
Available on the CERN CDS information server CMS PAS HIN-21-007

CMS Physics Analysis Summary

Contact: cms-pag-conveners-heavyions@cern.ch 2022/04/04

Observation of the Υ(3S) meson and sequential suppression
of Υ states in PbPb collisions at

√
sNN = 5.02 TeV

The CMS Collaboration

Abstract

The production of Υ(2S) and Υ(3S) mesons in lead-lead (PbPb) and proton-proton (pp)
collisions is studied using the CMS detector at the LHC. Their nuclear modification
factors, RAA, derived from the ratio of yields measured in PbPb to pp collisions, are re-
ported as functions of transverse momentum and PbPb collision centrality. The Υ(3S)
meson is observed for the first time in PbPb collisions. The suppression is found to
be stronger for Υ(3S) mesons compared to Υ(2S) mesons, extending the pattern of se-
quential suppression of bottomonium states in nuclear collisions previously seen for
the Υ(1S) and Υ(2S) states. The results provide new constraints on models describing
the dynamics of quarkonium states in heavy ion collisions.
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It has been proposed that the yields of quarkonium states are suppressed by Debye screen-
ing [1] and by broadening of their widths, both due to interactions with other partons in the
QGP [2–5]. These in-medium effects have been studied based on lattice quantum chromody-
namics calculations and effective field theories [6, 7]. The screening and broadening of the
widths are determined by the real and imaginary parts of the heavy-quark potential, respec-
tively. On the other hand, the yields of quarkonium states can be enhanced in the QGP by both
correlated and uncorrelated recombination processes [5–10]. Measurements of bottomonium
states in heavy ion collisions have several advantages when studying these in-medium effects.
Bottomonia experience the whole evolution of the medium as they are primarily produced at
early stages of collisions by hard parton scattering. Furthermore, the number of qq pairs in
a single collision event is much smaller for bottom than for charm quarks, and therefore the
recombination of uncorrelated quarks is negligible.

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 quarko-
nium yields in nucleus-nucleus (AA) collisions to those in proton-proton (pp) collisions scaled
by the average number of binary nucleon-nucleon (NN) interactions in the AA events. The
presence of heavy quark potential modification and/or quarkonium recombination has been
investigated using measurements of the RAA values at the BNL RHIC and the CERN LHC, both
in the charmonium (J/ψ, ψ(2S), χc , etc.) and bottomonium (Υ(1S), Υ(2S), Υ(3S), χb , etc.) sec-
tors [11, 12]. The RAA measurements of J/ψ mesons reported by the ALICE Collaboration [13]
show that the amount of suppression in the low transverse momentum (pT) region is much
weaker at the LHC compared to the results at RHIC. This observation has been successfully
described by models incorporating the recombination effects [14, 15].

For bottomonium states, RAA measurements have been reported by the ALICE [16, 17] and
CMS Collaborations [18] at LHC, and by PHENIX and STAR Collaborations at RHIC [11]. The
results show significant suppression of Υ(1S) mesons in heavy ion collisions, while the Υ(2S)
mesons are even more suppressed. The Υ(3S) meson has not yet been observed in AA colli-
sions, but upper limit measurements of RAA (at the 95% confidence level) from the CMS Col-
laboration using an integrated PbPb luminosity of 368 µb−1 are similar to the measured Υ(2S)
RAA [18]. Therefore, a larger data sample is needed to examine the relative modification of the
Υ excited states and extend the study of the sequential suppression of bottomonium states in
heavy ion collisions.

This note reports measurements of the nuclear modification factors for the excited states of bot-
tomonia, Υ(2S) and Υ(3S) mesons, and the double ratios Υ(3S)/Υ(2S) for lead-lead (PbPb) di-
vided by that for pp collisions at a nucleon-nucleon center-of-mass energy of

√
s

NN
= 5.02 TeV,

collected with the CMS detector in 2018 and 2017, respectively. The Υ states are identified us-
ing their decay into two oppositely charged muons. The results are presented as functions of
the Υ transverse momentum (pT) and the PbPb collision centrality. Centrality is related to the
overlap of the two lead nuclei and is defined as the percentage of the total inelastic nucleus
nucleus hadronic cross section, with 0% representing the largest overlap [19].

The CMS apparatus [20] is a multipurpose, nearly hermetic detector, designed to trigger on [21,
22] and identify electrons, muons, photons, and (charged and neutral) hadrons [23–26]. A
global reconstruction “particle-flow” algorithm [27] combines the information provided by
the all-silicon inner tracker and by the crystal electromagnetic and brass-scintillator hadron
calorimeters, operating inside a 3.8 T superconducting solenoid, with data from gas-ionization
muon detectors interleaved with the solenoid return yoke, to build τ leptons, jets, missing
transverse momentum, and other physics objects [28–30]. The forward hadron (HF) calorime-
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ters, located at 3 < |η| < 5, extend the pseudorapidity (η) coverage provided by the barrel
and endcap detectors. Centrality for PbPb collisions is determined using the sum of the total
transverse energy deposited in both of the HF calorimeters.

The events containing Υ mesons are selected using a fast hardware-based trigger system, re-
quiring two muon candidates 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 in PbPb collisions [31]. The trigger used for pp (PbPb) collisions registered an in-
tegrated luminosity of 300 pb−1 (1.6 nb−1). To reject beam-gas interactions and nonhadronic
collisions, an offline event selection is considered [32]. Events are also required to have at least
one reconstructed primary vertex. More than 25% of the tracks have to pass a tight track-quality
selection for pp collisions [26]. In PbPb collisions, a condition on the compatibility of the sil-
icon pixel detector cluster width [33], and “minimum-bias event” selection determined using
the number of towers and energy within the HF detectors [31] are applied. The reconstructed
muons are selected using a set of selection criteria [31] to optimize the muon identification.
In addition, to ensure high reconstruction efficiency for Υ mesons, the individual muons are
required to have pT > 3.5 GeV/c and |η| < 2.4.

The Monte Carlo (MC) samples for Υ mesons are simulated using PYTHIA 8.212 [34] with the
“CP5” tune [35], with the assumption that they are produced unpolarised [36, 37]. Differences
of polarization for Υ states in PbPb collisions compared to pp collisions can affect the Υ kine-
matic distributions, thus requiring different assumptions in the MC simulation at generator
level for pp and PbPb collisions. The ALICE Collaboration reported the polarization param-
eters for Υ(1S) mesons which are found to be consistent with zero [38]. This result suggests
the absence of polarization for bottomonium states in PbPb collisions, although there are large
uncertainties. The polarization parameters for Υ states in PbPb collisions should be studied
in the future with larger statistics. In the MC simulation for PbPb collisions, each Υ event is
embedded in a HYDJET 1.9 [39] PbPb event to reproduce the background environment. The
MC events are then weighted to match the pT spectra for either pp or PbPb collisions. A full
simulation of the CMS detector using GEANT4 [40] is performed to calculate the efficiency. For
this analysis, the feed-down contributions, i.e. decays from heavier quarkonium states, are not
considered in the MC simulation. The effect of such contributions on the kinematic distribu-
tion of the simulated Υ states is included in the reweighting procedure for the pT shape, and,
therefore, feed-down should have a small impact on the efficiency factors.

The Υ mesons are reconstructed through the dimuon decay channel, which includes feed-down
processes such as decays from P-wave states. The invariant mass of Υ candidates are studied
in the 8–14 GeV/c2 region. In order to reduce the large amount of background in PbPb colli-
sions, signal enriched dimuon candidates are selected in addition using boosted decision trees
(BDTs), a multivariate technique algorithm provided by the Toolkit for Multivariate Data Anal-
ysis within ROOT [41]. For the BDT training, MC samples and sideband dimuons from the
invariant mass spectra in data are used for the signal and background samples, respectively.
The dimuons for both data and MC are required to satisfy the overall event and muon selec-
tion criteria, while the dimuons in the MC samples must also satisfy the selections used in the
online trigger. The training variables for BDT include: the χ2 probability of the dimuon vertex
fit; the distance of closest approach of the Υ meson momentum vector relative to the primary
vertex; the distance between the primary vertex and dimuon vertex, both in three dimensions
and projected on the transverse plane; the pointing angle, defined as the angle between the line
segment connecting the primary and decay vertices and the momentum vector of the recon-
structed particle candidates, again in both three dimensions and projected on the transverse
plane. The selection is optimized in each studied pT interval. The value of the resulting BDT
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variable is selected to maximize the signal significance; S/
√

S + B , where S and B represent
the yields for signal and background, respectively.

The yields of Υ states are extracted by an extended unbinned maximum-likelihood fit to the
invariant mass distribution. The signal of each Υ state is modeled by a sum of three Crystal-Ball
(CB) functions [42]. This choice is made to take into account the different momentum resolution
of the muons, which depends on their η. Therefore, the width parameters for the three CB
functions are allowed to vary independently, while their mean and radiative-tail parameters
are kept the same. The mass parameter of the Υ(1S) state is left free to take into account possible
shifts in the calibration of the absolute momentum of the reconstructed tracks. The mean and
width parameters for the Υ(2S) and Υ(3S) mesons are the same as found for the Υ(1S) state,
but multiplied by the ratio of their PDG world-average masses [43] over the mass of the Υ(1S)
meson. All other fit parameters except the yields for the excited states are fixed to those found
for the ground state. In fitting the data, all parameters that are used to describe the signal shape
except the mean of the Υ(1S) state are constrained to vary within a Gaussian probability density
function (PDF). The mean and width of the Gaussian function for each parameter are set to the
value and its uncertainty obtained from the fit results on MC samples, respectively. These
Gaussian means and widths are found separately for each pT interval used in the analysis. The
background of the mass distribution is modeled using three different functional forms: an error
function multiplied by an exponential, a simple exponential, and a Chebyshev polynomial. An
Akaike information criterion (AIC) test [44] is performed to determine the nominal function
for the background PDF among the three functions. The order of the Chebyshev polynomial is
chosen based on a log likelihood ratio test [45].

Figure 1 shows the dimuon invariant mass distributions in pp and PbPb collisions, for the

kinematic range pµ+µ−
T < 30 GeV/c and |yµ+µ− | < 2.4, and centrality integrated (0–90%) for

PbPb collisions.
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Figure 1: Invariant mass distributions of selected dimuons in pp (left) and PbPb (right) colli-

sions, for the kinematic range pµ+µ−
T < 30 GeV/c and |yµ+µ− | < 2.4. The solid lines in both

figures show the results of the fits to data, while the dashed and dotted lines represent the
separate yields for each Υ state and background dimuons, respectively.

Acceptance and efficiency correction factors are applied to the extracted number of Υ mesons to
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compute the RAA values. Acceptance is defined as the probability for both of the decay muons
originating from a Υ meson to be within pµ

T > 3.5 GeV/c and |ηµ| < 2.4, and is determined
using the fraction of MC generated Υ mesons that produce muons in the required kinematic
region. The efficiency is calculated using MC and defined as the probability that a dimuon
within the acceptance is reconstructed, matched to the trigger, and passes the entire analysis
selection criteria. To take into account possible differences between data and MC, the dimuon
efficiency is corrected by three components: tracking, identification, and triggering. The effi-
ciency for each individual component is measured using single muons from J/ψ meson decays
in both data and MC, with the tag-and-probe (T&P) method [46] and applied as a weight for the
derivation of the dimuon efficiency.

Table 1: Systematic uncertainties from various sources in pp and PbPb collisions listed in per-
centage. The global uncertainties are not included in the total uncertainties.

Υ(2S) (%) Υ(3S) (%) Υ(3S)/Υ(2S) (%)
Source pp PbPb pp PbPb pp PbPb
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

The systematic uncertainties are analyzed for various sources and summarized in Table 1. For
each source, the difference of the signal yields in the variation compared to the nominal is taken
as the systematic uncertainty. The uncertainty from the signal extraction is considered for three
sources: choice of signal parameters, choice of signal PDF, and choice of background PDF.
For the parameterization of the signal PDF, the fit results using either the Υ(2S) or Υ(3S) 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. For the background PDF systematic study, the functions
that are rejected in the nominal background PDF determination procedure by the AIC test are
used as alternative functions.

The uncertainties from correction factors are also considered. The simulated pT spectra is
weighted event by event to match the distribution from data. The acceptance and efficiency
values are compared with and without modifying the weighting function by its fit uncertainty.
In addition, the uncertainty arising from the T&P correction on single muons is taken into
account. The systematic uncertainties in the correction factors of the single muons and the sta-
tistical uncertainties coming from the limited size of the data set are propagated to the dimuon
efficiency values. The deviations compared to the nominal dimuon efficiencies are summed in
quadrature, and assigned as the systematic uncertainty in the T&P correction.

In PbPb collisions, additional uncertainties arise from the BDT training and centrality calibra-
tion. To avoid possible biases, the signal and background samples used in BDT training are
divided into two and trained independently. 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. The val-
ues of each BDT variable are used alternatively and the maximum difference of the corrected
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signal yields compared to the nominal is taken as the systematic uncertainty. The centrality
calibration is varied by changing the boundaries of the centrality intervals [31] considering the
inefficiency in the hadronic event selection.

The total uncertainty is the quadratic sum of all the different sources. Finally, the global un-
certainty from collision data is considered. The uncertainty for the integrated pp luminosity
is 1.9% [47]. For PbPb data, the uncertainty in counting the minimum-bias collision events
sampled by the trigger (NMB) is 1.26% [48]. The overlap function TAA for each PbPb centrality
interval is the average number of binary NN collisions per PbPb interaction divided by the
inelastic NN cross section, and its uncertainty is estimated by the variation of Glauber model
parameters within their uncertainties [49].

The Υ(3S) mesons have been observed for the first time in PbPb collisions with a significance,
calculated from the discrete likelihood profiling, above five standard deviations. The nuclear
modification factors (RAA) are computed as

RAA(pT, y) =
NAA(pT, y)

〈TAA〉σpp(pT, y)
, (1)

where NAA is the efficiency and acceptance corrected normalized yield of Υ mesons in PbPb
collisions, and σpp is the pp cross section in a given kinematic range. The average value of TAA
computed in each centrality bin is denoted by 〈TAA〉.

The RAA values for Υ(2S) and Υ(3S) mesons together with the previous measurements for
Υ(1S) mesons [18] are presented as functions of 〈Npart〉 and pT in Fig. 2, where 〈Npart〉 is the
average number of participating nucleons in PbPb collisions for the given centrality interval.
A gradual decrease of RAA is observed towards central collisions for both Υ(2S) and Υ(3S)
states. On the other hand, a slight increase of RAA is seen with increasing pT for the Υ(3S)
state, while no dependence was found for the Υ(2S) state. Both states are found to be strongly
suppressed in central PbPb collision events as well as in the overall studied pT region, while the
RAA of Υ(3S) is found to be smaller than that of Υ(2S). The RAA values integrated over pT and
centrality for Υ(2S) and Υ(3S) are measured to be 0.115 ± 0.008 (stat.) ± 0.007 (syst.) and 0.080
± 0.014 (stat.) ± 0.012 (syst.), respectively. These results identify the sequential suppression
pattern of the bottomonium states in the ordering of their binding energies more clearly than
was possible using previous measurements by the ALICE and CMS Collaborations [16, 18].

The double ratio is defined as the yield ratio of Υ(3S) to Υ(2S) in PbPb collisions divided by
the same ratio in pp collisions and expressed as

(NΥ(3S)/NΥ(2S))PbPb

(NΥ(3S)/NΥ(2S))pp
, (2)

where NΥ(2S) and NΥ(3S) are the measured yields for Υ(2S) and Υ(3S), respectively. The global
uncertainties of TAA, pp luminosity, and PbPb NMB are not relevant for the double ratio mea-
surements because of their cancellation in the single ratio Υ(3S)/Υ(2S).

Figure 3 shows the double ratio for Υ(3S)/Υ(2S) as functions of 〈Npart〉 and pT. The left plot
of Fig. 3 shows that the yields for Υ(3S) mesons are more suppressed than those for Υ(2S)
mesons towards central PbPb collisions. The double ratios of Υ(3S)/Υ(2S) show no significant
dependence on pT as shown in the right plot of Fig. 3.

In summary, data from lead-lead (PbPb) and proton-proton (pp) collisions at a nucleon-nucleon
center-of-mass energy of

√
s

NN
= 5.02 TeV collected with the CMS detector were analyzed to

measure the nuclear modification factors (RAA) of Υ(2S) and Υ(3S) mesons, and double ratios
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Figure 2: Measured RAA for Υ states as functions of 〈Npart〉 (left) including the centrality in-
tegrated bin and pT (right). The vertical lines correspond to statistical uncertainties, while
the boxes represent the systematic uncertainties. In the left figure, the left-most box at unity
combines the uncertainties of pp luminosity and PbPb NMB, while the second (third) box cor-
responds to the uncertainty of pp yields for the Υ(2S) (Υ(3S)) state. The box at unity in the
right plot combines the uncertainties of TAA, pp luminosity, and PbPb NMB. The results for the
Υ(1S) meson are taken from Ref. [18] and are not affected by the boxes at unity.
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Figure 3: The double ratio of Υ(3S)/Υ(2S) as functions of 〈Npart〉 (left) and pT (right). The verti-
cal lines correspond to statistical uncertainties, while the boxes are the systematic uncertainties.
The box at unity on the left figure shows the combined systematic and statistical uncertainties
from pp data, which is common to all of the points.
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Υ(3S)/Υ(2S). The values of the observables are given as functions of Υ transverse momentum
(pT) and PbPb collision centrality. The Υ(3S) meson is observed for the first time in PbPb col-
lisions, and the amount of suppression is found to be stronger than for the Υ(2S) meson. The
values of RAA for both Υ(2S) and Υ(3S) are observed to decrease gradually for more central
collisions. On the other hand, the RAA values suggest at most a small increase with increas-
ing pT for the Υ(3S) meson. The double ratios are found to be smaller than unity, showing
a stronger suppression for the Υ(3S) meson compared to the Υ(2S) meson. No significant pT
dependence is observed for the double ratios Υ(3S)/Υ(2S), indicating the relative modification
between the two states to be similar in the studied pT region. Combined with previous mea-
surements, the results in this note reveal the sequential suppression of Υ(1S), Υ(2S), and Υ(3S)
mesons, which provides new constraints on the understanding of quarkonium suppression in
heavy ion collisions.
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