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- Introduction

ü Quarkonium
A bound state of heavy quark-antiquark pairs. 

Heavy quark pair production
(perturbative) + Hadronization

(Non- perturbative)

ü Quark-gluon plasma (QGP)
A deconfined state of quark matter at high temperature or high baryon density.
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J/ψ χc Ψ(2S) Υ(1S) Υ(2S) Υ(3S)

Mass 
(GeV/c2)

3.10 3.53 3.68 9.46 10.02 10.36

Ebind
(GeV)

0.64 0.2 0.06 1.1 0.5 0.2

𝑪𝑪 𝒃𝒃



- Sequential melting in QGP
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PRC 91 (2014) 024913

Bound state radius: rQQ~ 1/Ebind
Debye length: λD(T) ~ 1/T

Different binding energies 
→ Sequential melting

In the QGP, quarkonium yield is suppressed 
by Debye screening of deconfined color 
charges.
ü T. Matsui and H. Satz (PLB 178 (1986) 416)
ü Evidence of the QGP formation

rQQ > λD(T) → Dissociation

üSensitive to thermal properties of QGP



- Quarkonium (re)generation

As increasing collision energy, heavy 
quark pair multiplicity increases.

At LHC, coalescence of charm 
quarks in the medium and around 
the phase boundary is pronounced.
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- Cold nuclear matter effects

ü Modification of PDF in nuclei
ü Gluon shadowing, saturation

ü Multiple scattering of incident 
partons (Cronin effect)

ü Coherent parton energy loss 
ü Break up with comoving particles
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Initial/final state non-QGP effects, so 
called cold nuclear matter (CNM) 
effects, has to be considered in heavy 
ion collisions. 



- Quarkonium measurements in ALICE

ü Dielectron channel (|y| < 0.9)
- Minimum bias (MB) trigger
- Charged particle tracking

ü Inner Tracking System (ITS)
ü Time Projection Chamber(TPC) 

- Electron identification (TPC)

ü Dilepton decay measurements  
- Wide rapidity coverage
- Down to zero pT

ü Dimuon channel (2.5 < y < 4)
- Muon trigger
Much larger statistics than MB data

ü Centrality estimators
- V0: -3.7 < η < -1.7,  2.8 < η < 5.1
ü Arrays of 32 scintillating counters
ü measure charged particle multiplicity
- Zero Degree Calorimeters (ZDC): 
ü 100m from IP
ü Energy measurement of spectators
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- Collected data in ALICE

Year System Energy(Tev) Integrated luminosity(nb-1)

2015 pp 5.02 106(Muon)
Pb-Pb 5.02 0.013(MB),  0.255(Muon)

2016 p-Pb 5.02 0.295(MB)
8.16 8.4/12.8(p-Pb/Pb-p, Muon)

2017 pp 5.02 19.3(MB)
Xe-Xe 5.44 0.35μb-1

ü pp collisions
- Production mechanism
- Reference for AA and pA collisions

ü p-Pb collisions
- Cold nuclear matter (CNM) effects

ü Pb-Pb, Xe-Xe collisions
- Properties of QGP 

Original idea  
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- Observables
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ü Nuclear modification factor

ü Anisotropic flow: vn= 〈cosn(φparticle – ΨEP,n)〉
Fourier coefficient of azimuthal angle correlation

If there is no nuclear matter effect, RAA should be 1. 

n = 2:  Elliptic flow
(Re)generated J/ψ inherit flow from 
(thermalized) charm quarks.

TAA: Nuclear thickness function



- J/ψ cross sections in pp at √s = 5 TeV

ü 5 TeV MB data recoded in 2017
- NRQCD + CGC including  FONLL (B→J/ψ) describes the data.

ü pp reference for the p-Pb/Pb-Pb data at mid-rapidity
- Old reference: interpolation from different collision energy measurements

ü Large uncertainty of the J/ψ cross section (17%)
- Interpolation → the real data reduced the uncertainty by a factor > 2

2015 data
2017 data
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- p-Pb measurements

Forward (p-going): 
Probing low-x in Pb: 10-5 ‒ 10-4

Backward (Pb-going): 
Probing large-x in Pb: 10-2 - 10-1

Mid-rapidity:
Probing x in Pb : 10-4 - 10-3

Pb-p (Pb-going)p-Pb (p-going)

p
Pb

Pbp
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Δy = 0.465 in p-going direction 



- J/ψ RpPb vs pT

Forward(p-going)

Backward (Pb-going) Mid-rapidity

Consistent with nPDF trends 

Model calculations describe the data within the uncertainties. 
ü nPDF: EPS09NLO, nCTEQ15, CGC
ü Coherent energy loss
ü Transport model: nPDF(EPS09NLO) + Cronin effect + fireball evolution+ feeddown

ü Suppression at low pT
ü Small enhancement at backward rapidity
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- J/ψ QpPb vs 〈Ncoll〉

centralperipheral
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Forward (p-going)Mid-rapidityBackward (Pb-going)

ü Centrality estimation using ZDC
- No bias on multiplicity fluctuation, Jet contribution, etc

ü Mid- and forward rapidity: Less centrality dependence 
- Reasonable agreement with model calculations

ü Backward rapidity: Increasing QpPb for more central collisions
- Discrepancy between the data and model calculations



- J/ψ QpPb in central p-Pb collisions

Backward (Pb-going) Forward (p-going)

ü Enhancement at backward rapidity
ü Suppression at forward rapidity 

more pronounced 
in more central collisions

Discrepancy between the data and nPDF/coherent energy loss 
calculations, in particular, at backward rapidity
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- J/ψ vs ψ(2S) in p-Pb

- ψ(2S) is less bound than J/ψ.
→ Stronger break up than J/ψ

- Experimental results show 
stronger suppression of ψ(2S), 
in particular, at backward 
rapidity.

- Models with EPS09NLO and CGC 
considering co-moving hadrons 
describe both J/ψ and ψ(2S) results.dNch/dηbackward > dNch/dηforward
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- Same initial effects on J/ψ and ψ(2S)
- Differences should be from final 
state effects.



- J/ψ RAA in Pb-Pb and Xe-Xe

ALI-DER-157319

- Weak centrality dependence in central collisions
- Described by the transport model (primordial + (re)generated J/ψ)

- Different collision geometry between Pb-Pb and Xe-Xe at same Npart
ü Similar trends within the uncertainties
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primodial
regenerated



- J/ψ RAA vs pT in Pb-Pb
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- Increase RAA toward low pT: Contribution of (re)generated J/ψ
ü RAA,mid > RAA,forward : Larger charm quark density

- Comparable suppression for mid-y and forward-y at high pT
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- J/ψ elliptic flow in Pb-Pb
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ü Positive J/ψ v2 observed 
- Transport model including (re)generated J/ψ describes low-pT v2.
- Sizable v2 at high pT

ü Event shape engineering 
- Event classification according to the anisotropy of soft particles
- Correlation between bulk v2 and J/ψ v2 17
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- Higher order J/ψ flow in Pb-Pb

Positive J/ψ v3 in Pb‒Pb (3.7 σ)
ü vn (hadron) > vn (D) > vn (J/ψ) at low pT
ü vn (hadron) ~ vn (D) ~ vn (J/ψ) at high pT
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Inclusive J/ψ
Prompt D
Charged hadrons



- J/ψ v2 in small system

ü Consistent with zero v2 at low pT
ü Large v2 at pT > 4 GeV/c

- The origin is not understood yet.

- High-multiplicity p-Pb events
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PLB 780 (2018) 7

Similar magnitude of J/ψ v2 in 
p-Pb and Pb-Pb collisions

A transport model, which describes a 
large v2 at low pT in Pb-Pb, predicts 
smaller v2 than the measurements in 
p-Pb. (arXiv: 1808.10014)



- Summary and outlook
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üCharmonium production in p-Pb
üTheir yields qualitatively described by CNM effects except for at 
backward rapidity

üNon-zero J/ψ elliptic flow in high-multiplicity events
üJ/ψ production in Pb-Pb/Xe-Xe

üLess suppression or enhancement at low pT
üStrong suppression at high pT
üSizable J/ψ flow 
üDescribed by model calculations including (re)generation process at 
low pT

ü Further precise measurements with the data recorded in 2018 and 
after ALICE detector upgrade (2021onward)
ü Excited states
ü Separation of prompt and non-prompt contributions

Outlook



Back up
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- Model comparisons of J/ψ RAA in Pb-Pb

- Models including (re)generated J/ψ describe the data.  
- The uncertainty of model calculations mainly comes from σcc in Pb-Pb.

ü Need high precision measurements of charm hadrons in Pb-Pb
22
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- Υ(1S) RAA in Pb-Pb
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ALI-PUB-157789
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ALI-PUB-157797

ü Suppression of Υ(1S)
- More suppression in more central collisions
- Weak pT dependence 
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- Transport model of J/ψ v2 in p-Pb

24

• X. Du and R. Rapp 

arXiv: 1808.10014



- collision energy dependence
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- Comparison to RHIC
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