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The production of ϒð2SÞ and ϒð3SÞ mesons in lead-lead (Pb-Pb) and proton-proton (pp) collisions is

studied in their dimuon decay channel using the CMS detector at the LHC. The ϒð3SÞ meson is observed

for the first time in Pb-Pb collisions, with a significance above 5 standard deviations. The ratios of yields

measured in Pb-Pb and pp collisions are reported for both the ϒð2SÞ and ϒð3SÞ mesons, as functions of

transverse momentum and Pb-Pb collision centrality. These ratios, when appropriately scaled, are

significantly less than unity, indicating a suppression of ϒ yields in Pb-Pb collisions. This suppression

increases from peripheral to central Pb-Pb collisions. Furthermore, the suppression is stronger for ϒð3SÞ
mesons compared to ϒð2SÞ mesons, extending the pattern of sequential suppression of quarkonium states

in nuclear collisions previously seen for the J=ψ , ψð2SÞ, ϒð1SÞ, and ϒð2SÞ mesons.
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High-energy heavy ion collisions are useful to study the

properties of the quark-gluon plasma (QGP), a strongly

coupled medium of deconfined quarks and gluons. It has

long been proposed that the yields of quarkonium states are

suppressed because of interactions in the QGP [1–7]. These

in-medium effects have been theoretically studied with

calculations based on lattice quantum chromodynamics and

effective field theories [8–11]. One of the fundamental

aspects of these interactions with the medium is that the

amount of suppression for different quarkonium states is

expected to be stronger for those with smaller binding

energies. On the other hand, quarkonia can also be

produced by recombination processes [7–10,12–15].

Studies of ϒ production are particularly interesting,

because the number of quark-antiquark pairs in a single

lead-lead (Pb-Pb) collision is much smaller for bottom

than for charm quarks, so that the recombination of

independently produced quarks and antiquarks can be

neglected [16].

Experimentally, the dynamics of quarkonium production

in heavy ion collisions are commonly studied using the

nuclear modification factor (RAA), which is defined as the

ratio of particle yields in nucleus-nucleus (AA) collisions

to those in proton-proton (pp) collisions scaled by the

average number of binary nucleon-nucleon (NN) inter-

actions in the AA events.

Measurements of RAA have been performed at the SPS,

RHIC, and LHC accelerators, in both the charmonium

and bottomonium families [17–32]. For ϒ states, RAA

results have been reported by CMS [27], ALICE [28], and

ATLAS [29] at the LHC and by STAR [30,31] and

PHENIX [32] at RHIC. These results show a significant

suppression of ϒð1SÞ mesons in heavy ion collisions, and

ϒð2SÞ mesons are even more suppressed. For the ϒð3SÞ
meson, only upper limits have been reported in AA

collisions, by CMS [27].

In this Letter, the first observation of the ϒð3SÞmeson in

Pb-Pb collisions is reported. Nuclear modification factors

for ϒð2SÞ and ϒð3SÞ mesons are found using Pb-Pb and

pp data collected with the CMS detector at a nucleon-

nucleon center-of-mass energy of
ffiffiffiffiffiffiffiffi

sNN

p ¼ 5.02 TeV in

2018 and 2017, respectively. The double ratios, obtained by

dividing the ϒð3SÞ over ϒð2SÞ yield ratios in Pb-Pb by

those for pp collisions, are also reported. The ϒ states are

identified using their decay into two oppositely charged

muons. The results are presented as functions of Pb-Pb

collision centrality, as well as ϒ meson transverse momen-

tum (pT) in the rapidity range of jyj < 2.4. Centrality is

related to the overlap of the two lead nuclei and is

quantified as the percentage of the total inelastic

nucleus-nucleus hadronic cross section, with 0% represent-

ing the largest overlap [33]. Tabulated results are provided

in the HEPData record for this analysis [34].

The CMS apparatus [35] is a multipurpose, nearly

hermetic detector, designed to trigger on [36,37] and

identify electrons, muons, photons, and hadrons [38–41].

A superconducting solenoid of 6 m internal diameter

provides a magnetic field of 3.8 T. Within the solenoid

volume are the silicon pixel and strip tracker, a crystal
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electromagnetic calorimeter, and a brass-scintillator hadron

calorimeter. The pseudorapidity (η) coverage of these

calorimeters is extended by the forward hadron (HF)

calorimeters, located at 3 < jηj < 5. Muons are measured

in the range jηj < 2.4 using gas-ionization detectors

embedded in the steel flux-return yoke outside the solenoid.

Events are filtered using a two-tiered trigger system [37].

The first level (L1), composed of custom hardware pro-

cessors, uses information from the calorimeters and muon

detectors [36]. The second level, known as the high-level

trigger (HLT), consists of a farm of processors running a

version of the full event reconstruction software. Centrality

is determined using the sum of the total transverse energy

deposited in both of the HF calorimeters [42].

The events are selected online using an L1 trigger

requiring two muons in a single bunch crossing without

explicit requirements on the muon momentum. Additional

criteria on the single-muon quality and dimuon mass

selection are applied at the HLT in Pb-Pb collisions [43].

The collected pp (Pb-Pb) sample corresponds to an

integrated luminosity of 300 pb−1 (1.61 nb−1) [44–46].

In order to reject beam-gas interactions and nonhadronic

collisions, an offline event selection is applied for pp and

Pb-Pb collisions [47]. For both systems, events are required

to have at least one reconstructed primary vertex (PV),

which is the vertex corresponding to the hardest scattering

in the event, evaluated using tracking information

alone [48]. In addition, more than 25% of the tracks have

to pass a tight track-quality selection in pp collisions

[41,47]. For Pb-Pb collisions, selections are applied on the

silicon pixel detector cluster widths [47,49] and on the HF

information [43]. The reconstructed muons are selected

using criteria that optimize the muon identification [43]. In

addition, to ensure high reconstruction efficiency for ϒ

mesons, the individual muons are required to have pT >
3.5 GeV=c and jηj < 2.4.

Monte Carlo (MC) samples for each ϒ meson are

simulated using the “CP5” tune [50] of PYTHIA8.212

[51], with the assumption that they are produced unpolar-

ized [52–55]. To reproduce the background environment in

Pb-Pb collisions, each PYTHIA ϒ event is embedded into a

Pb-Pb event simulated using HYDJET1.9 [56]. The MC

events are then weighted to match the measured ϒ pT

spectra for either pp or Pb-Pb collisions [43]. A full

simulation of the CMS detector using GEANT4 [57] is

performed to determine the acceptance and reconstruction

efficiency. The feed-down contributions, i.e., decays from

heavier quarkonium states, are not considered in this

analysis. The effect of such contributions on the kinematic

distributions of the simulated ϒ states is, to a large extent,

accounted for by the weighting procedure.

The dimuon invariant mass distribution is studied in the

8–14 GeV=c2 region. To reduce the large amount of

background in Pb-Pb collisions, signal-enriched dimuon

candidates are selected using boosted decision trees

(BDTs), using the TMVA package [58]. For the BDT

training, MC samples and dimuons from the invariant

mass spectra in data except where the ϒ signals are present

(i.e., 8.8–10.8 GeV=c2) are used for the signal and back-

ground, respectively. In both cases, the dimuons must

satisfy the selection criteria previously mentioned. The

training variables for the BDT include the χ2 probability of

the dimuon vertex fit; the distance of closest approach of

the ϒ meson momentum vector relative to the PV; the

distance between the PV and the dimuon vertex, both in

three dimensions and projected onto the transverse plane;

and the pointing angle, defined as the angle between the

line segment connecting the PV and decay vertex and the

momentum vector of the reconstructed particle candidates,

again in three dimensions and projected onto the transverse

plane. To avoid potential biases, the algorithms and

selections are optimized using a quarter of the Pb-Pb data

for dimuon pT < 30 GeV=c, jyj < 2.4, and centrality

0%–90%. A threshold is set on the resulting BDT variable

to maximize the signal significance, S=
ffiffiffiffiffiffiffiffiffiffiffiffi

Sþ B
p

, where S
and B represent the yields for signal and background,

respectively.

The yields of the ϒ states are extracted by an extended

unbinned maximum likelihood fit to the dimuon invariant

mass distributions. The line shape of each ϒ state is

modeled by a sum of three Crystal Ball (CB) functions [59],

with common means and tail parameters but independent

widths. The means and widths for the ϒð2SÞ and ϒð3SÞ are
found by multiplying the fitted values of those for the

ϒð1SÞ by the ratio of their world-average masses [60] over

that for the ϒð1SÞ. All other fit parameters, except the

yields for the excited states, are fixed to those found for the

ground state. The shape parameters of the signal fit model,

with the exception of the ϒð1SÞ mean, are constrained by

Gaussian probability density functions (PDFs), of means

and widths determined, for each pT bin, from the central

values and uncertainties obtained from fits to the MC

samples. The background of the mass distribution is

modeled using three different functional forms: an error

function multiplied by an exponential, a simple exponen-

tial, and a Chebyshev polynomial. An Akaike information

criterion (AIC) test [61], which estimates the relative

quality of each function, is performed to determine, for

each kinematic region, the nominal function for the back-

ground PDF. The order of the Chebyshev polynomial is

chosen based on a log likelihood ratio test [62].

Figure 1 shows the dimuon invariant mass distribution in

Pb-Pb collisions, integrated over the full kinematic range,

pT < 30 GeV=c and jyj < 2.4, and centrality 0%–90%.

Acceptance and efficiency correction factors are applied

to the extracted number of ϒ mesons to compute the RAA

values. The acceptance is computed with simulated sam-

ples, as the fraction of generated ϒ mesons that decay to

muons of p
μ

T > 3.5 GeV=c and jημj < 2.4. The efficiency

is also evaluated with simulated events, as the fraction of
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accepted dimuons that are reconstructed and pass the

trigger and analysis selection criteria. To take into account

possible differences between data and MC simulations,

the individual components of the dimuon efficiency

(reconstruction, identification, and triggering) are measured

using single muons from J=ψ meson decays in both data

and simulation, with the tag-and-probe (T&P) method

[63]. The data over simulation ratios, for each of the three

components, are applied as event-by-event weights to each

dimuon. The acceptance and efficiency values for the full

kinematic region are 40% (43%) and 37% (38%) for ϒð2SÞ
[ϒð3SÞ] in Pb-Pb collisions.

The systematic uncertainties are analyzed for various

sources and summarized in Table I. For each source, the

difference of the signal yields in the variation compared to

the nominal is taken as the systematic uncertainty. Three

sources are considered for the uncertainty in the signal

extraction: choice of signal PDF parameters, choice of

signal PDF, and choice of background PDF. For the

parametrization of the signal PDF, the fit results using

either the ϒð2SÞ or ϒð3SÞ MC samples are used to

determine different values for the mean and width of the

Gaussian function for each signal parameter. The signal

PDF is modified from a sum of three CB functions to a sum

of two CB functions and a Gaussian function. For the

background PDF systematic study, functions rejected by

the AIC test in the nominal background PDF determination,

for each kinematic region, are used as alternatives.

The acceptance and efficiency uncertainties are evalu-

ated by varying the pT weights (used to match the

simulated and measured ϒ pT spectra) by their fit uncer-

tainties. The uncertainty on the T&P correction of the

single muon efficiencies is propagated to the dimuon

efficiencies.

For the Pb-Pb analysis, additional uncertainties arise

from the BDT training and centrality calibration. To

evaluate the uncertainty reflecting the BDT training, the

event samples used as signal or background are split in two.

Each trained algorithm is applied to the other half of the

samples, and the average of the two BDT variable values is

used as the nominal. Alternatively, the two individual

values of each BDT variable are used, and the largest

difference of the corrected signal yields compared to the

nominal is taken as the systematic uncertainty. The central-

ity calibration is varied by changing the boundaries of the

centrality intervals [43] considering the inefficiency in the

event selection.

The total uncertainty, dominated by the uncertainties

from the BDT training and background PDF, is the

quadratic sum of the uncertainties from all the different

sources. In addition, global uncertainties reflect the inte-

grated luminosity of the pp dataset (1.9%) [44] and the

number of minimum bias Pb-Pb collision events (NMB)

sampled by the trigger (1.3%) [64]. The overlap function

TABLE I. Systematic uncertainties from various sources in pp and Pb-Pb collisions listed in percentage. The global uncertainties

described in the text are not included in the total uncertainties.

ϒð2SÞ (%) ϒð3SÞ (%) ϒð3SÞ=ϒð2SÞ (%)

Source pp Pb-Pb pp Pb-Pb pp Pb-Pb

BDT selection � � � 0.3–9.0 � � � 1.5–18.6 � � � 1.2–22.8

Background PDF 0.1–1.4 0.3–11.7 0.2–1.6 1.4–21.4 <0.5 0.6–17.6

Signal PDF 0.1–1.1 0.5–2.6 0.4–1.1 0.1–2.5 0.3–0.6 0.1–3.0

Signal parameter 0.1–1.2 0.0–3.8 0.1–1.6 0.3–3.7 0.05–1.4 0.1–0.9

Event selection � � � 0.0–0.5 � � � 0.2–13.1 � � � 0.1–13.6

Correction factors <0.1 <0.5 <0.1 <0.4 <2.0

T&P 0.9–1.0 3.8–4.5 0.9–1.1 3.8–4.4 � � �

Total uncertainty 1.0–1.8 3.9–13.5 1.1–2.2 6.0–22.2 0.4–1.5 4.1–23.8
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FIG. 1. Dimuon invariant mass distribution in Pb-Pb collisions,

integrated over the full kinematic range pT < 30 GeV=c and

jyj < 2.4. The solid curves show the result of the fit, whereas the

orange dashed and blue dash-dotted curves represent the three ϒ

states and the background, respectively. The inset shows the

region around the mass of the ϒð3SÞ meson.
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TAA for each centrality interval is the average number of

binary NN collisions per Pb-Pb interaction divided by the

inelastic NN cross section. Its uncertainty is estimated by

varying the Glauber model parameters within their uncer-

tainties [65] and is found to be in the range of 1.8%–5.4%.

The significance of the ϒð3SÞ in Pb-Pb collisions

corresponds to 5.6 standard deviations, calculated using

the fit likelihood ratio [66–68]. The nuclear modification

factors are computed as

RAAðpTÞ ¼
NAAðpTÞ

hTAAiσppðpTÞ
; ð1Þ

where NAA and σ
pp are the efficiency- and acceptance-

corrected normalized yields in Pb-Pb collisions and the pp
cross sections, respectively, for ϒ mesons in a given

kinematic range. The average value of TAA computed in

each centrality bin is denoted by hTAAi.
Figure 2 presents the RAA values for ϒð2SÞ and

ϒð3SÞ, together with the previous measurements for the

ϒð1SÞ [27], as functions of ϒ meson pT and Pb-Pb

collision centrality, with the latter represented using

hNparti, the average number of participating nucleons in

each of the centrality intervals [65]. The measurements as a

function of pT are reported in five intervals for the ϒð2SÞ,
0–3, 3–6, 6–9, 9–15, and 15–30 GeV=c, and four for the

ϒð3SÞ, 0–4, 4–9, 9–15, and 15–30 GeV=c. The centrality
intervals and the corresponding hNparti values used for this

analysis are listed in the HEPData record [34]. The results

for the ϒð1SÞ are taken from Ref. [27], because the new

data do not improve the statistical significance. Further-

more, the systematic uncertainties, which are dominant for

the ϒð1SÞ results, are found to not improve when including

the BDT training.

A gradual decrease of RAA is observed toward more

central collisions (i.e., higher Npart) for both ϒð2SÞ and

ϒð3SÞ. On the other hand, no significant dependence on pT

is found for either of them. Both states are strongly

suppressed in central Pb-Pb collisions, as well as over

the entire pT region when averaged over centrality.

Furthermore, the RAA of the ϒð3SÞ is smaller than that

of the ϒð2SÞ, with values integrated over pT and centrality

0%–90% of 0.115� 0.008ðstatÞ � 0.007ðsystÞ and

0.080� 0.014ðstatÞ � 0.012ðsystÞ for the ϒð2SÞ and

ϒð3SÞ, respectively. These results indicate, much more

clearly than the previous measurements [27–29], that the

sequential suppression pattern of the bottomonium states

follows the ordering of their binding energies [69].

Figure 3 shows, as functions of hNparti and pT , theϒð3SÞ
to ϒð2SÞ double ratios, obtained by dividing the ϒð3SÞ
over ϒð2SÞ yield ratios in Pb-Pb collisions by the corre-

sponding ratios in pp collisions. The bins are identical to

those used in the ϒð3SÞ measurement. The uncertainties in

the ϒð3SÞ=ϒð2SÞ ratios are computed by propagating the

ϒð2SÞ and ϒð3SÞ uncertainties, taking into account their

correlation, whereas the global uncertainties on TAA, pp
luminosity, and Pb-Pb NMB cancel out. The decreasing

trend of the double ratios toward more central Pb-Pb

collisions indicates a stronger suppression for the ϒð3SÞ
than for the ϒð2SÞ, whereas no significant dependence on

pT is seen. Comparisons to various theoretical calculations

[9,10,70–73] and previous experimental results [24,74–77]

can be found in Supplemental Material [78].

In summary, data from Pb-Pb and pp collisions at a

nucleon-nucleon center-of-mass energyof
ffiffiffiffiffiffiffiffi

sNN

p ¼5.02TeV,

collected with the CMS detector, were analyzed to measure

theyields and nuclearmodification factors,RAA, of theϒð2SÞ

FIG. 2. Measured RAA for the ϒ states as functions of hNparti
(upper), showing also the 0%–90% centrality interval, and of pT

(lower). The vertical lines and boxes correspond to statistical and

systematic uncertainties, respectively. In the left plot, the leftmost

box at unity represents the pp luminosity and Pb-Pb NMB

combined uncertainties, whereas the second (third) box corre-

sponds to the uncertainty on the ϒð2SÞ [ϒð3SÞ] pp yields. The

box at unity in the right plot combines the uncertainties of TAA,

pp luminosity, and Pb-Pb NMB. The results for the ϒð1SÞ are

taken from Ref. [27] and are not affected by the boxes at unity.
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andϒð3SÞmesons. Theϒð3SÞmeson is observed for the first

time in Pb-Pb collisions, with a significance above 5 standard

deviations. Dividing the ϒð3SÞ over ϒð2SÞ yield ratios in

Pb-Pb by those in pp collisions gives the double ratios that

quantify the relative modification of the two mesons. Results

are shown as functions ofϒ transversemomentum and Pb-Pb

collision centrality. Both the ϒð2SÞ and ϒð3SÞ mesons are

suppressed (RAA < 1), with a stronger effect for the ϒð3SÞ.
The suppression increases for more central Pb-Pb collisions,

whereas no significant dependence onpT is seen. Theϒð3SÞ
over ϒð2SÞ double ratios show a gradual decrease toward

more central Pb-Pb collisions, indicating that the degree to

which the suppression is stronger for the ϒð3SÞ meson

increases for more central Pb-Pb collisions. Combined

with previous measurements, these results indicate that the

strength of the suppression increases in the sequence ϒð1SÞ,
ϒð2SÞ, and ϒð3SÞ. These results provide new constraints on

theunderstandingof thedynamics of quarkoniumstates in the

QGP created in heavy ion collisions.
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Université Libre de Bruxelles, Bruxelles, Belgium

6
Ghent University, Ghent, Belgium

7
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Université de Strasbourg, CNRS, IPHC UMR 7178, Strasbourg, France

39
Institut de Physique des 2 Infinis de Lyon (IP2I), Villeurbanne, France

40
Georgian Technical University, Tbilisi, Georgia

41
RWTH Aachen University, I. Physikalisches Institut, Aachen, Germany

42
RWTH Aachen University, III. Physikalisches Institut A, Aachen, Germany

43
RWTH Aachen University, III. Physikalisches Institut B, Aachen, Germany

44
Deutsches Elektronen-Synchrotron, Hamburg, Germany

45
University of Hamburg, Hamburg, Germany

46
Karlsruher Institut fuer Technologie, Karlsruhe, Germany

47
Institute of Nuclear and Particle Physics (INPP), NCSR Demokritos, Aghia Paraskevi, Greece

48
National and Kapodistrian University of Athens, Athens, Greece

49
National Technical University of Athens, Athens, Greece

50
University of Ioánnina, Ioánnina, Greece

51
MTA-ELTE Lendület CMS Particle and Nuclear Physics Group, Eötvös Loránd University, Budapest, Hungary

52
Wigner Research Centre for Physics, Budapest, Hungary

53
Institute of Nuclear Research ATOMKI, Debrecen, Hungary

54
Institute of Physics, University of Debrecen, Debrecen, Hungary

55
Karoly Robert Campus, MATE Institute of Technology, Gyongyos, Hungary

56
Panjab University, Chandigarh, India
57
University of Delhi, Delhi, India

58
Saha Institute of Nuclear Physics, HBNI, Kolkata, India
59
Indian Institute of Technology Madras, Madras, India
60
Bhabha Atomic Research Centre, Mumbai, India

61
Tata Institute of Fundamental Research-A, Mumbai, India

62
Tata Institute of Fundamental Research-B, Mumbai, India

63
National Institute of Science Education and Research, An OCC of Homi Bhabha National Institute,

Bhubaneswar, Odisha, India
64
Indian Institute of Science Education and Research (IISER), Pune, India

65
Isfahan University of Technology, Isfahan, Iran

66
Institute for Research in Fundamental Sciences (IPM), Tehran, Iran

67
University College Dublin, Dublin, Ireland

68a
INFN Sezione di Bari, Bari, Italy
68b
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Università G. Marconi, Roma, Italy
76a
INFN Sezione di Padova, Padova, Italy
76b
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