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Inclusive ϒ(1S) and ϒ(2S) production have been measured in Pb–Pb collisions at the centre-of-mass 
energy per nucleon–nucleon pair √sNN = 5.02 TeV, using the ALICE detector at the CERN LHC. The ϒ
mesons are reconstructed in the centre-of-mass rapidity interval 2.5 < y < 4 and in the transverse-
momentum range pT < 15 GeV/c, via their decays to muon pairs. In this Letter, we present results 
on the inclusive ϒ(1S) nuclear modification factor RAA as a function of collision centrality, transverse 
momentum and rapidity. The ϒ(1S) and ϒ(2S) RAA, integrated over the centrality range 0–90%, are 0.37 ±
0.02(stat) ± 0.03(syst) and 0.10 ± 0.04(stat) ± 0.02(syst), respectively, leading to a ratio Rϒ(2S)

AA /Rϒ(1S)
AA of 

0.28 ±0.12(stat)±0.06(syst). The observed ϒ(1S) suppression increases with the centrality of the collision 
and no significant variation is observed as a function of transverse momentum and rapidity.

© 2018 Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
1. Introduction

A detailed study of the properties of the Quark–Gluon Plasma 
(QGP) [1] is the main goal of heavy-ion experiments at ultra-
relativistic energies [2–6]. Quarkonia, i.e. bound states of charm or 
bottom quark–antiquark pairs, are sensitive probes of color decon-
finement, due to the Quantum-Chromo Dynamics Debye screening 
mechanism [7–9] leading to quarkonium suppression. Moreover, 
the various quarkonium states have different binding energies and 
therefore different dissociation temperatures in a QGP, leading to 
sequential suppression [7,10]. Theory estimates [11] indicate that 
bottomonium formation may occur before QGP thermalization [12]
because of the large bottom quark mass. In this situation, a quan-
titative description of the influence of the medium on the bound 
states becomes challenging. While the dissociation temperatures 
vary significantly between different models [8,9], it is commonly 
accepted that the widths of the spectral functions of the bottomo-
nium states increase compared to the widths in vacuum, due to 
the high temperature of the surrounding medium [13]. Finally, 
taking into account that feed-down processes from higher-mass 
resonances (around 40% for the ϒ(1S) and 30% for the ϒ(2S) [9]) 
are not negligible, the evaluation of the medium temperature via 
bottomonium measurements remains a complex endeavour.

The first studies of quarkonium production in heavy-ion colli-
sions were devoted to charmonium states, and a suppression of 
their yields was observed at the SPS [14–16], at RHIC [17,18] and 
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at the LHC [19–22]. The weaker J/ψ suppression observed at LHC 
energies, where the centre-of-mass energy per nucleon–nucleon 
pair (

√
sNN) is one order of magnitude larger than at RHIC, can 

be explained by means of a competitive (re)generation mecha-
nism, which occurs during the deconfined phase and/or at the 
hadronization stage [23–26]. This production mechanism strongly 
depends on the (re)combination probability of deconfined quarks 
present in the medium and thus on the initial number of produced 
cc pairs. The effect has been found to be more important at low 
pT and in the most central collisions [22,20,27].

The high-energy collisions delivered by the LHC allow for a 
detailed study of bottomonium states. For bottomonium produc-
tion, perturbative calculations of production rates in elementary 
nucleon–nucleon collisions are more reliable than for charmonium 
yields due to the higher mass of the bottom quark with respect to 
charm. Since the number of produced bb pairs in central heavy-ion 
collisions amount to a few pairs per event at the LHC, the proba-
bility for (re)generation of bottomonia through (re)combination is 
much smaller than in the case of charmonia.

The ϒ(1S) nuclear modification factor RAA is quantified as the 
ratio of the ϒ(1S) yield in nucleus–nucleus collisions to the pro-
duction cross section measured in pp collisions scaled by the nu-
clear overlap function 〈TAA〉. The latter is obtained via the Glauber 
model [28,29]. A strong suppression of the ϒ(1S) state in Pb–Pb 
collisions has been observed at 

√
sNN = 2.76 TeV by ALICE [30]

and CMS [31,32] in the rapidity ranges 2.5 < y < 4 and |y| < 2.4, 
respectively. The suppression increases with the centrality of the 
collision, reaching about 60% and 80% for the most central colli-
sions at mid [32] and forward rapidity [30], respectively. Moreover, 
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the ϒ(2S) suppression reaches about 90% and for ϒ(3S) data are 
compatible with a complete suppression [32]. As a function of pT
the ϒ(1S) RAA, measured for pT < 20 GeV/c by CMS [32], is com-
patible with a constant value. When considering the y-dependence 
resulting from the comparison of ALICE and CMS results, there is 
an indication for a stronger suppression at forward y. Transport 
models [26,33] as well as an anisotropic hydro-dynamical model 
[34] fairly reproduce the experimental observations of CMS, while 
they tend to overestimate the RAA values measured by ALICE.

The bottomonium suppression due to the QGP should be dis-
entangled from the suppression due to Cold Nuclear Matter (CNM) 
effects, such as the nuclear modification of the parton distribu-
tion functions due to shadowing [35,36], as well as parton energy 
loss [37]. These effects on the bottomonium production were stud-
ied in p–Pb collisions by ALICE [38] and LHCb [39], who reported 
for the ϒ(1S) a nuclear modification factor slightly lower than 
unity at forward rapidity and compatible with unity at backward 
rapidity, although with significant uncertainties. Recently, ATLAS 
results indicate a significant suppression of the ϒ(1S) for pT < 40 
GeV/c around mid-rapidity [40]. Additional measurements at for-
ward/backward rapidity with higher statistics, are needed to fully 
constrain the models and perform a meaningful extrapolation of 
CNM effects to Pb–Pb collisions.

In this Letter we present the first results on the ϒ(1S) and 
ϒ(2S) RAA measured by the ALICE Collaboration in Pb–Pb colli-
sions at 

√
sNN = 5.02 TeV. The pp reference cross sections used 

in the RAA calculations have been determined by an interpolation 
procedure based on various ALICE [41,42] and LHCb [43,44] results 
at different energies. The nuclear modification factor for the ϒ(1S)
is presented as a function of the centrality of the collision and also 
differentially in pT and rapidity. For the ϒ(2S), an RAA value in-
tegrated over the centrality of the collision is quoted. Finally, the 
results are compared to theoretical calculations.

2. Experimental apparatus and data sample

An extensive description of the ALICE apparatus can be found 
in [45,46]. The analysis presented in this Letter is based on muons 
detected at forward rapidity (2.5 < y < 4)1 with the muon spec-
trometer [47]. The detectors relevant for ϒ measurements in Pb–Pb 
collisions are described below.

The Silicon Pixel Detector, corresponding to the two innermost 
layers of the Inner Tracking System [48], is used for the primary 
vertex determination. The inner and outer layer cover the pseudo-
rapidity ranges |η| < 2 and |η| < 1.4, respectively.

The V0 scintillator hodoscopes [49] provide the centrality esti-
mate. They are made of two arrays of scintillators placed in the 
pseudo-rapidity ranges 2.8 < η < 5.1 and −3.7 < η < −1.7. The 
logical AND of the signals from the two hodoscopes constitutes 
the Minimum Bias (MB) trigger. The MB trigger is fully efficient for 
the studied 0–90% most central collisions.

The Zero Degree Calorimeters (ZDC) are installed at ±112.5 m 
from the nominal interaction point along the beam line. Each of 
the two ZDCs is composed of two sampling calorimeters designed 
for detecting spectator protons, neutrons and nuclear fragments. 
The evaluation of the signal amplitude of the ZDCs allows for the 
rejection of events corresponding to an electromagnetic interaction 
of the colliding Pb nuclei [50].

The muon spectrometer covers the pseudorapidity range −4 <
η < −2.5. It is composed of a front absorber, which filters muons 

1 In the ALICE reference frame, the muon spectrometer covers a negative η range 
and consequently a negative y range. We have chosen to present our results with a 
positive y notation.

upstream of the muon tracker, consisting of five tracking stations 
with two planes of cathode-pad chambers each, and of a dipole 
magnet providing a 3 T·m integrated magnetic field. Downstream 
of the tracking system, a 1.2 m thick iron wall stops efficiently 
the punch-through hadrons. The muon trigger system is located 
downstream of the iron wall and consists of two stations, each 
one equipped with two planes of Resistive Plate Chambers (RPC), 
with an efficiency higher than 95% [51]. The muon-trigger system 
is able to deliver single and dimuon triggers selecting muons with 
pT larger than a programmable threshold, via an algorithm based 
on the RPC spatial information [52]. Throughout its entire length, a 
conical absorber shields the muon spectrometer against secondary 
particles produced by the interaction of primary particles in the 
beam pipe.

The trigger condition used for data taking is a dimuon-
Minimum Bias (μμ-MB) trigger formed by the logical AND of the 
MB trigger and an unlike-sign dimuon trigger with a pT threshold 
of 1 GeV/c for each of the two muons.

The centrality estimation is performed using a Glauber fit to the 
sum of the signal amplitudes of the V0 scintillators [53–55]. Cen-
trality ranges are given as percentages of the total hadronic Pb–Pb 
cross section. In addition to the centrality, the Glauber model al-
lows an estimate of the average number of participant nucleons 
〈Npart〉, of the average number of binary collisions 〈Ncoll〉 and of 
the nuclear overlap function 〈TAA〉, for each centrality interval [56]. 
In the present analysis, the data sample corresponds to an inte-
grated luminosity Lint ≈ 225 μb−1 in the centrality interval 0–90% 
that has been divided into four centrality classes: 0–10%, 10–30%, 
30–50% and 50–90%.

3. Data analysis

The evaluation of RAA is performed through the following ex-
pression:

RAA = Nϒ

BRϒ→μ+μ− · (A × ε)ϒ→μ+μ− · Nμμ-MB · Fnorm · σϒ
pp · 〈TAA〉 ,

(1)

where Nϒ is the number of detected resonance decays to muon 
pairs, while BRϒ→μ+μ− = (2.48 ± 0.05)% and (1.93 ± 0.17)% are 
the branching ratios for the dimuon decay of ϒ(1S) and ϒ(2S), 
respectively [57]. The (A × ε)ϒ→μ+μ− factor is the product of ac-
ceptance and detection efficiency for the ϒ state under study. The 
normalization factor Nμμ-MB · Fnorm is the product of the num-
ber of analyzed μμ-MB events and the inverse of the proba-
bility to obtain an unlike-sign dimuon trigger in a MB-triggered 
event [22]. A dataset of 1.5 · 109 minimum bias equivalent events, 
Nμμ-MB · Fnorm, has been used for bottomonium measurements. Fi-
nally, σϒ

pp is the reference pp cross section and 〈TAA〉 represents 
the nuclear overlap function [55].

The signal yields are evaluated by performing fits to the μ+μ−
invariant mass distributions. In order to improve the purity of the 
dimuon sample a set of selection criteria [30] has been applied on 
the muon tracks, including the request of the matching between 
the tracks reconstructed in the trigger and tracking detectors of 
the muon spectrometer and a cut on the track transverse momen-
tum (pT > 2 GeV/c). The latter cut has a small effect (∼ 2%) on the 
number of detected resonances. The raw ϒ yields are extracted 
using the sum of three extended Crystal Ball (CB) functions [58], 
one for each of ϒ(1S), ϒ(2S) and ϒ(3S). The extended CB func-
tion consists of a Gaussian core with non-Gaussian tails on both 
sides to take into account the radiative contributions of the ϒ pro-
duction and the absorber effects of muon energy loss in the low 
mass tail, whereas the high mass tail is attributed to the multiple 
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Fig. 1. Red and magenta solid lines correspond to ϒ(1S) and ϒ(2S) signal functions, respectively. The contribution from ϒ(3S) yield is compatible with zero. Dotted blue lines 
represent the background (left) and residual background (right), respectively. The sum of the various functions is also shown as a solid blue line.
Coulomb scattering in the front absorber and the momentum reso-
lution of the tracking chambers. The background is fitted with the 
sum of two exponential functions (see left panel of Fig. 1). Since 
the signal-to-background (S/B) ratio is low in the tail regions of 
the extended CB functions, the tail parameters are fixed to values 
obtained from the Monte Carlo (MC) simulation. The mass posi-
tion and the width parameters of the ϒ(1S) are left free for the 
integrated spectrum (i.e. centrality class 0–90%, pT < 15 GeV/c and 
2.5 < y < 4). Whereas for the signal extraction as a function of 
centrality, the mass position and width (160 ± 15 MeV/c2) of the 
ϒ(1S) are fixed to the values obtained in the fit to the centrality-
integrated (0–90%) mass spectrum. Finally, for studies as a function 
of pT and y, the mass position and the width obtained for the 
centrality-integrated mass spectrum are scaled according to their 
evolution observed in the MC. Due to the poor S/B ratio for the 
higher mass states, the values of the mass of the ϒ(2S) and ϒ(3S)
are fixed to the PDG mass differences with respect to the ϒ(1S), 
and the ratio of ϒ(2S) (ϒ(3S)) to ϒ(1S) widths is fixed to val-
ues from the MC simulation, i.e. 1.03 (1.06). In the fit shown in 
Fig. 1 only signals corresponding to the ϒ(1S) and ϒ(2S) are vis-
ible, since the ϒ(3S) contribution is compatible with zero events. 
Alternatively, the combinatorial background is modeled with the 
event-mixing method. In this approach, an invariant mass dimuon 
spectrum is constructed by pairing muons from different events 
with similar multiplicities as described in [22]. The combinato-
rial background is then subtracted from the raw dimuon spectrum 
(right panel of Fig. 1) and the resulting distribution is fitted with 
the sum of three extended CB and an exponential function to ac-
count for the residual background. Finally, the number of detected 
ϒ resonances, Nϒ , is obtained as the average [58] of the fitting 
methods described above (and also below in the discussion on sig-
nal systematics), leading to Nϒ(1S) = 1126 ± 53(stat) ± 47(syst) and 
Nϒ(2S) = 77 ± 33(stat) ± 17(syst).

The measured ϒ yields, Nϒ , are corrected for the detector ac-
ceptance and efficiency using MC simulations. Since the occupancy 
of the detector varies with the centrality of the collisions, the gen-
erated ϒ decays are embedded into real MB events to simulate the 
various particle multiplicity scenarios as in data. The pT and y dis-
tributions of the generated ϒ are obtained from existing pp mea-
surements [59–61] using the interpolation procedure described 
in [62]. The EKS98 nuclear shadowing parameterization [35] is 
used to include an estimate of CNM effects. Since available data 
favor a small or null polarization for ϒ(1S) [63–66], an unpolar-
ized production is assumed. The variations of the performance of 

the tracking and triggering systems throughout the data-taking pe-
riod as well as the residual misalignment of the tracking chambers 
are taken into account in the simulation. The A × ε values, for the 
range pT < 15 GeV/c, 2.5 < y < 4 and the 0–90% centrality class 
are 0.263 and 0.264 for the ϒ(1S) and ϒ(2S), respectively, with a 
negligible statistical uncertainty. A decrease of 2% is observed in 
A × ε for the 0–10% central collisions with respect to the 50–90% 
sample due to the higher occupancy in the most central events. 
The A × ε is higher by 20% in 3 < y < 3.5 compared to the values 
at 2.5 < y < 3 and 3.5 < y < 4 mainly due to the geometric accep-
tance of the detector, whereas it has no variation as a function of 
pT. The systematic uncertainty on A × ε is discussed below.

The systematic uncertainty on the signal extraction is evalu-
ated using various functions for modelling the background shape, 
as well as adopting two fitting ranges, i.e. (7–14) GeV/c2 and 
(7.5–14.5) GeV/c2. The tail parameters of the signal functions have 
been varied using estimates provided by two MC particle trans-
port models: GEANT4 [67] and GEANT3 [68]. In the centrality, pT
or y differential studies, the mass position and width are also 
varied by amounts, which correspond to the uncertainties on the 
mass position and the width returned by the fit to the centrality-
integrated invariant mass spectrum. The ratio of ϒ(2S) (ϒ(3S)) to 
ϒ(1S) widths is varied from 1 (1) to 1.06 (1.12). The values of Nϒ

and their statistical uncertainties are obtained by taking the aver-
age of Nϒ and of the corresponding statistical uncertainties from 
the various fits. This procedure is applied to both fits of the raw 
and combinatorial-background subtracted spectra. The systematic 
uncertainties are estimated as the root mean square of the distri-
bution of Nϒ obtained from the various fits. The effect induced 
by the pT > 2 GeV/c cut on single muons on the A × ε-corrected 
ϒ yields was estimated by varying that cut by ±0.2 GeV/c in the 
MC. A ±2% maximum variation on Nϒ/(A × ε) was observed and 
included in the systematic uncertainties.

Various sources contribute to the systematic uncertainties of 
A × ε, such as the pT and y shapes of the input distributions for 
the MC simulations, the trigger efficiency, the track reconstruction 
efficiency and finally the matching efficiency between tracks in the 
muon tracking and triggering chambers. Various sets of simula-
tions are produced with different ϒ input pT and y distributions, 
obtained from empirical parameterizations and/or extrapolations of 
available data sets at different energies. The maximum relative dif-
ference of A × ε for the various shapes is taken as the systematic 
uncertainty due to the input MC. In order to calculate the system-
atic uncertainty on trigger efficiency, the trigger response function 
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Table 1
Summary of the systematic uncertainties for the RAA calculation. Type I (II) refers to correlated (uncorrelated) systematic uncertainties.

Sources ϒ(1S) ϒ(2S)

Centrality y pT Integrated Integrated

Signal extraction 4.3–6.1%(II) 4.2–6.8%(II) 5.2–8.7%(II) 4.1% 21.7%
Muon pT cut 0.3–2.4%(II) 0.1–1.2%(II) 0.1–2.4%(II) 0.7% 0.7%
Input MC 0.9%(I) 0.6–2.6%(II) 1–1.4%(II) 0.9% 0.9%
Tracker efficiency 3%(I) and 0–1%(II) 1%(I) and 3%(II) 1%(I) and 3%(II) 3% 3%
Trigger efficiency 3%(I) 1.4–3.7%(II) 0.4–2.6%(II) 3% 3%
Matching efficiency 1%(I) 1%(II) 1%(II) 1% 1%
Centrality 0.2–2.4%(II) – – – –
Fnorm 0.5%(I) 0.5%(I) 0.5%(I) 0.5% 0.5%
〈TAA〉 3.1–5.3%(II) 3.2%(I) 3.2%(I) 3.2% 3.2%
BRϒ→μ+μ− · σ pp

ϒ 6.3%(I) 6.6–11.3%(II) 5.5–11.5%(II) 6.3% 7.5%
for single muons is evaluated using either MC or data. The two 
response functions are then separately applied to simulations of 
an ϒ sample and the difference obtained for the ϒ reconstruc-
tion efficiency is taken as systematic uncertainty. The systematic 
uncertainty on the tracking efficiency is obtained starting from 
an evaluation of the single muon tracking efficiency in MC and 
data. This evaluation is performed via a procedure, detailed in [22], 
based on the redundancy of the tracking chamber information. The 
dimuon tracking efficiency is then obtained by combining the sin-
gle muon efficiencies and the systematic uncertainty is taken as 
the difference of the values obtained with the procedure based on 
MC and data. The muon tracks for data analysis are chosen based 
on a selection on the χ2 of the matching between a track seg-
ment in the trigger system with a track in the tracking chambers. 
The matching systematics are obtained by varying the χ2 selec-
tion cut in data and MC and comparing the effects on the muon 
reconstruction efficiency [22].

The systematic uncertainty on the centrality measurement is 
evaluated by varying the V0 signal amplitude by ±0.5% corre-
sponding to 90% of the hadronic cross section in Pb–Pb collisions, 
used as anchor point to define the centrality classes. The system-
atic uncertainty on the evaluation of σϒ

pp is detailed in the next 
section. Finally, the systematic uncertainty evaluation of Fnorm and 
〈TAA〉 are described in [22] and [53], respectively. The different 
systematic uncertainty sources on the RAA calculation are summa-
rized in Table 1. If the above mentioned systematic uncertainty is 
correlated as a function of centrality, pT or y, it is quoted as cor-
related (type I) systematic uncertainty, otherwise it is treated as 
uncorrelated (type II).

4. Proton–proton reference cross sections

The pp reference cross section for ϒ(1S) and ϒ(2S) production 
are computed by means of an interpolation procedure as described 
for ϒ(1S) in [69]. The energy interpolation for the ϒ cross section, 
as a function of rapidity and for the pT and y integrated result, 
uses the measurements of ϒ production cross sections in pp col-
lisions at 

√
s = 7 and 8 TeV by ALICE [41,42] and at 

√
s = 2.76, 7

and 8 TeV by LHCb [43,44]. The interpolation is performed by us-
ing various empirical functions and, in addition, the shape of the 
energy dependence of the bottomonium cross sections calculated 
using two theoretical models, i.e. the Leading Order Colour Evap-
oration Model (LO-CEM) [70] and the Fixed Order Next-to-Leading 
Logs (FONLL) model [71]. The latter gives cross sections for open 
beauty, which is here used as a proxy to study the evolution of the 
bottomonium cross section [69]. The energy interpolation for the 
ϒ(1S) cross section as a function of pT is based on LHCb measure-
ments only, since the pT coverage of the results of this analysis 
(pT < 15 GeV/c) is more extended than that of the correspond-
ing ALICE pp data (pT < 12 GeV/c). The result of the interpola-
tion procedure gives BRϒ(1S)→μ+μ− · σϒ(1S)

pp = 1221 ± 77(syst) pb 

Table 2
The interpolated branching ratio times cross section of ϒ(1S) for the pT and y bins 
under study. The quoted uncertainties are systematic.

pT (GeV/c) y BRϒ(1S)→μ+μ− · σϒ(1S)
pp (pb)

[0–2]

[2.5–4]

226 ± 26
[2–4] 361 ± 20
[4–6] 288 ± 24
[6–15] 311 ± 23

[0–15]
[2.5–3] 506 ± 57
[3–3.5] 415 ± 28
[3.5–4] 288 ± 24

and BRϒ(2S)→μ+μ− · σϒ(2S)
pp = 302 ± 23(syst) pb assuming unpolar-

ized quarkonia and integrating over the ranges 2.5 < y < 4 and 
pT < 15 GeV/c. The uncertainties correspond to the quadratic sum 
of two terms. The first term dominates the total uncertainty on 
the interpolated value and reflects the statistical and systematic 
uncertainties on the data points used in the interpolation pro-
cedure. The second term is related to the spread among the in-
terpolated cross sections obtained by using either the empirical 
functions or the energy dependence estimated from the theoreti-
cal models mentioned above. The numerical values obtained from 
the interpolation procedure are summarized in Table 2 for the var-
ious kinematic ranges used in the analysis.

5. Results

The nuclear modification factors for inclusive ϒ(1S) and ϒ(2S)
production in Pb–Pb collisions at 

√
sNN = 5.02 TeV for the ranges 

pT < 15 GeV/c, 2.5 < y < 4 and the 0–90% centrality class 
are Rϒ(1S)

AA = 0.37 ± 0.02(stat) ± 0.03(syst) and Rϒ(2S)
AA = 0.10 ±

0.04(stat) ± 0.02(syst), respectively. The ratio Rϒ(2S)
AA /Rϒ(1S)

AA is 
0.28 ± 0.12(stat) ± 0.06(syst). Since the decay kinematics of the 
two ϒ states is very similar, most of the systematic uncertainty 
sources entering the ratio cancel out except those on the signal 
extraction and on the pp cross section, which are the dominant 
contributions to the total systematic uncertainty. The measure-
ments show a strong suppression for both bottomonium states 
with the more weakly bound state being significantly more sup-
pressed. The ratio between the ϒ(1S) RAA at 

√
sNN = 5.02 TeV 

and 2.76 TeV [30] is 1.23 ± 0.21(stat) ± 0.19(syst). The sources of 
systematic uncertainties entering the calculation of the ratio are 
considered uncorrelated, except for the 〈TAA〉 component, whose 
uncertainty cancels out. The ratio is compatible with unity within 
uncertainties.

The centrality, pT and y dependences of the ϒ(1S) RAA at for-
ward rapidity at 

√
sNN = 5.02 TeV are shown in Fig. 2. A decrease 

of RAA with increasing centrality is observed down to Rϒ(1S)
AA =

0.34 ± 0.03(stat) ± 0.02(syst) for the 0–10% most central collisions. 
No significant pT-dependence is observed up to pT = 15 GeV/c
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Fig. 2. Inclusive ϒ(1S) RAA as a function of centrality (top), pT (left) and y (right) at forward rapidity at √sNN = 5.02 TeV. ALICE results at √sNN = 2.76 TeV as a function 
of centrality and y are shown for comparison [30]. The vertical error bars and the boxes represent the statistical and uncorrelated systematic uncertainties, respectively. 
The relative correlated uncertainty is shown as boxes at unity. ALICE ϒ(1S) RAA measurements at √sNN = 5.02 TeV are compared to predictions from two transport models 
[33,72] and one hydro-dynamical model [34] as a function of centrality (top), pT (left) and y (right). See text for details on the models.
within uncertainties. The nuclear modification factor shows no sig-
nificant dependence on rapidity. The ϒ(1S) RAA as a function of 
centrality and rapidity measured by ALICE at 

√
sNN = 2.76 TeV [30]

are also shown in Fig. 2. Similar trends can be observed at both 
collision energies.

The inclusive ϒ(1S) RAA measurements are compared in Fig. 2
to several calculations: two transport models (TM) [33,72] and 
one hydro-dynamical model [34]. To describe the quarkonium mo-
tion in the medium, both transport codes use a rate-equation ap-
proach which accounts for both suppression and (re)generation 
mechanisms in the QGP. In the TM1 model [33] the evolution 
of the thermal medium is based on a thermal-fireball expansion 
while the TM2 model [72] uses a 2+1 dimensional version of 
the ideal hydrodynamic equations. The two models use different 
rate equations and both models include a feed-down contribution 
from higher-mass bottomonia to the ϒ(1S). In TM2, two sets of 
feed-down fractions are assumed. Finally, the ϒ(1S) production 
cross section in pp collisions at 

√
s = 5.02 TeV in the rapidity 

range 2.5 < y < 4 is taken as dσ
ϒ(1S)
pp /dy = 28.8 nb in TM1 and 

dσ
ϒ(1S)
pp /dy = 30 nb in TM2. Those values deviate by about 2σ

(TM1) and 1.4σ (TM2) from the result obtained using the pp inter-
polation method reported in the previous section. TM1 predictions 
are shown as bands accounting for shadowing effects as calculated 
in [36]. The upper limit shown in Fig. 2 corresponds to the ex-
treme case of the absence of shadowing while the lower limit 

reflects a reduction of 30% due to shadowing. The TM1 model 
implements the feed-down fractions reported in [9]. In the TM2 
model, the shadowing parameterization is based on EKS98 [35]
and the band edges correspond to two different sets of feed-down 
fractions (27% from χb; 11% from ϒ(2S + 3S) and 37% from χb; 
12% from ϒ(2S + 3S)) adopted by the authors. In the third model 
[34], a thermal suppression of the bottomonium states is calcu-
lated using a complex-valued heavy-quark potential parametrized 
by means of lattice QCD and embedded in a medium evolving ac-
cording to 3+1d anisotropic hydrodynamics. In this recent study, 
the RAA shows no sensitivity to the plasma shear viscosity-to-
entropy density ratio (4πη/s) parameter of the hydro evolution, 
which is therefore set to 4πη/s = 2 consistent with particle spec-
tra fits. The band of the model quantifies the heavy-quark potential 
uncertainty, which has been estimated by including a ±15% vari-
ation of the Debye mass of the QCD medium that is tuned by a 
fit to the real-part of the lattice in-medium heavy-quark poten-
tial. Furthermore, the predictions shown are referring to the initial 
momentum-space anisotropy parameter ξ0 = 0, which corresponds 
to a perfectly isotropic QGP at the starting point of the hydro-
dynamical evolution at τ0 = 0.3 fm/c. Finally, this model accounts 
for feed-down contributions but it includes neither a (re)genera-
tion mechanism nor CNM effects. The centrality dependence of the 
ϒ(1S) RAA is fairly reproduced by the model calculations in the top 
panel of Fig. 2. The data are best described by TM1 when (re)gen-
eration is included and by TM2 when (re)generation is not taken 
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into account. The hydro-dynamical model describes the trend of 
the data, the fact that the data lie on the upper edge of the un-
certainty band for Npart > 70 could indicate a smaller Debye mass 
and thus a stronger heavy-quark potential. The data as a function 
of pT (bottom left panel of Fig. 2) can be described with or with-
out the (re)generation scenario of the TM1 model while showing 
agreement with the hydro-dynamical model for the upper edge of 
the uncertainty band. Finally, the y-dependence of the ϒ(1S) RAA
is described, within uncertainties, by the hydro-dynamical model 
in the bottom right panel of Fig. 2 despite the possibly different 
trend between data and calculations.

The low ϒ(1S) RAA reported in this Letter raises the important 
question whether direct ϒ(1S) are suppressed at LHC energies or 
only the feed-down contribution from higher mass states. How-
ever, the large uncertainties of the current measurements of CNM 
effects [38–40] prevent a firm conclusion.

6. Summary

The nuclear modification factors of inclusive ϒ(1S) and ϒ(2S)
production at forward rapidity (2.5 < y < 4) and for pT < 15 GeV/c
in Pb–Pb collisions at 

√
sNN = 5.02 TeV have been measured using 

the ALICE detector. The observed ϒ(1S) suppression increases with 
the centrality of the collision and no significant variation is ob-
served as a function of transverse momentum or rapidity. A larger 
suppression of the ϒ(2S) bound state compared to the ground 
state is also reported. Transport and dynamical model calculations 
reproduce qualitatively the centrality and kinematic dependence of 
the ϒ(1S) nuclear modification factor.
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N. Bianchi 51, J. Bielčík 37, J. Bielčíková 93, A. Bilandzic 116,103, G. Biro 143, R. Biswas 3, S. Biswas 3, 
J.T. Blair 118, D. Blau 87, C. Blume 69, G. Boca 137, F. Bock 34, A. Bogdanov 91, L. Boldizsár 143, M. Bombara 38, 
G. Bonomi 138, M. Bonora 34, H. Borel 135, A. Borissov 18,142, M. Borri 127, E. Botta 26, C. Bourjau 88, 
L. Bratrud 69, P. Braun-Munzinger 104, M. Bregant 120, T.A. Broker 69, M. Broz 37, E.J. Brucken 43, 
E. Bruna 58, G.E. Bruno 34,33, D. Budnikov 106, H. Buesching 69, S. Bufalino 31, P. Buhler 112, P. Buncic 34, 
O. Busch 131,i, Z. Buthelezi 73, J.B. Butt 15, J.T. Buxton 95, J. Cabala 115, D. Caffarri 89, H. Caines 144, 
A. Caliva 104, E. Calvo Villar 109, R.S. Camacho 44, P. Camerini 25, A.A. Capon 112, F. Carena 34, W. Carena 34, 
F. Carnesecchi 27,10, J. Castillo Castellanos 135, A.J. Castro 128, E.A.R. Casula 54, C. Ceballos Sanchez 8, 
S. Chandra 139, B. Chang 126, W. Chang 6, S. Chapeland 34, M. Chartier 127, S. Chattopadhyay 139, 
S. Chattopadhyay 107, A. Chauvin 103,116, C. Cheshkov 133, B. Cheynis 133, V. Chibante Barroso 34, 
D.D. Chinellato 121, S. Cho 60, P. Chochula 34, T. Chowdhury 132, P. Christakoglou 89, C.H. Christensen 88, 
P. Christiansen 80, T. Chujo 131, S.U. Chung 18, C. Cicalo 54, L. Cifarelli 10,27, F. Cindolo 53, J. Cleymans 124, 
F. Colamaria 52, D. Colella 65,34,52, A. Collu 79, M. Colocci 27, M. Concas 58,ii, G. Conesa Balbastre 78, 
Z. Conesa del Valle 61, J.G. Contreras 37, T.M. Cormier 94, Y. Corrales Morales 58, P. Cortese 32, 
M.R. Cosentino 122, F. Costa 34, S. Costanza 137, J. Crkovská 61, P. Crochet 132, E. Cuautle 70, 
L. Cunqueiro 142,94, T. Dahms 103,116, A. Dainese 56, S. Dani 66, M.C. Danisch 102, A. Danu 68, D. Das 107, 
I. Das 107, S. Das 3, A. Dash 85, S. Dash 48, S. De 49, A. De Caro 30, G. de Cataldo 52, C. de Conti 120, 
J. de Cuveland 39, A. De Falco 24, D. De Gruttola 10,30, N. De Marco 58, S. De Pasquale 30, R.D. De Souza 121, 
H.F. Degenhardt 120, A. Deisting 104,102, A. Deloff 84, S. Delsanto 26, C. Deplano 89, P. Dhankher 48, 
D. Di Bari 33, A. Di Mauro 34, B. Di Ruzza 56, R.A. Diaz 8, T. Dietel 124, P. Dillenseger 69, Y. Ding 6, 
R. Divià 34, Ø. Djuvsland 22, A. Dobrin 34, D. Domenicis Gimenez 120, B. Dönigus 69, O. Dordic 21, 
L.V.R. Doremalen 63, A.K. Dubey 139, A. Dubla 104, L. Ducroux 133, S. Dudi 98, A.K. Duggal 98, 
M. Dukhishyam 85, P. Dupieux 132, R.J. Ehlers 144, D. Elia 52, E. Endress 109, H. Engel 74, E. Epple 144, 
B. Erazmus 113, F. Erhardt 97, M.R. Ersdal 22, B. Espagnon 61, G. Eulisse 34, J. Eum 18, D. Evans 108, 
S. Evdokimov 90, L. Fabbietti 103,116, M. Faggin 29, J. Faivre 78, A. Fantoni 51, M. Fasel 94, L. Feldkamp 142, 
A. Feliciello 58, G. Feofilov 111, A. Fernández Téllez 44, A. Ferretti 26, A. Festanti 29,34, V.J.G. Feuillard 102, 
J. Figiel 117, M.A.S. Figueredo 120, S. Filchagin 106, D. Finogeev 62, F.M. Fionda 22, G. Fiorenza 52, F. Flor 125, 
M. Floris 34, S. Foertsch 73, P. Foka 104, S. Fokin 87, E. Fragiacomo 59, A. Francescon 34, A. Francisco 113, 
U. Frankenfeld 104, G.G. Fronze 26, U. Fuchs 34, C. Furget 78, A. Furs 62, M. Fusco Girard 30, J.J. Gaardhøje 88, 

http://cds.cern.ch/record/1082634
http://cds.cern.ch/record/1748460
http://refhub.elsevier.com/S0370-2693(18)30997-3/bib436865756E673A323031376F7378s1
http://refhub.elsevier.com/S0370-2693(18)30997-3/bib436865756E673A323031376F7378s1
http://refhub.elsevier.com/S0370-2693(18)30997-3/bib436865756E673A323031376F7378s1
http://refhub.elsevier.com/S0370-2693(18)30997-3/bib43616363696172693A313939386974s1
http://refhub.elsevier.com/S0370-2693(18)30997-3/bib43616363696172693A313939386974s1
http://refhub.elsevier.com/S0370-2693(18)30997-3/bib5A686F753A32303134687761s1
http://refhub.elsevier.com/S0370-2693(18)30997-3/bib5A686F753A32303134687761s1


ALICE Collaboration / Physics Letters B 790 (2019) 89–101 97

M. Gagliardi 26, A.M. Gago 109, K. Gajdosova 88, M. Gallio 26, C.D. Galvan 119, P. Ganoti 83, C. Garabatos 104, 
E. Garcia-Solis 11, K. Garg 28, C. Gargiulo 34, P. Gasik 116,103, E.F. Gauger 118, M.B. Gay Ducati 71, 
M. Germain 113, J. Ghosh 107, P. Ghosh 139, S.K. Ghosh 3, P. Gianotti 51, P. Giubellino 104,58, P. Giubilato 29, 
P. Glässel 102, D.M. Goméz Coral 72, A. Gomez Ramirez 74, V. Gonzalez 104, P. González-Zamora 44, 
S. Gorbunov 39, L. Görlich 117, S. Gotovac 35, V. Grabski 72, L.K. Graczykowski 140, K.L. Graham 108, 
L. Greiner 79, A. Grelli 63, C. Grigoras 34, V. Grigoriev 91, A. Grigoryan 1, S. Grigoryan 75, J.M. Gronefeld 104, 
F. Grosa 31, J.F. Grosse-Oetringhaus 34, R. Grosso 104, R. Guernane 78, B. Guerzoni 27, M. Guittiere 113, 
K. Gulbrandsen 88, T. Gunji 130, A. Gupta 99, R. Gupta 99, I.B. Guzman 44, R. Haake 34, M.K. Habib 104, 
C. Hadjidakis 61, H. Hamagaki 81, G. Hamar 143, M. Hamid 6, J.C. Hamon 134, R. Hannigan 118, 
M.R. Haque 63, J.W. Harris 144, A. Harton 11, H. Hassan 78, D. Hatzifotiadou 53,10, S. Hayashi 130, 
S.T. Heckel 69, E. Hellbär 69, H. Helstrup 36, A. Herghelegiu 47, E.G. Hernandez 44, G. Herrera Corral 9, 
F. Herrmann 142, K.F. Hetland 36, T.E. Hilden 43, H. Hillemanns 34, C. Hills 127, B. Hippolyte 134, 
B. Hohlweger 103, D. Horak 37, S. Hornung 104, R. Hosokawa 131,78, J. Hota 66, P. Hristov 34, C. Huang 61, 
C. Hughes 128, P. Huhn 69, T.J. Humanic 95, H. Hushnud 107, N. Hussain 41, T. Hussain 17, D. Hutter 39, 
D.S. Hwang 19, J.P. Iddon 127, S.A. Iga Buitron 70, R. Ilkaev 106, M. Inaba 131, M. Ippolitov 87, M.S. Islam 107, 
M. Ivanov 104, V. Ivanov 96, V. Izucheev 90, B. Jacak 79, N. Jacazio 27, P.M. Jacobs 79, M.B. Jadhav 48, 
S. Jadlovska 115, J. Jadlovsky 115, S. Jaelani 63, C. Jahnke 120,116, M.J. Jakubowska 140, M.A. Janik 140, 
C. Jena 85, M. Jercic 97, O. Jevons 108, R.T. Jimenez Bustamante 104, M. Jin 125, P.G. Jones 108, A. Jusko 108, 
P. Kalinak 65, A. Kalweit 34, J.H. Kang 145, V. Kaplin 91, S. Kar 6, A. Karasu Uysal 77, O. Karavichev 62, 
T. Karavicheva 62, P. Karczmarczyk 34, E. Karpechev 62, U. Kebschull 74, R. Keidel 46, D.L.D. Keijdener 63, 
M. Keil 34, B. Ketzer 42, Z. Khabanova 89, A.M. Khan 6, S. Khan 17, S.A. Khan 139, A. Khanzadeev 96, 
Y. Kharlov 90, A. Khatun 17, A. Khuntia 49, M.M. Kielbowicz 117, B. Kileng 36, B. Kim 131, D. Kim 145, 
D.J. Kim 126, E.J. Kim 13, H. Kim 145, J.S. Kim 40, J. Kim 102, M. Kim 102,60, S. Kim 19, T. Kim 145, T. Kim 145, 
S. Kirsch 39, I. Kisel 39, S. Kiselev 64, A. Kisiel 140, J.L. Klay 5, C. Klein 69, J. Klein 34,58, C. Klein-Bösing 142, 
S. Klewin 102, A. Kluge 34, M.L. Knichel 34, A.G. Knospe 125, C. Kobdaj 114, M. Kofarago 143, M.K. Köhler 102, 
T. Kollegger 104, N. Kondratyeva 91, E. Kondratyuk 90, A. Konevskikh 62, M. Konyushikhin 141, 
O. Kovalenko 84, V. Kovalenko 111, M. Kowalski 117, I. Králik 65, A. Kravčáková 38, L. Kreis 104, 
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