and internal conversions in the Dalitz decays of light
mesons), a possible contamination from hadrons, and heavy-
flavour decay electrons. Exploiting the additivity of vy, the
heavy-flavour decay-electron v, is obtained by subtracting
from the inclusive electron v, the vy of photonic electrons
and hadrons, weighted by the corresponding contributions to
the inclusive yield.

The PHENIX Collaboration measured the heavy-flavour
decay-electron v in Au—Au collisions at ,/sny = 62.4 and
200 GeV using the event-plane method [467,469]. Elec-
trons were detected at mid-rapidity || < 0.35 in the
interval 0.5 < pr < 5 GeV/c. The event plane was
instead determined using charged particles at forward rapid-
ity 3.0 < || < 3.9. This large n-gap is expected to reduce
the non-flow effects (like auto-correlations) in the v, mea-
surement. Figure 56 (left) shows the heavy-flavour decay-
electron vy for minimum-bias events (without any selection
on centrality) [469]. v; is larger than zero in the interval
0.5 < pt < 2.5 GeV/c, with a maximum value of about 0.1
at pr of about 1.5 GeV/c. Towards larger pr the data sug-
gesta decreasing trend, although the statistical uncertainties
prevent a firm conclusion. The study of the centrality depen-
dence of v, (not shown) indicates a maximum effect in the
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Fig. 57 Heavy-flavour decay-electron v, measured by the STAR Col-
laboration in Au—Au collisions (0-60 % centrality class) at centre-of-
mass energies 39, 62.4 and 200 GeV [476]

two semi-peripheral centrality classes (20—-40 and 40-60 %),
for which the initial spatial anisotropy is largest [469]. The
central value of the heavy-flavour electron v, in Au—Au col-
lisions at ,/snN = 62.4 GeV [467] is significantly lower than
at 200 GeV [see Fig. 56 (right)]. However, the statistical and
systematic uncertainties are sizeable and do not allow one
to conclude firmly on the energy dependence of v;. In Fig.
56 (right) the measurements for heavy-flavour decay elec-
trons with 1.3 < pr < 2.5 GeV/c are compared with those
for neutral pions with the same pr: the pions exhibit a larger
vy than the electrons; however, this comparison should be
taken with care, because the p of the heavy-flavour mesons
is significantly larger than that of their decay electrons.

The STAR Collaboration measured the heavy-flavour
decay-electron v in Au—Au collisions at /sy = 39, 62.4
and 200 GeV [476]. The two-particle cumulant method was

~ 04 T T T [ T L]
0.
Pb-Pb, | = 2.76 TeV |

0.2

¢ Charged particles, v,{EP,IAn|>2}
= Prompt D°,D", D™ average, lyl<0.8, v,{EP}
I~ [__] Syst. from data 7
-0.2 —[ ] Syst. from B feed-down —

! | ! | ! | ! | ! | ! | ! | ! | !

|
0 2 4 6 8 10 12 14 16 18
pT(GeV/c)

Fig. 58 D-meson elliptic flow measured by the ALICE Collaboration
in Pb—Pb collisions at ./sNN = 2.76 TeV [478,479]. Left average of the
vy values for DY, D and D** mesons in the centrality class 30-50 %
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used to measure the elliptic flow for the two lower collision
energies. The event plane, and both two- and four-particle
cumulant methods were used at /sxy = 200 GeV. Figure
57 shows the v measured with two-particle cumulants at the
three centre-of-mass energies. At /sy = 200 GeV the mea-
surement shows a v, larger than zero for pt > 0.3 GeV/c,
compatible with the measurement by the PHENIX Collabo-
ration in the same centrality class (see comparison in [476]).
At \/snN = 39 and 62.4 GeV, the v {2} values are consistent
with zero within uncertainties.

Preliminary results by the ALICE Collaboration on the
elliptic flow of heavy-flavour decay electrons at central rapid-
ity (Jy| < 0.6) and of heavy-flavour decay muons at forward
rapidity (2.5 < y < 4)in Pb—Pb collisions at the LHC show a
vy significantly larger than zero in both rapidity regions and
with central values similar to those measured at top RHIC
energy [501].

4.2.2 D-meson measurements

The ALICE Collaboration measured the vy of prompt D
mesons in Pb—Pb collisions at /sy = 2.76 TeV [478,479].
The D mesons (D, D and D**) were measured in |y| < 0.8
and 2 < pt < 16 GeV/c using their hadronic decay chan-
nels, and exploiting the separation of a few hundred p.m of the
decay vertex from the interaction vertex to reduce the combi-
natorial background. The measurement of D-meson vy was
carried out using the event plane, the scalar product and the
two-particle cumulant methods.

Figure 58 (left) shows the average of the vy measurements
for DY, D* and D** in the centrality class 30-50 % as a func-
tion of pr [479]. The measurement shows a v, larger than
zero in the interval 2 < pt < 6 GeV/c with a 5.70 signifi-
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cance. In the same figure, the v, of charged particles for the
same centrality class is reported for comparison: the magni-
tude of v, is similar for charmed and light-flavour hadrons.
Figure 58 (right) shows the dependence on collision central-
ity of the D? meson v, for three pr intervals. An increasing
trend of v, towards more peripheral collisions is observed,
as expected due to the increasing initial spatial anisotropy.

Asdiscussed at the beginning of this Section, the azimuthal
dependence of the nuclear modification factor Raa can pro-
vide insight into the path length dependence of heavy-quark
energy loss. The nuclear modification factor of D? mesons in
Pb-Pb collisions (30-50 % centrality class) was measured by
the ALICE Collaboration in the direction of the event plane
(in-plane) and in the direction orthogonal to the event plane
(out-of-plane) [478]. The results, shown in Fig. 59, exhibit
a larger high-pt suppression in the out-of-plane direction,
where the average path length in the medium is expected to
be larger. It is worth noting that the difference between the
values of Raa in-plane and Raa out-of-plane is equivalent
to the observation of vo» > 0, because the three observables
are directly correlated.

4.3 Theoretical overview: heavy flavour interactions in the
medium

The approaches describing the heavy-quark-medium inter-
actions aim at determining the probability Po— i (p{5, Pim
that a given heavy quark produced with a four-momentum
pg escapes the medium as a heavy-flavour hadron of four-

momentum pf&,“.

All the approaches include a description of the inter-
actions that occur between the heavy quarks and the par-
tonic constituents of the QGP. For ultra-relativistic heavy
quarks (pg > mg, say > 10mg), the dominant source of
the energy loss is commonly considered to be the radiation
of gluons resulting from the scattering of the heavy quark
on the medium constituents. These are 2 — 3 processes
q(g)0 — q(g)Qg, where ¢g(g) is a medium light quark
(or gluon). As this mechanism proceeds through long for-
mation times, several scatterings contribute coherently and
quantities like the total energy loss AE (L) = pg — pﬁQ" can
only be evaluated at the end of the in-medium path length L.
This feature is shared by all schemes that have been devel-
oped to evaluate radiative energy loss of ultra-relativistic par-
tons [456-458]. For merely relativistic heavy quarks (say
po < 10mg), elastic (collisional) processes are believed to
have an important role as well. These are 2 — 2 process
q(2)O — ¢q(g)0Q. The in-medium interactions are gauged
by the following, closely related, variables: the mean free
path . = 1/(op) is related to the medium density p and
to the cross section o of the parton-medium interaction (for
2 — 2 or 2 — 3 processes); the Debye mass mp is the
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Fig. 59 D-meson Raa in the direction of the event plane and in the
direction orthogonal to the event plane, measured by the ALICE Col-
laboration in Pb—Pb collisions (centrality class 30-50 %) at \/sNN =
2.76 TeV [478,479]

inverse of the screening length of the colour electric fields
in the medium and it is proportional to the temperature 7" of
the medium; the fransport coefficients encode the momen-
tum transfers with the medium (more details are given in the
next paragraph).

In the relativistic regime, the gluon formation time for
radiative processes becomes small enough that the energy-
loss probability P(AE) can be evaluated as a result of some
local transport equation— like the Boltzmann equation, rely-
ing on local cross sections —evolving from initial to final time.
This simplification can be applied also to collisional pro-
cesses. When the average momentum transfer is small with
respect to the quark mass,' the Boltzmann equation can be
reduced to the Fokker—Planck equation, which is often further
simplified to the Langevin stochastic equation (see [466] for
a recent review). These linear partial-differential equations
describe the time-evolution of the momentum distribution
fo of heavy quarks. The medium properties are encoded
in three transport coefficients: (a) the drift coefficient — also
called friction or drag coefficient — which represents the frac-
tional momentum loss per unit of time in the absence of
fluctuations and admits various equivalent symbolic repre-
sentations (1p, Ag, ...) and (b) the longitudinal and trans-
verse momentum diffusion coefficients By, and Bt (or B] and
By, k1 and kr,..., depending on the authors), which rep-
resent the increase of the variance of fp per unit of time.
For small momentum, the drift and diffusion coefficients are

19 This is the so-called “grazing expansion” [502], well justified for
non-relativistic heavy quarks.
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linked through the Einstein relation B = mg np T and also
uniquely related to the spatial diffusion coefficient Dg, which
describes the spread of the distribution in physical space with
time. Although the Fokker—Planck approach has some draw-
backs,20 it can also be deduced from more general consid-
erations [503], so that it may still be considered as a valid
approach for describing heavy-quark transport even when
the Boltzmann equation does not apply, as for instance in the
strong-coupling limit.

Some of the approaches consider only partonic interac-
tions and define the Pg_, iy probability as a convolution of
Po-o (pié‘, pfén) — the probability for the heavy quark to
lose pg — pﬁQ“ in the medium — with the unmodified frag-
mentation function. A number of approaches also include,
for low-intermediate momentum heavy quarks, a contribu-
tion of hadronisation via recombination (also indicated as
coalescence). Finally, some approaches consider late-stage
interactions of the heavy-flavour hadrons with the partonic
or hadronic medium.

In this section, we summarise the various approaches for
the calculation of the heavy-quark interactions within the
medium.

e Sections 4.3.1 and 4.3.2 are devoted to pQCD and
pQCD-inspired calculations of radiative and collisional
energy loss, as developed by Gossiaux et al. MC@HQ),
Beraudo et al. (POWLANG), Djordjevic et al., Vitev et
al. and Uphoff et al. (BAMPS); examples of the relative
energy loss (AE/E) and the momentum loss per unit
length (d P /dt) for ¢ and b quarks are shown.

e Section 4.3.3 focuses on the calculation by Vitev et al. of
in-medium formation and dissociation of heavy-flavour
hadrons; this proposed mechanism is expected to effec-
tively induce an additional momentum loss with respect
to radiative and collisional heavy-quark in-medium inter-
actions alone.

e Sections 4.3.4 and 4.3.5 describe the calculation of
transport coefficients through 7-matrix approach sup-
plemented with a non-perturbative potential extracted
from lattice QCD (Rapp et al., TAMU) or through
direct ab initio lattice-QCD calculations (Beraudo et al.,
POWLANG); the transport coefficients that are discussed
are the spatial diffusion coefficient (or friction coeffi-
cient), for which examples are shown, and the momentum
diffusion coefficient.

e Section 4.3.6 presents the AdS/CFT approach for the
calculation of the transport coefficients, developed by
Horowitz et al..

The implementation of these various approaches in full
models that allow one to compute the final heavy-flavour

20 The Einstein relation is not necessarily satisfied for all momenta Po
in an independent calculation of B and np and hence has to be enforced.
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hadron kinematic distributions will be described in Sect. 4.4,
with particular emphasis on the modelling of the QGP and
its evolution.

Given the focus of this review, we have chosen not to
discuss the theoretical approaches that were not yet applied
to LHC energies at the time of writing the document. For
example, the modelling of heavy quark energy loss within
the Dynamical Quasi-Particle Model (DQPM) approach in
[504,505], recently integrated in the PHSD transport theory
[506], appears to be quite promising.

4.3.1 pQCD energy loss in a dynamical QCD medium

Within a weak-coupling approach the interaction of heavy
quarks with the medium can be described in terms of the
uncorrelated scatterings with the light quarks and gluons of
the hot deconfined plasma. Neglecting radiative processes
one can then attempt an evaluation of the heavy-flavour trans-
port coefficients arising from the 2 — 2 elastic collisions
suffered in the medium: this was the approach followed in
Refs. [507,508], which we briefly summarise. The approach
developed by the authors to simulate the propagation of
the heavy quarks in the QGP was based on the relativistic
Langevin equation (here written in its discretised form)

-

Ap - 2 .
—— = —np(p)p + &) with

At

(E(OET () = bV (D)8 | At (29)
where
b (p) = kL(p)p' P! + x1(p)(8Y — p'pT). (30)

The right-hand side is given by the sum of a deterministic fric-
tion force and a stochastic noise term. The interaction with the
background medium is encoded in the transport coefficients
k1 describing the average squared transverse/longitudinal
momentum per unit time exchanged with the plasma. In
Refs. [507,508] the latter were evaluated within a weak-
coupling set-up, accounting for the collisions with the gluons
and light quarks of the plasma. In particular, hard interactions
were evaluated through kinetic pQCD calculation; soft col-
lisions, involving the exchange of long-wavelength gluons,
required the resummation of medium effects, the latter being
provided by the Hard Thermal Loop (HTL) approximation.
The friction coefficient np (p) appearing in Eq. (29) has to be
fixed in order to ensure the approach to thermal equilibrium
through the Einstein fluctuation—dissipation relation

Moy, . _ kL(p)
np (p) = TE. E,
d—1

2

1
~3; |:3,,KL(p) + (kL(p) — KT(P))] EY
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Fig. 60 The charm (left panel) and beauty (right panel) friction coeffi-
cients in a Quark Gluon Plasma at a temperature 7 = 400 MeV. Contin-
uous curves refer to the results of the Einstein relation np = «/2ET,
while dashed curves include the discretisation correction in Eq. (31)

In the above, the second term in the right-hand side is a cor-
rection (sub-leading by a T’/ p factor) depending on the dis-
cretisation scheme employed in the numerical solution of
the stochastic differential equation (Eq. (29)) in the case
of momentum dependent transport coefficients (for more
details see Ref. [509]): it ensures that, in the continuum
At — 0 limit, one recovers a Fokker—Planck equation with
a proper Maxwell-Jiittner equilibrium distribution as a sta-
tionary solution. Here we have written its expression in the
so-called Ito scheme [510], which is the most convenient for
a numerical implementation. Results for the friction coeffi-
cient np(p) of ¢ and b quarks are displayed in Fig. 60.

The radiative processes, which are neglected in the model
described above, are taken into account in other approaches.
Djordjevic et al. developed a state-of-the-art dynamical
energy-loss formalism, which (i) is applicable for both light
and heavy partons, (ii) computes both radiative [511,512]
and collisional [513] energy loss in the same theoretical
framework, (iii) takes into account recoil of the medium con-
stituents, i.e. the fact that medium partons are moving (i.e.
dynamical) particles, (iv) includes realistic finite size effects,
i.e. the fact that the partons are produced inside the medium
and that the medium has finite size. Recently, the formal-
ism was also extended to include (v) finite magnetic mass
effects [514] and (vi) running coupling (momentum depen-
dence of ay) [515].

In this formalism, radiative and collisional energy losses
are calculated for an optically thin dilute QCD medium. Con-
sequently, both collisional and radiative energy losses are
computed to the leading order. That is, for collisional energy
loss, the loss is calculated for one collisional interaction with
the medium, while for radiative energy loss, the loss is cal-
culated for one interaction with the medium accompanied by

20
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within the Ito scheme [510]. The sensitivity of the results to the inter-
mediate cut-off |z|* separating hard and soft collisions is also displayed

the emission of one gluon. The medium is described as a ther-
malised QGP [516,517] at temperature 7 and zero baryon
density, with n s effective massless quark flavours in equilib-
rium with the gluons. The Feynman diagrams contributing
to the collisional and the radiative quark energy loss are pre-
sented in Refs. [511,513]. A full account of the calculation
is presented in Ref. [513] for collisional energy loss, and
in Ref. [511] for radiative energy loss. Since the expression
for collisional energy loss is lengthy, it will not be presented
here, while the expression for radiative energy loss is given by

AE d3Ne
il L / dod?k x ——— (32)
E dxdZk
with the radiation spectrum
d*Ne¢  Cray L / d%q é)
- -4,
dxd%k T AdynJ xm? dyn’d
(k92 + I
sin (90 L))  5i4g)
(k+3)2+x k+3)2
& tx (k+q)“+x
k+q k
s/ (33)
(k+g)*+x  k*+x

where ¢ and k are, respectively, the momentum of the radi-
ated gluon and the momentum of the exchanged virtual
gluon with a parton in the medium, with both ¢ and k
transverse to the jet direction. Here A;yln = CL(G)a, T —
where C2(G) = 3 is the gluon quadratic Casimir invariant
— defines the “dynamical mean free path” [512], «; is the
strong-coupling constant, ancl Cr = 4/3 is the Casimir fac-

tor. Further, vgyn(q) = is the effective potential.

HE
G2(G*+u3)
X is defined as szx2 + mg,, where m ¢ is the heavy-quark
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Fig. 61 Fractional energy loss (Eq. (33)) evaluated for collisional and
radiative processes and for charm and beauty quarks, at 7 = 304 MeV

mass, x is the longitudinal momentum fraction of the heavy
quark carried away by the emitted gluon and m, = % is the
effective mass for gluons with hard momenta k 2> T and ug
is the Debye mass. It can be noted that the Cr term encodes
the colour charge dependence of the energy loss (for radiative
energy loss off a gluon Cp is three instead of 4/3). The x
term encodes the quark mass dependence of the energy loss,
which is reduced for increasing values of m g/ (12 +q).
Note that this dynamical energy loss presents an exten-
sion of the well-known static DGLV [457,518] energy-loss
formalism to the dynamical QCD medium. The connection
between dynamical and static energy losses was discussed
in Refs. [511,512]. That s, static energy loss can be obtained
from the above dynamical energy-loss expression by replac-
ing the dynamical mean free path and effective potential by
equivalent expressions for a static QCD medium: vdyn (Z] ) —

- L. 2()2 147 4 5 1
dyn )‘%tat =6 1 6 dyn*

12
Ustat (¢) = (q2+ =t 7y and Ay,

Note that the static DGLV formalism was also used in the
WHDG model [459,519], as well as for the quark energy-
loss calculation by Vitev et al. (see Sect. 4.3.3).

The dynamical energy-loss formalism was further
extended to the case of finite magnetic mass, since vari-
ous non-perturbative approaches suggest a non-zero mag-
netic mass at RHIC and LHC collision energies (see
e.g. Refs. [520-524]). The finite magnetic mass is intro-
duced through generalised sum-rules [514]. The main effect
of the inclusion of finite magnetic mass turns out to be the
modification of effective cross section vayn(¢) in Eq. (33)

HE—Iy
@+ @ +1g)’
mass. In Fig. 61, the fractional energy loss % correspond-
ing to the full model described above is shown, for a path
length L = 5 fm and an effective constant temperature of
T = 304 MeV. For charm quarks, radiative energy loss starts
to dominate for pt > 10 GeV/c, while this transition hap-

to v(g) = where ujp is the magnetic
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pens for pt > 25 GeV/c for beauty quark. The comparison
of radiative energy loss for the two quark species clearly
illustrates the dead cone effect, as well as its disappearance
when pr > mg.

In [495], a calculation for the b-jet production in AA was
performed following very similar ingredients for the energy
loss. The medium-induced gluon spectrum in the soft gluon
approximation was evaluated as in [392] in a medium which
incorporates Glauber geometry and Bj orken expansion With
the QGP-induced distribution of gluons

i d2k — of the type

of Eq. (33) — and the related d Todr * (wis the energy and r is
the angle) of gluons at hand, the fraction f of the in-medium
parton shower energy that is contained in the jet cone of
radius R was evaluated as

i dr i do 5
foR dr fo do ij](\i]r(*”
In Eq. (34) f(R,0)() takes into account medium-induced
parton splitting effects. On the other hand f(R>, 0 () =
AE®U/E is the energy dissipated by the medium-induced
parton shower into the QGP due to collisional processes.
AE®! is evaluated as in Refs. [525,526] and helps to solve
for w°!l. Then, for any R, Eq. (34) allows one to treat
the radiative and collisional energy-loss effects on the same
footing. Writing down explicitly the phase-space Jacobian
7)) = 1/(1 = [1 — f(R, @) ()]e) for the case of
b-jets the cross section per elementary nucleon—nucleon col-
lision writes:

1 2o b _]E:t(R) 1
= de
(Nbin) dydPT %: /o

d2 (SFM ,LO+PS (|J(€)|(‘9)PT) -
dydpr | (
Here, the sum runs over the set of final states (s).
d2o CNM.LO+PS /dyd pr includes cold nuclear matter effects.
The same group recently published predictions for photon-
tagged and B-meson-tagged b-jet production at
LHC [527].

FR, ™M) = (34)

Py (€)
(1=[1=f(R, ") 5)]e)

4.3.2 A pQCD-inspired running o energy-loss model in
MC@;HQ and BAMPS

In the Monte Carlo at Heavy Quark approach [528-530]
(MC@ HQ), heavy quarks lose and gain energy by inter-
acting with light partons from the medium (assumed to be in
thermal equilibrium) according to rates which include both
collisional and radiative types of processes.

For the collisional energy loss, the elements of the tran-
sition matrix are calculated from the pQCD Born approxi-
mation [369,531], supplemented by a running coupling con-
stant aS(Qz) evaluated according to 1-loop renormalisation



Eur. Phys. J. C (2016) 76:107

Page 71 of 151 107

for |02 > A2 ocp and chosen to saturate at small 0% in
order to satisfy the universality relation [532,533]:

4 [LZ! 02 <0
s 36
@s(0%) = Bo |4 — 7 tarctan(Ly/7) Q2 >0 (36)

with Bp = 11 — 2ny and Ly = In(£0Q?/A?) with A =
200 MeV and n y = 3. The t channel requires infra-red regu-
larisation which describes the physics of the screening at long
distances [534]. For this purpose one adopts, in a first stage, a
similar HTL polarisation as in the usual weak-coupling calcu-
lation of the energy loss [451,452] for the small momentum-
transfers, including the running o (Eq. (36)), while a semi-
hard propagator is adopted for the large momentum-transfers.
Then the model is simplified by resorting to an effective

scalar propagator +2 for the exchanged thermal gluon,
t—kmp (T)

with a self-consistent Debye mass evaluated as rﬁ%)(T)
%(1 2 Y4 oy (=%, (T)) T? [535] and an optimal value
of k ﬁxed to reproduce the value of the energy loss obtained
at the first stage. The resulting model leads to a stronger cou-
pling than previous calculations performed with fixed-order
ag = 0.3. It is also found to be compatible with the calcu-
lation of Ref. [536] — where the running of «; is rigorously
implemented — in the region where the latter is applicable.

A similar model is implemented in BAMPS [537-540],
although with some variations. In BAMPS the Debye mass
mZD is calculated dynamically from the non-equilibrium dis-
tribution functions f of gluons and light quarks via [541]
ma, = mway vgf 27{); L(Nefe + nyfy), where N = 3
denotes the number of colours and v, = 16 is the gluon
degeneracy. While MC @ HQ applies the equilibrium Debye
mass with quantum statistics for temperatures extracted from
the fluid dynamic background, BAMPS treats all particles as
Boltzmann particles, due to the non-equilibrium nature of
the cascade. Moreover, in BAMPS the scale of the running
coupling in the Debye mass is evaluated at the momentum
transfer of the process, e.g. s (¢). The differences in the treat-
ment lead to a larger energy loss of about a factor of two in
MC@ HQ compared to BAMPS.

As for the radiative energy loss, the model mostly concen-
trates on the case of intermediate energy for which coherence
effects do not play the leading role. Exact momentum conser-
vation and scattering on dynamical partons have, however,
to be implemented exactly. In the MC@HQ approach [542,
543], the calculations of Ref. [544] are thus extended for
incoherent radiation off a single massless parton to the case
of massive quarks. For the central “plateau” of radiation, one
obtains that the cross section do (Qq — Qgqg) is dominated
by a gauge-invariant subclass of diagrams. It can be factorised
as the product of the elastic cross sectiondo (Qg — Qg) and
a factor P, representing the conditional probability of radia-
tion per elastic collision, which is collinear-safe thanks to the

heavy-quark mass m . Moreover, it was shown in Ref. [543]
that a fair agreement with the exact power spectra can be
achieved by considering the eikonal limit in P, and preserv-
ing the phase-space condition. The ensuing relation reads
do(Qq — Qqg) = do(Qq — Qq)P*, with

30, 1 —
PR (e, Ky = S =2

7'[ X

ke — 1, )2
_7[)2 +x2m2Q ’

37

(o
k2 + x2m2Q (k;

where x is the fraction of four-momentum carrled by the radi-
ated gluon, k, its transverse momentum and l, the momen-
tum exchanged with the light parton. For the radiation in
a medium at finite temperature, the radiated gluon acquires

a thermal mass, which leads to a modification xzsz —

xzsz (1 — x)mg, in Eq. (37). As a consequence, the
power spectra are vastly reduced. In MC@HQ, an explicit
realisation of the elastic process is achieved first, and the
rad1at10n factor P, is then sampled along the variables x
and k, In Ref. [545] the implementation of radiative pro-
cesses was generalised to include the coherent radiation,
through an interpolation between single and multiple scatter-
ings matched to the BDMPS result [546]. However it neglects
the finite path length effects which are important for thin plas-
mas. Hereafter, this will be referred to as “LPM-radiative”.
For further description of the model, the reader is referred
to Ref. [530].

Similar considerations apply for radiative energy loss
in BAMPS [547,548]. Due to the semi-classical transport
nature of BAMPS, the LPM effect is included effectively by
comparing the formation time of the emitted gluon to the
mean free path of the jet [549]. Furthermore, the emitted
gluon is treated as a massless particle.

Figure 62 illustrates two properties of this energy-loss
model as implemented in MC@sHQ model. Both the pure
elastic case and a combination of the elastic and LPM-
radiative energy loss are considered. In both cases, the model
is calibrated by applying a multiplicative K -factor to the
interaction cross sections, in order to describe the Raa of
D mesons for intermediate pt range in Pb—Pb collisions at
A/SNN = 2.76 TeV in the 0-20 % centrality class. This leads
to Keg = 1.5 and Kejq1pm—rad = 0.8, while one obtains
Ke = 1.8 and K¢j41pM—rad = 1 following a similar pro-
cedure at RHIC. For the spatial diffusion coefficient Dy,
one sees that both combinations are compatible with the 1-
QCD calculations of Refs. [550,551] and thus provide some
systematic “error band” of the approach. The corresponding
average momentum loss per unit of time (or length), shown
on the right panel of Fig. 62, illustrates the mass-hierarchy,
found to be stronger for the radiative component (black lines
in the figure).
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Fig. 62 Macroscopic properties for both elastic and elastic plus LPM-
radiative model. On the left panel, the diffusion coefficient 27 T Dy is
plotted vs. T'/ T, and compared to the I-QCD calculations of [550,551].

4.3.3 Collisional dissociation of heavy mesons and
quarkonia in the QGP

Heavy flavour dynamics in dense QCD matter critically
depends on the time scales involved in the underlying reac-
tion. Two of these time scales, the formation time of the QGP
70 and its transverse size L g p, can be related to the nuclear
geometry, the QGP expansion, and the bulk particle proper-
ties. The formation time 7¢y of heavy mesons and quarko-
nia, on the other hand, can be evaluated from the virtuality
of the heavy quark Q decay into D, B mesons [422,460]
or the time for the Q' Q pair to expand to the size of the
J/4 or Y wave function [83]. For a 7° with an energy of
10 GeV, Tform ~ 25 fm > L g p affords a relatively simple
interpretation of light hadron quenching in terms of radiative
and collisional parton-level energy loss [552]. On the other
hand, for D, B, J/v and Y (1S), one obtains tform ~ 1.6,
0.4, 33 and 14 fm « Lggp. Such short formation
times necessitate understanding of heavy meson and quarko-
nium propagation and dissociation in strongly interacting
matter.

The Gulassy—Levai—Vitev (GLV) reaction operator for-
malism was developed for calculating the interactions of
parton systems as they pass through a dense strongly inter-
acting medium. It was generalised to the dissociation of
mesons (quark-antiquark binaries), as long as the momen-
tum exchanges from the medium pu = g7 can resolve their
internal structure. The dissociation probability and dissocia-
tion time

2
Py(pr.mg.1) =1~ ‘/ d? Akdx ¥5 (MK, X)o(Ak, )|

1 0
= —InPy(pr,mg, 1),

(Taiss(pT. 1)) Ot (38)

can be obtained from the overlap between the medium-
broadened time-evolved and vacuum initial meson wave
functions, ¥ and vy, respectively. Here, s has the
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On the right panel, the average momentum loss per unit of time is plotted
vs. heavy-quark momentum both for ¢ and b quarks

resummed collisional interactions in the QGP. Let us denote
by

0
do 2 (1) dopoep
f<(pr.0) iy f=(pr. ) ddpr’
do® (1)
fr.n=—=, ff(pr.t=0)=0, (39)
dyd”pr

the double differential production cross sections for the heavy
quarks and hadrons. Initial conditions are also specified
above, in particular the heavy quark distribution is given by
the perturbative QCD ¢ and b quark cross section. Energy
loss in the partonic state can be implemented as quenched
initial conditions [83,422]. Including the loss and gain terms
one obtains

3, F¢ = 0 ,
[ (pr, 1) <Tform(PTvl)>f (pt. 1)
1
T s/ 0)
|
x /0 dxx—2¢Q/H(x)fH(pT/x,t), (40)
W (pr.n) = — A (pr. 0

(Tdiss(pT, 1))
1

* (Tform (PT/2, 1))
1 1
X/o dZZ—zDH/Q(Z)fQ(PT/Z»t)~ (41)

In Egs. (40) and (41) ¢g,u (x) and Dy, o(z) are the distri-
bution function of heavy quarks in a heavy meson and the
fragmentation function of a heavy quark into a heavy mesons,
respectively, and z and X are typical fragmentation and dis-
sociation momentum fractions. It was checked that in the
absence of a medium, 74iss(pT, ) — 00, so that the pQCD
spectrum of heavy hadrons from vacuum jet fragmentation
are recovered. Details for the rate equation relevant to quarko-
nium formation and dissociation are given in Ref. [83]. Solv-
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ing the above equations in the limit # — oo in the absence
and presence of a medium allows one to evaluate the nuclear
modification factor for heavy-flavour mesons.

4.3.4 T-matrix approach to heavy-quark interactions in the

OGP

The thermodynamic 7-matrix approach is a first-principles
framework to self-consistently compute one- and two-body
correlations in hot and dense matter. It has been widely
applied to, e.g., electromagnetic plasmas [553] and the
nuclear many-body problem [554,555]. Its main assumption
is that the basic two-body interaction can be cast into the
form of a potential, V (¢), with the four-momentum transfer
approximated by r = ¢* = qg —G?% ~ —g?. This relation is
satisfied for charm and beauty quarks (Q = c, b) in a QGP
up to temperatures of 2-3 T, since their large masses imply
qg ~ (G%/2m Q)2 & ¢ * with typical momentum transfers of
G? ~ T?. Therefore, the T-matrix formalism is a promising
framework to treat the non-perturbative physics of heavy-
quark (HQ) interactions in the QGP [556-558]. It can be
applied to both hidden and open heavy-flavour states, and
it provides a comprehensive treatment of bound and scatter-
ing states [558]. It can be systematically constrained by lat-
tice data [559], and implemented to calculate heavy-flavour
observables in heavy-ion collisions [560,561].

The potential approximation allows one to reduce the four-
dimensional Bethe—Salpeter into a three-dimensional Lipp-
mann—Schwinger equation, schematically given by

T(s,t) = V(1) +/d3k V(') Gals, k) T(s, "), (42)

where G, denotes the in-medium 2-particle propagator.
Using the well-known Cornell potential in vacuum [562],
heavy quarkonium spectroscopy and heavy-light meson
masses can be reproduced, while relativistic corrections
(magnetic interactions) allow one to recover perturbative
results in the high-energy limit for HQ scattering [558].

The pertinent transport coefficients for a heavy quark of
momentum p are given by

Ao(p) = 1 3 /d3k &k dPp
O = Do (p)2n)° = 200200 200(p)

x f1(r)8® (P — Pr) IMg;(s, O

e =/
. (1 - %) (43)
p
for the friction coefficient (or relaxation rate) and analo-
gous expressions for momentum diffusion [466]. The invari-
ant HQ-parton scattering amplitude, M g;, is directly pro-
portional to the 7-matrix. An important ingredient is how
the HQ potential V is modified in medium. This is cur-
rently an open question. As limiting cases the HQ free (F)

and internal (U) energies computed in lattice-QCD (1-QCD)
have been employed [563]. The internal energy produces a
markedly stronger interaction, and, when employed in the
T-matrix approach, generally leads to better agreement with
other quantities computed on the lattice (e.g., quarkonium
correlators, HQ susceptibility, etc. [559]). The resulting c-
quark relaxation rates, including scattering off thermal u,
d, s quarks and gluons, are enhanced over their perturba-
tively calculated counterparts by up to a factor of ~6 at
low momenta and temperatures close to T¢, cf. left panel
of Fig. 63. A similar enhancement is found for b quarks,
although the absolute magnitude of the relaxation rate is
smaller than for ¢ quarks by about a factor of mp/m, >~ 3,
cf. right panel of Fig. 63. The non-perturbative enhance-
ment is mostly caused by resonant D/B-meson and di-quark
states which emerge in the colour-singlet and anti-triplet
channels as T; is approached from above. These states nat-
urally provide for HQ coalescence processes in the hadro-
nisation transition, i.e., the same interaction that drives non-
perturbative diffusion also induces hadron formation. The
resummations in the 7-matrix, together with the confin-
ing interaction in the potential, play a critical role in this
framework. At high momenta, both confining and resumma-
tion effects become much weaker and the diffusion coeffi-
cients approach the perturbative (colour-Coulomb) results,
although at p >~ 5 GeV, the enhancement is still about a fac-
tor of 2 for charm quarks. With increasing temperature, the
colour screening of the 1-QCD-based interaction potentials
leads to an increase in the (temperature-scaled) spatial diffu-
sion coefficient, D27 T) = 2x T2/(mQ Ag); see Fig. 64.

After coalescence into open-charm mesons, the approach
also accounts for the diffusion of heavy-flavour mesons in
the hadronic phase. Pertinent transport coefficients have been
worked out in [565], based on effective D-meson scattering
amplitudes off light hadrons as available from the literature.
These include 7, K, 1, p, w, as well as nucleons and A(1232)
and their anti-particles. The combined effect of these scatter-
ings is appreciable, leading to a hadronic diffusion coefficient
comparable to the T -matrix calculations in the QGP close to
T.. As first pointed out in [491,565], this suggests a min-
imum of the (7'-scaled) heavy-flavour diffusion coefficient
via a smooth transition through the pseudo-critical region, as
to be expected for a cross-over transition (see Fig. 64).

4.3.5 Lattice-QCD

First principle non-perturbative results for the transport coef-
ficients can be obtained, although within a limited kine-
matic domain and with sizeable systematic uncertainties,
from lattice QCD (1-QCD) calculations. The theoretical set-
up employed to extract the momentum diffusion coefficient
k [567] is described in the following. This approach is valid
in the non-relativistic limit (for this calculation heavy quarks
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Fig. 63 Left charm-quark friction coefficient, A., as a function of
momentum in the QGP from non-pertubative 7-matrix scattering ampli-
tudes off thermal light and strange quarks [558], as well as gluons [564];
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Fig. 64 Spatial heavy-flavour diffusion coefficient (defined via the
relaxation rate at zero momentum) for the 7-matrix approach in the QGP
using the U (lower red band) or F potential (upper green band) [558],
or pQCD with a; = 0.4 (dash-dotted line), in hadronic matter (dashed
line) [565], and from quenched lattice QCD [551,566] (data points);
figure taken from [491]

on the lattice are taken as static colour sources) where the
transport of heavy quarks reduces to the Langevin equation

dp!
dr
where np and « are the friction and diffusion coefficients
and where & are stochastic forces autocorrelated according
to (£1 ()7 (t")) =8/ 8(t —t')k . Hence, in the p — 0 limit, « is
given by the Fourier transform of the following force—force
correlator

= —npp’ +E1), (44)

1 +00 . . 1 +0o0 . .
K= 5/ dr(E' ()€ (0))uo ~ 5/ dt(F'(t) F' (0))nQ

= l +o<zitD>(t) = lD>( =0) 45)
:3/40 T30 e
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the curves correspond to temperatures 7 = 1.2, 1.5 and 2 T¢. (bottom to
top); Right same as left panel but for bottom quarks. Figures are taken
from Ref. [564]

where the expectation value is taken over an ensemble of
states containing, besides thermal light partons, a static
(mg = oo) heavy quark. In a thermal bath, correlators are
related by the Kubo—Martin—Schwinger condition, entail-
ing for the spectral function the relation o (w) = D~ (w) —
D=(w) = (1 — e P*)D> (w), so that

D~ (w) B 1
= 11m

w—0 T w5031 —ePo w0

o(w)

1T
——o(w). (46)
3w

In the static limit magnetic effects vanish and the force felt
by the heavy quark can only be due to the chromo-electric
field

Fit)=¢ /d)? o', $)1°0(t, %) E*(t, %). 47)

Equation (46) shows how « depends on the low-frequency
behaviour of the spectral density o (w) of the electric-field
correlator in the presence of a heavy quark in the original
thermal average in Eq. (45). The latter can be evaluated on
the lattice for imaginary times t =—it [568]:

(Re Tr[U (B, t)gE! (t,0)U(z, 0)gE (0, 0)])
(Re Tr[U (B, O)]) '

Dg(t) = —
(48)

In the above equation the expectation value is now taken over
a thermal ensemble of states of gluons and light quarks, with
the Wilson lines U (71, 12) reflecting the presence of a static
heavy quark. As it is always the case when attempting to get
information on real-time quantities from 1-QCD simulations,
the major difficulty consists in reconstructing the spectral
density o (w) from the inversion of

Dy (t) = /+°° do cosh(t — B/2)
0

2w sinh(Bay2) @ “49)

where one knows the correlator Dg (t) for a limited set of
times 7; € (0, B8). Lattice results for the heavy quark dif-
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fusion coefficient are currently available for the case of a
pure SU(3) gluon plasma [569,570]. In transport calcula-
tions, depending on the temperature, one relied on the values
K/ T3 =k ~2.5—4 obtained in Ref. [570], which the authors
are currently trying to extrapolate to the continuum (i.e. zero
lattice-spacing) limit.

Being derived in the static mp = oo limit and lacking
any information on their possible momentum dependence,
the above results for x have to be taken with some grain
of salt when facing the present experimental data (mostly
referring to charm at not so small pr); however, they could
represent a really solid theoretical benchmark when beauty
measurements, for which M > T, at low pt will become
available. Bearing in mind the above caveats and neglecting
any possible momentum dependence of «, the above I-QCD
transport coefficients (the friction coefficient np = «/2ET
being fixed by the Einstein relation) were implemented into
POWLANG code [507] in order to provide predictions for
D mesons, heavy-flavour electrons and J/v from B decays.
One can estimate what the above results would entail for the
average heavy-quark energy loss:

(dE/dx) = (dp/dt) = —np p = —(k/2ET)
p=—&T*/2)v. (50)

with v, the heavy-quark velocity. Numerically, this would
imply a stopping power (—dE/dx) ~ k - 0.4 - v GeV/fm
at T = 400 MeV and (—dE/dx) ~ «k - 0.1 - v GeV/fm at
T =200 MeV.

4.3.6 Heavy-flavour interaction with medium in AdS/CFT

The anti-de-Sitter/conformal field theory (AdS/CFT) corre-
spondence [571,572] is a conjectured dual between field the-
ories in n dimensions and string theories in n + 1 dimen-
sions (times some compact manifold). The correspondence
is best understood between N/ = 4 super Yang-Mills (SYM)
and Type IIB string theory; these two theories are gener-
ally considered exact duals of one another. The calculational
advantage provided by the conjecture is that there is generally
speaking an inverse relationship between the strength of the
coupling in the dual theories: when the field theory is weakly
coupled the string theory is strongly coupled, and vice versa.
The advantage for QCD physics accessible at current collid-
ers is clear: the temperatures reached at RHIC and LHC are
at most a few times Aqcp; itis therefore reasonable to expect
that much of the dynamics in these collisions is dominated
by QCD physics that is strongly coupled and hence theoret-
ically accessible only via the lattice, which is then generally
restricted to imaginary time correlators, or via the methods
of AdS/CFT. The leading-order contribution to string theory
calculations (corresponding to a very strong coupling limit
in the field theory) comes from classical gravity; one uses

Fig. 65 Schema for the heavy quark drag calculation [572]

the usual tools of Einsteinian General Relativity. Although
much research is focussed on finding dual string theories ever
closer to QCD, no one has yet found an exact dual; neverthe-
less, one hopes to gain non-trivial insight into QCD physics
by investigating the relevant physics from known AdS/CFT
duals. An obvious limitation of the use of AdS/CFT is that it
is difficult to quantify the corrections one expects when going
from the dual field theory in which a derivation is performed
to actual QCD.

The main thrust of open heavy flavour suppression
research that uses the AdS/CFT correspondence assumes that
all couplings are strong, regardless of scale (calculations for
light quarks with all couplings assumed strong and calcu-
lations for which some couplings are strong and some are
weak have also been performed; see [571,572] and refer-
ences therein for a review). For reasons soon to be seen, the
result is known as “heavy quark drag”; see Fig. 65 for a pic-
ture of the set-up. The heavy quark is modelled as a string
with one endpoint near (or, for an infinitely massive quark,
at) the boundary of the AdS space; the string hangs down in
the fifth dimension of the space-time towards a black hole
horizon (the Hawking temperature of the black hole is equal
to the temperature of the Yang—Mills plasma). As the string
endpoint near the boundary moves, momentum flows down
the string; this momentum is lost to the thermal plasma. For
a heavy quark moving with constant velocity v in NV = 4
SYM, one finds [453,454]

d_p__n«/x 2 v N d_p
dr 2 M T2 dr

=—ugp, D

where (1g = n«/XTSZY y/2m g, and the energy loss reduces
to a simple drag relationship in the limit of a very heavy
quark, for which corrections to the usual dispersion relation
p/mg = v/+/1—v? are small.

As the string is dragged, an induced black hole horizon
forms in the induced metric on the worldsheet of the string.
This horizon emits Hawking radiation that is dual in the
field theory to the influence of the thermal fluctuations of
the plasma on the motion of the heavy quark. The diffusion
coefficients have been derived in the large mass, constant
motion limit [573,574] as

Kt = NPTy, kL= 2N T (52)
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Note that for v # 0 the above diffusion coefficients devi-
ate from the usual ones found via the fluctuation—dissipation
theorem, which, for the g of Eq. (51), yields k1 = « =
n\/zy Tsym. The entire set-up breaks down at a charac-
teristic “speed limit,” 3t = (1 + 2mo/VATsym)* ~
4 sz /4 T?, which corresponds to the velocity at which the
induced horizon on the worldsheet moves above the string
endpoint (equivalently, if an electric field maintains the con-
stant velocity of the heavy quark, at the critical velocity the
field strength is so large that it begins to pair-produce heavy
quarks) [573]. Above the critical velocity, it no longer makes
sense to treat the heavy quark as heavy, and one must resort
to light-flavour energy-loss methods in AdS/CFT.

4.4 Theoretical overview: medium modelling and
medium-induced modification of heavy-flavour
production

Besides modelling the energy loss as described in Sect. 4.3,
each model aiming at explaining open heavy flavour observ-
ables in AA collisions needs to include several key ingredi-
ents. These are: the “initial” production of heavy flavour (see
Sect. 2.1.1) possibly affected by cold nuclear matter effects
(see Sect. 3), a space-time description of the QGP evolution
up to the freeze-out, mechanisms for hadronisation (includ-
ing specific processes like the so-called “coalescence”) and,
ultimately, D-meson and B-meson interactions in the ensu-
ing hadronic matter. For a given energy-loss model, it has
been shown that various choices of these auxiliary ingredi-
ents could generate a factor of 2 in the observables [575]. In
this section, the solutions adopted in the various models are
described in order to better understand their predictions for
the modification of heavy-flavour production in AA.

4.4.1 pQCD energy loss in a static fireball (Djordjevic et
al.)

The dynamical energy-loss formalism discussed in Sect.
4.3.1 (Djordjevic et al.) was incorporated by the same
authors into a numerical procedure in order to calculate
medium-modified heavy-flavour hadron momentum distri-
butions. This procedure includes (i) production of light
and heavy-flavour partons based on the non-zero-mass vari-
able flavour number scheme VENS [391], NLO [422] and
FONLL calculations [44], respectively, (ii) multi-gluon [576]
and path-length [519,577] fluctuations, (iii) light [578] and
heavy [579-581] flavour fragmentation functions, and (iv)
decay of heavy-flavour mesons to single electrons/muons
and J/y [44]. This model does not include hadronisation
via recombination. In-medium path length is sampled from
a distribution corresponding to a static fireball at fixed effec-
tive temperature. The Raa predictions are provided for both
RHIC and LHC energies, various light and heavy-flavour
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probes and different collision centralities. This model does
not include any free parameter. All implementation details
are provided in Ref. [582]. A representative set of these pre-
dictions will be presented in Sect. 4.5, while other predictions
and detailed comparison with experimental data are provided
in Ref. [515,582,583]. In summary, this formalism provides
a robust agreement with experimental data, across diverse
probes, experiments and experimental conditions.

4.4.2 pQCD embedded in viscous hydro (POWLANG and
Duke)

The starting point of the POWLANG set-up [507] is the gen-
eration of the Q' Q pairs in elementary nucleon—nucleon col-
lisions. For this purpose the POWHEG-BOX package [48,
152] is employed: the latter deals with the initial produc-
tion in the hard pQCD event (evaluated at NLO accuracy),
interfacing it to PYTHIA 6.4 [151] to simulate the associ-
ated initial and final-state radiation and other effects, like
e.g. the intrinsic-kt broadening. In the AA case, EPS09
nuclear corrections [364] are applied to the PDFs and the
Q Q pairs are distributed in the transverse plane according
to the local density of binary collisions given by the geo-
metric Glauber model. Furthermore, a further k1 broadening
depending on the crossed nuclear matter thickness is intro-
duced, as described in Ref. [508]. Both in the pp bench-
mark and in the AA case (at the decoupling from the fire-
ball) hadronisation is modelled through independent frag-
mentation of the heavy quarks, with in-vacuum fragmen-
tation functions tuned by the FONLL authors [431]. Con-
cerning the modelling of the fireball evolution, the latter is
taken from the output of the (2 + 1)d viscous fluid dynam-
ics code of Ref. [584]. At each time step, the update of the
heavy-quark momentum according to the Langevin equation
is performed in the local rest frame of the fluid, boosting
then back the results into the laboratory frame. In setting
the transport coefficients entering into the Langevin equa-
tion, the approach adopted in Ref. [507] was to derive the
momentum broadening kT, (p) and to fix the friction coeffi-
cient np (p) so to satisfy the Einstein relation. For the former,
two different sets of values were explored: the ones from a
weak-coupling calculations described in Sect. 4.3.1 and the
ones provided by the lattice QCD calculations described in
Sect. 4.3.5. The local character of these energy-loss models
indeed allows for their implementation with fluid dynamics
as a background.

In first phenomenological studies performed with the
POWLANG set-up [507,508] hadronisation was modelled
as occurring in the vacuum, neglecting the possibility of
recombination of the heavy quarks with light thermal par-
tons from the medium. Hence no modification of the heavy
flavour spectra or hadrochemistry at hadronisation was con-
sidered, charm and beauty going into hadrons with the
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same fragmentation fractions as in the vacuum. A medium-
modified hadronisation scheme has been recently devel-
oped in Refs. [585,586]. Note that the recombination with
light thermal quarks would make the final charmed hadrons
inherit part of the flow of the medium, moving present
POWLANG results closer to the experimental data. First
numerical results [585,586] show that this is actually the
case, in particular for what concerns the elliptic flow of D
mesons at LHC and their Raa at low pt at RHIC.

In the Duke model [587], the Langevin approach was gen-
eralised by Cao, Qin and Bass in order to include the contribu-
tion of radiative energy loss, thus offering a complementary
perspective both with respect to the approach of Djordje-
vic (where static medium is considered) and to POWLANG
(where no radiative energy loss is implemented). The gener-
alised Langevin equation reads
i—f =—np(P)P+ &+ fq (53)
where fg is the semi-classical recoil force exerted on heavy
quark due to medium-induced gluon radiation. In a (Ito)-
discretised scheme, the associated recoil momentum A ﬁg
is obtain, at each time step Az, by sampling the radiated

gluon radiation spectrum ——4—, with an absolute probabil-
dxdk? dt

. .. _rt+Ar 2 dNg

ity of radiation Praq = [, dr [ dxdk; T In [587],

the “usual” stochastic forces .§ associated to the collisional
processes are chosen to be autocorrelated in time accord-
ing to (£1(1)&7(t")) = k8" 8(t — '), with a spatial diffusion
coefficient Dy = 2%2 set to %, while the gluon radiation
spectrum is computed with the pQCD higher-twist approach
[458].

The space-time evolution of the temperature and collective
flow profiles of the thermalised medium are described with a
(2+ 1)d viscous fluid dynamics [588-590]. At the end of the
QGP phase, the hadronisation of heavy quarks is modelled
with a hybrid fragmentation plus recombination scenario.
Fragmentation processes are simulated by PYTHIA 6.4 [151]
while the heavy quark coalescence with light quarks is
treated with the “sudden recombination” approach developed
in [591].

4.4.3 pQCD-inspired energy loss with running o in a
fluid-dynamical medium and in Boltzmann transport

The implementation of the microscopic models based on a
running coupling constant — described in Sect. 4.3.2 — in
the MC@ HQ and BAMPS frameworks is presented here.
In its latest version, MC@HQ couples a Boltzmann trans-
port of heavy quarks to the (3 + 1)d ideal-fluid-dynamical
evolution from EPOS?2 initial conditions. In its integral ver-
sion, which includes the hadronic final-state interactions, the
EPOS2 model describes very well a large variety of observ-

ables measured in the light-flavour sector in nucleus—nucleus,
proton—nucleus and proton—proton collisions at RHIC and
LHC [264,592-594]. Therefore, it provides as a reliable
description of the medium from which the thermal scattering
partners of the heavy quarks are sampled. Due to the fluctuat-
ing initial conditions of the fluid dynamics, the heavy-quark
evolution can be treated in an event-by-event set-up. Initially,
the heavy quarks are produced at the spatial scattering points
of the incoming nucleons with a momentum distribution
from either FONLL [41,44,595] or MC@NLO [47,153].
The latter combines next-to-leading order pQCD cross sec-
tions with a parton shower evolution, which provides more
realistic distributions for the initial correlations of heavy
quark—antiquark pairs than the back-to-back initialisation
applied to single inclusive spectra obtained with FONLL. In
recent implementations [596], a convolution of the initial pt
spectrum was applied in order to include (anti-)shadowing
at (high) low pr in central collisions at the LHC according
to the EPS09 nuclear shadowing effect [364]. After propaga-
tion in the deconfined medium heavy quarks hadronise at a
transition temperature of 7 = 155 MeV, which is well in the
range of transition temperatures given by lattice QCD calcu-
lations [597]. As described in [529], hadronisation of heavy
quarks into D and B mesons can proceed through coales-
cence (predominant at low p) or fragmentation (predomi-
nantatlarge pt). Recently, MC @ HQ+EPOS2 has also been
used to study heavy-flavour correlation observables [530]
(see Sect. 4.6) and higher-order flow coefficients [598].

In the BAMPS model [541,599], the initial heavy quark
distribution is obtained from MC@NLO [47,153] for pp
collisions through scaling with the number of binary col-
lisions to heavy-ion collisions without taking cold nuclear
matter effects into account. After the QGP evolution (that
is, after the local energy density has fallen below ¢ =
0.6 GeV/fm®) heavy quarks are fragmented via Peterson
fragmentation [600] to D and B mesons. Recombination pro-
cesses are not considered for the hadronisation.

RHIC heavy-flavour decay-electron data can be repro-
duced with only collisional interactions if their cross section
is increased by a K-factor of 3.5 [601]. With this param-
eter fixed, BAMPS predictions [601] for v, at LHC for
various heavy-flavour particles can describe the data, but
the Raa is slightly underestimated. However, the need of
the phenomenological K -factor is rather unsatisfying from
the theory perspective, especially if K is found to devi-
ate vastly from unity. Therefore, radiative processes were
recently included in BAMPS [540] and the K -factor mocking
higher-order effects abandoned.?! The ensuing predictions

21 Strictly speaking, the radiative processes include some phenomeno-
logical parameter named “X” accounting for the LPM effect and cali-
brated on the 7 production in central Pb—Pb collisions.
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are in satisfactory agreement with the data, which seems to
favour this recent development of the BAMPS model.

4.4.4 Non-perturbative T -matrix approach in a
fluid-dynamic model (TAMU) and in UrQMD
transport

The T-matrix approach for heavy-flavour diffusion through
QGP, hadronisation and hadronic matter [558,565] described
in Sect. 4.3.4 has been implemented into a fluid-dynamic
background medium [561]. The latter is based on the
(2 + 1)-dimensional ideal-fluid dynamics code of Kolb and
Heinz [602], but several amendments have been implemented
to allow for an improved description of bulk-hadron observ-
ables at RHIC and LHC [603]. First, the quasi-particle QGP
equation of state (EoS) with first-order transition has been
replaced by a lattice-QCD EoS which allows for a near-
smooth matching into the hadron-resonance gas. Second, the
initialisation at the thermalisation time has been augmented
to account for a non-trivial flow field, in particular a signifi-
cantradial flow [604]. Third, the initial energy-density profile
has been chosen in more compact form, close to a collision
profile that turns out to resemble initial states from satura-
tion models. All three amendments generate a more violent
transverse expansion of the medium, which, e.g., have been
identified as important ingredients to solve the discrepancy
between the fluid dynamics predictions and the measured
HBT radii at RHIC (the so-called HBT puzzle [605]). These
features furthermore lead to an “early” saturation of the bulk-
medium v, [603], close to the phase-transition region. Conse-
quently, multi-strange hadrons (¢, E and 27) need to freeze
out at this point to properly describe their pt spectra and
vy. This provides a natural explanation of the phenomeno-
logically well-established universal kinetic-energy scaling of
hadron v, at RHIC. For the medium evolution at LHC, an ini-
tial radial flow is phenomenologically less compelling, and
has not been included in the tune of fluid dynamics for Pb—
Pb collisions at ,/snn = 2.76 TeV, while the thermalisation
time (9 = 0.4 fm/c) is assumed to be shorter than at RHIC
(0.6 fm/c). Representative bulk-hadron observables at LHC
are reasonably well described as a function of both pt and
centrality [606].

Heavy-flavour diffusion is implemented into the fluid-
dynamical medium employing relativistic Langevin simu-
lations of the Fokker—Planck equation. The pertinent non-
perturbative transport coefficients from the heavy-light 7-
matrix in the QGP and effective hadronic theory for D mesons
in the hadronic phase are utilised in the local rest frame of the
expanding medium. The initial heavy-quark momentum dis-
tributions are taken from FONLL pQCD calculations [595],
which describe pp spectra with suitable fragmentation func-
tions. After diffusion through the QGP the HQ distributions
are converted into D/D* mesons using the resonance recom-
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bination model (RRM) [607] with pr-dependent formation
probabilities from the heavy-light T-matrices in the colour-
singlet channels. The hadronisation is carried out on the
hyper-surface corresponding to 7, = 170 MeV. The heavy
quarks that do not recombine are hadronised via the same
fragmentation function as used in pp collisions. The result-
ing D-meson distributions are further evolved through the
hadronic phase until kinetic freeze-out of the fluid-dynamical
medium. However, the distributions of Dj = (c¢5) mesons,
which do not contain any light quarks, are frozen out right
after hadronisation, in line with the early freeze-out of multi-
strange mesons.

In recent years, another model [608—610] implement-
ing the non-perturbative 7T-matrix approach described in
Sect. 4.3.4 has been put forward. It was motivated by the
necessity of a realistic description for the bulk evolution
of the fireball created in ultra-relativistic heavy-ion colli-
sions. For this purpose, a transport fluid-dynamics hybrid
model of the bulk has been developed [611]. It combines the
Ultra-relativistic Quantum Molecular Dynamics (UrQMD)
to describe the initial and final stages and ideal-fluid dynam-
ics for the intermediate stage of the evolution. In this model,
the initial collision of the two nuclei is simulated with the
UrQMD cascade model [612,613]. After a time fyux =
2R/ \/yczm — 1, (R: radius of the colliding nuclei), when the
Lorentz-contracted nuclei have passed through each other
(Vem: the Lorentz-contraction factor in the centre-of-mass
frame) the evolution is switched to a relativistic ideal-fluid
simulation using the full (3 + 1)-dimensional SHASTA algo-
rithm [614-616] by mapping the energy, baryon number, and
momenta of all particles within UrQMD onto a spatial grid.
Thermal freeze-out is assumed to occur approximately on
equal proper-time hyper-surfaces and performed in terms of
the usual Cooper—Frye prescription [617].

The diffusion of heavy quarks is described during the
fluid-dynamics stage of the simulation using a Fokker—
Planck description [531,560,618-623] (“Brownian motion”)
employing a Monte-Carlo implementation of the relativis-
tic Langevin approach, with quark-Q (light-quark—heavy-
quark) drag and diffusion coefficients calculated as explained
in Sect. 4.3.4.2% The elastic gluon—Q interaction is computed
using a leading-order pQCD cross section [369] with a Debye
screening mass of mp, = gT in the gluon propagators,
which regularises the 7-channel singularities in the matrix
elements. The strong coupling constant is set to the constant
value oy = g2/(4m) = 0.4.

Heavy-quark production is evaluated perturbatively on
the time-dependent background by UrQMD/hybrid. A first

22 An alternative consists in using an effective model for quark- Q scat-
tering via D-meson-like resonance excitations in the QGP based on
heavy-quark effective theory (HQET) and chiral symmetry in the light-
quark sector [620].
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UrQMD run is used to determine the collision coordinates of
the nucleons within the nuclei according to a Glauber initial-
state geometry. The corresponding space-time coordinates
are saved and used in a second full UrQMD run as possible
production coordinates for the heavy quarks. The initial pt
distributions of heavy quarks at /s = 200 GeV is an ad hoc
parametrisation, such that the decay-electron pr distribution
from the calculation describes the distribution measured in pp
collisions at RHIC [560,622]. For LHC energy, heavy-quark
pr distributions obtained from the PYTHIA event generator
are used. Finally, at freeze-out temperature the heavy quarks
decouple and are hadronised either via Peterson [600] frag-
mentation or coalescence.

4.4.5 Lattice-QCD embedded in viscous fluid dynamics
(POWLANG)

In the POWLANG framework (see Sect. 4.4.3) a set of diffu-
sion coefficients x provided by the lattice QCD calculations
and described in Sect. 4.3.5 was also implemented.

The main limitation of the lattice QCD approach, provid-
ing in principle a non-perturbative result, is the absence of any
information on the momentum dependence of «. The authors
of POWLANG make the choice of keeping « constant. On
the contrary, in the weak-coupling pQCD calculation the lon-
gitudinal momentum broadening coefficient k1 (p), although
starting from a much lower value than the 1-QCD one, dis-
plays a steep rise with the heavy-quark momentum, which
for high enough energy makes it overshoot the lattice-QCD
result, taken as constant. Experimental data on the Raa of D
mesons and heavy-flavour decay electrons seem to favour an
intermediate scenario.

4.4.6 AdS/CFT calculations in a static fireball

In the model of Refs. [624,625], FONLL [44] provides both
the heavy-flavour production and the fragmentation to D and
B mesons. The medium is described with a static fireball
with a transverse profile T (X, 1) Ppart ()'c')r_l/3 based
on the Glauber model. The energy loss of a heavy quark
propagating through the plasma is then given by the AdS/CFT
drag derivation, Eq. (51), starting at an early thermalisation
time 79 = 0.6 fm and continuing until 7 = Thadronisation =
160 MeV. Path lengths are sampled through a participant
transverse density distribution taking into account the nuclear
diffuseness.

It is non-trivial to connect the parameters of QCD to those
of the SYM theory in which the AdS/CFT derivations were
performed. Two common prescriptions [573] for determining
the parameters in the SYM theory are to take: (i) asyy = oy
and TSYM = TQCD or (ii) )\SYM = 5.5 and e€SsYM = €QCD
(and hence Tsyy = Tocp /31/ 4). In the first prescription,
the SYM coupling is taken equal to the QCD coupling and

the temperatures are equated. In the second prescription, the
energy densities of QCD and SYM are equated and the cou-
pling is fitted by comparing the static quark—antiquark force
from AdS/CFT to lattice results.

Comparing with RHIC data, the pure drag energy loss is
qualitatively consistent with electrons from the semi-leptonic
decays of heavy mesons [420,469]. In the RHIC calculation,
the proportionality constant between the medium tempera-
ture and the Glauber participant density is set in such a way
that, in the Stefan—Boltzmann limit, the rapidity density of
gluons in the medium is dN,/dy = 1000, which is similar
to that required by perturbative energy-loss calculations and
is not too different from the entropy one expects from the
measured hadronic multiplicity [519]. With that proportion-
ality constant fixed, predictions for the suppression at LHC
are performed assuming that the temperature of the medium
scales with the measured hadronic multiplicity [626].

The kinematic range of applicability of the model can be
estimated through the pr scale at which including momen-
tum fluctuations becomes important. By comparing the
momentum lost to drag to the potential momentum gain of
the fluctuations, one expects that momentum fluctuations

2
become important at a scale ycﬁf = m?2 /4 T?. One can
see from above that the speed limit at which the entire cal-
culational framework breaks down, Vciilf’ is parametrically

in A smaller than ycfif 2; however, numerically for the finite
values of A phenomenologically relevant at RHIC and LHC
Vc?if ’ < VciiLt' In particular, one expects non-trivial correc-
tions to the drag results for e* and D mesons from open heavy
flavour for pt < 4-5 GeV/c. Other calculations [621,627]
have attempted to include the effect of fluctuations; however,
their diffusion coefficients were set by the Einstein relations
and not those derived from AdS/CFT (recall that the derived
diffusion coefficients are qualitatively different from those
based on the fluctuation—dissipation theorem except in the
limit of v = 0).

4.5 Comparative overview of model features and
comparison with data

The theoretical models described in the previous sections
are compared in Table 11 in terms of their “ingredients” for
heavy-quark production, medium modelling, quark—medium
interactions, and heavy-quark hadronisation.

In this section we compile a comparison of model calcu-
lations with heavy-flavour Raa and v, measurements by the
RHIC and LHC experiments.

Figure 66 shows the comparison for D mesons in Pb—Pb
collisions at ,/sxy = 2.76 TeV, measured by the ALICE
Collaboration [477,479]. The left panels show Raa in the
centrality class 0-20 %, the right panels show v; in the cen-
trality class 30-50 %. The models that include only col-
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Table 11 Comparative overview of the models for heavy-quark energy loss or transport in the medium described in the previous sections

Model Heavy-quark Medium Quark-medium Heavy-quark Tuning of medium coupling
production modelling interactions hadronisation (or density) parameter(s)
Djordjevic et al. FONLL no PDF Glauber model Rad. + coll. Fragmentation Medium temperature fixed
[511-515] shadowing nuclear overlap energy loss separately at RHIC and
no fl. dyn. finite magnetic LHC
evolution mass
WHDG FONLL no PDF Glauber model Rad. + coll. Fragmentation RHIC (then scaled with
[459,519] shadowing nuclear overlap energy loss dNcp/dn)
no fl. dyn.
evolution
Vitev et al. Non-zero-mass Glauber model Radiative energy Fragmentation RHIC (then scaled with
[422,460] VENS no PDF nuclear overlap loss in-medium dNch/dn)
shadowing ideal fl. dyn. meson
1+ 1d Bjorken dissociation
expansion
AdS/CFT FONLL no PDF Glauber model AdS/CFT drag Fragmentation RHIC (then scaled with
(HG)[624, shadowing nuclear overlap dNch/dn)
625] no fl. dyn.
evolution
POWLANG [507- POWHEG (NLO) 2 + 1d expansion Transport with Fragmentation Assume pQCD (or I-QCD
509,585,586] EPS09 (NLO) PDF with viscous fl. Langevin eq. recombination U potential)
shadowing dyn. evolution collisional
energy loss
MC@ HQ+EPOS2 FONLL EPS09 (LO) 3 + 1d expansion Transport with Fragmentation QGP transport coefficient
[528-530] PDF shadowing (EPOS model) Boltzmann eq. recombination fixed at LHC, slightly
rad. 4 coll. adapted for RHIC
energy loss
BAMPS [537- MC@NLO no PDF 3 + 1d expansion Transport with Fragmentation RHIC (then scaled with
540] shadowing parton cascade Boltzmann eq. dNch/dn)
rad. + coll.
energy loss
TAMU [491,565, FONLL EPS09 2+1d expansion Transport with Fragmentation Assume 1-QCD U potential
606] (NLO) PDF ideal fl. dyn. Langevin eq. recombination
shadowing collisional
energy loss
diffusion in
hadronic phase
UrQMD [608— PYTHIA no PDF 3+1d expansion Transport with fragmentation Assume 1-QCD U potential
610] shadowing ideal fl. dyn. Langevin eq. recombination
collisional
energy loss
Duke [587,628] PYTHIA EPS09 2+1d expansion Transport with Fragmentation QGP transport coefficient
(LO) PDF viscous fl. dyn. Langevin eq. recombination fixed at RHIC and LHC
shadowing rad. + coll. (same value)
energy loss

lisional energy loss are shown in the upper panels. These
models provide in general a good description of vy. The
original version of the POWLANG model does not exhibit
a clear maximum in v, like the other models, which could
be due to the fact that it does not include, in such a ver-
sion, hadronisation via recombination. The latter has been
recently introduced in the POWLANG model and the addi-
tional flow inherited by the D mesons from the light quarks
moves the calculations to higher values of v;. In the TAMU
model the decrease of vy towards high pr is faster than in
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the other models, which reflects a moderate coupling with the
medium, also seen in the rise of Raa of D mesons at large
pr. In this range, some of the other models over-suppress
the Raa and one observes large discrepancies between them,
which mostly originate from the medium description as well
as from the transport coefficients adopted in each model. At
low pr the models (UrQMD, BAMPS) that do not include
PDF shadowing give a Raa value larger than observed in the
data. The models that include both radiative and collisional
energy loss are shown in the central panels. All these models
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Fig. 66 Left nuclear modification factor as a function of transverse
momentum of averaged prompt D mesons in the 0-20 % most central
Pb—Pb collisions at . /sNN =2.76 TeV [477] (the filled box at Raa = 11is
the systematic uncertainty on the normalisation). Right v, as a function
of transverse momentum of D mesons in the 30-50 % centrality Pb—Pb
collisions at \/snn = 2.76 TeV [479] (the filled boxes are the systematic

provide a good description of Raa, but most of them under-
estimate the maximum of v, observed in data. This could be
due to the fact that the inclusion of radiative process reduces
the weight of collisional process, which are more effective

uncertainties on the feed-down subtraction). The results are obtained as
an average of the D?, DT and D** measurements. The results are com-
pared to model calculations implementing collisional energy loss (fop
panels), collisional and radiative energy loss (middle panels) and to
models which cannot be ascribed to the previous categories (bottom
panels)

in building up the azimuthal anisotropy. In addition, some
of these models (Djordjevic et al., WHDG, Vitev et al.) do
not include a fluid-dynamical medium (for this reason, the
Djordjevic et al. and Vitev et al. models do not provide a cal-
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Fig. 67 Nuclear modification factor as a function of transverse
momentum of DY mesons in the 0-10 % most central Au—Au colli-
sions at ./snN = 200 GeV [475]. The filled boxes at Raa = 1 are,
from left to right, the systematic uncertainties on the normalisation of

culation for v;), and none of them implements the detailed
balance reaction which is mandatory to reach thermalisa-
tion and then undergo the full drift from the medium. The
POWLANG model with I-QCD-based transport coefficient
and the AdS/CFT predictions are plotted in the lower panels.
POWLANG provides a good description of Raa, while, for
what concerns v, the results depend crucially on the way
hadronisation is described, recombination scenarios leading
to a larger elliptic flow (although still smaller than the exper-
imental data in the accessible pt range). AdS/CFT, on the
other hand, over-predicts the suppression in the full pt range
explored.

Figure 67 shows the comparison for the D? meson Raa
in Au—Au collisions at ,/snN = 200 GeV, measured by the
STAR Collaboration [475]. The models that include colli-
sional interactions in an expanding fluid-dynamical medium
(TAMU, BAMPS, Duke, MC@;HQ, POWLANG) describe
qualitatively the shape of Raa in the interval 0-3 GeV/c,
with a rise, a maximum at 1.5 GeV/c with Raa > 1, and a
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Au-Au and pp data. The results are compared to model calculations
implementing collisional energy loss (fop left), collisional and radiative
energy loss (top right) and to models which cannot be ascribed to the
previous categories (bottom left)

decrease. In these models, this shape is the effect of radial
flow on light and charm quarks. The TAMU model also
includes flow in the hadronic phase. It can be noted that these
models predict a similar bump also at LHC energy (left panels
of Fig. 66): the bump reaches Raa > 1 for the models that do
not include PDF shadowing, while it stays below Raa = 0.8
for the models that include it. The present ALICE data for
pt > 2 GeV/c do not allow one to draw a strong conclu-
sion. However, the preliminary ALICE data reaching down
to 1 GeV/c in the centrality class 0-7.5 % [488] do not favour
models that predict a bump with Raa > 1.

The comparisons with measurements of heavy-flavour
decay leptons at RHIC and LHC are shown in Figs. 68
and 69, respectively. The Raa and v, of heavy-flavour decay
electrons in Au—Au collisions at top RHIC energy, measured
by PHENIX [469] and STAR [420], are well described by
all model calculations. Note that in some of the models the
quark-medium coupling (medium density or temperature or
interaction cross section) is tuned to describe the Rap of
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Fig. 68 Left nuclear modification factor as a function of transverse
momentum of heavy flavour electrons in the 0-5 % [420] and O—
10 % [469] most central Au—Au collisions at ,/syn = 200 GeV. The
dashed band (filled box) at Raa 1 is the normalisation uncer-
tainty for STAR (PHENIX) data. Right v, as a function of transverse
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Fig. 69 Nuclear modification factor as a function of transverse
momentum of heavy flavour muons with 2.5 < y < 4 measured in
the 0—-10 % most central Pb—Pb collisions at ,/syn = 2.76 TeV [120].
The filled box at Raa = 1 is the systematic uncertainty on the normal-

momentum of heavy flavour electrons in Au—Au collisions at ,/sNy =
200 GeV [469]. The results are compared to model calculations imple-
menting collisional energy loss (top panels) and collisional and radiative
energy loss (bottom panels)
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Fig. 70 Nuclear modification factor as a function of the number of par-
ticipants of averaged prompt D mesons [477] and non-prompt J / [482]
measured in Pb—Pb collisions at ./syn =2.76 TeV compared to model
calculations implementing collisional (/eft) and collisional and radia-
tive energy loss (right). The filled box at Ran = 1 is the systematic

pions (Djordjevic et al., WHDG, Vitev et al.) or electrons
(BAMPS) at RHIC. The Raa of heavy-flavour decay muons
at forward rapidity (2.5 < y < 4), measured by ALICE
in central Pb—Pb collisions at LHC [120], is well described
by most of the models. The BAMPS model tends to over-
suppress this Raa, as observed also for the high- pt Raa of D
mesons at RHIC and LHC. The MC @ HQ model describes
the data better when radiative energy loss is not included.
In general, it can be noted that the differences between the
various model predictions are less pronounced in the case of
heavy-flavour decay lepton observables than in the case of D
mesons. This is due to the fact that the former include a pr-
dependent contribution of charm and beauty decays. In addi-
tion, the decay kinematics shifts the lepton spectra towards
low momentum, reducing the impact on Raa of effects like
PDF shadowing, radial flow and recombination.

In Fig. 70 we compile the model calculations for the cen-
trality dependence of the nuclear modification factors of D
mesons in the interval 8 < pr < 16 GeV/c and non-prompt
J/¥ mesons in the interval 6.5 < pr < 30 GeV/c, in
Pb-Pb collisions at \/snn = 2.76 TeV. All models predict
the Raa of D mesons to be lower by about 0.2-0.3 units
than that of non-prompt J /4. This difference arises from the
mass dependence of quark—medium interactions. The avail-
able published data, from the first limited-statistics Pb—Pb run
at LHC (in 2010), are reported in the figure: note that the D-
meson Raa measured by the ALICE experiment [477] corre-
sponds to the interval 6-12 GeV /c (slightly lower than that of
the calculations), while the non-prompt J /¢ Raa measured
by the CMS experiment [482] corresponds to the large cen-
trality classes 0-20 and 20—100 %. Due to the large uncertain-
ties and the large centrality intervals, the data do not allow for
a clear conclusion on the comparison with models. The pre-
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Fig. 71 Quark mass dependence of the energy loss. The nuclear mod-
ification factor of non-prompt J/ [482] measured in Pb—Pb collisions
at \/sNN = 2.76 TeV is compared to model calculations obtained in the
same way as in Fig. 70 and assuming that the b quark has the mass of
the ¢ quark

liminary ALICE [497] and CMS [494] measurements using
the higher-statistics 2011 Pb—Pb sample are well described by
the model calculations. The effect of the heavy-quark mass
on the nuclear modification factor is illustrated in Fig. 71,
where the Raa of non-prompt J/i is obtained in the Djord-
jevic et al., MC@HQ and TAMU models using the c-quark
mass value for the calculation of the in-medium interactions
of b quarks. In this case, substantially lower values of Raa
are obtained.

Finally, in Fig. 72 the nuclear modification factor of b-
tagged jets measured by the CMS Collaboration in minimum-
bias Pb—Pb collisions at ,/sx\y = 2.76 TeV is compared
with the model described at the end of Sect. 4.3.1, includ-
ing radiative and collisional energy loss. The calculation is
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Fig. 72 Nuclear modification factor as a function of transverse
momentum of b-jets measured in Pb-Pb collisions at ,/s\N =
2.76 TeV [481] compared to model calculations. For each value of g™ed,
the upper curve is the calculation with the b-quark mass and the lower
curve is the massless case. The filled box at Rapn = 1 is the systematic
uncertainty on the normalisation

shown for three values of the quark—medium coupling param-
eter g™°4 [495]. A precise measurement of this observable in
future LHC runs should allow one to constrain this parameter
to the 10 % level. In addition, an extension of the measure-
ment to transverse momenta lower than 50 GeV/c¢ should
allow one to observe the reduction of suppression due to the
mass dependence of the energy loss.

In summary, the comparison of model calculations with
currently available data from RHIC and LHC allows for the
following considerations:

e the D-meson v, measurements at LHC are best described
by the models that include collisional interactions within
a fluid-dynamical expanding medium, as well as hadro-
nisation via recombination;

e however, theoretical predictions of the Raa of D mesons
from these models are scattered, both at RHIC and LHC,
which leaves room for theoretical improvement in the
future before reliable conclusions can be drawn;

e on the contrary, the models that include radiative and
collisional energy loss provide a good description of the
D-meson Raa, but they underestimate the value of v, at
LHC;

e the models that include collisional energy loss in a fluid-
dynamical expanding medium, hence radial flow, exhibit
a bump in the low-pt D-meson Raa, which is qualita-
tively consistent with the RHIC data;

e these models predict a bump also at LHC energy, the size
of which depends strongly on the nuclear modification of
the PDFs (shadowing); the current data at LHC are not
precise enough to be conclusive in this respect;

e most of the models can describe within uncertainties the
measurements of Raa and vy for heavy-flavour decay

electrons at RHIC (in some models, the quark—medium
coupling is tuned to describe these data) and of Raa for
heavy-flavour decay muons at LHC;

e all models predict that the Raa of non-prompt J/v from
B decays is larger than that of D mesons by about 0.2-0.3
units for the pr region (~ 10 GeV/c) for which prelim-
inary data from the LHC experiments exist.

4.6 Heavy-flavour correlations in heavy-ion collisions:
status and prospects

Angular correlations of charged hadrons proved to be key
observables at RHIC and LHC energies to study energy
loss and QGP properties [629—634], providing measurements
that are complementary to single-particle observables like
the Raa and vy. Two-particle correlation distributions are
defined in terms of the (A¢, An) distance between a pr-
selected trigger particle and a (set of) associated particles,
generally with lower pr than the trigger particle. On the near
side (A¢ ~ 0), the correlations provide information on the
properties of the jet leaving the medium, while on the away
side (A¢ ~ ) they reflect the “survival” probability of the
recoiling parton that traverses the medium. Di-hadron cor-
relation measurements typically carry geometrical and kine-
matical biases [635]. Triggering on a high- pt particle tends
to favour the selection of partons produced near the surface
of the medium, which lost a small fraction of their energy
and could still fragment to hadrons at high pt (geometri-
cal bias). In addition, when comparing to the vacuum case
(pp collisions) with the same conditions on the trigger par-
ticles, one might have different contributions of quark and
gluon jets and different partonic energies in nucleus—nucleus
and pp collisions (parton and kinematical biases). Together
with single-particle measurements and fully reconstructed
jets, di-hadron correlations can constrain energy-loss mod-
els by adding information on the path length dependence of
the energy loss and the relative contributions of collisional
and radiative energy loss.

Recent works [530,539,586,610,636,637] have shown
that the azimuthal distributions of heavy quark-antiquark
pairs are sensitive to the different interaction mechanisms,
collisional and radiative. The relative angular broadening of
the Q' Q pair does not only depend on the drag coefficient
discussed above (see Sect. 4.3) but also on the momentum
broadening in the direction perpendicular to the initial quark
momentum, ( pi), which is not probed directly in the tradi-
tional Raa and vy observables. This is one of the motivation
for measuring azimuthal correlations of heavy-flavour.

The experimental challenges in measurements like D-D
correlations in heavy-ion collisions come from the recon-
struction of both the hadronic decays of the back-to-back
D mesons, which require large statistics to cope with low
branching ratios and low signal-to-background in nucleus—
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Fig. 73 Left ratio of yields in the away-side region (2.51 < ¢ < m)
to those in the shoulder region (1.25 < ¢ < 2.51) in pp and Au-Au
collisions from PHENIX [113]. Right relative uncertainty on the away-

nucleus collisions. As an alternative, correlations of D
mesons with charged hadrons (D-h), correlations of elec-
trons/muons from decays of heavy-flavour particles with
charged hadrons (e-h) and correlations of D—e, et — e,
wT — u~ and e—u pairs (where electrons and muons come
from heavy-flavour decays) can be studied. Such observables
might, however, hide decorrelation effects intrinsic to the
decay of heavy mesons. In addition, in the case of corre-
lations triggered by electrons or muons from heavy-flavour
decays, the interpretation of the results is complicated by the
fact that the lepton carries only a fraction of the momentum
of the parent meson. This makes the understanding of pp col-
lisions as baseline a very crucial aspect of these analyses (see
Sect. 2.4.2).

Heavy-flavour azimuthal correlations are being studied in
d—Au collisions at RHIC and p—Pb collisions both at RHIC
and at the LHC to understand how the presence of the nucleus
might affect the properties of heavy-flavour pair production.
The results are discussed in Sect. 3.3.2.

Measurements of heavy-flavour correlations in nucleus—
nucleus collisions were carried out at both RHIC and LHC
with e—h correlations [113,639,640] (where electrons come
from heavy-flavour decays), but the current statistics prevents
us from drawing quantitative conclusions. Such measure-
ments are expected to provide more information as regards
how the charm and beauty quarks propagate through the
hot and dense medium and how this affects and modifies
the correlation structures. In particular, PHENIX reported
a decrease of the ratio of yields in the away-side region
(2.51 < A¢ < m) to those in the shoulder region (1.25 <
A¢ < 2.51) from pp to Au—Au collisions (left panel of
Fig. 73).

Further of heavy-flavour triggered
azimuthal correlations will be promising in future data tak-
ings at both RHIC (with the new silicon tracker detectors) and
LHC (with the machine and detector upgrades). As reported

measurements
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side yield in D-h correlations as a function of the charged hadron pr
for three ranges of the D-meson transverse momenta, with the ALICE
and LHC upgrades [638]

in Fig. 73, right, the relative uncertainty on the away-side
yield in D-h correlations in central Pb—Pb collisions with
the ALICE and LHC upgrades will be ~ 15 % for low-pt D
mesons and only a few percent for intermediate/high pr.
Several theoretical works have recently addressed angu-
lar correlations of heavy-flavour particles in nucleus—nucleus
collisions [530,539,586,610,636,637]. However, none of
these approaches presently includes the interactions of D and
B mesons in the hadronic phase present in the late stages of
the system evolution. These interactions could add a fur-
ther smearing on top of QGP-induced modification of the
heavy-quark angular correlations. For the traditional Raa
and vy observables, a first step in this direction was made
in Refs. [491,641,642], with effects found of the order of
20 % at most. We now focus on a particular model in order
to illustrate the sensitivity of heavy-flavour angular correla-
tions to the type of interaction mechanism [530]. In Fig. 74
(left), the transverse momentum broadening per unit of time
is shown as a function of the initial momentum plif‘i of charm
quarks for the purely collisional and collisional plus radiative
(LPM) interactions as applied within the MC@;HQ model
(see Sect. 4.3.2). For all initial momenta, ( pi) is larger in a
purely collisional interaction mechanism. ( pi) has similar
numerical values for charm and for beauty quarks. A larger
( pi) leads to a more significant change of the initial rel-
ative pair azimuthal angle A¢ during the evolution in the
medium. This means that for a purely collisional interaction
mechanism one expects a stronger broadening of the initial
correlation at A¢ = 7, as seen in the central and right panels
of Fig. 74. In the central panel, the A¢ distribution of all ini-
tially correlated pairs is shown after hadronisation into DD
pairs. Since no cut in pr is applied, these distributions are
dominated by low-momentum pairs, while in the right panel
acutof pt > 3 GeV/c is applied. The low-momentum pairs
show the influence of the radial flow of the underlying QGP
medium, which tends to align the directions of the quark
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|| (left). Angular correlations of DD pairs in Pb—Pb collisions at LHC without (centre) and with (right) a lower momentum cut [530]

and the antiquarks toward smaller opening angles. It again
happens more efficiently for larger ( pi) of the underlying
interaction mechanism. This effect, which was called “par-
tonic wind” [643], is thus only seen for the purely collisional
interaction mechanism. A pr threshold reveals clearly the
residual correlation around A¢ ~ . Here in the purely col-
lisional scenario one sees a larger background of pairs that
decorrelated during the evolution in the QGP than for the
collisional plus radiative (LPM) scenario.

For these calculations an initial back-to-back correlation
has been assumed. Next-to-leading order processes, how-
ever, destroy this strict initial correlation already in proton—
proton collisions. Unfortunately the theoretical uncertainties
on these initial distributions are very large, especially for
charm quarks. Here, a thorough experimental study of heavy-
flavour correlations in proton—proton and proton—nucleus
collisions is very important for validating different initial
models. Also enhanced theoretical effort in these reference
systems is necessary.

4.7 Summary and outlook

The LHC Run 1 has provided a wealth of measurements
of heavy-flavour production in heavy-ion collisions, which
have extended and complemented the results from the RHIC
programme. The main observations and their present inter-
pretation are summarised in the following.

High-pt region (above 5-10 GeV/c): in this region,
heavy-flavour measurements are expected to provide infor-
mation mainly on the properties of in-medium energy loss.

e The Raa measurements show a strong suppression with
respect to binary scaling in central nucleus—nucleus col-
lisions for D mesons, heavy-flavour decay leptons and
J/¢ from B decays. The suppression of D mesons and
heavy-flavour decay leptons is similar, within uncertain-
ties, at RHIC and LHC energies. Given that a suppression
is not observed in proton(deuteron)—nucleus collisions,
the effect in nucleus—nucleus collisions can be attributed
to in-medium energy loss.

e The suppression of D mesons with average pt of about
10 GeV/c is stronger than that of J/Y/ decaying from B
mesons with similar average pt. This observation, still
based on preliminary results, is consistent with the expec-
tation of lower energy loss for heavier quarks and it is
described by model calculations that implement radia-
tive and collisional energy loss with this feature.

e The suppression of D mesons and pions is consistent
within uncertainties at both RHIC and LHC. While there
is no experimental evidence of the colour-charge depen-
dence of the energy loss, model calculations indicate that
similar Raa values can result from the combined effect
of colour-charge dependent energy loss and the softer pr
distribution and fragmentation function of gluons with
respect to ¢ quarks.

e At very high-pt (above 100 GeV/c), a similar Raa is
observed for b-tagged jets and inclusive jets. This obser-
vation is consistent with a negligible effect of the heavy
quark mass at these scales.

Low- pt region (below 5—10 GeV/c): in this region, heavy-
flavour measurements are expected to provide information on
the total production yields (and the role of initial-state effects)
and on heavy-quark in-medium dynamics (participation to
collective expansion, in-medium hadronisation effects).

e The measurements of electrons (in particular) and D
mesons at RHIC show that the total production of charm
quarks is consistent with binary scaling within uncer-
tainties of about 30—40 %. The available measurements
at LHC do not extend to sufficiently small pr to provide
an estimate of the total yields.

e The D-meson Raa at RHIC energy shows a pronounced
maximum at pt of about 1-2 GeV/c (where Raa
becomes larger than unity). This feature is not observed
in the measurements at LHC energy. Model calcula-
tions including collisional (elastic) interaction processes
in an expanding medium and a contribution of hadro-
nisation via in-medium quark recombination, as well as
initial-state gluon shadowing, describe qualitatively the
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behaviour observed at both energies. In these models the
bump at RHIC is due to radial flow and the effect on
Raa at LHC is strongly reduced because of the harder
pt distributions and of the effect of gluon shadowing.

e A positive elliptic flow v, is measured in non-central
collisions for D mesons at LHC and heavy-flavour decay
leptons at RHIC and LHC. The D-meson v, at LHC is
comparable to that of light-flavour hadrons (within uncer-
tainties of about 30 %). These measurements indicate that
the interaction with the medium constituents transfers
information as regards the azimuthal anisotropy of the
system to charm quarks. The v, measurements are best
described by the models that include collisional inter-
actions within a fluid-dynamical expanding medium, as
well as hadronisation via recombination.

The main open questions in light of these observations
are:

e Does the total charm and beauty production follow binary
scaling or is there a significant gluon shadowing effect?
This requires a precise measurement of charm and beauty
production down to zero pr, in proton—proton, proton—
nucleus and nucleus—nucleus collisions.

e Can there be an experimental evidence of the colour-
charge dependence of the energy loss? This requires a
precise comparison of D mesons and pions in the inter-
mediate pt region, at both RHIC and LHC.

e Is the difference in the nuclear modification factor of
charm and beauty hadrons consistent with the quark mass
dependent mechanisms of the energy loss? Can it pro-
vide further insight on these mechanisms (for example,
the gluon radiation angular distribution)? This requires a
precise measurement of D and B meson (or J/y from B)
Raa over a wide pt range and as a function of collision
centrality. This will also be mandatory in order to extract
the precise path-length dependence of the energy loss,
which cannot be extracted from the actual data.

e Does the positive elliptic flow observed for D mesons and
heavy-flavour decay leptons result from the charm quark
interactions in the expanding medium? Are charm quarks
thermalised in the medium? Is there a contribution (dom-
inant?) inherited from light quarks via the recombination
process? What is the contribution from the path length
dependence of the energy loss? This requires precise
measurements of the elliptic flow and of the higher-order
flow coefficients of charm and beauty hadrons over a
wide pr interval, and their comparison with light-flavour
hadrons.

e Whatis the role of in-medium hadronisation and of radial
flow for heavy quarks? This requires measurements of
Raa and vy of heavy flavour hadrons with different quark
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composition and different masses, namely D, Dy, B, By,
A¢y ey Ap.

e What is the relevance of radiative and collisional pro-
cesses in heavy quark energy loss? What is the path length
dependence of the two types of processes? This requires
precise simultaneous measurements of the Raa and v
and their comparison with model calculations. Heavy-
quark correlations are also regarded as a promising tool
in this context.

The outlook for addressing these open questions with the
future experimental programmes at RHIC and LHC is dis-
cussed in Sect. 7.

From the theoretical point of view, a wide range of mod-
els, also with somewhat different “ingredients”, can describe
most of the available data, at least qualitatively. The main
challenges in the theory sector is thus to connect the data
with the fundamental properties of the QGP and of the the-
ory of the strong interaction. For this purpose, it is important
to identify the features of the quark—medium interaction that
are needed for an optimal description of all aspects of the data
and to reach a uniform treatment of the “external inputs” in
the models (e.g. using state-of-the-art pQCD baseline, frag-
mentation functions and fluid-dynamical medium descrip-
tion, and fixing transport coefficients on those that will be
ultimately obtained from lattice calculations for finite pr).

5 Quarkonia in nucleus—nucleus collisions

Quarkonia are considered important probes of the QGP
formed in heavy-ion collisions. In a hot and deconfined
medium quarkonium production is expected to be signifi-
cantly suppressed with respect to the proton—proton yield,
scaled by the number of binary nucleon—nucleon collisions,
as long as the total charm cross section remains unmodified.>?
The origin of such a suppression, taking place in the QGP, is
thought to be the colour screening of the force that binds the
cc (bb) state [644]. In this scenario, quarkonium suppression
should occur sequentially, according to the binding energy of
each meson: strongly bound states, such as the Y (1S) or the
J/vr, should melt at higher temperatures with respect to the
more loosely bound ones, such as the xj, Y(25), or Y(3S) for
the bottomonium family or the ¥/ (2S) and the x. for the char-
monium one. As a consequence, the in-medium dissociation
probability of these states should provide an estimate of the
initial temperature reached in the collisions [645]. However,
the prediction of a sequential suppression pattern is compli-
cated by several factors. Feed-down decays of higher-mass

23 As open heavy flavour and quarkonia are produced via the same
processes, any modifications of the initial state will not modify the
yield ratio of quarkonia to open heavy flavour states.
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resonances, and of b-hadrons in the case of charmonium,
contribute to the observed yield of quarkonium states. Fur-
thermore, other hot and cold matter effects can play a role,
competing with the suppression mechanism.

On the one hand, the production of ¢ and ¢ quarks increases
with increasing centre-of-mass energy. Therefore, at high
energies, as at the LHC, the abundance of ¢ and ¢ quarks
might lead to a new charmonium production source: the
(re)combination of these quarks throughout the collision evo-
lution [646] or at the hadronisation stage [647,648]. This
additional charmonium production mechanism, taking place
in a deconfined medium, enhances the J/y yield and might
counterbalance the expected J/v suppression. Also the bb
cross section increases with energy, but, given the smaller
number of bb pairs, with respect to cc, this contribution is
less important for bottomonia even in high-,/snn collisions.

On the other hand, quarkonium production is also affected
by several effects related to cold matter (the so-called cold
nuclear matter effects, CNM) discussed in Sect. 3. For exam-
ple, the production cross section of the Q Q pair is influenced
by the kinematic parton distributions in nuclei, which are
different from those in free protons and neutrons (the so-
called nuclear PDF effects). In a similar way, approaches
based on the Colour-Glass Condensate (CGC) effective the-
ory assume that a gluon saturation effect sets in at high
energies. This effect influences the quarkonium production
occurring through fusion of gluons carrying small values
of the Bjorken-x in nuclei. Furthermore, parton energy loss
in the nucleus may decrease the pair momentum, causing a
reduction of the quarkonium production at large longitudi-
nal momenta. Finally, while the QQ pair evolves towards
the fully formed quarkonium state, it may also interact with
partons of the crossing nuclei and eventually break-up. This
effect is expected to play a dominant role only for low-,/snn
collisions, where the crossing time of the (pre)-resonant
state in the nuclear environment is rather large. On the con-
trary, this contribution should be negligible at high-,/snn,
where, due to the decreased crossing time, resonances are
expected to form outside the nuclei. Cold nuclear matter
effects are investigated in proton—nucleus collisions. Since
these effects are present also in nucleus—nucleus interactions,
a precise knowledge of their role is crucial in order to cor-
rectly quantify the effects related to the formation of hot QCD
matter.

The in-medium modification of quarkonium production,
induced by either hot or cold matter mechanisms, is usu-
ally quantified through the nuclear modification factor Raa,
defined as the ratio of the quarkonium yield in AA colli-

sions (N AQA@) and the expected value obtained by scaling the

production cross section in pp collisions (O’p%E) by the aver-
age nuclear overlap function ({Taa)), evaluated through a
Glauber model calculation [626]:

00
N
Raa = AA (54)

(Tan) x opp?
Raa is expected to equal unity if nucleus—nucleus collisions
behave as a superposition of nucleon—nucleon interactions.
This is, e.g., the case for electroweak probes (direct y, W,
and Z) that do not interact strongly [649—653]. Such a scal-
ing is assumed to approximately hold for the total charm
cross section, although an experimental verification has large
uncertainties at RHIC (=30 %) [469,475] and is still lack-
ing at the LHC (see discussion in Sect. 4). A value of Raa
different from unity implies that the quarkonium production
in AA is modified with respect to a binary nucleon—nucleon
scaling. Further insight on the in-medium modification of
quarkonium production can be obtained by investigating the
rapidity and transverse momentum dependence of the nuclear
modification factor.

The information from Raa can be complemented by the
study of the quarkonium azimuthal distribution with respect
to the reaction plane, defined by the beam axis and the impact-
parameter vector of the colliding nuclei. The second coeffi-
cient of the Fourier expansion of the azimuthal distribution,
vy, is called elliptic flow, as explained in Sect. 4. Being sen-
sitive to the dynamics of the partonic stages of heavy-ion
collisions, vy can provide details on the quarkonium pro-
duction mechanisms: in particular, J/¢ produced through a
recombination mechanism, should inherit the elliptic flow of
the charm quarks in the QGP, acquiring a positive v;.

Studies performed for thirty years, first at the SPS (/snn
= 17 GeV) and then at RHIC (,/snn = 39-200 GeV),>
have indeed shown a reduction of the J/ yield beyond the
expectations from cold nuclear matter effects (such as nuclear
shadowing and cc break-up). Even if the centre-of-mass ener-
gies differ by a factor of ten, the amount of suppression, with
respect to pp collisions, observed by SPS and RHIC experi-
ments at mid-rapidity is rather similar. This observation sug-
gests the existence of an additional contribution to J /v pro-
duction, the previously mentioned (re)combination process,
which sets in already at RHIC energies and can compen-
sate for some of the quarkonium suppression due to screen-
ing in the QGP. Furthermore, J/v suppression at RHIC is,
unexpectedly, smaller at mid-rapidity than at forward rapid-
ity (y), in spite of the higher energy density which is reached
close to y ~ 0. The stronger J/v suppression at forward-y
might be considered a further indication of the role played by
(re)combination processes. Note, however, that the rapidity
dependence of the (re)combination contribution is expected
to be rather small [654,655]. On the other hand, at RHIC ener-
gies, cold nuclear matter effects can also explain the observed
difference [64], at least partially.

24 References to experimental results are reported in Tables 12 and 13.
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Fig. 75 Left pr-y acceptance coverage of the ALICE (red) and CMS
(blue) experiments for J/v. Right pt-y acceptance coverage of the
ALICE and CMS experiments for Y (nS). Filled areas correspond the
ranges investigated in recent ALICE and CMS quarkonium publica-
tions. The hashed areas correspond to the acceptance range which can

The measurement of charmonium production is especially
promising at the LHC, where the higher energy density
reached in the medium and the larger number of cc pairs
produced in central Pb—Pb collisions (increased by a fac-
tor ten with respect to RHIC energies, see Fig. 1) should
help to disentangle suppression and (re)combination scenar-
ios. Furthermore, at LHC energies also bottomonium states,
which were barely accessible at lower energies, are abun-
dantly produced. Bottomonium resonances should shed more
light on the processes affecting the quarkonium behaviour
in the hot matter. The Y mesons are, as previously dis-
cussed, expected to be less affected by production through
(re)combination processes, due to the much smaller abun-
dance of b and b quarks in the medium with respect to
¢ and ¢ (in central Pb—Pb collisions at LHC energies, the
number of cc is a factor ~20 higher than the number of bb
pairs). Furthermore, due to the larger mass of the b quark,
cold nuclear matter effects, such as shadowing, are expected
to be less important for bottomonium than for charmonium
states.

The four large LHC experiments (ALICE, ATLAS, CMS,
and LHCb) have carried out studies on quarkonium produc-
tion either in Pb—Pb collisions at \/snn = 2.76 TeV? or in
p-Pb collisions at /sy = 5.02 TeV. Quarkonium produc-
tion has also been investigated in pp interactions at /s =
2.76, 7 and 8 TeV. The four experiments are characterised
by different kinematic coverages, allowing one to investigate
quarkonium production in |y| < 4, down to zero transverse
momentum.

25 References to experimental results are reported in Table 14.
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potentially be covered by the experiments. In fact, while the high-pr
reach in ALICE is limited by statistics, the low-pt J/v coverage by
CMS is limited by the muon identification capabilities, affected by the
large background in Pb—Pb collisions

ATLAS and CMS are designed to measure quarkonium
production by reconstructing the various states in their
dimuon decay channel. They both cover the mid-rapidity
region: depending on the quarkonium state under study and
on the pr range investigated, the CMS rapidity coverage
can reach up to |y| < 2.4, and a similar y range is also
covered by ATLAS. ALICE measures quarkonium in two
rapidity regions: at mid-rapidity (]y| < 0.9) in the dielectron
decay channel and at forward rapidity (2.5 < y < 4) in the
dimuon decay channel, in both cases down to zero transverse
momentum. LHCb has taken part only in the pp and p—A LHC
programmes during Run 1 and their results on quarkonium
production, reconstructed through the dimuon decay chan-
nel, are provided at forward rapidity (2 < y < 4.5), down
to zero pr. As an example, the pT-y acceptance coverages
of the ALICE and CMS experiments are sketched in Fig. 75
for J/y (left) and Y (right).

In Tables 12, 13 and 14, a summary of the charmonium
and bottomonium results obtained in AA collisions by the
SPS, RHIC, and LHC experiments are presented, respec-
tively.

This section is organised as follows. In the first part, a
theoretical overview is presented, in which the sequential
suppression pattern of quarkonia and the lattice calculations
are introduced. Other effects, such as modifications of the
parton distribution functions inside nuclei and their influ-
ence on nucleus—nucleus collisions are discussed. Along with
the suppression, the enhancement of quarkonia is also con-
sidered through two different approaches to (re)generation:
the statistical hadronisation model and transport models. In
the context of bottomonium studies, non-equilibrium effects
on quarkonium suppression in the anisotropic hydrodynamic
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Table 12 Quarkonium results obtained in AA at SPS. The nucleon—nucleon energy in the centre-of-mass frame (,/sNN), the covered kinematic

range, the probes and observables are reported

Probe Colliding system  /snn (GeV)  y pt (GeV/c)  Observables References
NA38
/v S-U 17.2 O<y<l pr>0 03/y» 03/ / ODrell—Yan (CENL.) [656]
¥ (2S) Oy (28)s Oy (2S)/ ODrell—Yan (CENL.)
NASO
I/ Pb-Pb 17.2 O<y<l1l pr>0 Yield(pr), o3y and 03,y /0Drell—Yan (cent.) [657-663]
¥ (2S) Yield(pr), 0 (25)/ODrell- Yan and oy(2s5)/03/y (cent.)  [661,664]
NA60
I/ In-In 17.2 O<y<l1l pr>0 07/ /ODrell—Yan (cent.) [236,665]
Polarisation [236]

Table 13 Quarkonium results obtained in AA from RHIC experiments. The experiment, the probes, the collision energy (,/snn), the covered

kinematic range and the observables are indicated

Probe Colliding system /3NN (GeV) y pt (GeV/c) Observables References
PHENIX
I/ Au-Au 200 12 <yl <22 pr >0 Yield and Raa (cent., pr, y) [666-668]
[y| <0.35
0<pr<5 v2(pT, ¥) [669]
12 <yl <22 [670]
Cu—Cu 1.2 < |yl <22 pr >0 Yield and Rap (cent., pr, y) [671]
[y| <0.35
Cu-Au 12 <yl <22 Yield and Raa (cent., y) [672]
uU-u 193 12 <yl <22 pr >0 Raa (cent.) [673]
Au-Au 62.4 Yield(cent., p1), Raa(cent.) [674]
39
T (1S+2S+3S) 200 |y] <0.35 Yield, Raa(cent.) [675]
STAR
I/ Au-Au 200 ly] <1 pr >0 Yield and Raa (cent., pt) [239,676]
vy (cent., pr) [677]
Cu-Cu Yield and Raa (cent., pt) [277,676]
uU-u 193 Raa(pr) [678]
Au-Au 62.4 Yield, Raa(cent., pr)
39
T(1S) 200 o and Rpa (cent.) [323]
T (1S+2S+3S) Raa (cent.)
U-u 193 [678]

framework are also discussed. Finally, the collisional disso-
ciation model and the comover interaction model are briefly
introduced.

In the second part, experimental quarkonium results are
reviewed. The recent LHC results, starting with a brief dis-
cussion on the quarkonium production cross sections in pp
collisions as necessary references to build the nuclear modi-
fication factors, are presented. The description of the experi-
mental Raa results for J /¢ production, both at low and high
pr is then addressed. The LHC results are compared to those
at RHIC energies and to theoretical models. A similar dis-

cussion is also introduced for the J/1 azimuthal anisotropy.
Results obtained at RHIC from variations of the beam energy
and collision system are also addressed. The charmonium
section is concluded with a discussion of 1(2S) production.
Next, the bottomonium results on ground and excited states
at RHIC and LHC energies are discussed.

Finally, other possible references for the quarkonium
behaviour in nucleus—nucleus collisions, namely proton—
nucleus collisions and open heavy flavour, production are
discussed.
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Table 14 Quarkonium results obtained in AA from LHC experiments. The experiment, the probes, the collision energy (,/snN), the covered

kinematic range and the observables are indicated

Probe Colliding system VNN (TeV) y pt (GeV/c) Observables References
ALICE
I/ Pb-Pb 2.76 ly] < 0.9 pr >0 Raa (cent., pT) [480,679]
25<y<4 pr >0 Rana(cent., pr, y) [679,680]
0<pr<10 vy (cent., pt) [681]
¥(28) pr <3 YRR (cent.) [682]
3<pr<8
Y(1S) pr >0 Raa(cent., y) [683]
ATLAS
I/ Pb-Pb 2.76 Inl <2.5 pr 2 6.5 Rcp(cent.) [684]
CMS
J/¢ (prompt) Pb-Pb 2.76 ly] <2.4 6.5 < pr <30 Yield and Raa (cent., prt, y) [482]
vy (cent., pr, y) [685]
1.6 <l|y| <24 3<pr<30
[y| < 1.2 6.5 < pr <30 Yield and Raa [482]
12 < |yl < 1.6 55 < pr <30
1.6 <|yl <24 3<pr <30
¥(2S) (prompt) 1.6 <yl <24 3<pr<30 R, W%(cem.) (686]
ly] < 1.6 6.5 < pr <30
T(1S) ly] <2.4 pr >0 Yield and Raa (cent., prt, y) [482]
T (nS) ly] <2.4 pr >0 Raa (cent.) [687,688]
(Nv@s)/Nx(1s))Pb—Pb (cent.) [268]

(Nx@2s)/Nv1(18))pp

5.1 Theory overview
5.1.1 Sequential suppression and lattice QCD

Historically, the large masses of charm and beauty quarks
provide the basis for a quarkonium spectroscopy through
non-relativistic potential theory, introducing a confining
potential in terms of a string tension [437].

The QGP consists of deconfined colour charges, so that the
binding of a Q Q pair is subject to the effect of colour screen-
ing which limits the range of strong interactions. Intuitively,
the fate of heavy quark bound states in a QGP depends on the
size of the colour screening radius rp (which is inversely pro-
portional to the temperature, so that it decreases with increas-
ing temperature) in comparison to the quarkonium binding
radius rp: if rp > rg, the medium does not really affect
the heavy quark binding. Once rp < rg, however, the two
heavy quarks cannot “see’ each other any more and hence the
bound state will melt. It is therefore expected that quarkonia
will survive in a QGP through some range of temperatures
above T, and then dissociate once T becomes large enough.
Recent studies have shown that the Debye-screened poten-
tial develops an imaginary part, implying a class of thermal
effects that generate a finite width for the quarkonium peak
in the spectral function. These results can be used to study

@ Springer

quarkonium in a weakly coupled Quark Gluon Plasma within
an Effective Field Theories (EFT) framework [689]. On the
other hand lattice-QCD enables ab initio study of quarko-
nium correlation functions in the strongly coupled regime.
The sequential dissociation scenario is confirmed by all these
approaches [64].

In vacuum, progress in lattice calculations and effective
field theories have turned quarkonium physics into a power-
ful tool to determine the heavy-quark masses and the strength
of the QCD coupling, with an accuracy comparable to other
techniques. The measurements of quarkonia in heavy-ion
collisions provide quantitative inputs for the study of QCD
at high density and temperature, providing an experimen-
tal basis for analytical and lattice studies to extract the in-
medium properties of heavy-flavor particles and the implica-
tions for the QCD medium [64,690-692].

Finite-temperature lattice studies on quarkonium mostly
consist of calculations of spectral functions for temperatures
in the range explored by the experiments. The spectral func-
tion p(w) is the basic quantity encoding the equilibrium
properties of a quarkonium state. It characterises the spec-
tral distribution of binding strength as a function of energy w.
Bound or resonance states manifest themselves as peaks with
well-defined mass and spectral width. The in-medium spec-
tral properties of quarkonia are related to phenomenology,
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Table 15 Mass, binding energy and radius for charmonia and bottomonia [437]

State Iy Xc(1P) ¥(2S) T(1S) xu(1P) T(2S) x5(2P) T(3S)
Mass (GeV/c?) 3.07 3.53 3.68 9.46 9.99 10.02 10.26 10.36
Binding (GeV) 0.64 0.20 0.05 1.10 0.67 0.54 0.31 0.20
Radius (fm) 0.25 0.36 0.45 0.14 0.22 0.28 0.34 0.39

since the masses determine the equilibrium abundances, their
inelastic widths determine formation and destruction rates (or
chemical equilibration times) and their elastic widths affect
momentum spectra (and determine the kinetic equilibration
times).

Spectral functions play an important role in understand-
ing how elementary excitations are modified in a ther-
mal medium. They are the power spectrum of autocorre-
lation functions in real time, hence provide a direct infor-
mation on large time propagation. In the lattice approach
such real-time evolution is not directly accessible: the the-
ory is formulated in a four-dimensional box — three dimen-
sions are spatial dimensions, the fourth is the imaginary
(Euclidean) time 7. The lattice temperature 77, is realised
through (anti)periodic boundary conditions in the Euclidean
time direction — 7;, = 1/N;, where N is the extent of
the time direction, and can be converted to physical units
once the lattice spacing is known. The spectral functions
appear now in the decomposition of a (zero-momentum)

Euclidean propagator G(t): G(1) = fooo p(w)‘zl—j‘r’ K(t, w),

. —oT —w(l/T-1)
with K (7, w) = (el':*w”) The t dependence of the

kernel K reflects the periodicity of the relativistic propa-
gator in imaginary time, as well as its 7 symmetry. The
Bose-Einstein distribution, intuitively, describes the wrap-
ping around the periodic box, which becomes increasingly
important at higher temperatures.

The procedure is, then, based on the generation of an
appropriate ensemble of lattice gauge fields at a tempera-
ture of choice, on the computation on such an ensemble of
the Euclidean propagators G (t), and on the extraction of the
spectral functions. All such quarkonium studies yield quali-
tatively the same result: a given quarkonium state melts at a
temperature above, or possibly at, the phase-transition tem-
perature. There is, however, disagreement between differ-
ent calculations in the precise temperatures for the follow-
ing reasons. First, experience with lattice calculations has
demonstrated that it is extremely important to have results
in the continuum limit, and with the proper matter content.
This means that the masses of the dynamical quark fields
which are used in the generation of the gauge ensembles
must be as close as possible to the physical ones, and the
lattice spacing should be fine enough to allow for making
contact with continuum physics. These systematic effects,
which have been studied in detail for bulk thermodynam-
ics, are still under scrutiny for the spectral functions. Sec-

ond, the calculation of spectral functions using Euclidean
propagators as an input is a difficult, possibly ill-defined,
problem. It has been mostly tackled by using the Maximum
Entropy Method (MEM) [693], which has proven successful
in a variety of applications. Recently, an alternative Bayesian
reconstruction of the spectral functions has been proposed in
Refs. [694,695] and applied to the analysis of configurations
from the HotQCD Collaboration [696].

Most calculations of charmonium spectral functions have
been performed in the quenched approximation — neglect-
ing quark loops —, although recently the spectral functions
of the charmonium states have been studied as a function of
both temperature and momentum, using as input relativis-
tic propagators with two light quarks [697,698] and, more
recently, including the strange quark, for temperatures rang-
ing between 0.76 and 1.9 T,.. The sequential dissolution of
the peaks corresponding to the S- and P-wave states is clearly
seen. The results are consistent with the expectation that char-
monium melts at high temperature, however, as of today they
lack quantitative precision and control over systematic errors.

The survival probability for a given quarkonium state
depends on its size and binding energy (see Table 15 for
details®). Hence the excited states will be dissolved at a
lower initial temperature than the more tightly bound ground
states. However, only a fraction (about 60 %) of the observed
J/yr is a directly produced (1S) state, the remainder is due to
the feed-down of excited states, with about 30 % from x.(1P)
and 10 % from ¥ (2S) decays [699,700]. A similar decay
pattern arises for Y production [200,203,207,209,441]. The
decay processes occur far outside the produced medium, so
that the medium affects only the excited states. As a result,
the formation of a hot deconfined medium in nuclear colli-
sions will produce a sequential quarkonium suppression pat-
tern [701], as illustrated in Fig. 76. Increasing the energy
density of the QGP above deconfinement first leads to ¥ (2S)
dissociation, removing those J/vr’s which otherwise would
have come from 1(2S) decays. Next the x. melts, and only
for a sufficiently hot medium also the direct J /¢ disintegrate.
For the bottomonium states, a similar pattern holds [702—
705].

26 Note that in this Table the calculation of the binding energies and
radii of the quarkonium states is made with an arbitrary potential model
with arbitrary parameters, so they do not correspond to the experimental
masses of quarkonia but are model dependent. These values are to be
taken as an illustration of the expected Debye screening ordering.
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Fig. 76 Sequential quarkonium suppression for J /v (left) and Y (1S) (right) states [701]

5.1.2 Effect of nuclear PDFs on quarkonium production in
nucleus—nucleus collisions

The predictions for quarkonium suppression in AA colli-
sions, considering only modifications of the parton densities
in the nucleus, the so-called nuclear PDFs, are described in
this subsection. There are other possible cold matter effects
on quarkonium production in matter in addition to shad-
owing: break-up of the quarkonium state due to inelastic
interactions with nucleons (absorption) or produced hadrons
(comovers) and energy loss in cold matter, as discussed in
Sect. 3. The mid-rapidity quarkonium absorption cross sec-
tion for break-up by nucleon interactions decreases with
centre-of-mass energy [399,408], becoming negligible at
LHC energies. In addition, cold matter suppression due to
energy loss does not have a strong rapidity dependence. Thus,
shadowing is expected to be the dominant cold matter effect
in what concerns the modification of the shape of the quarko-
nium rapidity distribution. It will also produce a relatively
small effect on the shape of the quarkonium prt distribution
at low pr.

Figure 77 shows the results for the dependence of shad-
owing on rapidity, transverse momentum, and centrality are
shown for J /4 and Y production in Pb—Pb collisions at ,/sNn
= 2.76 TeV, neglecting absorption. Results obtained in the
colour evaporation model (CEM) at next-to-leading order
(NLO) in the total cross section (leading order in pr) are dis-
cussed first, followed by results from a leading-order colour
singlet model (CSM) calculation.

The CEM calculation was described in Sect. 3. Here only
a few pertinent points are repeated. In the CEM, the quarko-
nium production cross section in pp collisions is some frac-
tion, Fg, of all Q@ pairs below the H H threshold where H
is the lowest-mass heavy-flavour hadron,

CEM
GPbe—>d>+X[\/E]

1 1
= A2 F¢2A d§/0 dxi/O dx; R,Pb(x,-,u%)
i,j

X fi(xis wi) R, ) fi(xjs i) T 645 o0 x
(55)

2
4my

2
mQ

X[§, 1%, n2l,

@ Springer

where ij = qq or gg and 61.]._)Q§+X is the ij — QQ
sub-process cross section at centre-of-mass energy §, while
J is an appropriate Jacobian with dimension 1/5. The
normalisation factor Fg is fitted to an appropriate subset
of the available data, restricting the fits to measurements
on light nuclear targets to avoid any significant cold mat-
ter effects. For the J/¥ and Y results shown here, the
normalisation Fg is based on the same central mass and
scale parameter values as those obtained for open charm,
(Me, up/me, ur/me) = (1.27GeV/c?, 2.1, 1.6) [169],
and beauty, (my, jup/mp, g/ mp) = (4.65GeV/c?, 1.4,1.1)
[365]. The mass and scale uncertainties on the CEM calcu-
lation are shown in the previous section. They are smaller
than those due to the uncertainties of the EPS09 shadowing
parametrisation [364]. All the CEM calculations are NLO
in the total cross section and assume that the intrinsic k1
broadening is the same in Pb—Pb as in pp.

The upper left-hand panel of Fig. 77 shows the uncertainty
in the shadowing effect on J/y due to the variations in the
30 EPS09 NLO sets [364] (red). The uncertainty band cal-
culated in the CEM at LO with the EPS09 LO sets is shown
for comparison (blue). It is clear that the LO results exhibit
a larger shadowing effect. This difference between the LO
results, also shown in Ref. [363], and the NLO calculations
arises because the EPS09 LO and NLO gluon shadowing
parametrisations differ significantly at low x [364].

In principle, the shadowing results should be the same
for LO and NLO. Unfortunately, however, the gluon modi-
fications, particularly at low x and moderate Q2 are not yet
sufficiently constrained. The lower left panel shows the same
calculation for Y production. Here, the difference between
the LO and NLO calculations is reduced because the mass
scale, as well as the range of x values probed, is larger. Dif-
ferences in LO results relative to, e.g., the colour singlet
model arise less from the production mechanism than from
the different mass and scale values assumed, as we discuss
below.

It should be noted that the convolution of the two nuclear
parton densities results in a ~20 % suppression at NLO for
|y| < 2.5 with a mild decrease in suppression at more for-
ward rapidities. The gluon anti-shadowing peak at | y| ~ 4 for
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Fig. 77 The nuclear modification factor Raa for J/v (upper) and YT
(lower) production, calculated in the CEM model using the EPS09 mod-
ifications [364], is shown for Pb—Pb collisions at ,/sxn =2.76 TeV. The
results are presented as a function of rapidity (left) and pr (right) [363].

J/¢ and |y| ~ 2 for Y with large x in the nucleus is mitigated
by the shadowing at low x in the opposite nucleus with the
NLO parametrisation. The overall effect due to NLO nPDFs
in both nuclei is a result with moderate rapidity dependence
andR V'~ 0.7 for [y] <5andR A ~ 0.84 for |y| < 3.
The nPDF effect gives more suppress1on at central rapidity
than at forward rapidity, albeit less so for the LHC energies
than for RHIC where the anti-shadowing peak at /snn =
200 GeV is at |y| ~ 2. The difference between the central
value of Raa at LO and NLO is ~30 % for the J/y and
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The dashed red histogram shows the EPS09 NLO uncertainties. The
blue curves show the LO modification and the corresponding uncer-
tainty band as a function of rapidity only

~10 % for the Y. If a different nPDF set with LO and NLO
parametrisations, such as nDSg [367], is used, the difference
between LO and NLO is reduced to a few percent since the
difference between the underlying LO and NLO proton par-
ton densities at low x is much smaller for nDSg than for
EPSO09 [707].

The uncertainty is larger in the LO CEM calculation for
several reasons. First and foremost is the choice of the under-
lying proton parton densities. If the x and Q? dependence at
LO and NLO is very different, the resulting nuclear parton
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Fig. 78 1/ rapidity (left) and pt dependence (right) of the EKS98
LO and nDSg LO shadowing corrections performed using the CSM
model according to [432,706] in Pb—Pb collisions at ,/snn =2.76 TeV.

densities will reflect this [707]. Other factors play a smaller
role. For example, the x values in the 2 — 1 kinematics at
LO is somewhat lower than the 2 — 2 and 2 — 3 kinematics
(for the LO+virtual and real NLO contributions respectively)
of the NLO CEM calculation. Next, the pr scale enters in
the complete NLO calculation where it does not in the LO,
leading to both a slightly larger x value for higher pr as well
as a larger scale so that the NLO calculation is on average at
a higher scale than the LO.

The right panels of Fig. 77 show the pt dependence of the
effect at forward rapidity for J /i (upper) and Y (lower). The
effectis rather mild and increases slowly with pt. There is lit-
tle difference between the J /v and Y results for Rpy_ph(pT)
because, for pt above a few GeV, the p scale is dominant.
There is no LO comparison here because the pt dependence
cannot be calculated in the LO CEM.

However, the leading-order colour single model calcula-
tion (LO CSM) of J /v production, shown to be compatible
with the magnitude of the of the pr-integrated cross sec-
tions, is a 2 — 2 process, g + g — J/¥ + g, which has a
calculable pt dependence at LO, as in the so-called extrinsic
scheme [432].

In this approach, one can use the partonic differential cross
section computed from any 2 — 2 theoretical model that
satisfactorily describes the data down to low pt. Here, a
generic 2 — 2 matrix element which matches the pt depen-
dence of the data has been used and the parametrisations
EKS98 LO [401] and nDSg LO [367] have been employed.
The former coincides with the mid value of EPS09 LO [364].
The error bands for the EKS98 and nDSg models shown in
Fig. 78 correspond to the variation of the factorisation scale
(0.5mt < ur < 2mr).

The spatial dependence of the nPDF has been included in
this approach through a probabilistic Glauber Monte-Carlo
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The bands for the EKS98/nDSg models shown in the figure correspond
to the variation of the factorisation scale

framework, JIN [373], assuming an inhomogeneous shad-
owing proportional to the local density [370,371]. Results
are shown in Fig. 79.

5.1.3 Statistical (re)generation models

Over the past 20 years thorough evidence has been gath-
ered that production of hadrons with u, d, s-valence quarks
in heavy-ion collisions can be described using a statisti-
cal model reflecting a hadro-chemical equilibrium approach
[648,708]. Hadron yields from top AGS energy (~10 GeV)
up to the LHC are reproduced over many orders of magnitude
employing a statistical operator that incorporates a complete
hadron-resonance gas. In a grand canonical treatment, the
only thermal parameters are the chemical freeze-out temper-
ature T and the baryo-chemical potential 11, (and the fireball
volume V,in case yields rather than ratios of yields are fitted).
These parameters are fitted to data for every collision system
as a function of collision energy. The temperature initially
rises with ,/snn and flattens at a value of (159 4 2) MeV
close to top SPS energy, while the baryo-chemical potential
drops smoothly and reaches a value compatible with zero at
LHC energies. In the energy range where 7 saturates, it has
been found to coincide with the (quasi-)critical temperature
found in lattice QCD.

Deconfinement of quarks is expected in a QGP and for
heavy quarks, in particular, this has been formulated via
modification of the heavy quark potential in a process anal-
ogous to Debye screening in QED [644] (see Sect. 5.1.1).
Heavy quarks are not expected to be produced thermally but
rather in initial hard-scattering processes. Even at top LHC
energy thermal production is only a correction at maximally
the 10 % level [709]. Therefore a scenario was proposed,
in which charm quarks, formed in a high energy nuclear
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Fig. 79 J/¢ centrality dependence of the EKS98 LO and nDSg LO
shadowing corrections performed using the CSM model according
to [432,706] in Pb—Pb collisions at . /sy = 2.76 TeV. The bands for the

collision in initial hard scattering, find themselves colour-
screened, therefore deconfined in a QGP, and hadronise with
light quarks and gluons at the phase boundary [647,710,711].
At hadronisation open charm hadrons as well as charmonia
are formed according to their statistical weights and the mass
spectrum of charmed hadrons.

Since for each beam energy the values of 7" and pp, are
already fixed by the measured light hadron yields, the only
additional input needed is the initial charm production cross
section per unit rapidity in the appropriate rapidity interval.
The conservation of the number of charm quarks is intro-
duced in the statistical model via a fugacity g., where all open
charm hadron yields scale proportional to g., while charmo-
nia scale with g2 since they are formed from a charm and an
anticharm quark. A logical consequence of this is that at ener-
gies below LHC energy, where the charm yield is small, char-
monium production is suppressed in comparison to scaled pp
collisions, while for LHC energies, the charm yield is larger
and the charmonium yield is enhanced [647,710,711].

Already a comparison to first data on J /i production from
PHENIX at RHIC using a charm cross section from perturba-
tive QCD proved successful [465]. When more data became
available it was found that in particular the rapidity and cen-
trality dependence of J /¢y Raa from RHIC and the (2S) to
J/ ratio from NAS5O at the SPS were well reproduced by this
approach [712,713]. In order to treat properly the centrality
dependence, also production in the dilute corona using the
pp production cross section of J /v is considered [712,713].
While it was clear that for LHC energies larger values for
Raa of J/yr are expected than at RHIC, Raa depends lin-
early on the unknown cc cross section. Predictions for an
expected range were given in [714].

The comparison of the statistical hadronisation predic-
tions with the LHC data require the knowledge of the cc

I L 1 I I 1 I I I I 1 I
200 250 300 350 4000 50 100 150 200 250 300 350 400

Npart part

EKS98/nDSg models shown in the figure correspond to the uncertainty
in the factorisation scale

cross section. This quantity has been measured in pp colli-
sions at 4/s = 7 TeV and is then extrapolated to the lower
Pb—Pb beam energy, i.e. \/snn = 2.76 TeV. Since the cur-
rent data are for half the LHC design energy, the open charm
cross section is at the lower end of the range considered in
Ref. [714]. The uncertainty on this model prediction comes
from the uncertainty on the cc cross section and it stems
from the measurement of the cc cross section itself, ﬁ ,and
shadowing extrapolations.

As it will be discussed in Sect. 5.2.2, the statistical model
reproduces the significant increase observed, for central col-
lisions, in the J/y¥ Raa from RHIC to the LHC (see Fig.
85).

The statistical hadronisation picture, and therefore the
increase in Raa at LHC, applies to thermalised charm quarks
and, therefore, is necessarily a low pt phenomenon. This is
in line with a drop in Raa for larger pr observed in the
data. The statistical hadronisation model in itself makes no
prediction of spectra without additional input. Given a veloc-
ity distribution of the quarks at hadronisation, the spectra and
their moments are fixed. As examples in Refs. [712,713],J /v
spectra are predicted for different 7 and collective expansion
velocity of the medium at hadronisation. The narrowing of
(pr) and its root-mean-square as compared to pp collisions
in the ALICE data are in line with this expectation. A precise
measurement of the spectral shape is an important test of the
model awaiting larger data samples.

Another characteristic feature of the statistical hadronisa-
tion model is an excited state population driven by Boltzmann
factors at the hadronisation temperature. So far the only suc-
cessful test of this prediction is the ¥(2S)/J/ ratio at the
SPS. Data for ¢(2S) and yx. at LHC and RHIC will be cru-
cial tests of this model and will allow one to differentiate
between transport model predictions (see Sect. 5.1.4) and
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Fig. 80 Transport coefficients of charmonia in the QGP. Left inelas-
tic reaction rates for J/i¢ and y. in strong- (V=U) and weak-binding
(V=F) scenarios defined in the text. Right J/v equilibrium numbers
for conditions in central Pb—Pb and Au—Au at full SPS and RHIC ener-

statistical hadronisation at the phase boundary, if measured
with sufficient precision (10-20 %).

5.1.4 Transport approach for in-medium quarkonia

In the transport models, there is continuous dissociation
and (re)generation of quarkonia over the entire lifetime
of the deconfined stage. The space-time evolution of the
phase-space distribution, fg, of a quarkonium state Q =
Y (V=J/Y, xco...; Y=Y(S), xp, ...)inhot and dense
matter may be described by the relativistic Boltzmann
equation,

ploufo(r,t; p) = —E, To(F, t; p) fo(F,T; p)
+E, Bo(F.T; p) (56)

where po = E, = (ﬁz —i—sz)l/z, 7 is the proper time, and 7
is the spatial coordinate. I'g denotes the dissociation rate”’
and the gain term, B9, depends on the phase-space distri-
bution of the individual heavy (anti-)quarks, Q = c, b in
the QGP (or D, D mesons in hadronic matter). If the open
charm states are thermalised, and in the limit of a spatially
homogeneous medium, one may integrate over the spatial
and three-momentum dependencies to obtain the rate equa-
tion [466,715,716]

dNg _ el
T = Fo(T)[Ng — Ng (1)) (57)

The key ingredients to the rate equation are the transport
coefficients: the inelastic reaction rate, I'g, for both dissoci-
ation and formation — detailed balance —, and the quarkonium
equilibrium limit, Ngl(T).

The reaction rate can be calculated from inelastic scat-
tering amplitudes of quarkonia on the constituents of the
medium (light quarks and gluons, or light hadrons). The
relevant processes depend on the (in-medium) properties

27" A possible mean-field term has been neglected.
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gies, respectively, using different values of the in-medium c-quark mass
in the QGP (T > 180 MeV) and for D-mesons in hadronic matter
(T < 180 MeV); in practice the equilibrium numbers are constructed
as continuous across the transition region

of the bound state [717]. In the QGP, for a tightly bound
state (binding energy Ep > T), an efficient process is
gluo-dissociation [718], ¢ + Q@ — Q + a, where all
of the incoming gluon energy is available for break-up.
However, for loosely bound states (Ep < T for excited
and partially screened states), the phase space for gluo-
dissociation rapidly shuts off, rendering “quasi-free” disso-
ciation, p+ Q — Q + O + p (p = ¢, ¢, g), the dominant
process [717], cf. Fig. 80 (left). Gluo-dissociation and inelas-
tic parton scattering-dissociation of quarkonia have also been
studied within an EFT approach [719].

The equilibrium number densities are simply those of Q
quarks (with spin-colour and particle-antiparticle degeneracy
6 x 2) and quarkonium states (summed over including their
spin degeneracies d).

The quarkonium equilibrium number is given by:

NG = Vig Y ngmo: T, yo)
Q

d3
= Vep Y dovd / ﬁfgwp; T) (58)
Q

where Vg refers to the fireball volume, dg is the spin degen-
eracy and fg corresponds to the Bose distribution.

The open heavy-flavour (HF) number, Nop, follows from the
corresponding equilibrium densities, e.g.

d3p
Nop = Ng + Ng = Ve 12y¢ / ng(E,,; T) (59

for heavy (anti-)quarks in the QGP.

Assuming relative chemical equilibrium between all avail-
able states containing heavy-flavoured quarks at a given tem-
perature and volume of the system, the number of Q' Q pairs
in the fireball — usually determined by the initial hard produc-
tion — is matched to the equilibrium numbers of HF states,
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Fig. 81 Temperature dependence of J/ binding energy (left panel) and charm-quark mass (right panel) in the QGP in the strong- and weak-binding
scenarios [solid (V=U) and dashed lines (V=F), respectively] as implemented into the rate equation approach [723]

using a fugacity factor yg = Yo by the condition:

1 I (N
NQ@ _ _N()p 1( op)
2 IO(Nop)

+ Vi v ) ng (D). (60)
Q

The ratio of Bessel functions above, I;/ly, enforces the
canonical limit for small Nop < 1.

The quarkonium equilibrium limit is thus coupled to the
open HF spectrum in medium; e.g., a smaller c-quark mass
increases the c-quark density, which decreases y, and there-
fore reduces N;(}W’ by up to an order of magnitude for

me = 1.8 — 1.5GeV/c?, cf. Fig. 80 (right).

In practice, further corrections to N 3 are needed for more
realistic applications in heavy-ion collisions. First, heavy
quarks cannot be expected to be thermalised throughout the
course of a heavy-ion collision; harder heavy-quark (HQ)
momentum distributions imply reduced phase-space overlap
for quarkonium production, thus suppressing the gain term.
In the rate equation approach this has been implemented

through arelaxation factor R = 1—exp(— [ dz/ Tglerm) mul-

tiplying N 31’ where Igerm represents the kinetic relaxation

time of the HQ distributions [715,720]. This approximation
has been quantitatively verified in Ref. [721]. Second, since
HQ pairs are produced in essentially point-like hard colli-
sions, they do not necessarily explore the full volume in the
fireball. This has been accounted for by introducing a cor-
relation volume in the argument of the Bessel functions, in
analogy to strangeness production at lower energies [722].
An important aspect of this transport approach is a
controlled implementation of in-medium properties of the
quarkonia [715,723]. Colour-screening of the QCD potential
reduces the quarkonium binding energies, which, together
with the in-medium HQ mass, m*Q, determines the bound-
state mass, mg = 2m*Q — Ep. As discussed above, the inter-
play of mg and m7, determines the equilibrium limit, N o
while Ep also affects the inelastic reaction rate, I'g(7T'). To
constrain these properties, pertinent spectral functions have
been used to compute Euclidean correlators for charmonia,

and required to approximately agree with results from lattice
QCD [723]. Two basic scenarios have been put forward for
tests against charmonium data at the SPS and RHIC: a strong-
binding scenario (SBS), where the J/y survives up to tem-
peratures of about 2 7, and a weak-binding scenario (WBS)
with Tgiss >~ 1.2 T,, cf. Fig. 81. These scenarios are moti-
vated by microscopic T-matrix calculations [S58] where the
HQ internal (U QE) or free energy (F’ Qé) have been used as
potential, respectively. A more rigorous definition of the HQ
potential, and a more direct implementation of the quarko-
nium properties from the 7-matrix approach is warranted
for future work. The effects of the hadronic phase are gen-
erally small for J/¢ and bottomonia, but important for the
¥ (2S), especially, if its direct decay channel /(2S) — DD
is opened (due to reduced masses and/or finite widths of the
D mesons) [715,720].

The rate equation approach has been extended to com-
pute pr spectra of charmonia in heavy-ion collisions [654].
Toward this end, the loss term was solved with a three-
momentum dependent dissociation rate and a spatial depen-
dence of the charmonium distribution function, while for
the gain term blast-wave distributions at the phase transi-
tion were assumed (this should be improved in the future by
an explicit evaluation of the gain term from the Boltzmann
equation using realistic time-evolving HQ distributions; see
Ref. [724] for initial studies) [725]. In addition, formation
time effects are included, which affect quarkonium suppres-
sion at high pr [726].

To close the quarkonium rate equations, several input
quantities are required which are generally taken from exper-
imental data in pp and p—A collisions, e.g., quarkonia and
HQ production cross sections (with shadowing corrections),
and primordial nuclear absorption effects encoded in phe-
nomenological absorption cross sections. Feed-down effects
from excited quarkonia (and b-hadron decays into charmo-
nium) are accounted for. The space-time evolution of the
medium is constructed using an isotropically expanding fire-
ball model reproducing the measured hadron yields and their
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pr spectra. The fireball resembles the basic features of hydro-
dynamic models [727], but an explicit use of the latter is
desirable for future purposes.

Two main model parameters have been utilised to calibrate
the rate equation approach for charmonia using the centrality
dependence of inclusive J /¢ production in Pb—Pb collisions
at the SPS ({/snn = 17GeV) and in Au-Au collisions at
RHIC (/snn = 200 GeV): the strong-coupling constant o,
controlling the inelastic reaction rate, and the c-quark relax-
ation time affecting the gain term through the amended char-
monium equilibrium limit. With oy >~ 0.3 and Iﬁherm ~4-6
(1.5-2) fm/c for the SBS (WBS), the inclusive J/i data at
SPS and RHIC can be reasonably well reproduced, albeit with
different decompositions into primordial and regenerated
yields (the former are larger in the SBS than in the WBS). The
t!he™ obtained in the SBS is in the range of values calculated
microscopically from the 7-matrix approach using the U-
potential [558], while for the WBS it is much smaller than cal-
culated from the 7-matrix using the F-potential. Thus, from
a theoretical point of view, the SBS is the preferred scenario.

With this set-up, namely the TAMU transport model,
quantitative predictions for Pb—Pb collisions at the LHC
(/snN = 2.76 TeV) have been carried out for the central-
ity dependence and pt spectra of J/v [728], as well as for
Y(1S), x», and Y (2S) production [729].

Similar results are obtained in the transport approach THU
developed by the Tsinghua group [730,731], which differs in
details of the implementation, but overall asserts the robust-
ness of the conclusions. In the THU model, the quarkonium
distribution is also governed by the Boltzmann-type transport
equation. The cold nuclear matter effects change the initial
quarkonium distribution and heavy quark distribution at 7.
The interaction between the quarkonia and the medium is
reflected in the loss and gain terms and depends on the local
temperature 7 (7, 7) and velocity u, (¥, ), which are con-
trolled by the energy-momentum and charge conservations
of the medium, 9, 7"*" = 0 and 9,,n* = 0.

Within this approach, the centrality dependence of the
nuclear modification factor Raa can be obtained and com-
pared to experimental results at low pr. In contrast to colli-
sions at SPS and RHIC energies, at LHC energies the large
abundance of ¢ and ¢ quarks increases their combining proba-
bility to form charmonia. Hence this regeneration mechanism
becomes the dominant source of charmonium production for
semi-central and central collisions at the LHC. The compe-
tition between dissociation and regeneration leads to a flat
structure of the J/¢ yield as a function of centrality. This
flat behaviour should disappear at higher energies or, regen-
eration being a pr-dependent mechanism, with increasing
pT.

The charmonium transverse momentum distribution con-
tains more dynamic information on the hot medium and can
be calculated within the transport approach. The regeneration
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Fig. 82 Elliptic flow v, for prompt J/+ in Pb—Pb collisions at ./snn
= 2.76 TeV as predicted by the THU model. The calculation is with
impact parameter b = 8.4fm, corresponding to the 0-100 % central-
ity range. The dot-dashed, dashed and solid lines represent the initial,
regeneration, and total contributions, respectively

occurs in the fireball, and therefore the thermally produced
charmonia are mainly distributed atlow pr, their contribution
increasing with centrality. On the other hand, those charmo-
nia from the initial hard processes carry high momenta and
dominate the high pr region at all centralities. This differ-
ent pt behaviour of the initially produced and regenerated
charmonia can even lead to a minimum located at intermedi-
ate pt. Moreover, this particular pt behaviour will lead to an
evolution of the mean transverse momentum, (pr), with cen-
trality that would be higher for SPS than for LHC nuclear col-
lisions, once normalised to the corresponding proton—proton
(pt) [732,733]. At the SPS, almost all the measured J/
are produced through initial hard processes and carry high
momentum. At RHIC, the regeneration starts to play a role
and even becomes equally important as the initial produc-
tion in central collisions. At the LHC, regeneration becomes
dominant, and results in a decreasing of ( pr) with increasing
centrality.

Concerning the J/¢ elliptic flow, due to the strong inter-
action between the heavy quarks and the hot medium, the
regenerated charmonia inherit collective flow from the charm
quarks. Furthermore, primordial J/¢ might acquire a v
induced by a path-length dependent suppression. As shown
in Fig. 82, the J /v vy will, therefore, result from the interplay
of two contributions, a regeneration component, dominant at
lower pt and the primordial J/1 component that takes over
at higher pt. Hence, given the increasing regeneration frac-
tion with colliding energy, the J/ elliptic flow is expected
to become sizeable at LHC while it should be almost zero at
RHIC.

5.1.5 Non-equilibrium effects on quarkonium suppression

Since heavy quarkonium states have a short formation time
in their rest frame (< 1 fm/c), they are sensitive to the early-
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time dynamics of the QGP. As a consequence, it is neces-
sary to have dynamical models that can accurately describe
the bulk dynamics of the QGP during the first fm/c of its
lifetime. This is complicated by the fact that, at the earliest
times after the initial nuclear impact, the QGP is momentum-
space anisotropic in the local rest frame. The existence of
large QGP momentum-space anisotropies is found in both
the weak and the strong coupling limits (see e.g. Ref. [734—
737]). In both limits, one finds that the longitudinal pres-
sure, P;, = T%%, is much less than the transverse pressure,
Pr = (T** + T%Y)/2, at times smaller than 1 fm/c. During
the QGP evolution this momentum-space anisotropy relaxes
to zero, but it does so only on a time scale of several fm/c.
In addition, the momentum-space anisotropy grows larger as
one approaches the transverse edge of the QGP, where the
system is colder. The existence of such momentum-space
anisotropies is consistent with first- and second-order vis-
cous hydrodynamics; however, since these approaches rely
on linearisation around an isotropic background, it is not clear
that these methods can be applied in a far-from-equilibrium
situation. In order to address this issue, a non-perturbative
framework, called anisotropic hydrodynamics (aHYDRO),
has been developed. This framework allows the system to be
arbitrarily anisotropic [738-741].

The time-evolution provided by aHYDRO has to be folded
together with the non-equilibrium (anisotropic) quarkonium
rates. These were first considered in Refs. [742—-746] where
the effect of momentum-space anisotropy was included for
both the real and imaginary parts of potential. In this context,
the imaginary part of the potential plays the most important
role, as it sets the in-medium decay rate of heavy quarko-
nium states. The calculations of the resulting decay rates
in Ref. [746] demonstrated that these in-medium decay rates
were large with the corresponding lifetime of the states being
on the order of fm/c. In practice, one integrates the decay
rate over the lifetime of the state in the plasma as a func-
tion of its three-dimensional position in the system and its
transverse momentum. The result of this is a prediction for
the Raa that depends on the assumed shear-viscosity to
entropy density ratio (1/s) of the QGP since this ratio deter-
mines the degree to which the system remains isotropic. The
results obtained for the inclusive Y (1S) and Y (2S) suppres-
sion [747-749] have a significant dependence on the assumed
value of n/s, in particular for the inclusive Y(1S). This
ratio can be determined from independent collective flow
measurements and at the energies probed by the LHC one
finds that 4w n/s ~ 1-3 [748,750]. The upper limit of this
range seems to be compatible with the CMS data (the com-
parison will be shown in Sect. 5.2.7); however, since the
model used did not include any regeneration effects, it is
possible that the final 5/s could be a bit lower than three
times the lower bound. Furthermore, it should be pointed
out that feed-down fractions based on CDF measurements

with pr > 8 GeV/c are used [209,441], which with ~50 %
is larger than the fraction one would obtain when using the
recent xp,nP — Y (1S) measurements by LHCb that extend
to slightly lower pt [203]. In the later case the total Y (1S)
feed-down contribution is ~30 % for pt > 6 GeV/c.

5.1.6 Collisional dissociation of quarkonia from final-state
interactions

The model described in Sect. 4.3.3 can also be modified to
describe the dissociation dynamics of quarkonia in the QGP.
The model includes both initial-state cold nuclear matter
energy-loss and final-state effects, such as radiative energy
loss for the colour-octet state and collisional dissociation for
quarkonia, as they traverse the created hot medium. The
main differences with respect to the formalism discussed
in Sect. 4.3.3 are (a) that once a high- pt quarkonium is disso-
ciated, it is unlikely that it will fragment again to form a new
quarkonium, (b) the formation time is given not by fragmen-
tation dynamics but by binding energies. A self-consistent
description of the formation of a quarkonium in a thermal
QGP is a challenging problem [83] and assumes that the for-
mation time lies between 1/(2Ep) and 1/(E}p), and that the
wave function does not show significant thermal effects in
this short time.

When compared to the J/¢ Raa results, obtained by the
CMS experiment, the model is consistent with the observa-
tions for the peripheral events, but underestimates the sup-
pression for the most central events, suggesting that thermal-
isation effects on the wave functions may be substantial.

5.1.7 Comover models

The comover interaction model (CIM) was originally devel-
oped in the 1990s in order to explain both the suppression
of charmonium yields and the strangeness enhancement in
nucleus—nucleus collisions at the SPS [751-753]. It includes
the initial-state nuclear effects, the so-called nuclear shad-
owing. It takes into account the quarkonium dissociation due
to interactions with the comoving medium and the recombi-
nation of Q'Q into secondary quarkonium states. It is based
on the well-known gain and loss differential equations in
transport theory for a quarkonium state Q:

N
= (bv S, y) = —0c¢o
dr

X[Nco(bvss y)NQ(b,S, y) - NQ(b’Sv )’)Né(bs& y)],
(61)

T

as a function of impact parameter b, centre-of-mass energy
squared s, and rapidity y. The first term refers to the quarko-
nium dissociation and the second term takes care of the
recombination of Q Q into secondary quarkonium states. The
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variable o, denotes the cross section of quarkonium disso-
ciation due to interactions with the comoving medium, with
density N°°.

Assuming a dilution in time of the densities due to longi-
tudinal motion, which leads to a —! dependence on proper
time, the approximate solution of Eq. (61) gives the survival
probability:

S, s, y)
No(b,s,y)Ng(b,s,y)
= exp {—oco |:N°°(b,s, y) — Q No(b sz) :|
« In [M“ , (62)
Npp(y)

Using the inverse proportionality between proper time and
densities,i.e. Ty /19 = N°°(b, s, y)/Npp(y) — the interaction
stops when the densities have diluted, reaching the value of
the pp density at the same energy — it can be concluded that
the result depends only on the ratio 7 /7o of final over initial
time.

5.1.8 Summary of theoretical models for experimental
comparison

Different theoretical models are available for comparison.
Among them, the statistical hadronisation model, the trans-
port model, the collisional dissociation model, and the
comover model will be compared to charmonium experimen-
tal results in the next section. Their principal characteristics
can be summarised as follows.

In the statistical hadronisation model, the charm (beauty)
quarks and antiquarks, produced in initial hard collisions,
thermalise in a QGP and form hadrons at chemical freeze-
out. It is assumed that no quarkonium state survives in the
deconfined state (full suppression) and, as a consequence,
also CNM effects are not included in this model. An impor-
tant aspect in this scenario is the canonical suppression of
open charm or beauty hadrons, which determines the cen-
trality dependence of production yields in this model. The
overall magnitude is determined by the input charm (beauty)
production cross section.

Kinetic (re)combination of heavy quarks and antiquarks in
a QGP provides an alternative quarkonium production mech-
anism. In transport models, there is continuous dissociation
and (re)generation of quarkonia over the entire lifetime of
the deconfined state. A hydrodynamical-like expansion of
the fireball of deconfined matter, constrained by data, is part
of such models, alongside an implementation of the screening
mechanism with inputs from lattice QCD. Other important
ingredients are parton-level cross sections. Cold nuclear mat-
ter effects are incorporated by means of an overall effective
absorption cross section that accounts for (anti-)shadowing,
nuclear absorption, and Cronin effects.

@ Springer

The collisional dissociation model considers, in addition
to modifications of the binding potential by the QGP and
cold nuclear matter effects, radiative energy loss of the colour
octet quarkonium precursor and collisional dissociation pro-
cesses inside the QGP.

Similarly, the comover interaction model includes dissoci-
ation of quarkonia by interactions with the comoving medium
of hadronic and partonic origin. Regeneration reactions are
also included. Their magnitude is determined by the produc-
tion cross section of cc¢ pairs and quarkonium states. Cold
nuclear matter effects are taken into account by means of
(anti-)shadowing models.

Summarising:

e Statistical hadronisation assumes full suppression of pri-
mordial quarkonia and regeneration at the phase bound-
ary.

e Transport models include cold nuclear absorption, direct
suppression, and regeneration.

e Collisional dissociation models include initial-state cold
nuclear matter effects and final-state effects based on
radiative energy loss and collisional dissociation.

e Comover models include shadowing, interaction with
comoving medium, and regeneration.

In transport and comover models, at LHC energies, a large
fraction of J/¢ (>50 % in most central collisions) is pro-
duced by charm quark recombination. In the statistical hadro-
nisation model, all J/y are generated at the hadronisation
stage by purely statistical mechanisms. In order to include
(re)generation, a cross section dogg/dy ~ (0.6-0.8 mb at
mid-rapidity at ,/sxy = 2.76 TeV has been considered in
the transport and comover models. It corresponds to al;‘g
around 5 mb, which agrees with experimental data (see Fig.
1). Currently available data, however, offer only very little
constraints at 2.76 TeV due to the lack of D-meson measure-
ments at pr < 2 GeV/c in Pb—Pb collisions. The used value
is about a factor of two higher than the one used in the sta-
tistical hadronisation model. Note nevertheless that there is
no contradiction, since in the latter the initial-state shadow-
ing is not modelled. The choice of smaller cross section in
PP, dagg /dy & 0.3-0.4 mb, takes into account a shadowing
effect that reduces the charm cross section in Pb—Pb by up to
a factor of two.

In order to compare with experimental data on bottomo-
nium, also the hydrodynamical formalism assuming finite
local momentum-space anisotropy due to finite shear viscos-
ity will be considered. The main ingredients are: a screened
potential, an hydrodynamical-like evolution of the QGP, and
feed-down from higher-mass states. Neither cold nuclear
matter effects nor recombination are included.
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5.2 Experimental overview of quarkonium results at RHIC
and LHC

5.2.1 Proton—proton collisions as a reference for Raa at
the LHC

The medium effects on quarkonia are usually quantified via
the nuclear modification factor Raa, basically comparing the
quarkonium yields in AA to the pp ones. A crucial ingredient
for the Raa evaluation is, therefore, opp, the quarkonium pro-
duction cross section in pp collisions measured at the same
energy as the AA data.

During LHC Run 1, pp data at \/s = 2.76 TeV were
collected in two short data taking periods in 2011 and
2013. When the collected data sample was large enough, the
quarkonium op, was experimentally measured, otherwise an
interpolation of results obtained at other energies was made.

More in detail, the J/yr cross section (crgpw) adopted by
ALICE for the forward rapidity Raa results is based on the
2011 pp data taking. The Lip = 19.9 nb~! integrated lumi-
nosity, corresponding to 1364 & 53 J /v reconstructed in the
dimuon decay channel, allows for the extraction of both the
integrated as well as the pr and y differential cross sec-
tions [412]. The statistical uncertainty is 4 % for the inte-
grated result, while it ranges between 6 and 20 % for the dif-
ferential measurement. Systematic uncertainties are ~8 %.
The collected data (Line = 1.1 nb~1) allow for the evalua-
tion of a;léw also in the ALICE mid-rapidity region, where
J/yr are reconstructed through their dielectron decay. The
measurement is, in this case, affected by larger statistical
and systematic uncertainties, of about 23 and 18 %, respec-
tively. Therefore, the agéw reference for the Raa result at
mid-rapidity was obtained performing an interpolation based
on mid-rapidity results from PHENIX at /s =0.2 TeV [411],
CDFat /s =1.96 TeV [414], and ALICE at /s = 2.76 [412]
and 7 TeV [413]. The interpolation is done by fitting the data
points with several functions assuming a linear, an expo-
nential, a power law, or a polynomial /s-dependence. The
resulting systematic uncertainty is, in this case, 10 %, i.e.
smaller than the one obtained directly from the data at /s =
2.76 TeV.

The J/v pp cross section used as a reference for the
Raa measurements obtained by CMS is based on the results
extracted from the data collected at /s = 2.76 TeV in
2011, corresponding to an integrated luminosity Liy =
231 nb~! [482]. The number of prompt and non-prompt J /1
in the range |y| < 2.4 and 6.5 < pt < 30 GeV/c are
830 £ 34 and 206 = 20, respectively. The systematic uncer-
tainty on the signal extraction varies between 0.4 and 6.2 %
for prompt J/4 and 5 and 20 % for non-prompt J /1. Since
the adopted reconstruction procedure is the same in pp and
Pb-Pb collisions, many of the reconstruction-related system-
atic uncertainties cancel when Rap is computed.

Table 16 Overview of the pp datasets and approaches adopted for the
evaluation of the opp production cross section for the quarkonium states
under study

ALICE CMS

o;éw from pp data at /s =
2.76 TeV

I/ Forward-y: ogéw from pp
data at /s =2.76 TeV

Mid-y: a%w from

interpolation of ALICE,
CDF and PHENIX data

T agj from LHCb pp data at o;g from pp data at /s =
s =276 TeV + 2.76 TeV

y-interpolation

The limited size of the pp data sample at /s = 2.76 TeV
has not allowed ALICE to measure the Y cross section. The
reference adopted by ALICE for the Raa studies [683] is,
in this case, based on the pp measurement by LHCb [419].
However, since the LHCb result is obtained in a rapidity
range (2 < y < 4.5) not exactly matching the ALICE one
(2.5 < y < 4), the measurement is corrected through a
rapidity interpolation based on a Gaussian shape.

For the T Raa, CMS results are based on the pp reference
cross section extracted from pp data at /s =2.76 TeV [482].
The number of Y(1S) with |y| < 24 and 0 < pr <
20 GeV/cis 101 £ 12, with a systematic uncertainty on the
signal extraction of ~10 %.

In Table 16 the datasets and the approach adopted for the
evaluation of the pp reference are summarised.

5.2.2 J/¥r Ran results at low pr

The experiments ALICE at the LHC and PHENIX and STAR
at RHIC measure the inclusive J /v production (prompt J /v
plus those coming from b-hadron decays) in the low prt
region, down to pt = 0. STAR measures J /v reconstructed
from their ete™ decay at mid-rapidity (|y| < 1), while
PHENIX detects charmonia in two rapidity ranges: at mid-
rapidity (]y| < 0.35) in the e"e~ decay channel and at for-
ward rapidity (1.2 < |y| < 2.2) in the 4+~ decay channel.
Similarly, ALICE studies the inclusive J /1 production in the
ete™ decay channel at mid-rapidity (]y| < 0.9) and in the
wT ™ decay channel at forward rapidity (2.5 < y < 4). A
summary of the main experimental results, together with their
kinematic coverage and references, is given in Tables 13 and
14. The experiments have investigated the centrality depen-
dence of the J /1 nuclear modification factor measured in AA
collisions, i.e. Au—Au at ,/snn =200 GeV for PHENIX [668]
and STAR [676] and Pb-Pb at ./snn = 2.76 TeV in the
ALICE case [679,680]. As an example, PHENIX and ALICE
results are shown in Fig. 83 for the forward (left) and the
mid-rapidity (right) regions. While the RHIC results show
an increasing suppression towards more central collisions,
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Fig. 83 ALICE [679,680] (closed symbols) and PHENIX [668] (open symbols) inclusive J /1 nuclear modification factor versus the number of

participant nucleons, at forward rapidity (left) and at mid-rapidity (right)
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Fig. 84 Comparison of the ALICE J /v Raa at forward rapidity (left)
and mid-rapidity (right) with the theory predictions based on the TAMU
(Zhao et al.) and THU (Liu et al.) transport models discussed in
Sect. 5.1.4. Bands correspond to the uncertainty associated to the model,
i.e. to the variation of the charm cross section for the THU model and a
variation of the shadowing amount for the TAMU approach. Predictions

the ALICE Raa has a flatter behaviour both at forward and
at mid-rapidity. In the two y ranges there is clear evidence
for a smaller suppression at the LHC than at RHIC.
Partonic transport models that include a (re)generation
process for J/¢ due to the (re)combination of cc pairs
along the history of the collision indeed predict such a
behaviour [728,731,753], the smaller suppression at the LHC
being due to the larger cc pair multiplicity which compen-
sates the suppression from colour screening in the decon-
fined phase. The Raa centrality dependence was predicted
by the TAMU and THU transport models, discussed in
Sect. 5.1.4. For both models, (re)generation becomes the
dominant source for charmonium production for semi-central
and central collisions and the competition between the disso-
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from the statistical model discussed in Sect. 5.1.3 (Andronic et al.) are
also shown. The two curves correspond, in this case, to two assumptions
on the values of the do.z/dy cross sections. Calculations based on the
comover model (Ferreiro), presented in Sect. 5.1.7, are included in the
plot. The lower and upper curves correspond to variations of the charm
cross section

ciation and (re)generation mechanisms leads to the observed
flat structure of the J/¢ Raa as a function of centrality. The
comparison of the predictions of the two transport models
with the ALICE data is shown in Fig. 84 for the forward
(left) and mid-rapidity (right) regions.

A similar behaviour is expected by the statistical model
[754], discussed in Sect. 5.1.3, where the J/v yield is com-
pletely determined by the chemical freeze-out conditions and
by the abundance of cc pairs. In Figs. 84 and 85, the statis-
tical model predictions are compared to the ALICE Rap in
the two covered rapidity ranges. As discussed in Sect. 5.1.3,
a crucial ingredient in this approach is the cc production
cross section: the error band in the figures stems from the
measurement of the cc cross section itself and from the cor-
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Fig. 85 J/y Raa from ALICE [679] and PHENIX [668] compared to predictions from the statistical hadronisation model [754]
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Fig. 86 ALICE inclusive J/¢ Raa versus pt [679]. Left forward-
rapidity result compared to the PHENIX result [668] in a similar rapidity
region. Both results are obtained in the 0-20 % most central collisions.

rection introduced to take into account the /s extrapolation
to evaluate the cross section at the Pb—Pb energy (,/snn =
2.76 TeV).InFig. 85 the RHIC data [668] and the correspond-
ing statistical model calculations are also shown. Inspecting
Fig. 85, for central collisions a significant increase in the J /v
Raa at LHC as compared to RHIC is visible and well repro-
duced by the statistical hadronisation model. In particular, as
a characteristic feature of the model, the shape as a function
of centrality is entirely given by the charm cross section at
a given energy and rapidity and is well reproduced both at
RHIC and LHC. This applies also to the maximum in Raa
at mid-rapidity due to the peaking of the charm cross section
there.

The (re)combination or the statistical hadronisation pro-
cess are expected to be dominant in central collisions and,
for kinematical reasons, they should contribute mainly at
low pt, becoming negligible as the J/v pr increases. This
behaviour is investigated by further studying the Raa pr-

s o ALICE, Pb-Pb, [5,,=2.76 TeV, |y <08
C 5[ 4 OMS Po-Pb {5,276 TeV, y|<24
¢ PHENIX, Au-Au, {5,202 TeV, |y[<0.35

:Centrality 0-40%
MR R T RIS BT

0 2 4 6 8

Right mid-rapidity result [480] compared to the PHENIX result [668],
both evaluated in the 0—40 % most central collisions

dependence. In Fig. 86, the ALICE J/¥ Raa (pT), mea-
sured at forward rapidity (left) or at mid-rapidity [480]
(right), are compared to corresponding PHENIX results
obtained in similar rapidity ranges. The forward-rapidity
result has been obtained in the centrality class 0-20 %,
while the mid-rapidity one in 0—40 %. In both rapidity
regions, a striking different pattern is observed: while the
ALICE J/v Raa shows a clear decrease from low to high
pT, the pattern observed at low energies is rather differ-
ent, being almost flat versus pt, with a suppression up to
a factor four (two) stronger than at LHC at forward rapidity
(mid-rapidity).

Models, such as TAMU and the THU that include a pr-
dependent contribution from (re)combination, amounting to
~50 % at low pt and vanishing for high prt [728,731], are
found to provide, also in this case, a reasonable description
of the data, as can be observed in Fig. 87 for the forward-
rapidity result or in Fig. 86 (right) for the mid-rapidity one.
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Fig. 88 ALICE inclusive J/v Raa versus rapidity [679], compared to
nPDF calculations (see Sect. 5.1.2)

Finally, the rapidity dependence of the J /1y Raa is shown
in Fig. 88. At forward-y the J/¥ Raa decreases by about
40 % from y = 2.5to y = 4. The Raa y-dependence is com-
pared to shadowing calculations discussed in Sect. 5.1.2. As
expected, the contribution of cold nuclear matter alone, such
as shadowing, cannot account for the observed suppression,
clearly indicating the need of the aforementioned hot matter
effects.

As discussed, the ALICE results are for inclusive J/,
therefore including two contributions: the first one from J /v
direct production and feed-down from higher charmonium
states and the second one from J/v originating from b-
hadron decays. Beauty hadrons decay mostly outside the
fireball, hence the measurement of non-prompt J/y Raa
is mainly connected to the b quark in-medium energy loss,
discussed in Sect. 4.1.3. Non-prompt J/ are, therefore,
expected to behave differently with respect to the prompt
ones. In the low- pt region covered by ALICE the fraction of
non-prompt J /¢ is smaller than 15 % [755] (slightly depend-
ing on the y range). Based on this fraction, the ALICE Collab-
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oration has estimated the influence of the non-prompt con-
tribution on the measured inclusive Raa. At mid-rapidity
the prompt J/¢ Raa can vary within —7 and +17 % with
respect to the inclusive J/1¢ Raa assuming no suppression
(R/I;:jf—pmmpt = 1) or full suppression (R/I;(ff_pmmpt = 0)
for beauty, respectively. At forward-y, the prompt J /¢ Raa
would be 6 % lower or 7 % higher than the inclusive result

in the two aforementioned cases [679].

5.2.3 1/ Raa results at high pr

The CMS experiment is focussed on the study of the J /¢ pro-
duction at high pr. The limit in the charmonium acceptance
at low-pr is due to the fact that muons from the charmo-
nium decay need a minimum momentum (p =~ 3-5 GeV/c)
to reach the muon tracking stations, overcoming the strong
CMS magnetic field (3.8 T) and the energy loss in the magnet
and its return yoke. The CMS vertex reconstruction capabil-
ities allow for the separation of non-prompt J/v from b-
hadron decays from prompt J/v, using the reconstructed
decay vertex of the u* ™ pair. The prompt J/v include
directly produced J /v as well as those from decays of higher
charmonium states (e.g. ¥(2S) and x.), which cannot be
removed because their decay lengths are orders of magni-
tude smaller compared to those from b decays, and not dis-
tinguishable in the analysis of the Pb—Pb data.

As discussed in Sect. 5.2.1, the pp reference sample,
recorded in 2011 at the same centre-of-mass energy per
nucleon—nucleon pair as the Pb—Pb data, was used to evaluate
the Pb—Pb Raa.

The J/¢ Raa was evaluated in the Pb—Pb data sample
collected in 2010, corresponding to Lipy = 7.3 /Lbfl. The
nuclear modification factor, integrated over the rapidity range
|y| < 2.4 and prt range 6.5 < pr < 30 GeV/c, was mea-
sured in six centrality bins [482], starting with the 0—10 %
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Fig. 90 CMS prompt J/v Raa as a function of centrality [482], compared to the nPDF calculations discussed in Sect. 5.1.2 (left) and to the

collisional dissociation model described in Sect. 5.1.6 (right)

bin (most central), up to the 50-100 % bin (most periph-
eral). The Raa obtained for prompt J/, when integrating
over the pr range 6.5 < prt < 30 GeV/c and |y| < 2.4,
is shown in Fig. 89 ( left). The same centrality dependence,
with a smooth decrease towards most central collisions, is
observed also for inclusive J /v, even if the suppression is
slightly more important for prompt J/v. In both cases the
J/¥ Ran is still suppressed even in the (rather wide) most
peripheral bin. A more recent analysis, based on the larger
2011 Pb-Pb data sample (Liny = 150 ub™ 1), has allowed
one to study the Raa in a much narrower centrality bin-
ning (12 centrality bins) and confirms the observed pattern
[494].

In the left panel of Fig. 89, a comparison is made with
the inclusive J /¢ measurement from the STAR Collabora-
tion [239], at a more than ten times smaller collision energy,
butin a similar high- p kinematic region: pt > 5GeV/c and
|y| < 1. The rightmost bin corresponds to 0—10 % centrality,
while the leftmost bin to 40-60 % centrality. The suppression
is smaller at RHIC than at LHC energies, with no significant

suppression for collisions with a centrality more peripheral
than 30 % in the RHIC case. These results seem to support
a higher medium temperature reached in Pb—Pb collisions
at \/snN = 2.76 TeV collisions than in Au—Au collisions at
SN =0.2 TeV.

In Fig. 89 (right) the prompt J/yy Raa centrality depen-
dence is compared with the predictions of the TAMU trans-
port model. The observed suppression, increasing as a func-
tion of centrality, is due to the melting of primordial J/.
The TAMU model provided a reasonable description of the
ALICE low-pt J/v Raa (see Fig. 84), with a significant
recombination contribution. On the contrary, no recombi-
nation component is needed to describe the high-pt J/v
results.

In Fig. 90 (left), the prompt J /¢ Raa is compared to shad-
owing calculations. As already discussed for low-prt J/v
results, shadowing, here considered as the only cold nuclear
matter effect, cannot account for the observed suppression,
clearly indicating that other cold or hot matter effects are
needed to describe the experimental results.
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TAMU [756] and THU [757] transport models calculations. Right STAR inclusive J/v measurement as a function of transverse momentum in

different centrality bins [677]

In Fig. 90 (right), the centrality dependence of the prompt
J/¥ Raa is compared to the collisional dissociation model,
discussed in Sect. 5.1.6. The model describes the more
peripheral events, but underestimates the suppression for the
most central events. It also underestimate the pt dependence
of the J/v RaA.

The CMS Collaboration also measured the Raa of non-
prompt J /v, presented in Sect. 4.1.3.

5.2.4 J/yr azimuthal anisotropy

Further information on the J/¢ production mechanism can
be accessed by studying the azimuthal distribution of J/
with respect to the reaction plane. As discussed in Sect. 4,
the positive v, measured for D mesons at LHC and heavy-
flavour decay electrons at RHIC suggests that charm quarks
participate in the collective expansion of the medium and
do acquire some elliptic flow as a consequence of the mul-
tiple collisions with the medium constituents. J /¢ produced
through a recombination mechanism, should inherit the ellip-
tic flow of the charm quarks in the QGP and, as a conse-
quence, J/¢ are expected to exhibit a large v,. Hence this
quantity is a further signature to identify the charmonium
production mechanism.

ALICE measured the inclusive J/y elliptic flow in Pb—
Pb collisions at forward rapidity [681], using the event-plane
technique. For semi-central collisions there is an indication
of a positive vy, reaching vo = 0.116 £ 0.046 (stat.) £+
0.029 (syst.) in the transverse momentum range 2 < pt <
4 GeV/c, for events in the 2040 % centrality class. In Fig. 91
(left), the J/v vy in the 20-60 % centrality class is com-
pared with the TAMU and THU transport model calculations,
which also provide a fair description of the Raa results,
discussed in Sect. 5.2.2. Both models, which reasonably
describe the data, include a fraction (=30 % in the central-
ity range 20-60 %) of J /i produced through (re)generation
mechanisms, under the hypothesis of thermalisation or non-
thermalisation of the b-quarks. More in detail, charm quarks,
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in the hot medium created in Pb—Pb collisions at the LHC,
should transfer a significant elliptic flow to regenerated J /.
Furthermore, primordial J/¢ might acquire a v, induced
by a path-length dependent suppression due to the fact that
J/¢¥ emitted out-of-plane traverse a longer path through
the medium than those emitted in-plane. Thus, out-of-plane
emitted J /¢ will spend a longer time in the medium and have
a higher chance to melt. The predicted maximum v, at pr
=2.5 GeV/c is, therefore, the result of an interplay between
the regeneration component, dominant at low pt and the pri-
mordial J/v component which takes over at high pr (see
Fig. 82). The v, measurement complements the Raa results,
favouring a scenario with a significant fraction of J/y pro-
duced by (re)combination in the ALICE kinematical range.

AtRHIC, measurements by the STAR Collaboration [677]
of the J/¢ vy in Au-Au collisions at ,/snn = 200 GeV
are consistent with zero for ptr > 2 GeV/c albeit with
large uncertainties, as shown in Fig. 91 (right), while a
hint for a positive v, might be visible in the lowest pt bin
(0 < pr < 2 GeV/c). Results do not show a dependence
on centrality. The measurement seems to disfavour the J /v
formation through recombination mechanisms at RHIC ener-
gies, contrarily to what happens in Pb—Pb collisions at the
LHC.

CMS has investigated the prompt J /¢ v, as a function of
the centrality of the collisions and as a function of transverse
momentum [685]. Preliminary results indicate a positive v.
The observed anisotropy shows no strong centrality depen-
dence when integrated over rapidity and pt. The v, of prompt
J/¥, measured in the 10-60 % centrality class, has no sig-
nificant pt dependence either, whether it is measured at low
pT, 3 < pr < 6.5 GeV/c, in the forward-rapidity interval
1.6 < |y| < 2.4, or at high pr, 6.5 < pr < 30 GeV/c, in
the rapidity interval |y| < 2.4. The preliminary CMS result
supports the presence of a small anisotropy over the whole
pt range, but the present level of precision does not allow for
a definitive answer on whether this anisotropy is constant or
not. In the rapidity interval |y| < 2.4, for pt > 8 GeV/c, the
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Fig. 92 Left PHENIX J/¢ Raa measured in Cu—Au [672] and Au—Au collisions, shown as a function of the collision centrality. Right PHENIX
J/¢¥ Raa at various collision energies (,/snn = 39, 62.4 and 200 GeV) [674]

anisotropy is similar to that observed for charged hadrons,
the latter being attributed to the path-length dependence of
the partonic energy loss [758].

5.2.5 /v Raa results for various colliding
systems and beam energies at RHIC

A unique feature of RHIC is the possibility of accelerating
various symmetric or asymmetric ion species, allowing for
the study of charmonium suppression as a function of the
system size. Furthermore, since at RHIC it is possible to
collect data at various ,/snN, the charmonium production
beam-energy dependence was also investigated from the top
energy /snN = 200 GeV down to /snN = 39 GeV.

The PHENIX Collaboration measured J/v production
from asymmetric Cu—Au heavy-ion collisions at ,/snyn =200
GeV atboth forward (Cu-going direction) and backward (Au-
going direction) rapidities [672]. The nuclear modification of
J/¢ yields in Cu—Au collisions in the Au-going direction is
found to be comparable to that in Au—Au collisions when
plotted as a function of the number of participating nucle-
ons, as shown in Fig. 92 (left). In the Cu-going direction,
J/y production shows a stronger suppression. This differ-
ence is comparable to expectation from nPDF effects due to
stronger low-x gluon suppression in the larger Au nucleus.

Moreover, the PHENIX Collaboration measured nuclear
modification factors also by varying the collision energies,
studying Au—Au data at ./sny =39 and 62.4 GeV [674]. The
observed suppression patterns follow a trend very similar to
those previously measured at ,/syN = 200 GeV, as shown in
Fig. 92 (right). Similar conclusions can be drawn also from
preliminary STAR results [678].

In spite of the large uncertainties associated to these
results, up to now, this similarity presents a challenge to
theoretical models that contain competing hot and cold mat-
ter effects with possibly different energy dependencies. For
example, in the TAMU transport model [720], the larger J /v
suppression towards higher collision energies due to higher
energy-densities is counter-balanced by a larger contribution

from (re)combination due to the increase of the total charm
cross section, leading to an overall J/¢ suppression that is
nearly independent of the collision energy in the range probed
by the SPS and RHIC.

5.2.6 Excited charmonium states

The measurement of excited charmonium states in heavy-
ion collisions is experimentally challenging. The ¥ (2S),
observed via its T~ decay, is expected to yield 50 times
less events than the corresponding J/y decay, while being
subject to similar background rates. The P-wave states decay
radiatively into J /v and a low energy photon that is difficult
to find in the background of thousands of photons resulting
from neutral pion decays. So far, only the ¥/(2S) was mea-
sured in heavy-ion collisions, by NA50 at the SPS [664] and
by CMS at the LHC [686] (preliminary measurements also
exist from the ALICE Collaboration [682]). NASO found a
suppression of {(2S) relative to J /v that increases with cen-
trality, an observation that is consistent with a sequential dis-
sociation of charmonia. At the same time the 1/ (2S) to J /¢
ratio reached in central Pb—Pb collisions is also consistent
with the prediction of the statistical hadronisation model,
leaving open the question whether all charmonia melt at the
SPS.

At the LHC, CMS measured the yields of prompt
J/¢¥ and ¥(2S) in Pb-Pb and pp collisions at ./sny =
2.76 TeV. The result is presented in Fig. 93 as a double
ratio, (Ny2s)/Ny/y)po—pb/(Ny2s)/ N1y )pp» as a function
of event centrality for two kinematic regions: at mid-rapidity,
|y| < 1.6, ¥(2S) are measured with 6.5 < pt < 30 GeV/c,
while at forward rapidity, 1.6 < |y| < 2.4, the acceptance
extends to 3 < pr < 30 GeV/c.

A clear difference between the centrality integrated dou-
ble ratios in the two kinematic regions is found. At forward
rapidity and low pr, the double ratio is larger than unity,
i.e. the ¥ (2S) to J/ ratio is larger in Pb—Pb than in pp. In
contrast, the ¥(2S) to J/ ratio is reduced in Pb—Pb com-
pared to the ratio found in pp at mid-rapidity and high pr.
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Fig. 93 Mid-rapidity (blue squares) and forward-rapidity (red circles,
slightly shifted) double ratio of measured yields, (Ny 2s)/Ny/y) Pb—
Pb/(Ny 25/ Njy)pp» as a function of centrality [686]. The centrality-
integrated results are displayed in the right panel. Statistical (system-
atic) uncertainties are shown as bars (boxes). The boxes at unity indicate
the (global) pp uncertainties

Peripheral and semi-central collisions show a double ratio
consistent with unity at forward rapidity, whereas the most
central bin shows an increase of the double ratio. In contrast,
the suppression of the double ratio at mid-rapidity appears
to be independent of centrality. The difference between the
two kinematic domains is highly unexpected. While the mid-
rapidity and high- pt result is in line with the expectation of
sequential melting, the opposite behaviour is observed at for-
ward rapidity and low pr. While regeneration is not expected
to contribute in the investigated pr ranges, it is worth to note
that also the statistical hadronisation model predicts a p-
integrated double-ratio of ~0.2. It remains to be seen which
effects can explain these results, e.g. if regeneration of ¥ (2S)
can be enhanced relative to J/¢ due to the larger binding
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radius. First attempts have been made to explain this obser-
vation, arguing that 1 (2S) are regenerated at later stages than
J/v, 1.e. when a stronger radial flow is present [759]. On the
experimental side, it will be important to isolate whether the
difference is due to the change in rapidity or prt, and what
happens at pt = 0. Preliminary results from the ALICE Col-
laboration at forward rapidity (2.5 < y < 4) and pt > 0 are
not precise enough to draw a conclusion [682].

5.2.7 Bottomonium Rapa results

With the advent of the LHC, bottomonia have become a new
probe of the QGP. While their production rate is 200 times
smaller than the one of J/v, they offer several advantages.
The three S-wave states Y (1S), Y(2S), and Y'(3S) have very
different binding energies and appear at very similar rates
in the ™™ decay channel. Their relative abundances are
7:2:1, while the J /¢ to y(2S) ratio is 50:1. Hence these three
states, which include with the Y (1S) the strongest bound state
of all quarkonia, allow one to probe a much wider temperature
range than previously accessible with charmonia. A further
advantage is the absence of feed down from heavier-flavour
decays, that are a background for high pt charmonium stud-
ies. The higher masses also ease theoretical calculations. In
the context of sequential dissociation, bottomonia may pro-
vide another advantage: the approximately 20 times smaller
beauty production cross section will lead to a smaller con-
tribution from regeneration that complicates the picture for
charmonia. However, the closed-to-open heavy flavour pro-
duction ratio for beauty is roughly ten times smaller than for
charm, which increases the relative contribution of recombi-
nation to bottomonia and complicates the situation.
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Fig. 94 Left Raa of Y(1S+2S+3S) as a function of centrality measured by PHENIX in |y| < 0.35 [321,675] and STAR in |y| < 0.5 [323]
compared to TAMU (grey band) and aHYDRO (lines). Right STAR measurement of the Raa of Y(1S) with |y| < 0.5 as a function of centrality

compared to the same models
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Unfortunately, feed-down contributions to the Y'(1S) from
excited state decays that are crucial for a quantitative under-
standing of a sequential dissociation are not very well under-
stood at low pt. Measurements of feed-down fractions exist
only for pt > 6 GeV/c, where about 30 % of Y (1S) result
from decays of x,(nP) and Y(2S+3S) decays, reaching
~50 % at higher pt [200,203,207,209].

At RHIC, where the T production cross sections are low,
a measurement of the Y suppression in d—Au and Au-Au
collisions was performed by the PHENIX and STAR exper-
iments [321,323,675]. Integrating the yield of the three Y
states, they observe a reduction of the yield in central Au—
Au collisions, compared to the binary-scaled pp reference
as shown in the left panel of Fig. 94. Because of the large
statistical uncertainties, the experiments cannot yet assess
a possible centrality dependence in Au—Au. STAR finds in
the 10 % most central collisions a nuclear modification fac-
tor of Raa = 0.49 & 0.13 (Au—Au stat.) £ 0.07 (ppstat.) £+
0.02 (Au—Au syst.) = 0.06 (pp syst.). Constraining the mea-
surement to the Y(1S) alone, as shown in the right panel
of Fig. 94, only the Raa for the most central Au—Au col-
lisions exhibits a significant suppression. Assuming a feed-
down contribution of ~50 % this could signal the onset of
a suppression of excited states in central Au—Au collisions.
However, the Raa in most central Au—Au collisions is also
comparable to the Rgay, SO more precise measurements are
necessary before drawing such a conclusion.

A comparison of TAMU and aHYDRO calculations with
the measured Y (1S+2S+3S) nuclear modification factors
shows good agreement within the experimental uncertain-
ties. Experimental data cannot yet constrain the n/s free
parameter of aHYDRO. The band of the TAMU curve rep-
resents the uncertainty on cold nuclear matter effects. These
are included by employing nuclear absorption cross sections
of 1.0 and 3.1 mb, but the data cannot yet constrain their
size. The T (1S) suppression, however, seems to be slightly
over-predicted by both models, though not beyond the exper-
imental uncertainties, with the data preferring small values
of n/s.

CMS measured the suppression of the first three S states
integrated over all pt and the rapidity range |y| < 2.4 in
Pb—Pb collisions at /sy = 2.76 TeV [687,688]. Follow-
ing a first tantalising indication in 2011 that the excited
states are suppressed relative to the Y'(1S), this was con-
firmed a year later. The centrality integrated Raa was
measured for all three states, exhibiting a clear ordering
with binding energy: Raa (Y (1S)) = 0.56 &+ 0.08(stat.) £+
0.07(syst.), Raa(Y(2S)) = 0.12 4 0.04(stat.) £ 0.02(syst.),
and the Y'(3S) being so strongly suppressed that only an
upper limit of Raa(Y(3S)) < 0.10 at 95 % CL could
be quoted. The centrality dependence of the Y(1S) and
Y(2S) Raa are shown in Fig. 95. With the Y(2S) and
Y'(3S) essentially completely suppressed in central Pb—
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Fig. 95 Y (nS) Raa as afunction of centrality. Y(1S) Raa is measured
in2.5 < |y| < 4 by ALICE [683]. CMS measured the centrality depen-
dence of the Y (1S) and YT(2S) Raa at |y| < 2.4 [687,688]. Centrality
integrated values are shown in the right panel, including an upper limit
at 95 % confidence level of the T(3S) Raa by CMS in |y| < 2.4

Pb collisions, a more precise understanding of the feed-
down contributions to the Y(1S) is required to assess
whether any directly produced Y(1S) are suppressed in
such collisions. Furthermore, the role of the yx,(nP) states
in Pb—Pb are (and may remain) completely unknown so
far.

In the top row of Fig. 96, the centrality dependence of the
CMS Y (1S) and Y (25) results are compared to TAMU (left)
and aHYDRO (right) calculations, described in Sects. 5.1.4
and 5.1.5, respectively. Both models reproduce the data
reasonably well, simultaneously describing the Y(1S) and
Y'(2S) suppression over the full centrality range. The aHY-
DRO approach has maybe some slight tension describing
both states with the same choice for /s, though the experi-
mental uncertainties are large enough to account for the dif-
ferences. Regarding the TAMU model, itis worth to highlight
that it includes a non-negligible regeneration contribution. In
fact, it is the sole source of Y'(2S) in central Pb—Pb collisions.
It is also interesting to point out that regeneration favours
the production of Y (2S) over Y(1S), which is opposite to
the predictions for charmonia. This difference is the result
of temperature dependent dissociation rates and equilibrium
numbers that enter the rate equation (Eq. (57)). In contrast
to the other states, which all have dissociation temperatures
in the vicinity of T, the strong-binding energy will stop the
dissociation of Y'(1S) much earlier, when the equilibrium
number is still small [729]. Significantly less regeneration of
Y (1S) is necessary to reach this equilibrium number.

The production of excited Y states in Pb—Pb collisions
has also been reported by CMS as fully corrected cross
section ratio relative to the Y(1S): o (Y(2S))/a (Y (1S)) =
0.09 £ 0.02 (stat.) &= 0.02 (syst.) £ 0.01 (glob.) integrated
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Fig. 97 Y (1S) Raa versus rapidity from ALICE [683] and CMS [687,688]. In the bottom row, the Raa is to TAMU (left) and aHYDRO (right)

model calculations discussed in Sects. 5.1.4 and 5.1.5

over centrality, pt, and |y| < 2.4 [268]. For the ratio
o (T (3S))/o (Y (1S)) an upper limit of 0.04 at 95 % CL has
been set. These values can be directly compared to theoretical
expectations, e.g. the statistical hadronisation model, which
predicts o (Y'(2S))/o (Y (1S)) ~ 0.032 [760]. This value is
consistent with the measured cross section ratio, though quite
a bit lower than the central value of the measurement.

A comparison of the CMS measurement at mid-rapidity
to Raa(YT(1S)) = 0.30 £ 0.05(stat.) = 0.04(syst.) mea-

@ Springer

sured by ALICE at forward rapidity (2.5 < y < 4) [683],
integrated over pt and centrality, as well as the centrality
dependence overlaid in Fig. 95, reveal a surprising simi-
larity to the J/v suppression observed at RHIC: Y (1S) are
more suppressed at forward rapidity than at mid-rapidity. At
RHIC such rapidity dependence was explained with a larger
contribution of regeneration at mid-rapidity and/or stronger
shadowing effects at forward rapidity. This similarity is also
reflected in the centrality integrated rapidity dependence of
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Raa (Y (1S)) shown in Fig. 97. However, the large statisti-
cal uncertainties on the CMS measurement [482] that is still
based on the first Pb—Pb and pp runs at ,/snn = 2.76 TeV
prevents conclusions on the Raa in the intermediate rapidity
range.

The simultaneous description of ALICE and CMS data
provides a real challenge for the models so successful in
reproducing the mid-rapidity data. As shown in Figs. 96
and 97, they completely fail to predict the rapidity depen-
dence of Raa (Y (1S)). The aHYDRO model, curves taken
from Ref. [761], predicts a disappearance of the suppres-
sion at forward rapidity and does not get even close to the
ALICE data. The TAMU transport model approach, includ-
ing a regeneration component, predicts a rather constant
rapidity dependence of the suppression though still over-
shoots the forward rapidity data slightly. In both models
the Y'(1S) suppression is dominated by the in-medium dis-
sociation of the higher-mass bottomonium states. There-
fore, a precise measurement of Y(1S) feed-down contri-
butions, as well as an accurate estimate of CNM effects
in the kinematic ranges probed by ALICE and CMS is
required in order to make a more stringent comparison with
data.

It is interesting to compare the Raa of the three bottomo-
nium states to the Raa of the J/¢ and (2S) at high pt. The
charmonium states follow nicely the established pattern of
the Y states of areduced suppression with increasing binding
energy as predicted by the sequential dissociation picture. If
one, however, uses the pr integrated J /¢ Raa, one observes
a deviation from this pattern that can be explained with a
(re)generation contribution. It will be interesting to see how
low pr ¥ (2S) will fit in.

The picture may be complicated further by the observed
multiplicity dependence of the Y'(2S)/Y (1S) and Y'(3S)/
Y'(1S) ratios in pp and p—Pb collisions [268] that is discussed
in Sects. 2.4.1 and 3.3.3. It is unclear whether the depen-
dence is caused by a suppression of the excited states by
surrounding particles or by the multiplicity being biased by
the presence of the Y states.

5.3 Alternative references for quarkonium production in
nucleus—nucleus collisions

5.3.1 Proton—nucleus collisions

As discussed in Sect. 3, proton—nucleus data can provide
information on CNM effects on quarkonium production.
Since these mechanisms are present also in AA collisions,
their precise evaluation is mandatory to correctly quantify
the hot matter effects. However, the extrapolation of CNM
effects evaluated in p—A to AA collisions is model dependent
and it has to rely on assumptions as those discussed in detail
in Sect. 3.4.

The ALICE Collaboration investigated the role of CNM
effects on the J/i¢ Raa in Pb-Pb collisions, extrapolat-
ing the Rpa results obtained in p—Pb collisions at \/sNN =
5.02 TeV [325]. Although the forward-rapidity ALICE p-A
data were collected at a higher ,/sxn energy and cover a
slightly different centre of mass rapidity range with respect
to Pb—Pb collisions (2.03 < y < 3.53 and —4.46 < y <
—2.96 in p-Pb and 2.5 < y < 4 in Pb—Pb), the Bjorken-x
regions probed by the J /4 production process in the colliding
nuclei are rather similar, differing by less than 210 %. The
x values covered in Pb—Pb collisions are 2 x 107 < x <
9x 107 and 1 x 1072 < x < 6 x 1072, for Pb nuclei mov-
ing away from or towards the ALICE muon spectrometer, in
which the J /v at forward rapidity are detected. In p—Pb colli-
sions the corresponding figures are 2 x 107> < x < 8x 107>
and 1 x 1072 < x < 5 x 1072 for the Pb nucleus going
away or towards the ALICE muon spectrometer. Under the
assumptions that shadowing is the main nuclear mechanism
and thatits influence on the two nuclei in Pb—Pb collisions can
be factorised, cold nuclear matter effects are then evaluated
as the product of the J /¥ Rpa computed at forward and back-
ward rapidities, i.e. Rpa(y) X Rpa(—y). The Rpa product,
in the ALICE forward-rapidity region, is 0.75 &£ 0.10 (stat)
4 0.12 (syst) when integrated over pt. With Ras = 0.57
4 0.01 (stat) = 0.09 (syst), this is a hint that the observed
J/4 suppression in Pb—Pb cannot be ascribed to shadow-
ing effects alone. Similar conclusions, even if with larger
uncertainties, can be obtained from ALICE results at mid-
rapidity. This observation can be strengthened by comparing
the pr dependence of the J/{» Raa to the one of the CNM
effects evaluated as Rpa(y) x Rpa(—y) [327]. In this case,
an opposite transverse momentum dependence is observed
for the extrapolated shadowing, increasing from low to high
pt, and the J/¢¥ Raa pattern, showing a decrease towards
high pr, with a hint of an enhancement at low pr. In par-
ticular, at high pr, the observed Raa suppression is much
larger than the shadowing extrapolation. Moreover, coher-
ent energy-loss effects are also expected to weaken at large
pr [396], unlike the trend of the data. This clearly points to
the existence of strong hot matter effects [327].

5.3.2 Open heavy flavour

To study the effect of a deconfined medium on quarkonium
production, we first recall the underlying dynamics, using
the J/4 for illustration. The production process in elemen-
tary hadronic collisions begins with the formation of a cc
pair; this pair can then either lead to open charm production
(about 90 %) or subsequently bind to form a charmonium
state (about 10 % for all charmonia). Since quarkonium pro-
duction is to be used as a tool to study the medium produced
in nuclear collisions, the primary concern is not if such col-
lisions produce more or fewer cc pairs than proton—proton
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Fig. 98 Comparison of nuclear modification factors for open and
closed charm at RHIC (fop) and the LHC (bottom) [239,469,477,482,
667]. Transverse momentum integrated results are shown on the left,

collisions, but rather if the presence of the medium modifies
the fraction of produced cc pairs going into charmonium for-
mation. In other words, the crucial quantity is the amount of
charmonium production relative to that of open charm. Hence
the relevant observable is the fraction of charmonia to open
charm, or more generally, that of quarkonia to the relevant
open heavy flavour production [762,763]. In this quantity, if
measured over the entire phase space, down to pt = 0, the
effects of possible initial-state nuclear modifications cancel
out, so that whatever changes it shows relative to the pp pat-
tern is due to final-state effects. Here it should be noted that,
since the distribution of the different open charm channels
is in good approximation energy-independent, the measure-
ment of a single such channel is sufficient — it gives, up to a
constant, the total open charm cross section [763].

A direct comparison of measured open and closed heavy-
flavour cross sections has not been performed yet at RHIC or
the LHC. However, one can compare the measured nuclear
modification factors of D mesons (or heavy-flavour decay
electrons as their proxy) and J/v. At RHIC, the open
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while high pt Raa are compared on the right. Due to the lack of low
pr open charm data at the LHC, the bottom left panel is missing

charm cross section has been measured in pp and Au—Au
via non-photonic single electrons from semi-leptonic charm
decays [469] as well as with fully reconstructed D mesons
via hadronic decays [475]. As shown in the top left of Fig. 98,
the resulting Raa shows no deviation from binary scaling,
though the uncertainties are sizeable. Hence, one can con-
clude that the modification of the J/1 Raa at RHIC [667]
is a true final-state effect and not just a reduction of charm
production by initial-state effects. As evident from the large
uncertainties, the measurement of the total charm cross sec-
tion is extremely challenging. At the LHC this has not been
achieved yet, preventing such a comparison in the bottom
left of Fig. 98. Instead one can try to make a comparison
at high pt where both, open and closed charm, have been
measured [477,482]. This then opens the question which pt
intervals are appropriate for such a comparison. A compar-
ison of D and J/¢ in the same prt range will not access
the same charm quarks and/or gluons. This is an issue to be
addressed on theoretical grounds. The comparison is anyway
performed, as shown in the bottom right panel of Fig. 98. The
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Raa ofhigh-pr D and J /v show a surprising similar central-
ity dependence. This, however, is nothing new at the LHC.
Already at RHIC the same trend can be observed [239,469],
as shown in the top right of Fig. 98. The suppression of high-
pt D mesons has been linked to charm quark energy loss
inside the QGP. While the J/v itself is a colourless object,
its coloured precursor may be subject to similar energy loss
though current models underestimate the J /1 suppression at
high pr in Pb—Pb collisions at the LHC [83].

5.4 Summary and outlook

With the LHC Run 1 a large wealth of quarkonium mea-
surements has enriched and complemented the observations
from SPS and RHIC experiments. The main results and their
current interpretation are summarised in the following.

e Inthe charmonium sector, the J /1 Raa athigh transverse
momentum shows a clear suppression. This suppression
is stronger than the one observed at RHIC energies, as
expected in a sequential melting scenario.

e An opposite behaviour was in the low- pt region, where
the J/¥ Raa measured at LHC is larger than the one
obtained at lower energies. This observation can be inter-
preted as evidence for a new production mechanism set-
ting in at high energies, based on the (re)combination of
c and ¢ quarks either during the collision history or at
the hadronisation. The measurement of a positive vy, for
low-pt J/, is considered a further confirmation of the
important role played by this additional contribution.

e Theoretical models assuming a fraction of J /¢ produced
by (re)combination of the order of 50 % at low pr
and then vanishing at high pr, provide a fair descrip-
tion of the experimental data. On the contrary, calcula-
tions including only shadowing effects cannot account
for the observed suppression. Note, however, that coher-
ent energy-loss effects in cold nuclear matter are able to
reproduce the J/v suppression, yet the agreement may
be of accidental origin [404].

e For the first time, the Raa for Y(1S), T(2S), and Y (3S)
was measured. Results indicate a clear ordering with
binding energy, as expected in the sequential melting sce-
nario.

Even if a qualitative understanding of the quarkonium
behaviour at LHC energies is nowadays rather well assessed,
there are still several aspects which are required to be further
studied:

e In order to quantify the hot matter effects on quarko-
nium production, a precise knowledge of the cold nuclear
matter effects is required. Accurate quarkonium mea-
surements in p—A collisions are, therefore, mandatory
to refine the interpretation of the AA results.

e Theoretical calculations are, as of today, still affected by
large uncertainties, mainly due to the uncertainties on the
cold nuclear matter effects and, for models including a
(re)generation component, also on the uncertainties on
the cc production cross section. The comparison of the
measured J/¢¥ Raa and theory predictions will benefit
from the measurement of the latter down to zero pr.

e Intriguing results have been obtained on the ¥(2S) in the
LHC Run 1. Given the observed dependence on rapid-
ity and transverse momentum, the interpretation of the
¥ (2S) behaviour will clearly gain from a more differen-
tial study feasible with larger data sample.

e Similarly, also bottomonia will benefit from multi-
differential studies to assess the kinematic dependence
of all the T states.

e Finally, the availability of charmonium and bottomo-
nium results spanning almost three orders of magnitude
in /snn and covering very different kinematic regions
represents clearly a challenge for all theoretical models,
which should now move towards a consistent description
of quarkonium data.

The incoming LHC Run 2 data are expected to shed more
light, moving from a qualitative understanding of the quarko-
nium fate in a hot medium towards a more quantitative one.

6 Quarkonium photoproduction in nucleus—-nucleus
collisions

In2011, the LHC produced collisions of lead ions at a centre-
of-mass energy per nucleon pair ,/sNn = 2.76 TeV. These
collisions have been used to perform different measurements
of charmonium photonuclear production.?® All but one of
the studies described in this section have been carried out
using ultra-peripheral collisions (UPC). These are interac-
tions where the impact parameter exceeds the sum of the
radii of the colliding nuclei. In such collisions, the cross sec-
tion for hadronic processes is strongly suppressed, while the
cross section for electromagnetic interactions remains large.
The analysis not related to UPC has investigated the pho-
toproduction of J/v overlapped with a standard hadronic
Pb—Pb collision.

Two types of photonuclear production of charmonium
have been studied: coherent and incoherent. In the first case,
the incoming quasi-real photon interacts coherently with
the whole nucleus to produce the charmonium. The coher-
ence condition, both in the emission of the photon and in

28 The integrated luminosity of the 2010 Pb—Pb run, ten times smaller
than in 2011, was not sufficient to perform the measurements described
below, although it was enough to measure the coherent production of
po mesons [764].
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the interaction with the nuclear target, constrains the trans-
verse momentum of the produced vector meson to be of the
order of the inverse of the nucleus diameter, which trans-
lates into approximately 60 MeV/c. In the incoherent case,
the quasi-real photon couples only to one nucleon, and thus
the transverse momentum of the produced vector meson is
constrained by the size of the nucleon, which translates into
approximately 300 MeV/c. In a fraction of the coherent inter-
actions and in all incoherent processes, one or a few neu-
trons are produced at the rapidity of the incoming beams.
The experimental signature of these processes is therefore a
vector meson with fairly small transverse momentum, pos-
sibly one or a few neutrons detected at zero degrees, and
nothing else in the detector.

In this section, we review these measurements and dis-
cuss the models proposed to describe them. Previous reviews
addressing these subjects can be found in [765-768]. This
section is organised as follows. First, in Sect. 6.1 we discuss
the origin and characteristics of the photon flux at the LHC.
Section 6.2 describes previous results from RHIC and the
existing measurements from LHC. Section 6.3 presents the
current theoretical models and the main differences among
them. Section 6.4 discusses how the models compare to
the experimental results. We conclude in Sect. 6.5 with a
brief summary of the lessons learnt and with an outlook
of what could be possible with the data from the LHC
Run 2.

6.1 The flux of photons from lead ions at the LHC

The lead beams in the LHC are an intense source of pho-
tons, because the electromagnetic field of charged particles
accelerated to ultra-relativistic velocities can be seen as a
flux of quasi-real photons, according to a proposal made by
Fermi [769,770], and later refined by Weizsédcker [771] and
Williams [772]. In this section we discuss the emission of
photons from one nucleus. Next section discusses the cross
section taking into account the contribution from both nuclei
participating in the collision.

The photons are emitted by the nucleus coherently and
thus their virtuality is restricted to be of the order of the
inverse of the nucleus diameter, which for lead implies an
upper limit for the virtuality around 30 MeV/c; i.e., the pho-
tons can be considered as quasi-real. The intensity of the flux
depends on the square of the electric charge of the incoming
particle, so it is large for the lead nuclei at the LHC. In the
semi-classical description (see for example [766]) the photon
flux per unit area is given by

Bnk,b)  aemZ?

dkd2b  m2kb?
where aepy, is the fine structure constant, & is the photon energy
in the frame where the photon emitter has a Lorentz factor

%2 [K%(x) + %K&(x)] , (63)
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gamma, Z is the electric charge of the lead nucleus, Ko and
K are modified Bessel functions, b is the impact-parameter
vector with b its magnitude and x = kb/y.

The measurements of ultra-peripheral collisions described
in the next sections were obtained requiring the absence of a
hadronic collision between the incoming nuclei. This require-
ment is implemented into the computation of the photon flux
in two different ways. The simpler option is to integrate
Eq. (63) starting from a minimum impact parameter bpin
given by the sum of the radii of the incoming nuclei. In this
case, known as the hard-sphere approximation, the flux of
quasi-real photons is given by

dn(k)  20emZ?
dk —  wk

§2
2

[SKO@)KI © -5 (K@) - Ké(a)} ,

(64)

with & = kbmin/y -

Another option is to convolute the flux per unit area with
the probability of no hadronic interaction, which is obtained
using the nuclear overlap function and the total nucleon—
nucleon interaction cross section and averaging the flux over
the target nucleus (for further details see [773]). The resulting
integral can be calculated numerically to obtain the photon
flux n(k).

All the measurements described below are elastic in the
sense that the measurement of the charmonium fixes com-
pletely the kinematics of the process. In this case the energy
of the photon can be expressed in terms of the mass M of the
charmonium and its rapidity y as

M
k== exp(y), (65)

and thus, the photon flux can be written as

My = M0 66
n(y, M) = T (66)

Figure 99 shows the flux of quasi-real photons with the
energy required to produce a J /¢ at rapidity y. At large neg-
ative y the centre-of-mass energy of the photon-lead system
is not large enough to produce the vector meson. For the
energies of the lead beams during Run 1 and the case of
a J/v this happens at y ~ —6.8; see e.g. Eq. (68). The
left panel shows the UPC case, computed with Eq. (64):
as the rapidity increases the flux decreases. At large rapidi-
ties the fast decrease of the flux is related to the behaviour
of the Bessel functions. The right panel shows the inte-
gration of Eq. (63) for the impact parameters correspond-
ing to the 70-90 % centrality class in hadronic Pb—Pb
collisions according to [774]. This case is discussed in
Sect. 6.2.5.
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Fig. 99 Flux of photons emitted by one nucleus for positive and nega-
tive values of the rapidity y for the case of J /v coherent photoproduction
and an energy of the lead-ion beam of 2.76 GeV per nucleon. Positive
rapidities correspond to the direction of the lead ion. The left panel
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Fig. 100 Event displays of coherent photonuclear production of J/y —
as measured with the CMS and ALICE detectors, respectively

6.2 Measurements of photonuclear production of
charmonium during the Run 1 at the LHC

In both coherent and incoherent photonuclear production of
charmonium the target is not broken by the interaction and in
this sense the processes may be considered elastic. Therefore,
the measurement of the produced charmonium completely
fixes the kinematics.

As mentioned above, the experimental signature for these
processes in UPC consists then in the decay products of a
charmonium with fairly small transverse momentum and in
some cases one or a few neutrons at zero degrees. No other
event activity is measured in the detector. Figure 100 shows
two event displays of the coherent photonuclear production
of J/v¢r and ¢(2S) in UPC as measured with the CMS and
ALICE detectors.

The cross section for these photonuclear processes in Pb—
Pb collisions, with the charmonium measured at rapidity y,
has two contributions:

dopopp(y)

dy = n(y? M)Ube(Y) + n(—% M)Gbe(_y)v

(67)

Centrality 70-90%

Iyl

shows the UPC case given by Eq. (64), while the right panel shows the
integration of Eq. (63) for the impact parameters corresponding to the
70-90 % centrality class in hadronic Pb—Pb collisions

uwtru™ (left) and Yy (2S) — J/yntn~ — utu~nwt ™ (right) in UPC

where the first term corresponds to one of the incoming lead
nucleus acting as the source of the photon and the second
term corresponds to the other incoming nucleus acting as the
source of the photon. When the charmonium is measured
at mid-rapidities, y = 0, both terms are equal and can be
summed. On the other hand, when the charmonium is mea-
sured at rapidities around 3, the flux at positive y is strongly
suppressed and the term at negative y dominates. Note that
for the case of photonuclear production overlapped with a
hadronic collision, both fluxes contribute even at the forward
rapidities measured at the LHC. This is illustrated in Fig. 99.

As mentioned before, the measurement of the charmo-
nium fixes the kinematics. The centre of mass energy of the
y-Pb system is given by

Wopy = 2k /5NN = M exp (y)v/snn, (68)
where in these expressions, both k£ and y are evaluated in
the nucleus—nucleus centre-of-mass frame. In aleading-order
pQCD approach W, py, is related to x—Bjorken by

M2

- (69)
Wb

X
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Table 17 Summary of published measurements of photonuclear production of charmonium in Pb—Pb UPC at

sNN = 2.76 TeV at the LHC (the

preliminary results on J/y from CMS [781] and ¥(2S) from ALICE [786] are not included)

Experiment Vector meson do/dy (mb) Rapidity range References
ALICE Coherent J// 1.00 + 0.18(stat) T0-2¢ (syst) —36<y<-26 [780]
ALICE Coherent J / 238 7037 (stat + syst) Iyl < 0.9 [779]
ALICE Incoherent J /v 0.98 019 (stat + syst) Iyl < 0.9 [779]

According to this prescription, a measurement of charmo-
nium photonuclear production at large rapidities in UPC sam-
ples mainly the low W, py, alternatively large x, contribution
to Eq. (67).

6.2.1 Photonuclear production of I/ at RHIC

The first measurement of photonuclear production of char-
monium in UPC of relativistic heavy ions was performed
by the PHENIX Collaboration using Au—Au collisions at
/SNN = 200 GeV [775]. The events were triggered by
tagging the production of neutrons at zero degrees and the
J/¥ were measured at mid-rapidity using the decay to an
electron—positron pair. PHENIX found 9.9 £ 4.1 (stat) = 1
(syst) J/¢ candidates. The smallness of the sample did not
allow one to separate the coherent and incoherent contribu-
tions. Their measurement corresponded to Wy, Ay ~ 24 GeV
(x ~ 1.5 - 1072). The cross section for Au—Au UPC at mid-
rapidity was measured to be 76 % 31 (stat) = 15 (syst) ub,
which agreed, within the errors, with the theoretical mod-
els available at that time [773,776-778]. Although the large
experimental errors precluded setting strong constraints on
the models, this study was very important as a proof of prin-
ciple.

6.2.2 Coherent production of J/ in Pb—Pb UPC at the
LHC

The coherent photonuclear production of J /i has been mea-
sured in three different rapidity (equivalently W, pp) ranges at
the LHC. ALICE has measured it at mid- [779] and forward
rapidity [780], while CMS has recently released preliminary
results at semi-forward rapidities [781]. Table 17 summarises
these measurements.

The ALICE detector [782] measures charmonium either
in the central barrel using a combination of silicon trackers
(ITS), a time projection chamber (TPC) and a time of flight
system (TOF); or in the forward part where a muon spectrom-
eter is installed. In addition to requiring the decay products
of the charmonium to be either in the central barrel or in the
muon spectrometer, the exclusivity condition is realised veto-
ing activity in a set of two scintillator arrays (VZERO) which
cover 4 units of rapidity in the forward/backward region,

@ Springer

while the absence of neutrons at zero degrees or the measure-
ments of one or few of them is performed with zero-degree
calorimeters (ZDC) located 116 m away and on both sides
of the interaction point.

The first measurement of coherent production of J/v in
Pb—Pb UPC was performed by ALICE using the muon spec-
trometer [780]. The trigger required a muon above thresh-
old (1 GeV/c of transverse momentum) and no activity in
the opposite side of the detector. The coherent contribution
was obtained selecting candidates with transverse momen-
tum less than 0.3 GeV/c. The cross section in Pb—Pb UPC
was measured to be 1.00 + 0.18(stat) fg:gg (syst) mb. As
this measurement is performed at large rapidities, the dom-
inant contribution to the cross section (about 95 %) origi-
nates from the low energy part of the flux (see Fig. 99) with
the corresponding average energy in the centre-of-mass sys-
tem of the photon and the target being W,p, ~ 20 GeV
(x &~ 2.2 - 1072). The second measurement was performed
at mid-rapidity using the central barrel detectors [779]. The
trigger required hits in ITS and TOF (in TOF with a back-
to-back topology) and absence of activity in VZERO. In
this case, using the PID capabilities of the ALICE TPC,
two decay channels have been used: u*u™ and eTe™. The
transverse momentum distribution of the J/v candidates
was used to extract the coherent contribution. The mea-
sured Pb-Pb UPC coherent cross section was 2.38 & 34
(stat + syst) mb and corresponded to Wyp, ~ 92 GeV
(x ~ 1073 ). For this sample, the fraction of coherent events
with no activity in the ZDC was measured to be 0.70 £ 0.05
(stat).

The central barrel of the CMS detector [783] contains
a silicon pixel and strip tracker, a lead tungstate crystal
electromagnetic calorimeter and a brass/scintillator hadron
calorimeter; all of them within a superconducting solenoid
of 6 m internal diameter, providing a magnetic field of 3.8
T. Muons are measured within pseudo-rapidity |n| < 2.4 by
gas-ionisation detectors embedded in the steel return yoke
outside the solenoid. The UPC trigger used by CMS requires
(i) the presence of at least one muon candidate with a minimal
transverse-momentum threshold, (ii) at least one track in the
pixel detector, (iii) rejection of events with activity in the scin-
tillator counters covering the pseudo-rapidity range between
3.9 and 4.4 on both sides of the interaction point and (iv)
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energy deposit consistent with at least one neutron in either
of the ZDCs. This last requirement is similar to what was done
by PHENIX and triggers only on a fraction of the cross sec-
tion. To obtain the total coherent cross section, models of neu-
tron emission in coherent production were used [773,784].
Note that the CMS result is not corrected for feed-down from
¥ (2S) and that the contribution of both terms in Eq. (67) is
important, so that it is not possible to assign a unique value
of W, pp to this measurement. The preliminary cross section
can be found in [781]. It agrees with expectations of models
adjusted to describe ALICE data [773,784,785].

6.2.3 Coherent production of ¥ (2S) in Pb—Pb UPC at the
LHC

The ALICE Collaboration carried out a preliminary mea-
surement of the coherent production of ¥ (2S) in Pb-Pb
UPC [786] at mid-rapidity using the same trigger and detec-
tors as for the J/y case. The {(2S) was identified in the
following decay channels: to [7/~ and to J/y 7T ~, with
I/ — [TI~, where | = e, u. The right panel of Fig. 100
shows an event display of a coherently produced ¥ (2S) —
J/Yym ¥t~ candidate. A preliminary measurement of the
ratio of the cross sections for J/v and v (2S) coherent pho-
tonuclear production was carried out as well [786]. This mea-
surement is significantly higher (about a factor of two for the
central value) than the ratios 0.166 + 0.007(stat) £ 0.008
(syst) £ 0.007 (BR), 0.14 £ 0.05 and 0.19 £ 0.04 measured
by H1 [787], CDF [788] and LHCb [789], respectively.

6.2.4 Incoherent production of J/ in Pb—Pb UPC at the
LHC

ALICE has also measured the incoherent production of J/
in Pb—Pb UPC at mid-rapidity [779] using the same trig-
ger and detectors as for the coherent case. The incoherent
contribution was obtained from the distribution of transverse
momentum. The centre of mass energy in the y-Pb system is
the same as for the coherent case. The measured cross section
is 0.98 7019 (stat + syst) mb.

6.2.5 Coherent photonuclear production of J/ ¥ in
coincidence with a hadronic Pb—Pb collision at the
LHC

When studying the inclusive distribution of transverse
momentum of J/v in hadronic Pb—Pb collisions at large
rapidities (in the range 2.5 to 4.0), a significant excess of J /i
candidates was found for transverse momentum smaller than
0.3 GeV/c for the centrality bin 70-90 % [790]. One possible
explanation of this observation is the coherent photonuclear
production of the J/¥ in coincidence with a hadronic inter-
action. Although the possibility of such a process has been

discussed in the past [791], currently there is no theoretical
calculation available for this process. Such a calculation is a
challenge for theorists. Note that an excess is also observed,
with reduced significance, in the centrality bin 50-70 % and
that there is a framework in place to extract the photonuclear
coherent cross section in these cases [792].

6.3 Models for photonuclear production of charmonium

The following models will be discussed in this section:

AB-AN: Model by Adeluyi and Bertulani [785] and
Adeluyi and Nguyen [793].

CSS: Model by Cisek, Schifer and Szczurek [794].
KN: Model by Klein and Nystrand implemented in the
STARLIGHT Monte Carlo program [773,776,795].
LM: Model by Lappi and Mantysaari [796,797].
GM-GDGM: Model by Goncalves and Machado [798]
and by Gay-Ducati, Griep and Machado [799].

RSZ: Model by Rebyakova, Strikman, and Zhalov [800].

All models start from Eq. (67) which has two ingredients:
the photon flux and the photonuclear cross section. The first
difference among the models is that some of them (CSS,
LM, GM-GDGM) use the hard-sphere approximation of the
photon flux; i.e., Eq. (64), and other models (AB-AN, KN,
RSZ-GZ) integrate the convolution of Eq. (63) with the prob-
ability of no hadronic interaction.

Regarding the photonuclear cross section the models con-
tain the following ingredients: (i) an assumption on the
nuclear distribution in the transverse plane, (ii) an implicit
or explicit prescription for the wave function of the vector
meson and finally (iii) all models fix some of the parameters
using data on exclusive photoproduction of charmonium off
the proton and thus have to include a prescription to link the
photoproduction off protons with the photonuclear interac-
tion. In this context the models can be grouped in three dif-
ferent classes: models based on the generalised vector domi-
nance model (KN), on LO pQCD (AB-AN, RSZ) and on the
colour dipole model (CSS, LM, GM-GDGM).

6.3.1 Models based on vector dominance

The only model in this class is KN. There are three main
ingredients in this model: (i) the vector dominance model
(VDM) relates both the y+Pb — Pb + V and the y+p —
p+ VprocessestoPb+V — Pb+Vandp+V - p+V
respectively (Here V represents a vector meson.); (ii) the
optical theorem relates these last processes to the total cross
section; (iii) a classical Glauber model relates the total pro-
duction cross section off a proton, to that off a nucleus.
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In more detail:

oypp(y) = o (y+Pb — V + Pb)
. do (y+Pb — V + Pb)
B dr

o0
/ aF oL,
t=0 Y tmin
(70)

where F(t) is the nuclear form factor and ¢ the momentum
transferred to the nucleus. Using VDM and the optical theo-
rem yields

do(y+Pb — V + Pb)
dr

_ aofop(V 4 Pb)

t=0 4f\%

’

(71)

where fy is the vector meson photon coupling. A classical
Glauber model produces

otor(V + Pb) ~ 0ipe1(V + Pb)
_ f 5(1 — expl—otor(V + p) Ten (B)]),
(72)

where Tpy, is the nuclear thickness function and oot (p + V)
is obtained from the optical theorem, now applied at the
nucleon level

do(V+p—> V+p)
o3or(V +p) = 167 P - P (73)
4 t=0
Using VDM leads to
do(V+p—>V+p)|  fy do(y+p— V+p)
dt =0 4ma dt =0
(74)
where the elementary cross section
do(y+p— V+p) _
5 Y = bv(XW)fp +Yw,J (75)

is fitted to experimental data to obtain the values for the X,
Y, €, n and by parameters.

6.3.2 Models based on LO pQCD

These models start from Eq. (70) and use the LO pQCD
calculation [801,802] for the forward cross section

do (y+Pb — V + Pb) _16m3alT .,

— G i 2 2’
— T aar Gl 0)

(76)

where [y, is the decay width to electrons and G4 is the
nuclear gluon density distribution at a scale Q%, which for
the models described below was chosen to be Q2 = M? /4,
although other options are possible and may describe better
the experimental data [803]. It is important to note that this
equation contains implicitly a model for the wave function
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Jhy, y(28)

Pb A Pb

Fig. 101 Lowest-order diagram for the photoproduction of charmo-
nium within the colour dipole model

of the vector meson, but in the final result the only trace of it
is the presence of I',.

The AB-AN model modifies Eq. (76) by adding a normal-
isation parameter to the right side, which should take into
account effects missing in the approximation. This factor is
then fitted to reproduce HERA data using the same type of
equation applied to the y +p — p-+J/¥ case. Nuclear effects
are modelled as G 4 (x, Q%) = g, (x, QZ)R? (x, 0?) where
gp is the gluon distribution in the proton and R? is the nuclear
modification factor of the gluon distribution. MSTWO0S [804]
is used for the gluon distribution in the proton, while several
different choices are made for R ? to estimate nuclear effects:
EPS08 [805], EPS09 [364], HKNO7 [806] and RQ =1to
model the absence of nuclear effects.

The RSZ model computes R? in the leading twist
approach to nuclear shadowing [807]. The main ingredients
are the factorisation theorem for hard diffraction and the the-
ory of inelastic shadowing by Gribov. The evolution is done
using the DGLAP equations. The experimental input to fix
the parameters of the model is given by inclusive diffrac-
tive parton distribution functions of nucleons as measured
at HERA. For the gluon distribution in the proton the LO
distribution from [808] was used.

6.3.3 Models based on the colour dipole approach

The basic idea of this formalism is illustrated in Fig. 101:
long before the interaction, the photon splits into a quark-
antiquark pair, which forms a colour dipole. Then this dipole
interacts with the target and after another long time the dipole
creates a vector meson. The cross section in this formalism
is given by

do(y+Pb — J/y +Pb)  Ry(1+p7)

2
dr 167 ’

A, 0% &)

(77)

where the so-called skewedness correction R; compensate
for the fact that only one value of x is used, even though the
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two gluons participating in the interaction have different x
[809], while (1+ ,32) is the correction that takes into account
the contribution from the real part of the amplitude [810].
The imaginary part of the scattering amplitude is given by

A()C, Q2’ A) — /dzd2;d256*l(5*(1*2);)A[\Iljk/wllj]
1
x2 |:1 — exp {_Eadiprb(b)H , (78)

where the integration variable 7 represents the distance
between the quark and the antiquark in the plane trans-
verse to the collision, z quantifies the fraction of the pho-
ton momentum carried by the quark and b is the distance
between the centres of the target and the dipole; A is the
transverse momentum transferred to the nucleus; the virtual-
ity of the incoming photon is denoted by Q? and for the case
of photoproduction discussed here is zero; W describes the
splitting of the photon into the dipole and Wy, is the wave
function of the J/v; the term i (1 — 2)F - A in the exponential
is a third correction to take into account non-forward con-
tributions to the wave function Wy, which is modelled for
the forward case [811]; and finally ogjp is the universal cross
section for the interaction of a colour dipole with a nuclear
target. The models differ in the functional form of Wy, , in
the corrections that were considered and in the formulation
of the universal dipole cross section.

In the case of LM the non-forward correction to the wave
function was not considered. LM use two different pre-
scriptions for the wave function: the Gauss-LC [812] and
the boosted Gaussian [813,814]. og;p is written in terms
of the cross section of a dipole and a proton, o(ﬁp; assum-
ing a Gaussian profile in impact parameter for the proton,
exp(—b*/(2B))):

1
Eodip =2mByAN(r, x), (79)

where N (r, x) is the dipole target amplitude. LM use two
different models for N (r, x): the IIM model [815], which is
a parametrisation of the expected behaviour of the solution to
the BK equation [816-818], which includes a non-linear term
for the evolution of N (r, x); and the IPsat model [812,819],
which uses DGLAP equations to evolve an eikonalised gluon
distribution.

The GM-GDGM model uses the boosted Gaussian pre-
scription for the wave function. The dipole cross section is
given by ogip = R? (x, Qz)o}l)ip, where o};ip is given accord-
ing to the IIM model and the leading twist approximation
is used for Rg,‘ (x, 0%). The CSS model is similar to the
GM model, but it uses the unintegrated gluon distribution of
the nucleus including multiple scattering corrections. It also
takes into account higher-order fluctuations of the incoming
photon. The Gaussian form of the wave function is used.

6.4 Photonuclear production of charmonium: comparing
models to measurements

The comparison of the cross sections measured with ALICE
and the predictions of the different models is shown in Fig.
102. Several comments are in order. The spread among the
different predictions is quite large, so data impose strong
constraints into the different ingredients of the models, in
particular at mid-rapidity, which corresponds to the small-
est x—Bjorken in a pQCD interpretation. The left panel of
the figure shows the measurement for J/1 coherent produc-
tion. The AB-MSTWOS curve, corresponding to the absence
of nuclear effect in that model, and the AB-EPS08 model,
corresponding to strong shadowing, are both disfavoured.
The other models are closer to the data and there are sev-
eral natural refinements that can be done. For example, after
the publication of ALICE data the model labelled RSZ-LTA
was revisited and a study of the variations of the model
with different scales for the coupling constant was per-
formed [803]. It was found that using data, one could con-
strain within this model the value of this scale such that
data are correctly described. Similar improvements could be
made to other models. The preliminary data from CMS (not
shown in the figure) is also well described by this updated
model and by AB-EPS09, which corresponds to mild shad-
owing.

The situation with respect to the measurement of incoher-
ent photonuclear production of J/v is not that clear. There
are less models and less data. The LM—fIPsat model slightly
underestimates the data, while the prediction of the same
model is above the data for the coherent case. The modifica-
tion of the RSZ-LTA model from [803] has not such a large
effect in the incoherent case, so that this model is still below
the measurement.

The prediction of the cross section for coherent photonu-
clear production of ¥/(2S) and its comparison to data is even
more difficult. As mentioned above, all models fixed the
predictions such that they reproduce data from HERA on
photoproduction off protons. But HERA data for (25) is
less abundant and less precise than for the case of J /. One
of the consequences is that the STARLIGHT and AB mod-
els when all nuclear effects are switched off, have the same
prediction for J/v but a different prediction for ¥ (2S). It
also happens that the wave function of the {(2S) is more
complex than that of the J/v [820] and not all models,
see for example [793], take into account the full complex-
ity of the wave function. Finally, the preliminary results
from ALICE for the coherent production of 1(2S) appeared
after the publication of the J /¢ measurements, so that some
models were already updated to improve the description of
ALICE data. Taking into account these caveats the general
conclusion seems to be that models with strong shadowing
or without any nuclear effects are disfavoured, while mod-
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Fig. 102 Cross section for coherent (left) and incoherent (right) photonuclear production of J/¢ as measured by ALICE [779] compared to

theoretical predictions

els incorporating a mild form of shadowing are, within the
current large experimental uncertainties, relatively close to
data.

A somehow surprising result was the ratio of the coher-
ent cross section of ¥(2S) to that of J/¢ at mid-rapidity.
The measured value is around two times larger than what
has been measured in the photoproduction off protons, while
most models expected these ratios to be similar [786]. Note
that the experimental uncertainties are still quite large, so this
discrepancy is only a bit larger than two sigmas. All models,
except AB, are quite close to the ratio measured at HERA,
and thus far from that measured by ALICE [786]. The AB-
EPS09 model is closer to the measured ratio, but one has to
say that the wave function of the /(2S) was not included in
its full complexity, and it is not clear what would happen if it
were included. In this case, new data and improved models
are much needed.

Another area to watch is the measurement of coherent pro-
duction of charmonium in peripheral or even semi-central
Pb-Pb collisions. As mentioned above, this possibility was
discussed some time ago [791], but no full calculation of the
process has been performed. The possibility of a measure-
ment at different centralities, which will be possible during
Run 2, will allow one to test different model implementa-
tions. For example, if the coherent source were the specta-
tor nucleons, then the distribution of transverse momentum
would depend on the centrality.

6.5 Summary and outlook

The LHC Collaborations have demonstrated with data from
Run 1 that measurements of photonuclear production of char-
monium are possible and that these measurements provide
valuable information to constrain models and can contribute
to a better understanding of shadowing. Present data favour
the existence of a shadowing as predicted by EPS09 in the
x range 1073-1072. Furthermore, these data have given a
glimpse of two remarkable results: (i) the ratio of ¥ (2S) to
J/yr cross section for coherent photoproduction seems to be
sensitive to nuclear effects; and (ii) it seems to be possible

@ Springer

to measure coherent production of charmonium overlapped
with hadronic collisions. During Run 2, new data with large
statistics will be collected and a definitive answer to these
two questions may be given. The new data will also allow
one to explore the dependence of the J/i coherent cross
section on transverse momentum with great detail and poten-
tially the measurement of Y production. The already existing
measurements and the forthcoming ones represent important
milestones in the path going from HERA towards a future
dedicated electron—ion facility [821,822].

7 Upgrade programmes and planned experiments
7.1 Introduction

As seen in the previous sections, and also summarised in
the next one, alongside the great progress in understanding
the physics of heavy quarks in proton—proton and heavy-ion
collisions, a lot of questions emerged too. Those, as well
as the quest for a quantitative description of the hot decon-
fined quark—gluon matter, call for upgrades in existing exper-
iments and also for new ones, in which the potential of heavy
quarks in answering those questions is fully exploited. Below,
we discuss the ongoing efforts and the possibilities for new
experiments.

7.2 Collider experiments
7.2.1 The LHC upgrade programme

The LHC roadmap foresees three long shut-downs (LS) of the
machine in order to perform major upgrades. The objective of
LS1, recently completed, was the preparation of the machine
for 6.5-7 TeV operation in 2015 [823] reaching (close to)
the design energy and the nominal peak luminosity of £, =
103* cm~2 57! or even higher. For heavy ions, interaction
rates of 10—15 kHz are expected in Pb—Pb in Run 2. The goal
of the heavy-ion programme for Run 2 is to collect about a
factor 10 more statistics for Pb—Pb collisions with respect to
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Run 1, while the new energy of ,/snn 25 TeV will push the
frontier of high-energy-density quark—gluon matter.

LS2, scheduled for 2018-2019, will be mainly devoted
to a major upgrade of the injectors as well as interventions
performed on the LHC itself aiming at increasing its instan-
taneous luminosity in pp and heavy-ion running modes to
Lpp = 3-10% cm™2s7! and Lpppp = 6 - 10?7 cm 2571,
respectively. After LS2, the interaction rate in Pb—Pb col-
lisions is foreseen to be 50 kHz. After LS3, envisaged in
2023-2024, the LHC peak luminosity is expected to reach
Lpp =5-7-103* cm~2 57! levelled down from higher lumi-
nosities [824] (HL-LHC). The LHC heavy-ion programme
is currently planned to extend to Run 4 (2026-2028).

The four major LHC experiments, ALICE, ATLAS, CMS
and LHCb, have rich detector upgrade programmes to fully
exploit the accelerator upgrades. Three different phases,
corresponding to the three LHC long shut-downs towards
the HL-LHC, are planned. Heavy-flavour and quarkonium
physics, both in pp and Pb—Pb collisions, either drive or
strongly benefit from the upgrade programmes.

ALICE is the dedicated heavy-ion experiment, whose
strengths, unique at the LHC, are measurements at low pr
and involving a wide range of identified hadrons, and access
to forward rapidities (y ~ 4) in muon decay channels. This
implies primarily minimum-bias (or centrality-selected) col-
lisions, as trigger selectivity for low-p observables is obvi-
ously weak.

The ATLAS and CMS experiments are general-purpose
experiments designed primarily for the investigations of pp
collisions, the Higgs boson discovery [825,826] being the
major achievement of Run 1 for this physics programme.
Both detectors have demonstrated very good performance in
heavy-ion collisions too, including measurements devoted to
heavy-quarks, as seen in the previous sections. The upgrade
programmes of both ATLAS and CMS detectors will extend
the studies of Higgs and of physics beyond the standard
model with improved detector performances to match the
LHC luminosity increases. This will benefit the ATLAS
and CMS heavy-ion physics programme as well which is
focussed on higher pr, complementary to the ALICE pro-
gramme.

The LHCb experiment is the dedicated experiment for
the studies of b-quark physics in pp collisions. The mea-
surements performed by LHCDb, for both charm and beauty
hadrons, in pp and p—Pb collisions are of a large variety and
unique quality. The upgrades of the LHCb detector retain the
focus on heavy-flavour studies, which will be performed in
pp and p—Pb collisions, as well as in a fixed-target configu-
ration.

The ALICE experiment The ALICE Collaboration con-
solidated and completed the installation of current detectors
during LS1 with the aim to accumulate 1 nb~! of Pb—Pb
collisions during Run 2 corresponding to about ten times the

Run 1 integrated luminosity. In parallel, the ALICE Collab-
oration makes a major effort to upgrade the apparatus, in
particular to improve the tracking precision and to enable the
read-out of all interactions at 50 kHz, with the goal to accu-
mulate 10 nb™! of Pb—Pb collisions after LS2. A low-B field
(0.2 T) run to collect 3 nb~! is also envisaged. The imple-
mentation of this upgrade programme [827,828], foreseen
in LS2, includes: a new low material Inner Tracking Sys-
tem [829] with a forward-rapidity extension (MFT [830]) to
add vertexing capabilities to the current Muon Spectrometer;
the replacement of the Time Projection Chamber (TPC) wire
chambers with gas electron multiplier (GEM) read-out; anew
read-out electronics for most of the detectors and an updated
trigger system; a new set of forward trigger detectors [831]
and a new integrated online—offline system.

The new Inner Tracking System [829], covering mid-
rapidity (|n] < 1.3), consists of seven concentric layers. For
the forward region (2.5 < n < 3.6) muon tracker (MFT), five
detection planes are envisaged. Both systems are composed
of CMOS Monolithic Active Pixel Sensors with a pixel cell
size of about 20 x 30 pm. At mid-rapidity, the total material
budget per layer is 0.3 and 0.8 % of X for the three inner and
four outer layers, respectively. It is 0.6 % of X per detection
plane at forward rapidity [830]. These low material budget,
high granularity detectors, in conjunction with the reduction
of the beam pipe diameter in the centre of the ALICE detector
from the present value of 58-36 mm, lead to a significantly
improved measurement of the track impact parameter (dis-
tance of closest approach to the primary vertex). It reaches
40 pmat pt >~ 0.5 GeV/c at mid-rapidity and 90 pm at pt =~
1 GeV/c at forward rapidity.

Thanks to this improved performance and the high statis-
tics, a large number of new measurements become possi-
ble and the existing measurements will be repeated with
improved performance. In the charm sector, at mid-rapidity
the pr coverage will be extended towards zero pt and the
uncertainties will be significantly reduced for the D and Dy
meson nuclear modification factor and vy. The A, baryon
reconstruction in its three-prong decay (p, K and m) will
become possible down to pt = 2 GeV/c, allowing for the
measurement of baryon/meson ratio (A./D) crucial for the
study of thermalisation and hadronisation of charm quarks in
the medium. Two-particle correlation studies with a D meson
as “trigger” particles (see Sect. 4) as well as a measurement
of the D-jet fragmentation function will be performed. At for-
ward rapidity the separation of open charm and open beauty
production cross sections can be performed via the semi-
muonic and J/v decay channels.

The ALICE detector upgrade opens up the possibility to
fully reconstruct B¥ meson (B* — DOz ™) down to pr =
2 GeV/c and the Ay baryon (Ap — Aj‘n_) down to pr
=7 GeV/c. The thermalisation of b-quarks in the medium
will be studied via the measurement of the elliptic flow in
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Fig. 103 Estimated performance of open heavy flavour nuclear modification factor (/eff) and elliptic flow (right) with the ALICE upgrade. The
pt dependence of the two observables is assumed based on current measurements and model predictions [829]

the semi-leptonic as well as J/¢ or D-meson decay chan-
nels, both at mid- and forward rapidities. Figure 103 gives
an example of the expected performance of open heavy
flavour nuclear modification factor and elliptic flow mea-
surements [829].

The ALICE detector upgrade will lead to a significant
improvement of the (prompt) J/v measurement, both at
mid- and forward rapidities. The expected performance of
the v, measurement is illustrated in Fig. 104 (left). At for-
ward rapidity, the measurement of J /4 polarisation in Pb—Pb
collisions will become possible, as well as precision measure-
ments of the production of Y states.

The measurement of the 1 (2S) meson, combined with
the J/4 measurement, offers an important tool to discrimi-
nate between different charmonium production models. The
¥ (2S) measurement is a challenge in heavy-ion experiments,
in particular atlow pr. Atforward rapidity, the addition of the
MFT will allow a precise measurement to be made of ¥(2S)
down to zero pr even in the most central Pb—Pb collisions.
At mid-rapidity the measurement remains very challenging,
but a significant result is expected with the full statistics of
the ALICE data after the upgrade (Fig. 104 right).

Comparable detection performances at mid and forward
rapidities will place the ALICE experiment in the position of
studying the heavy flavour QGP probes as a function of rapid-
ity. This will help imposing tighter experimental constraints
to the theoretical models.

The physics programme for ultra-peripheral AA collisions
(UPC, see Sect. 6) in ALICE for Run 3 and Run 4 will have
the advantage of increased luminosity by a factor of 10 (100)
with respect to Run 2 (Run 1). The large increase in statistics
could as well allow for the detailed study of processes with a
small cross section like the coherent production of Y or the
production of 7. in y y collisions.

The ATLAS experiment During LS1, ATLAS achieved the
installation of the Insertable B-Layer (IBL) [833], which is
an additional fourth pixel layer, placed closer to the beam
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pipe at an average radius of 33 mm. It will add redundancy
to the inner tracking system, leading to improved tracking
robustness. This new layer provides improved pointing res-
olution of the inner tracker for pt as low as 1 GeV/c and
a pseudo-proper decay length resolution improved by about
30 % compared to Run 1, leading to an improved b-quark
tagging performance [834]. The inner tracker will be com-
pletely replaced during the LS3 [835] in order to cope with
the high luminosity after LS3 of the LHC. This new tracker,
composed of silicon pixel and strip layers, will have capabil-
ities equivalent to the current tracker (with the IBL).

During LS2, ATLAS envisages the installation of new
Muon Small Wheels and more selective (“topological”)
Level-1 trigger criteria [836,837], which carry the poten-
tial to improve the dimuon acceptance at low pt. The cavern
background leads to fake triggers in the forward muon spec-
trometer, with adverse impact on its physics capability. In
order to be able to handle the high luminosity, it is proposed
to replace the first end-cap station by the New Small Wheel
(NSW) covering the rapidity range 1.2 < |n| < 2.4. The
NSW will be integrated into the Level-1 trigger, improving
the background rejection. Two technologies, MicroMegas
detectors and small-strip Thin Gap chambers, will be used
in order to have both a good position resolution (< 100 pm)
and a fast trigger function. A longer upgrade plan of the muon
end-caps, consisting in the extension of the muon recon-
struction coverage to higher rapidities, is under study. One
of the possible scenarios consists in the addition of a warm
toroid at small angles combined with new muon chambers at
high rapidity. The extension would cover the rapidity range
2.5 < |y] < 4.0 and should have a pt resolution of the order
of 15-40 % for pr ranging from 10 to 100 GeV /c.

The high luminosity of Run 2 and Run 3 imposes to rise
the muon pr trigger threshold. In order to partially limit this
increase, a new Level-1 topological trigger algorithm has
been implemented. A pt threshold of the order of 15 GeV/c
at the J /¢ mass which will increase to 30 GeV /¢ for higher
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luminosities is foreseen. The ATLAS quarkonia and heavy
flavour programmes will therefore concentrate on the high-
pr range (pt 2 30 GeV/c).

The CMS experiment Two phases compose the CMS
experiment upgrade programme. The first one, spread over
LS1 and LS2, involves consolidation of the current detec-
tors. The upgrade activities in LS1 and LS2 are focussed on
the inner pixel detector, the hadron calorimeter, the forward
muon systems, and the Level-1 trigger [§38—840]. The entire
pixel detector will be replaced during the 2016-2017 yearly
shut-down. The new device adds a fourth detection layer for
redundancy in tracking and leads to an improved fake-track
rejection. The pointing resolution will be improved thanks to
the reduced material budget and by moving the first detection
layer closer to the interaction point, which will substantially
improve the b-quark tagging capability. The upgrade in the
hadron calorimeter Level-1 trigger is motivated by the heavy-
ion programme; the significantly improved selectivity for
high-pr jets opens up precision measurements of b-tagged
jets in Pb—Pb collisions. An illustration of the expected per-
formance is given in Fig. 105 for the doubly tagged b-jet
asymmetry parameter A; [841].

The muon system will be completed during LS2 by adding
a fourth end-cap layer for 1.2 < |n| < 1.8 and by improving
the read-out granularity at mid-rapidity. During LS1, Level-
1 hardware trigger algorithms was upgraded, resulting in
an improved muon trigger selectivity [841]. The impact on
the HI physics programme will be a better non-prompt J /v
extraction and an improved dimuon mass resolution.

The second phase of the CMS upgrades [842] planned to
be completed during LS3, leads to the readiness of the exper-
iment for physics at the HL-LHC. This includes the exten-
sion of the inner tracking system to || < 4 with triggering
capability and additional muon redundancy with a possible
extension of the muon system to cover |n| < 4. It will result
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Fig. 105 Estimated performance of the measurement in CMS of the
doubly tagged b-jet asymmetry A, distribution in || < 2 [841]

in an improved mass resolution (gain of 1.2-1.5) with an
improved quarkonia triggering performance. High-statistics
measurements of prompt and non-prompt J /vy, ¥/(2S) and T
states will become available [841].

With regard to UPC (see Sect. 6), thanks to the increase of
statistics expected in Run 3, and pending detail performance
studies, CMS would be able to carry out systematic studies
for the various Y states, as well as detailed studies on UPC
dijets produced in photon—nucleus collisions.

The LHCD experiment The upgrade programme of the
LHCb Collaboration [843] has two major facets: (i) the
replacement of all front-end electronics,?® which will enable
continuous detector read-out at 40 MHz, followed by a full

29 The replacement of front-end electronics implies, for some of the
LHCb detectors, like the silicon trackers, the replacement of the active
elements.

@ Springer



107 Page 126 of 151

Eur. Phys. J. C (2016) 76:107

software trigger [844], (ii) detector upgrades designed for
operation at a luminosity increased by a factor of 5 com-
pared to current conditions (levelled nominal luminosity will
be 2-10*3 cm™2 s~! in pp collisions). This comprises the
replacement of the VELO silicon vertex detector [845], new
tracker systems before and after the dipole magnet [846], and
major upgrades for the systems performing particle identifi-
cation: the RICH, the calorimeter and the muon system [847].

The upgraded LHCb detector components will be installed
during LS2 and is envisaged to collect a pp data sample of
at least 50 fb—!. This will significantly enhance the unique
physics capability of LHCb for heavy-flavour measurements
also in p—Pb collisions. The focus is on rare observables in
connection to physics beyond the standard model, but the
high-precision measurements of production cross sections
for quarkonia and open charm hadrons is a direct bonus.

7.2.2 The RHIC programme

The current plans [848] envisage measurement at RHIC up to
mid-2020s, followed by eRHIC. During the 2014 run, thanks
to the full implementation of 3D stochastic cooling, RHIC
achieved, in Au—Au collisions at ,/sny =200 GeV, an aver-
age stored luminosity of £ = 5- 10?7 cm™? s~! reaching 25
times the design value. The ongoing measurements focus on
heavy flavour probes of QGP exploiting the newly installed
silicon vertex detectors in both PHENIX and STAR exper-
iments. These campaigns will extend up to 2016, when the
electron cooling of RHIC is expected to enter in operation.
The 2015 run modes are scheduled to be pp, p—Au and pos-
sibly p—Al collisions at ./syn =100 GeV. The RHIC lumi-
nosity upgrade plan is to operate the collider in Au—Au col-
lisions at ,/snn =200 GeV at an average stored luminosity
of £ = 10%® cm~2s~! [849]. The second phase (2018-2019)
of the Beam Energy Scan (BES-II), spanning ,/snn = 7—
20 GeV, opens up the potential of heavy flavour measure-
ments at lowest to-date collider energies.

The sPHENIX project The PHENIX Collaboration has
a radical upgrade plan consisting on replacing the exist-
ing PHENIX central detectors, which have small acceptance
and lack hadronic calorimetry, with a compact calorimeter
and 1.5 T superconducting magnetic solenoid [850]. Full
azimuthal calorimeter coverage, both electromagnetic and
hadronic, will be available in || < 1. The sSPHENIX detec-
tor will be capable of identifying heavy-quark jets and sepa-
rating Y states in their dielectron decay channel with a mass
resolution better than 100 MeV /c2. The current PHENIX
detectors will be removed during the 2016 shut-down and
sPHENIX detectors will be installed during the 2020 shut-
down of RHIC. The sPHENIX running plan consists of two
years of data taking (2021-2022) in Au—Au, d—Au and pp
collisions at ./sNn = 200 GeV.
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The inner tracking system will be composed of the cur-
rently existing Silicon Vertex Detector (VTX) with three
additional silicon layers at larger radii to improve the momen-
tum resolution and the track-finding capability. The recon-
struction efficiency will be as high as 97 % for pt > 2GeV /c,
with a momentum resolution of the order of 1-1.5 % (depend-
ing on pr). The pointing resolution will be better than 30 pm
for pr > 3 GeV/c. The electrons from the Y decays are iden-
tified using a combination of the electromagnetic calorimeter
and the inner hadron calorimeter with a pion rejection power
better than 100 at a 95 % electron efficiency.

Exploiting this very good performance, SPHENIX will be
able to measure the suppression pattern of the three Y states.
The high RHIC luminosity and the SPHENIX data acquisition
bandwidth (10 kHz) will give to sSPHENIX the opportunity to
record 10'" Au—Au collisions, leading to an unprecedented
precision of T measurements; see Fig. 106.

Thanks to the combination of its high-precision inner
tracking and calorimetry systems, sSPHENIX will be able
to perform b-quark jet tagging by requiring the presence of
charged tracks within the jet with a large distance of closest
approach to the primary vertex. Simulations show that for jet
p1 =20GeV/c, ab-jet purity of 50 % will be reached with an
efficiency of the order of 40-50 % [851], which will allow one
to extract b-jet Raa downto pt =20 GeV/c in central Au—Au
collisions. Tagging of a c-quark jet using the same technique
is challenging due to the shorter c-hadron lifetime. Neverthe-
less, c-jet tagging performance is under study by associating
fully reconstructed D meson with reconstructed jets in the
calorimeter. Those heavy-quark jet measurements will be an
excellent test of in-medium parton energy-loss mechanisms
and will give some insights on the fragmentation functions
of heavy quarks.

STAR experiment The recently installed Heavy Flavour
Tracker (HFT) and Muon Telescope Detector (MTD) will
allow for significantly improved measurements for heavy
flavour observables already in the 2016 run [852], as illus-
trated for the DY meson elliptic flow and the T Raa in Fig.
107. Among the observables expected to become accessible
in this run are A, baryon and open beauty meson production.

The next stages of the STAR upgrade programme [854]
include on a short term (with focus on BES-II, 2018-2019)
an upgrade of the inner part of the TPC read-out chambers
as well as a new Event Plane Detector (EPD) covering the
rapidity range 1.5 < |y| < 5. The TPC upgrade will improve
the tracking and PID performances and extend the TPC cov-
erage from |y| < 1 to |y| < 1.7. The long-term part of the
upgrade (foreseen for the 2021-2022 heavy-ion programme
and the 2025+ eRHIC programme) includes upgrades on the
HFT for faster read-out and a forward rapidity system with
tracking and calorimetry. The focus will be on measurements
relevant for QGP in AA collisions, CNM effects in p—A colli-
sions and for the spin programme at RHIC [848]. All heavy-
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flavour observables will receive significant improvements in
precision in these measurements.

7.3 The fixed-target experiments

Fixed-target experiments using hadron beams have played
a major role in quarkonium physics, starting with the co-
discovery in 1974 of the J/v [855] at BNL with a 30 GeV
proton beam on a Be target, the discovery of the Y [856] with
400 GeV protons on Cu and Pt targets and the first observa-
tion of h. [857] at Fermilab with antiprotons on an inter-
nal hydrogen jet target. In addition, fixed-target experiments
have revealed, through high-precision quarkonium studies,
many novel and mostly unexpected features of quark and
gluon dynamics, which included the anomalous suppression
of J/¢ [660] in Pb—Pb collisions at SPS, the strong non-
factorising nuclear suppression of J/i¢ hadroproduction at
high x ¢ [858] and the large-x r production of J /¢ pairs [859].

A few fixed-target projects in connection with heavy-
flavour and quarkonium are being discussed in our commu-

nity at the SPS, Fermilab, FAIR and the LHC. These are
reported below.

7.3.1 Low energy projects at SPS, Fermilab and FAIR

Using a 120 GeV proton beam extracted from the Fer-
milab Main Injector, the Fermilab E-906/SeaQuest experi-
ment [860], which is part of a series of fixed target Drell-Yan
experiments done at Fermilab, aims to examine the modifi-
cations to the antiquark structure of the proton from nuclear
binding and to better quantify the energy loss of a coloured
parton (quark) travelling through cold, strongly interacting
matter. In the context of this review, one should stress that
their muon spectrometer covering dimuon mass from roughly
3 to 7 GeV/c? also allows one to perform J/v and (2S)
cross section measurements with a good accuracy.

The COMPASS Collaboration has recently started to
look at Drell-Yan measurements using a 190 GeV pion
beam [861] with the aim of measuring single-transverse
spin asymmetries and of measuring the quark Sivers func-
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tions [862]. Data taken during tests in 2009 have revealed
that, with the same set-up, they can also measure, with a good
accuracy, pion-induced J/v (probably also (2S)) produc-
tion cross sections at ,/sny = 18.8 GeV on nuclear targets.

Another experiment at SPS, NA61/SHINE also has plans
to move ahead to charm production in the context of heavy-
ion physics. Their upgrade relies on the installation of a new
silicon vertex detector [863] which would allow for precise
track reconstructions and, in turn, for D° production studies
in Pb—Pb collisions at ,/snn = 8.6 and 17.1 GeV.

Finally, the FAIR project, presently under construction at
GSI Darmstadt, has a nucleus—nucleus collisions programme
devoted to the study of baryon-dominated matter at high
densities [864]. The dedicated Compressed Baryonic Mat-
ter (CBM) experiment is designed with the initial priority on
the study of open charm and charmonium close to production
threshold in Au—Au collisions around 25 GeV-per-nucleon
beam energy (,/snn = 7 GeV). The current baseline of the
FAIR project envisages collisions with Au beams only up
to 10 GeV per nucleon (SIS-100), implying that the charm
sector of CBM cannot be covered in nucleus—nucleus colli-
sions. Production in proton—nucleus collisions will be stud-
ied, while the possible addition of a second ring will bring
the accelerator to the initially designed energy (SIS-300).

7.3.2 Plans for fixed-target experiments using the LHC
beams

Historically, the first proposal to perform fixed-target exper-
iments with the LHC beams dates back to the early 1990s
along with the LHB proposal (see e.g. [865]) to perform
flavour physics studies using the expected 10'% B mesons
produced per year using an extracted beam with a flux of
more than 108 protons per second obtained with a bent crys-
tal positioned in the halo of the beam. This idea was revived
in the mid-2000s [866] and it is now being investigated at the
LHC along with the smart collimator solution proposed by
the (L)UA9 Collaboration.>?

More generally, abeam of 7 TeV protons colliding on fixed
targets results in a centre-of-mass energy close to 115 GeV,
in a range where few systems have been studied at a limited
luminosity. With the 2.76 TeV Pb beam, ,/snn amounts to
72 GeV, approximately half way between the top Au—Au
and Cu—Cu energy at RHIC and the typical energies studied
at the SPS. As discussed in Refs. [867-870], colliding the
LHC proton and heavy-ion beams on fixed targets offers a
remarkably wide range of physics opportunities. The fixed-
target mode with TeV beams has four critical advantages:
(i) very large luminosities, (ii) an easy access over the full
target-rapidity domain, (iii) the target versatility and (iv) the
target polarisation. This, respectively, allows for: (i) decisive

30" http://home.web.cern.ch/about/experiments/ua9.
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statistical precision for many processes, (ii) the first experi-
ment covering the whole negative xp domain up to —1, (iii)
an ambitious spin programme relying on the study of single-
transverse spin asymmetries and (iv) a unique opportunity to
study in detail the nuclear matter versus the hot and dense
matter formed in heavy-ion collisions, including the forma-
tion of the quark—gluon plasma down to the target rapidities.

SMOG - the first step A first — probably decisive — step
towards such a project has been made by the LHCb Collab-
oration using SMOG, a system designed to perform imaging
of the beam profiles towards luminosity determination [871].
SMOG consists in the injection of a gas (Ne for Run 1) in
the VErtex LOcator of LHCD; this also allows one to record
fixed-target collisions. During test beams, data have been
recorded in p—Ne collisions at /sy = 87 GeV and Pb—Ne
at ./sNxN = 54.4 GeV. The current limited statistics — due
to the limited gas pressure and the short run durations — has
for now only allowed for strange-hadron reconstruction. A
handful of J /4 and charmed mesons might be extracted from
these data. In any case, they have illustrated that a detector
like LHCb has a very good coverage for the fixed-target mode
and proved that this system can be used beyond its primary
goal and offers new physics opportunities. LHCb plans in
taking more data using SMOG during Run 2. The goal is to
accumulate about 0.5 nb~! of Pb—Ne collisions with the aim
of studying J/v and D productions. Let us stress here that,
thanks to the boost between the cms and laboratory frame,
the rapidity shift between them is 4.8 with the 7 TeV pro-
ton beam. Hence, a detector covering n.p € [1, 5] allows
for measurements in essentially the whole backward hemi-
sphere, i.e. yems < 0 or xp < 0.

A Fixed-Target ExpeRiment at the LHC, AFTER@LHC
With a dedicated set-up and run schedule (see below), pp
and p—A collisions can be studied, during the 107 s LHC pro-
ton run, with luminosities three orders of magnitude larger
than at RHIC. Pb—A collisions can be studied, during the
10% s LHC Pb run, at a luminosity comparable to that of
RHIC and the LHC over the full range of the target-rapidity
domain with a large variety of nuclei. Quarkonium produc-
tion, open heavy-flavour hadrons and prompt photons in p—A
collisions can thus be investigated [867,868] with statistics
previously unheard of (see Table 18) and in the backward
region, xr < 0, which is essentially uncharted. This would
certainly complement the studies discussed in Sect. 3. In
complement to conventional nuclear targets made of Pb, Au,
W, Cu, etc., high precision QCD measurements (including
some of those discussed in Sect. 2) can also obviously be
performed in pp and p—d collisions with hydrogen and deu-
terium targets. Finally, looking at ultra-relativistic nucleus—
nucleus collisions from the rest frame of one of the colliding
nuclei offers the opportunity to study in detail its remnants in
collisions where the QGP can be formed. Thanks to the use of
the recent ultra-granular calorimetry technology, studies of
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Table 18 Expected yields (assuming no nuclear effects) and luminosities obtained for a 7 (2.76) TeV proton (Pb) beam extracted by means of bent

crystal (upper part) and obtained with an internal gas target (lower part)

Beam Flux (s~') Target ./snn (GeV) Thickness (cm) p (gem™3) A L@b's™h [ @bty Bry “ﬁ# O(y*‘) Brye dd# O(y*‘)
- y= N y=

P 5% 108 LiquidH 115 100 0.068 1 2000 20000 4.0 x 108 8.0 x 103

P 5% 108 LiquidD 115 100 0.16 2 2400 24000 9.6 x 108 1.9 x 10°

P 5% 105  Pb 115 1 11.35 207 16 160 6.7 x 108 1.3 x 10°

Pb  2x10° LiquidH 72 100 0.068 1 08 0.8 3.4 x 10° 6.9 x 103

Pb  2x10° LiquidD 72 100 0.16 2 1 1 8.0 x 10° 1.6 x 10*

Pb  2x10° Pb 72 1 11.35 207 0.007 0.007 5.7 x 10° 1.1 x 10*

Beam Flux (s™') Target ./snn (GeV) Usable gas Pressure (inunits A £ (ub~'s™h) [ £ (pb~ly™!) Bry dﬁ# (y™Y Bry dd# yh
zone (cm) of 107 bar) 7 =0 7 =0

P 3% 10" ideal gas 115 100 P A 10xP 100x P 2x10°%x Ax P 4x10° x Ax P

Pb  5x 10" ideal gas 72 100 P A 0.001xP 0.001x P 425x10° x Ax P 86xAxXP

direct photons, x. and even yx; production in heavy-ion col-
lisions — two measurements not available in any other exper-
imental configuration — can be envisioned (see Ref. [§72] for
a similar idea at SPS energies).

To substantiate these claims, we have gathered in Table
18 a set of key quantities for two scenarios — a beam
extracted/splitted with a bent crystal with a dense target and
a gas target intercepting the full LHC flux —, such as the
cms energy, the flux through the target, its length, its den-
sity/pressure, the instantaneous and yearly luminosities as
well as the J/¢ and Y yields close to y = 0. Another pos-
sibility, which consists in positioning a 500 pwm thick lead
ribbon in the halo of the proton or lead LHC beams, would
lead to instantaneous luminosities of 100 mb~! s~! and
22mb 1L, respectively [873].

8 Concluding remarks

The first Run of the LHC has provided a wealth of measure-
ments in proton—proton and heavy-ion collisions for hadrons
with open and hidden charm and beauty. The LHC data com-
plement the rich experimental programmes at Tevatron, SPS
and RHIC, extending by factors of about 4, 14 and 25 the
centre-of-mass energies accessible in pp, AA and p—A colli-
sions, respectively.

The main features of the data are in general understood.
However, the current experimental precision (statistical) and
accuracy (systematic uncertainties) is in most cases still lim-
ited. This, along with the lack of precise enough guidance
from theoretical models, still prevents definite conclusions
on production mechanisms in pp collisions (for quarkonia),
their modification in p—A, and extraction of key quantities
for the QGP produced in AA collisions.

In pp collisions, pQCD calculations at NLO or FONLL
describe very well the open charm and beauty production
cross sections within, however, rather large theoretical uncer-

tainties, especially for charm at low pr. At the LHC, this
uncertainty also impacts the scaling of the cross sections
measured at top pp centre-of-mass energy to the lower Pb—
Pb and p-Pb energies. Therefore, it is crucial that the future
LHC programme includes adequate pp reference runs at the
heavy-ion energies. In the quarkonium sector, there is a large
variety of quarkonium production models. To date, none
describes consistently the available measurements on pro-
duction cross section and polarisation. Future data will allow
one to constrain the models further and also address the ques-
tion whether a single production mechanism is responsible
for the low- and high-pt quarkonia. Understanding the pro-
duction process will provide insight on the quarkonium for-
mation time, which is an important aspect for the study of
medium-induced effects in p—A and A—A collisions. For both
open and hidden heavy-flavour hadrons, the correlation of
production with the event multiplicity is an interesting facet
that may shed light on production mechanisms and the gen-
eral features of proton—proton collisions at high energy. The
connection of these effects with the studies in proton—nucleus
and nucleus—nucleus collisions is an open and interesting
field of theoretical and experimental investigation.

Initially thought of as a reference for nucleus—nucleus
studies, p—A collisions provided a host of interesting results
of their own. Nuclear medium effects are observed in p—A
collisions on open and hidden heavy flavour at both RHIC
and LHC, especially for J /i production at forward rapidity.
None of the individual cold nuclear matter (CNM) effects
are able to describe the data in all kinematic regions, sug-
gesting that a mixture of different effects are at work. The
approach of nuclear parton distribution functions with shad-
owing explains the basic features of open and hidden heavy
flavour despite large uncertainties at forward rapidity and
the coherent energy-loss model explains the main charac-
teristics of quarkonium production. Theoretical interpreta-
tion of quarkonium excited states is still challenging. The
impact of these CNM studies for the understanding of the
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nucleus—nucleus data in terms of a combination of cold and
hot medium effects is yet to be fully understood. In addi-
tion, it is still an open question whether the possible sig-
nals of collective behaviour observed in high-multiplicity
proton—nucleus collisions in the light-flavour sector could
manifest also for heavy-flavour production. This question
could become accessible with future higher-statistics proton—
nucleus data samples at RHIC and LHC.

The strong electromagnetic field of lead ions circulating
in the LHC is an intense source of quasi-real photons, which
allows for the study of y y, yp and yPb reactions at unprece-
dented high energies. The coherent and the incoherent pho-
toproduction of J/yr and ¥(2S) is a powerful tool to study
the gluon distribution in the target hadron and the first data
from the LHC using Run 1 already set strong constraints
to shadowing models. The statistical precision is one of the
main, and in some cases the dominant, sources of uncertainty
of the current measurements. The large increase in statistics
expected for Run 2 and other future data-taking periods, as
well as improvements in the detectors, the trigger and the data
acquisition systems, will allow for a substantial reduction of
the uncertainties. These future measurements will then shed a
brighter light on the phenomena of shadowing and the gluon
structure of dense sources, like lead ions.

The measurements of open heavy flavour production in
nucleus—nucleus, proton—proton and proton—nucleus colli-
sions at RHIC and the LHC allow us to conclude that heavy
quarks experience energy loss in the hot and dense QGP.
A colour charge dependence in energy loss is not clearly
emerging from the data, but it is implied by the fair theoretical
description of the observed patterns. A quark mass ordering is
suggested by the data (some of them still preliminary, though)
and the corresponding model comparisons. However, this
observation is still limited to a restricted momentum and cen-
trality domain. The important question of thermalisation of
heavy quarks appears to be partly answered for charm: the
positive elliptic flow observed at both RHIC and LHC indi-
cates that charm quarks take part in the collective expansion
of the QGP. This is consistent with thermalisation, but the
degree of thermalisation is not yet constrained. For the beauty
sector, thermalisation remains an open issue entirely. The role
of the different in-medium interaction mechanisms, such as
radiative, collisional energy loss and in-medium hadronisa-
tion, is still not completely clarified, although the comparison
of data with theoretical models suggests the relevance of all
these effects.

For the quarkonium families, the LHC data demonstrated
the presence of colour screening for both charmonium and
bottomonium. In the case of J/y, the LHC data implies the
presence of other production mechanisms, generically called
(re)generation. Whether production takes place throughout
the full (or most of the) lifetime of the deconfined state
or rather suddenly at the confinement transition (crossover)
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cannot be disentangled using the existing measurements.
The Y production seems to exhibit a sequential pattern,
but several assumed quantities in this interpretation (e.g. the
feed-down contributions) make the situation not satisfactory
enough.

The next steps in the study of heavy-flavour hadron pro-
duction in heavy-ion collisions will lead to a stage of quanti-
tative understanding of the data, towards the extraction of the
charm and beauty quarks transport coefficients and the tem-
perature history of the deconfined state, including the tem-
perature of the confinement crossover. An incremental, but
nevertheless important, progress is expected with the exist-
ing experimental set-ups at RHIC and the LHC (where in
particular the increased collision energy enhances the rele-
vance of the data in the next three years). The ultimate goal
can only be achieved with upgraded or new detectors, which
will allow for the extension of the set of observables and the
precision of the measurements over a broad range of collision
energies.

This experimental effort needs to be matched on the theory
side. Even though the field of study of extreme deconfined
matter with heavy quarks seems to be driven by experiment,
the contribution of theory is of crucial importance. In particu-
lar, accurate theoretical guidance and modelling are required
to interpret the measurements in terms of the QGP properties
mentioned in the previous paragraph. Ultimately, the quan-
titative stage can only be reached in a close collaboration of
experiment and theory.
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