




HIM 2018 @ Korea University, 2018/7/3, Dongho Moon

• Charmonia : bound state of charm and anti-charm (J/ψ, ψ’(2S), χc(1P) ...) 

• Bottomonia : bound state of bottom and anti-bottom (ϒ(1S, 2S, 3S), χb(1P) ...)

Quarkonium

quark

anti-quark
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• Produced by hard scattering in the early stage of collisions

c c
c

c
c c

𝝁+

𝝁-

𝞽formation(qq) ≤ 𝞽formation(QGP) < 𝞽life time(QGP) < 𝞽decay time(qq) 
➠expected to experience whole QGP evolution

_ _

CMS
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• Quarkonia productions in heavy ion 
collisions are affected by
• Color Screening : melting depending on 

different temperatures and binding 
energies (Sequential Melting)

• Parton energy loss in medium
• Cold Nuclear Effects (CNM) : Nuclear 

PDFs, coherent energy loss, comover
break-up.. Etc

• Statistical Regeneration

T > Tdiss T < Tdiss
Color Screening

QWG 2017 R. Arnaldi
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• Quarkonia productions in heavy ion 
collisions are affected by
• Color Screening : melting depending on 

different temperatures and binding 
energies (Sequential Melting)

• Parton energy loss in medium
• Cold Nuclear Effects (CNM) : Nuclear 

PDFs, coherent energy loss, comover
break-up.. Etc

• Statistical Regeneration

QGP occurs

Dissociated
Suppression !!!

Enhancement !!!

Quarkonia production in final state
= Mixture of suppression + enhancement
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Mocsy, EPJC61 (2009) 705 
BNL workshop in June 

Charmonia J/ c ’(2S)

Mass(GeV) 3.10 3.53 3.69

E (GeV) 0.64 0.20 0.05

Td/Tc 2.1 1.16 1.12

Bottomonia (1S) (2S) (3S)

Mass(GeV) 9.46 10.0 10.36

E (GeV) 1.10 0.54 0.20

Td/Tc > 4.0 1.60 1.17

Temperature increasing
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Mocsy, EPJC61 (2009) 705 
BNL workshop in June 

Charmonia J/ c ’(2S)

Mass(GeV) 3.10 3.53 3.69

E (GeV) 0.64 0.20 0.05

Td/Tc 2.1 1.16 1.12

Bottomonia (1S) (2S) (3S)

Mass(GeV) 9.46 10.0 10.36

E (GeV) 1.10 0.54 0.20

Td/Tc > 4.0 1.60 1.17

Melting
Order

Temperature increasing
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Mocsy, EPJC61 (2009) 705 
BNL workshop in June 

Charmonia J/ c ’(2S)

Mass(GeV) 3.10 3.53 3.69

E (GeV) 0.64 0.20 0.05

Td/Tc 2.1 1.16 1.12

Bottomonia (1S) (2S) (3S)

Mass(GeV) 9.46 10.0 10.36

E (GeV) 1.10 0.54 0.20

Td/Tc > 4.0 1.60 1.17

From
Run I

EPJC 77 (2017) 252
PRL 109 (2012) 222301

Temperature increasing

RAA =
YieldAA /áNCollñ

Yieldpp
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ALICE LHCbATLAS CMS

• Complimentary acceptance for LHC detectors

J/ψ ϒ
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arXiv:1712.08959

Primary 
Vertex

Secondary 
Vertex

Lxyz

Collision Point

J/ψ

Collision Point

μ+

μ-

Nonprompt J/ψ

Prompt J/ψ

Inclusive J/ψ
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• Simultaneous two dimensional fit method
• Mass + pseudo-proper decay length

• Separate prompt and nonprompt
statistically bin-by-bin

arXiv:1712.08959

Primary 
Vertex

Secondary 
Vertex

Lxyz

Prompt

Nonprompt
Prompt J/ψ Nonprompt J/ψ

Collision Point
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• Simultaneous two dimensional fit method
• Mass + pseudo-proper decay length

• Separate prompt and nonprompt
statistically bin-by-bin

arXiv:1712.08959

Primary 
Vertex

Secondary 
Vertex

Lxyz

Prompt

Nonprompt
Prompt J/ψ Nonprompt J/ψ

Charm Beauty

Collision Point
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LHCb-CONF-2015-005

ATLAS-CONF-2018-013

arXiv:1712.08959

Note : electron-electron can be only 
separated (at mid-rapidity)

arXiv:1504.07151



HIM 2018 @ Korea University, 2018/7/3, Dongho Moon

• Very similar suppression : no strong dependence on collision energy but slightly more 
suppressed in most central events at higher collision energy 
• RAA (0-5 %) : ∼20% more suppressed

• 5.02 TeV : 0.219 ± 0.005 (stat.) ± 0.013 (syst.)
• 2.76 TeV : 0.282 ± 0.010 (stat.) ± 0.023 (syst.)

• No strong rapidity and pT dependences 

arXiv:1712.08959

RAA =
YieldAA /áNCollñ

Yieldpp
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arXiv:1712.08959

• At high pT, no strong collision 
energy dependence

• Decrease suppression at higher pT

• Similar trend of pT depending on 
centrality (increasing trend at high pT)

RAA =
YieldAA /áNCollñ

Yieldpp
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• Less suppressed at high pT : energy loss contribution ?
• Similar to D meson and charged hadron

arXiv:1708.04962

arXiv:1712.08959

• At high pT, no strong collision 
energy dependence

• Decrease suppression at higher pT

• Similar trend of pT depending on 
centrality (increasing trend at high pT)

RAA =
YieldAA /áNCollñ

Yieldpp
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JHEP 05 (2016) 179, PLB 734 (2014) 314, PRL 109 (2012) 072301

• Stronger centrality suppression at RHIC than LHC, in spite of larger energy at LHC
• Hint of statistical regeneration ?

• At low pT : very different pT dependence

RAA =
YieldAA /áNCollñ

Yieldpp

ALICE 2.76 TeV

ALICE 2.76 TeV
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JHEP 05 (2016) 179, PLB 734 (2014) 314, PRL 109 (2012) 072301

• Observed similar J/ψ suppression at both of 2.76 TeV and 5.02 TeV
• Increased precision at 5.02 TeV

• But slightly higher for 5.02 TeV

PLB 766 (2017) 212

RAA =
YieldAA /áNCollñ

Yieldpp

ALICE 5.02 TeV

ALICE 2.76 TeV
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JHEP 05 (2016) 179, PLB 734 (2014) 314, PRL 109 (2012) 072301

• No significant collision energy dependence at mid and forward rapidity
• But hint of stronger regeneration effect on larger collision energy

• Enhanced at low pT compared to forward rapidity

JHEP 07 (2015) 051

5.02 TeV
2.76 TeV

mid-y
forward-y

RAA =
YieldAA /áNCollñ

Yieldpp

J/ψ to e+e- at mid-rapidity
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JHEP 07 (2015) 051

Transport models
Based on thermal rate eq. 

with continuous J/ψ

dissociation and 
regeneration in QGP and 

hadronic phase
(NPA 859 (2011) 114,
PRC 89 (2011) 05491)

Statistical hadronization
J/ψ produced at chemical 

freeze-out according to 
their statistical weight

(NPA 904 (2013) 535)

Comover model
J/ψ dissociated via interactions 

with partons - hadrons + 
regeneration contribution

(PLB 749 (2015) 98, PLB 731 (2014) 57)

• All models fairly describe the data, as already in Run 1
• But large uncertainties associated 

QWG2017, Roberta Arnaldi’s slide

mid-y

forw-y
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arXiv:1805.04077

• Strong centrality dependence
• Suggestion of high pT universality from the charged hadrons and jets
• Data is well described by different models : color screening vs energy loss scenarios

RAA =
YieldAA /áNCollñ

Yieldpp
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arXiv:1805.04077

• Strong centrality dependence of suppression 
• But no big difference between 2.76 TeV and 5.02 TeV
• At low pT : regeneration effect would be more dominant
• At high pT : energy loss would be more dominant effect 

than color screening 

5.02 TeV 2.76 TeV

mid-y

forward-y
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Simultaneous two dimensional fit method
• Mass + pseudo-proper decay length
• For ψ(2S), extra cut applied for rejecting non-prompt components using a cut on lJ/ψ

due to small S/B
• Data-driven correction for the non-prompt contamination in the low lJ/ψ region

PRL 0118 (2017) no.16, 162301
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• Double Ratio (DR) 
: relative behavior of excited state compared to the ground state

• ψ(2S) more suppressed than J/ψ : sequential melting
• No significant dependence on pT

• Hint for a different behavior with energy 
• X. Du and R. Rapp: ψ(2S) regenerated later than J/ψ in the fireball evolution

Double Ratio (DR) =

PRL 0118 (2017) no.16, 162301
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Double Ratio (DR) =

• DR is under unity : strong suppression of 
ψ(2S) with respect to J/ψ (sequential 
melting)

• Slightly increasing trend along increasing 
centrality

• Superimposing model results – data is well 
described under different scenarios
• Sequential Melting + Color 

Regeneration
• Energy loss
• Tension in most central events

arXiv:1805.04077
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• ψ(2S) more suppressed than J/ψ in semi-central and central collisions

• Results at 5.02 TeV compatible with those at 2.76 TeV
• Good agreement also with CMS results at 5.02 TeV

ALI-PREL-120671 ALI-PREL-120726

Double Ratio (DR) =RAA =
YieldAA /áNCollñ

Yieldpp
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• ψ(2S) more suppressed than J/ψ as expected (sequential melting)
• Results at 5.02 TeV compatible with those at 2.76 TeV for ALICE
• Hint for a different behavior with energy for CMS (enhancement of low pT

disappeared at 5.02 TeV)
• Increasing trend along increasing centrality at 5.02 TeV in ATLAS
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• Strong modifications at forward rapidity
• pT dependence : gradually approaching to unity (starting from 0.6 of RpPb)
• nPDF, energy loss and CGC models describe well data within uncertainties 

arXiv:1308.6726, arXiv:1506.07179, arXiv:1506.08808

Backward Forward
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• Clear suppression at forward rapidity in both energies
• Different models (Shadowing, energy loss, CSC) can describe data well

ALICE-PUBLIC-2017-001

8.16 TeV

5.02 TeV
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• Clear suppression at forward rapidity
• Different models (Shadowing, energy loss, CSC) can describe data well
• No energy dependence at all bins

ALICE-PUBLIC-2017-001

8.16 TeV
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• Prompt J/ψ RpPb above unity in most bin : anti-shadowing ?
• Slightly more enhancement in backward (Pb going side)
• More enhancement in high pT

• nPDF calculations slightly lower than data

EPJC 77 (2017) 269
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arXiv:1805.0248

• Expecting to see similar effects from nPDF for J/ψ and ψ(2S)

• Hint for a different modification in the data (in the Pb going direction)
• Is the more fragile ψ(2S) affected by final state effect ? But why at 

backward rapidity region ?



HIM 2018 @ Korea University, 2018/7/3, Dongho Moon

• No strong modification in pPb (pT > 8 
GeV/c) but above unity in most bins

arXiv:1709.03089

PbPb

pPb
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• No strong modification in pPb (pT > 8 
GeV/c) but above unity in most bins

• Can conclude strong suppression in 
PbPb dominated by QGP effect

arXiv:1709.03089

PbPb

pPb
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arXiv:1709.03089

• ψ(2S) is more suppressed than J/ψ (maybe same reason with CMS?)
• Slightly more suppression at forward rapidity and in more central events
• But still big error bar (need more statistics)

Double Ratio (DR) =
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arXiv:1709.03089

• ψ(2S) is more suppressed than J/ψ (maybe same reason with CMS?)
• Slightly more suppression at forward rapidity and in more central events
• But still big error bar (need more statistics)
• Similar increasing trend in more central events at both of PbPb and pPb (is this 

effect from CNM ? not from QGP ?)

PbPb
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• More suppression at forward rapidity 
• Clear pT dependence : increasing trend (starting from 0.6 of RFB)

JHEP 02 (2014) 072
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• RFB

• No significant suppression and dependence on rapidity and pT

• Large error bar (need more data)
• RpPb

• More suppression than prompt J/ψ

• Theoretical calculations underestimate prompt ψ(2S) suppression

LHCb-CONF-2015-005
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• Double Ratio (R) = RAA(ψ(2S)/RAA(J/ψ)
• More suppression than J/ψ at all bins of rapidity
• Consistent with ALICE

LHCb-CONF-2015-005

Double Ratio (DR) =
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• Common behavior but understandable
• Charmonia suppression at forward rapidity
• Specially in low pT

• ψ(2S) is more suppressed than J/ψ (less tightly 
bound state)

• Why ?
• Backward suppression for ψ(2S) in CMS, LHCb, 

ALICE : not sure yet
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JHEP 07 (2014) 094

ATLAS-CONF-2015-050
PLB 740 (2015) 105

PRL 109 (2012) 222301 
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• Indication of initial suppression in pPb
• Y(nS)/Y(1S) has clear dependence on Ntrks for pp & pPb & PbPb

DR =
PRL 109 (2012) 222301 
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• Consistent with no suppression at backward rapidity
• Indication of suppression at forward rapidity, similar to J/ψ one

PLB 740 (2015) 105
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• Y(1S) is found to be suppressed at low pT

• Difference between Y(1S) and J/ψ RpPb in 10 < pT < 15 GeV/c
• Co-mover interaction and EPS09 give a rough interpretation of the 

observables

arXiv:1709.03089, JHEP 02 (2014) 972, JHEP 06 (2015) 055, JHEP 02 (2014) 073 
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• More suppression at forward rapidity as expected
• Models (shadowing, energy loss) reproduce data well within uncertainties 

JHEP 07 (2014) 094
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• No big surprises : very similar to J/ψ trend (forward and low pT

suppression) 
• Beautiful scaling of multiplicity for Double Ratio of Y(nS) but large error in 

PbPb (maybe coming Run would be helpful to answer)
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CMS-PAS-HIN-16-023

• Increasing suppression along the centralities 
• ‘Clear’ ordering : RAA(ϒ(3S)) < RAA(ϒ(2S)) < RAA(ϒ(1S))
• Also hydrodynamic model with 3 temperatures (Krouppa at al.) describe well 

data within uncertainty (4𝛑𝛈/s = {1, 2, 3}, T0 = {641, 632, 629} MeV) 
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• Increasing suppression along the centralities 
• ‘Clear’ ordering : RAA(ϒ(3S)) < RAA(ϒ(2S)) < RAA(ϒ(1S))
• Also hydrodynamic model with 3 temperatures (Krouppa at al.) describe well 

data within uncertainty (4𝛑𝛈/s = {1, 2, 3}, T0 = {641, 632, 629} MeV) 
• Complete melting of 3S 

• 3S yet to be seen in PbPb collisions at the LHC

CMS-PAS-HIN-16-023
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• Indication of larger suppression of ϒ(1S) at higher collision energy
• No significant dependence on rapidity but hint of more suppression in low pT region at 

5.02 TeV than 2.76 TeV

CMS-PAS-HIN-16-023
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• Similar suppression of ϒ(1S) in both energies within uncertainties

arXiv:1805.04387

5.02 TeV

2.76 TeV
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• Similar suppression of ϒ(1S) in both energies within uncertainties
• But at most central bin, ϒ(1S) is less suppressed in 5.02 TeV than 2.76 TeV (could be 

upsilon regeneration?) differently from CMS

arXiv:1805.04387

5.02 TeV

2.76 TeV

5.02 TeV

2.76 TeV
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• Transport and anisotropic hydrodynamical models qualitatively describe the centrality
• Stricklaland Thermal anisotropic hydrodynamical model reproduce data within 

uncertainties but tension in forward rapidity 

arXiv:1805.04387
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• Transport and anisotropic hydrodynamical models qualitatively describe the centrality
• Stricklaland Thermal anisotropic hydrodynamical model reproduce data within 

uncertainties but tension in forward rapidity 

arXiv:1805.04387
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• Y(1S) similar suppression but
• RAA at 5.02 TeV is less suppressed in ALICE
• RAA at 5.02 TeV is more suppressed in CMS

• Y(3S) still not visible at PbPb collisions
• Insufficient statistics ?
• Complete melting at 5.02 TeV ?

5.02 TeV

2.76 TeV
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R



• Almost zero flow at RHIC
• But significant elliptic flow (v2) 

may be expected at LHC energy 
due to the significant contribution 
of regenerated J/ψ

• Good regeneration signal



HIM 2018 @ Korea University, 2018/7/3, Dongho Moon

arXiv:1709.05260

R



• Indication of non-zero flow (2.7σ) at 
2.76 TeV

• Evidence for non-zero flow (7σ) in pT

4-6 GeV/c at 5.02 TeV



HIM 2018 @ Korea University, 2018/7/3, Dongho Moon

arXiv:1709.05260

• Available precise measurements in low pT at ALICE and in high pT at CMS
• Clear pT dependence in low pT and still non-zero flow in high pT
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• Similar flow observed for open charm
• Charm quarks strongly interact with medium
• Comparison between J/ψ and D meson flow can provide insights on the 

properties of flow of heavy vs light quarks
• At low pT : light quark ≈ c+light quark > c+c quark
• At high pT : light quark ≈ c+light quark ≈ c+c quark

arXiv:1709.05260
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• Similar flow observed for open charm
• Charm quarks strongly interact with medium
• Comparison between J/ψ and D meson flow can provide insights on the 

properties of flow of heavy vs light quarks
• ATLAS measured prompt and nonprompt J/ψ’s flow at 5.02 TeV

• Prompt J/ψ’s flow is larger than nonprompt J/ψ’s one

arXiv:1709.05260
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• Similar flow observed for open charm
• Charm quarks strongly interact with medium
• Comparison between J/ψ and D meson flow can provide insights on the 

properties of flow of heavy vs light quarks
• ATLAS measured prompt and nonprompt J/ψ’s flow at 5.02 TeV (for the first time)

• Prompt J/ψ’s flow is larger than nonprompt J/ψ’s one

arXiv:1709.05260

Maybe flow in PbPb would be possible but how 
about it in small system ?
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CMS-PAS-HIN-18-010

• Observed significant positive J/ψ v2

• Measured in events with Ntrk > 185 (only in high multiplicity events) 
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arXiv:1709.06807, 1709.05260

Forward Backward

• Non-zero v2 in pT > 3 GeV/c
• No significant collision energy dependence
• Similar size of v2 in PbPb
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• In pPb
• Indication of initial suppression for all of quarkonia
• More suppression at forward rapidity and low pT region
• ψ(2S) is more suppressed than J/ψ at backward rapidity but not sure exact 

reason

• In PbPb
• Observed sequential suppression as expected
• Indication of larger suppression of ϒ(1S) at 5.02 TeV than 2.76 TeV in CMS but 

slightly opposite trend is observed in ALICE
• Still no sign of ϒ(3S)

• Elliptic flow for J/ψ
• Observed non-zero flow in PbPb and even in pPb
• No significant dependence on collision energy
• Similar size of v2 observed in pPb and PbPb
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• In pPb
• Indication of initial suppression for all of quarkonia
• More suppression at forward rapidity and low pT region
• ψ(2S) is more suppressed than J/ψ at backward rapidity but not sure exact 

reason

• In PbPb
• Observed sequential suppression as expected
• Indication of larger suppression of ϒ(1S) at 5.02 TeV than 2.76 TeV in CMS but 

slightly opposite trend is observed in ALICE
• Still no sign of ϒ(3S)

• Elliptic flow for J/ψ
• Observed non-zero flow in PbPb and even in pPb
• No significant dependence on collision energy
• Similar size of v2 observed in pPb and PbPb
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• Comparing hidden charm (Prompt J/ψ, CMS) to open Cham (D, ALICE)
• Smaller v2 in low pT but similar v2 in high pT

• Mass ordering in low pT, path-length dependence in high pT

EPJC 77 (2017) 252 
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• Prompt J/ψ RpA above unity in most bins
• Suppression only in the most forward bin (1.5 < yCM < 1.93) for pT < 7.5 GeV/c
• nPDF calculations slightly lower than data
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J/ψ = 0.6 J/ψ + 0.3 Xc + 0.1 ψ(2S)

ϒ(1S) = 0.5 ϒ(1S) + 0.11 (ϒ(2S)+ ϒ(3S))
+ 0.11Xb(2P) + 0.27 Xb(1P) 
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ALICE

LHCb

ATLAS

CMS

• Complimentary acceptance for LHC detectors

We are good friends !!!
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INPC 2016 @ AdelaideDong Ho Moon

• Cold Nuclear Matter 
• Quarkonia productions are sensitive to gluon PDF
• Initial state effects : nPDF (Nuclear Shadowing), Comover break-up, energy loss 

due to multiple scattering … etc

p Pb

J/ψ J/ψ

Forward Backward
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• Event plane method
• Integrated v2 for Prompt J/ψ (pT > 6.5 GeV/c)

➠ 0.054 ± 0.013 (stat.) ± 0.006 (syst.) in |y| < 2.4, 10-60 %
➠ significant (3.8σ) v2 at high-pT prompt J/ψ

CMS-PAS-HIN-12-001

R


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CMS HIN PAS 14-009
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CMS HIN PAS 14-009

• Clear dependence of pT : more suppression for forward in lower pT

• No strong dependence on |y|
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CMS HIN PAS 14-009

• Clear dependence of event activity : more suppression for forward in 
larger event activity

• No strong dependence on |y|
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PRL 109 (2012) 222301 

• Indication of initial suppression in pPb
• Y(nS)/Y(1S) has clear dependence on Ntrks for pp & pPb
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PRL 109 (2012) 222301 

• Indication of initial suppression in pPb
• Y(nS)/Y(1S) has clear dependence on Ntrks for pp & pPb & PbPb
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ALI-DER-157319

Xe-Xe
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ALI-PREL-148496

Xe-Xe
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ALI-PREL-148496



HIM 2018 @ Korea University, 2018/7/3, Dongho Moon

• Reference to understand pA and AA data
• Still ongoing to understand exact production 

mechanism (Color Octet vs. Color Singlet)

• Exploring new nuclear matter known as Quark-
Gluon-Plasma (QGP)

• Characterize and quantify the properties of QGP 

• Create Cold Nuclear Matter (CNM) 
• Nucler modification of gluon PDF (nPDF) : shadowing, 

saturation, CGC …

• Understanding initial state effect on production
• Examine pure suppression from observation in QGP

p p

Pb Pb

p Pb

vacuum

Hot Medium

Cold Medium
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• Suppression of ϒ(2S) w.r.t. ϒ(1S) and trend looks ~flat in centrality > 40 %
• Upper limit assigned with 95% CL at most central event (0-5%)

• Strong suppression of ϒ(3S) w.r.t. ϒ(1S) in all centralities
• Hydrodynamic model with 3 temperatures (Krouppa at al.) describe well data within 

uncertainty (4𝛑𝛈/s = {1, 2, 3}, T0 = {641, 632, 629} MeV)

Double Ratio (DR) =
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• Complete melting of 3S 
• 3S yet to be seen in PbPb collisions at the LHC

Double Ratio (DR) =
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• No strong dependence on pT and rapidity but 
• Possible stronger relative suppression in forward region (large stat. uncertainties) , not 

expected by theoretical model

Double Ratio (DR) =
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