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Outline

qMotivation:
- Quarkonia as probes of QGP
- Quarkonia modification in heavy-ion collisions

qCMS experiment:
- Muon performance across collision systems
- Quarkonia detection in CMS

qBottomonium states in PbPb collisions:
- RAA vs. <Npart> vs. pT

- Double ratio ϒ(3S)/ϒ(2S) in PbPb and pp
- Binding energies
- Model comparisons

qSummary
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CHAPTER 2. A PRAGMATIC OVERVIEW 7

are two main ways to form a color-neutral hadron: a quark and antiquark
of the same color charge, called a meson, and three (anti)quarks of di�erent
color charges, known as a (anti)baryon.

QCD further predicts that the constituents become deconfined at su�-
ciently high temperature and density. Such conditions materialized in the
early universe, microseconds after the Big Bang, suggesting that the entire
universe was once a large progenitor QGP; in the present day, superdense ce-
lestial objects such as neutron stars may contain a QGP-like phase, although
their distance from Earth makes them di�cult to characterize. High-energy
nuclear collisions are the only way to create similarly extreme conditions in
the laboratory. The notion of performing these collisions in search of a hot
and dense phase of free quarks and gluons dates back to the 1970s [4].
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Figure 2.1 A rendering of the stages of a heavy-ion collision. From left to right,
nuclei approach each other and collide, the QGP medium forms and expands while
particles are emitted, and the QGP dissipates as the hadron gas expands. Visual-
ization originally created by Hannah Petersen and modified by the author for this
work.

Back to the lead-lead collision, where the Lorentz-contracted nuclei are
receding along the z-axis with the created droplet of QGP between them.
Bjorken outlined the basic collision spacetime evolution in 1982 [5]. The
QGP is located near the origin, expanding hydrodynamically in both the
transverse (x-y) plane and the longitudinal (z) direction; at any given z
position, the fluid has approximate longitudinal velocity z/t. As the nuclei
continue to recede, the fluid forms at later times further from z = 0, roughly
on a spacetime hyperbola defined by a constant “proper time”

· ©


t2 ≠ z2 ≥ 1 fm/c. (2.1)
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Probing QCD matter with Quarkonia

qProduction of heavy quarks from hard initial scatterings (2mQ ≫ Tmedium > ∧QCD)
qFormation time of 𝑄 $𝑄 bound states < emergence of a QGP phase (~0.5 fm/c)
qDebye screening in QGP leads to sequential melting as per the binding energy
qCorrelated/uncorrelated recombination of 𝑄 $𝑄 pairs in QGP

Major advances in this area are achieved due to much larger cross-section 
(compared to lower energies), coupled with excellent capabilities of LHC detectors!

time
0.            ~0.5 fm/c.                                        ~10 fm/c      

Ultimate goal: establishing a comprehensive picture of the in-medium microscopic interactions 
                       and formation of bound states of heavy quarks from QCD first principles
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Bottomonia in heavy ion collisions 

Upsilon spectroscopy

ϒ(1S):
0.28fm

ϒ(2S):
0.56fm

ϒ(3S):
0.78fm

Dissociation  vs.  Recombination

ØColour screening: Bottomonia cannot exist 
inside the QGP medium → temperature probe
of QGP

ØSequential suppression: Different radii/binding 
energies  → different suppression

ØRecombination: Bottomonia formed in the QGP
by combination of b$b pairs

ØOnly very small statistical enhancement compared
to charmonia

1.2

2.0

T/Tc 1/<r> fm-1

ϒ(1S)

ϒ(2S)

ϒ(3S)

Provide constraints to dynamical models 
including dissociation and recombination
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4 /17

Measurement of quarkonia in CMS

Ota Kukral                                                               Quark Matter 2023  

 Quarkonia detected via dimuon decay channel: Q →μ+μ-

 Detecting muons 
 |η| < 2.4, pT ≳ 1-4 GeV
 Inner tracker
 Muon chambers

6 Sep 2023 

Υ candidate
in PbPb

Muon
chambers

Tracker

o |η| < 2.4, pT ≳ 1-4 GeV
o Inner tracker
o Muon chambers 

q ϒ candidate in Pb-Pb 
collisions 5.02 TeV

    (Nov – Dec 2018)

Measurement of quarkonia in CMS

qQuarkonia detected via dimuon decay channel: Q → μ+ μ-  

qDetecting muons:

qLarge coverage for muons ⇒ wide coverage and better resolution for Quarkonia

o Measured from 
pT = 0 GeV
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Muon performance from pp to PbPb in CMS
qData driven measurement of muon reconstruction, identification and triggering eff

qMuon identification:  PbPb performance is very good, comparable to pp
qWell described by MC simulations

arXiv:2404.17377

https://arxiv.org/abs/2404.17377
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Muon performance from pp to PbPb in CMS
qMass scale and resolution stable among all systems
qNo dependency on detector occupancy 
qExcellent mass resolution ≈ 1.4%  → allowing clear separation of the excited states

Mass Scale Mass ResolutionarXiv:2404.17377

https://arxiv.org/abs/2404.17377
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ϒ(3S) state in PbPb 

ØMVA to improve signal/background ratio
q Boosted decision trees
q 5.6σ signal for ϒ(3S)

First ever measurement of ϒ(3S) in 
nucleus-nucleus collisions

arXiv:2303.17026
Accepted by PRL

https://arxiv.org/abs/2303.17026
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Bottomonium suppression in PbPb 

pp

PbPb

qϒ(1S) and ϒ(2S) states are suppressed in PbPb compared to pp
qϒ(3S) almost disappeared in PbPb! 

arXiv:2303.17026

https://arxiv.org/abs/2303.17026
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ϒ(2S) and ϒ(3S) in PbPb 
qϒ states are suppressed in PbPb compared to pp collisions
qRPbPb (1S) > RPbPb (2S) >  RPbPb (3S)  ☞ excited states more suppressed

qStrong dependence on collision centrality (Npart) qSuppression level constant across pT of ϒ

arXiv:2303.17026

https://arxiv.org/abs/2303.17026
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Model comparison (1) 
TAMU [PRC 96 (2017) 054901]

o Kinetic rate equation 
approach

o Includes regeneration, 
in-medium binding 
energies, and lattice 
QCD based EOS for 
fireball evolution

o Describes the trends 
well

arXiv:2303.17026

https://arxiv.org/abs/2303.17026
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Comover Interaction Model [JHEP 10 (2018) 094]

o Includes shadowing and break-up from interactions 
with comoving particles:
nCTEQ15 [PRD 93 (2016) 085037]

o Describes the ϒ(1S) and ϒ(2S)

o Predicts stronger suppression for ϒ(3S) for most 
of the centrality (Npart) range

arXiv:2303.17026

Model comparison (2) 

https://arxiv.org/abs/2303.17026
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OQS + pNRQCD [PRD 108 (2023) 011502]

o Open quantum system
framework, potential
NRQCD approach

o Includes quantum 
regeneration

o Model describes the 
trends and suppression
well

arXiv:2303.17026

Model comparison (3) 

https://arxiv.org/abs/2303.17026
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Coupled Boltzmann [JHEP01(2021)046]

qOpen quantum system framework, coupled transport equations and EPPS16 nPDF
qIncludes both correlated and uncorrelated recombination
qDescribe centrality dependence of 1S and 2S states, fails for 3S state

arXiv:2303.17026

Model comparison (4) 

https://arxiv.org/abs/2303.17026
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Heidelberg [IJMPA 35, 2030016 (2020)]

qModel incorporates screening and gluon dissociation 

qDescribes 1S state
well

qOverpredicts 2S and 
3S states at high-pT

and peripheral collisions

arXiv:2303.17026

Model comparison (5) 

https://arxiv.org/abs/2303.17026
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SHMb [arXiv:2209.14562v1]

qStatistical hadronization of b-quarks in PbPb 

qEffect of a partial thermalization of b-quarks:
   → SHMb incorporates an arbitrary suppression 
       of beauty pairs at the phase boundary 

qA thermalization fraction of ~50% of b-quarks
explains the bottomonium data at the LHC

Model comparison (6) 

arXiv:2303.17026

https://arxiv.org/abs/2303.17026
https://arxiv.org/abs/2303.17026
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qDouble ratio   ϒ("#)/ϒ(&#) !"!"

ϒ("#)/ϒ(&#) ##
   → partial cancellation of systematic uncertainties 

qConstant across pT(ϒ)
qHint of stronger suppression for ϒ(3S) compared 

to ϒ(2S) for more central collisions

Double ratio in CMS PbPb

arXiv:2303.17026

https://arxiv.org/abs/2303.17026
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Double ratio and models in PbPb

qDouble ratio   ϒ("#)/ϒ(&#) !"!"

ϒ("#)/ϒ(&#) ##

Models comparison

arXiv:2303.17026

https://arxiv.org/abs/2303.17026


3 – 7 June 2024                                                                     Prabhat Pujahari                            SQM 2024, Strasbourg                      19/22

ϒ in PbPb – recombination model (1) 
qModels that include regeneration effect explains data well!
qTAMU [PRC 96 (2017) 054901] → the correlated recombination effect is expected to be

                                            quite significant to describe the data
arXiv:2303.17026

https://arxiv.org/abs/2303.17026
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q Models that include dynamical recombination explains PbPb data well
qOQS + pNRQCD [PRD108 (2023) 011502]

arXiv:2303.17026

ϒ in PbPb – dynamical recombination (2) 

https://arxiv.org/abs/2303.17026
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Quarkonia in PbPb – binding energy 

qRPbPb vs quarkonia binding energy

qSequential suppression of quarkonia states
        → binding energy dependence

qIncomplete contributions from feed-down 
decays yet to be measured!

arXiv:2303.17026

https://arxiv.org/abs/2303.17026


3 – 7 June 2024                                                                     Prabhat Pujahari                            SQM 2024, Strasbourg                      22/22

Summary 

suppression

qExcellent performance for muon detection in CMS

qFirst measurement of ϒ(3S) in PbPb collisions

o Wide range of detector occupancies

o Sequential ordering of suppression
RPbPb(1S) > RPbPb(2S) > RPbPb(3S)

o Follows their binding energies

o RPbPb (3S) = 0.080 ± 0.014 (stat) ± 0.012 (syst)

o Challenging to describe with initial state effects alone

pPb: PLB 835(2022), 137397 

PbPb (2S) and (3S) arXiv 2303.17026 


