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Before starting my presentation
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• The goal of this talk is to introduce recent LHC results and provide 
inputs to lattice-QCD society
• Debye screening
• Gluon-induced energy loss
• nPDF

• In addition, it will be great if you can give me some input to connect 
the theoretical modeling and experimental observables 

• For those you are not familiar with heavy ion nomenclature and 
convention, please ask me.  Any pop-up questions will be welcome
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Outline
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• Review the results on quarkonia in PbPb and pPb collisions
• Will focus on CMS results 
• Sequential suppression of upsilon at 2.76 and 5.02 TeV
• Cold nuclear matter effect at 5.02 and 8.16 TeV
• Similar measurements for J/psi

• Experimental observables
• We compare

In vacuum 
pp collision

In medium 
PbPb, pPb
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Control observable : Centrality 
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Pheripheral	collision

Impact	
parameter

	

Head-on	collision

	
	

Thermal property of ( e.g. temperature, density) of the 
outcome matter depends on the impact parameter.

Glauber model
Npart  : number of participating nucleons
Ncoll   : number of binary nucleon-nuclean     

collisions

Soft scattering scales by Npart  
Hard scattering scales by Ncoll

Npart		=	25	
Ncoll		=	51	

Nucleus	

Nucleus	

�4
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Observables : RAA
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• Modification is quantified by comparing the yield to pp 
data

• RAA is the ratio of cross-section in PbPb to pp  

• Proper normalization for hard probe is Ncoll  

			 			PbPb	

RAA > 1 (enhancement) 
RAA = 1 (no medium effect) 
RAA < 1 (suppression)

RAA =
d2NAA / dpTdη

TAA d2σ pp / dpTdη

TAA = Ncoll /σ pp
inel

pp
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Examples

 6

RAA < 1 (suppression) 
Inclusive charged particles

RAA = 1 (No medium effect) 
Direct photons
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Examples
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Peripheral 
Central
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CMS detector

Large coverage of trackers and calorimeters  
• Muons are tracked by muon system (RPC, CSC, DT) and inner silicon pixels 

and strips 
• Upsilons are reconstructed via di-muon decays => Efficient for higher pT

5-Sep-19 Yongsun	Kim  8

CMS detector
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1. Bottomonia 
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Sequential melting - Y(nS) is THE best probe

 10

• Y(nS) brothers were expected to provide evidence for color charge screening 

that sequentially increases  w.r.t. binding energy
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Sequential melting - Y(nS) is THE best probe
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• Y(nS) brothers were expected to provide evidence for color charge screening 

that sequentially increases  w.r.t. binding energy
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Sequential melting - Y(nS) is THE best probe
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Sequential melting - Y(nS) is THE best probe
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Sequential melting - Y(nS) is THE best probe

b b
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• Suppression of 𝚼(nS) in PbPb at 2.76 TeV 

[PLB 770, 357(2017)]

• Suppression of 𝚼(nS) in PbPb at 5.02 TeV

[PRL 120 (2018) 142301]

• Event activity of 𝚼(nS) in pPb at 5.02 TeV 
[JHEP 04 (2014) 103]

• Suppression of excited 𝚼(nS) in PbPb at 2.76 TeV 

[PRL 107 (2011) 052302]

• Quarkonium production in PbPb collisions at 
2.76 TeV 

[JHEP 1205 (2012) 063]

• Observation of 𝚼(nS) suppression at 2.76 TeV 
[PRL 109 (2012) 222301]

• Nuclear modification of 𝚼(nS) in PbPb at 5.02 TeV

[PLB 790 (2019) 270]

Upsilon states in Heavy ion collision 

Run1

PbPb : √sNN = 2.76 TeV, L = 166 𝛍b-1

pPb : √sNN = 5.02 TeV, L = 34.6 nb-1

pp : √sNN = 2.76 TeV, L = 5.4 pb-1

PbPb : √sNN = 5.02 TeV, L = 368 𝛍b-1

pp : √sNN = 5.02 TeV,  L = 28 pb-1

Run2

2011-2013

2015

New data 2017-2018 PbPb : √sNN = 5.02 TeV, L ~ 1.6 nb-1 , pp : √sNN = 5.02 TeV,  L ~ 300 pb-1

 15
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• Suppression of 𝚼(nS) in PbPb at 2.76 TeV 

[PLB 770, 

• Suppression of 𝚼(nS) in PbPb at 5.02 TeV

[PRL 120 (2018) 

• Event activity of 𝚼(nS) in pPb at 5.02 TeV 
[JHEP 04 

• Quarkonium production in PbPb collisions at 
2.76 TeV 
[JHEP 1205 

• Observation of 𝚼(nS) suppression at 2.76 TeV 
[PRL 109 (2012) 

• Nuclear modification of 𝚼(nS) in PbPb at 5.02 TeV

[PLB 790 

Upsilon states in Heavy ion collision 

From the first PbPb run at 2.76 TeV in Dec. 
2010, we observed that excited state of 
upsilons were unusually smaller than the 
ground state.

• Suppression of excited 𝚼(nS) in PbPb at 2.76 TeV 

[PRL 107 (2011) 

 16

PbPb
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• Suppression of 𝚼(nS) in PbPb at 2.76 TeV 

[PLB 770, 

• Suppression of 𝚼(nS) in PbPb at 5.02 TeV

[PRL 120 (2018) 

• Event activity of 𝚼(nS) in pPb at 5.02 TeV 
[JHEP 04 

• Quarkonium production in PbPb collisions at 
2.76 TeV 
[JHEP 1205 

• Observation of 𝚼(nS) suppression at 2.76 TeV 
[PRL 109 (2012) 

• Nuclear modification of 𝚼(nS) in PbPb at 5.02 TeV

[PLB 790 

Upsilon states in Heavy ion collision 

PbPb

pp

3 months later, we took the pp data at the 
same center-of-mass energy, and we 
confirmed that the ratio of Y(nS) are 
different for pp and PbPb 

The observation led us to measure the
double ratio  

• Precision	measurement	for	very	few	
correcHons	beyond	signal	counHng		

• Isolates	the	final	state	effects	from	
producHon	mechanism	

• Used	7.3	μb-1	

RAA of	!(nS)	
RAA of	!(1S)	

• Suppression of excited 𝚼(nS) in PbPb at 2.76 TeV 

[PRL 107 (2011) 

 17
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Upsilon states in Heavy ion collision 
In the following year, we got 20 times more data

• First	measurement	of	RAA	vs	centrality		
• Not	enough	staHsHcs	for	Y(3S)	
measurement

• Observation of 𝚼(nS) suppression at 2.76 TeV 
[PRL 109 (2012) 222301]

 18

Peripheral 
Central
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• Suppression of 𝚼(nS) in PbPb at 2.76 TeV 

[PLB 770, 

• Suppression of 𝚼(nS) in PbPb at 5.02 TeV

[PRL 120 (2018) 

• Event activity of 𝚼(nS) in pPb at 5.02 TeV 
[JHEP 04 

• Quarkonium production in PbPb collisions at 
2.76 TeV 
[JHEP 1205 

• Observation of 𝚼(nS) suppression at 2.76 TeV 
[PRL 109 (2012) 

• Nuclear modification of 𝚼(nS) in PbPb at 5.02 TeV

[PLB 790 

Lessons from Run I data (2010 - 2013)

• Y(nS) is suppressed by interaction with 
medium, but not exactly as predicted by the 
classical sequential melting picture All-or-
nothing switch by temperature threshold

• Yet, suppression is higher for more excited 
states

• Suppression smoothly depends on the 
centrality 

• Results with more statistics and in different 
collision energy would be useful to 
comprehend the thermal property of QGP, as 
a function of space and time

 19
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Upsilon results with Run II data (2015 - 2018)

• In 2015 we took the first Run II data 
with L = 368 ub-1

• This was 50 times higher statistics 
than the first 2010 data  

 20
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Upsilon results with Run II data (2015 - 2018)

• In 2015 we took the first Run II data 
with L = 368 ub-1

• This was 50 times higher statistics 
than the first 2010 data  

 21
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Upsilon results with Run II data (2015 - 2018)
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[PLB 790 (2019) 270]
• Nuclear modification measured for 

all three states

 22
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Upsilon results with Run II data (2015 - 2018)
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[PLB 790 (2019) 270]

• Nuclear modification measured for 

all three states

• Dedicated trigger for un-prescaled  
peripheral collision

• to illuminate the moment of turn-

RAA of excited state

 23
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Upsilon results with Run II data (2015 - 2018)
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[PLB 790 (2019) 270]

• Nuclear modification measured for 

all three states

• Same ordering of suppression in 

2.76 TeV

• RAA Gradually decreases for higher 

centrality for 1S and 2S

• Hints for rapid turn-on at very 

peripheral collision ( > 70%) 

RAA(𝚼(1S)) : 0.376 ± 0.013 (stat) ± 0.035 (syst)

RAA(𝚼(2S)) : 0.117 ± 0.022 (stat) ± 0.019 (syst) 

RAA(𝚼(3S)) < 0.096 in 95% C.L.

 24

1S

2S



3 Sept 2019                                                       HaPhy-CENuM joint workshop

Upsilon results with Run II data (2015 - 2018)
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[PLB 790 (2019) 270]

• Nuclear modification measured for 

all three states

• Same ordering of suppression in 

2.76 TeV

• RAA Gradually decreases for higher 

centrality for 1S and 2S

• Strong suppression of 3S

RAA(𝚼(1S)) : 0.376 ± 0.013 (stat) ± 0.035 (syst)

RAA(𝚼(2S)) : 0.117 ± 0.022 (stat) ± 0.019 (syst) 

RAA(𝚼(3S)) < 0.096 in 95% C.L.

 25
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[Comparison with 2.76 TeV]  RAA vs centrality

• 𝚼(1S) 
➡ RAA(5.02) / RAA(2.76) = 1.2 ± 0.15

➡ compatible within uncertainties
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• 𝚼(2S) 
➡ Monotonic dependence on centrality is 

clearer in 5.02 TeV
➡ Similar suppression in both energies

𝚼(2S)

[PLB 770, 357(2017)][PLB 790 (2019) 270]
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[Comparison with 2.76 TeV]  RAA vs pT

• Extended high-pT reach by 10 GeV for 5.02 TeV 


• No significant pT dependence for Y(1S) and Y(2S) in both energy


• Compatible suppression for both energies
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[PLB 770, 357(2017)]
[PLB 790 (2019) 270]
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Comparison with models at 5.02 TeV

• 𝚼(1S) : 600 MeV
• 𝚼(2S) : 230 MeV
• 𝚼(3S) : 170 MeV

• T0 = {641,632,629} MeV

• No regeneration
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𝚼(2S)

• 𝚼(1S) : 500 MeV
• 𝚼(2S) : 240 MeV
• 𝚼(3S) : 190 MeV

• T0= 550 - 800 MeV

• Regeneration included

<Du, He & Rapp>

Phys. Rev. C 96, 054901

Melting temperature

Initial temperature

𝚼(1S)

~67% direct production of 
𝚼(1S)  for both model Universe 2 (2016) 16 

 28
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pT dependence 

<Du, He & Rapp>
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<Krouppa & Strickland> <Du, He & Rapp>

Universe 2 (2016) 16 Phys. Rev. C 96, 054901

High speed upsilon can escape QGP
—> Smooth increase RAA for pT  

pT dependent regeneration competes with 
suppression
—> Predicts broad bump near pT =10 GeV

Yet, both models are compatible with data within statistical uncertainty.  
Have to check high pT > 20 GeV —> Need more data 

 29



3 Sept 2019                                                       HaPhy-CENuM joint workshop

So, does it characterize the HOT medium?

 30

• The answer is “partially correct”


• See what CMS measured in pPb collision at 5.02 TeV

• Suppression of 𝚼(nS) in PbPb at 2.76 TeV 

[PLB 770, 

• Suppression of 𝚼(nS) in PbPb at 5.02 TeV

[PRL 120 (2018) 

• Event activity of 𝚼(nS) in pPb at 5.02 TeV 
[JHEP 04 

• Quarkonium production in PbPb collisions at 
2.76 TeV 
[JHEP 1205 

• Observation of 𝚼(nS) suppression at 2.76 TeV 
[PRL 109 (2012) 

• Event activity of 𝚼(nS) in pPb at 5.02 TeV 
[JHEP 04 (2014) 103]

pPb/pp

!(2S)	RpA

!(1S)	RpA

!(3S)	RpA

!(1S)	RpA

In 2013, we took pPb data at 5.02 TeV
• pPb	serves	as	cold	nuclear	baseline	
• Drop	of	double	raHos	observed	in	pPb	
less	than	PbPb	but	in	the	analogous	
manner		

• confirmed	that	large	suppression	of	
excited	states	is	primarily	due	to	hot	
medium	(QGP)
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So, does it characterize the HOT medium?

 31

• The answer is “partially correct”


• See what ATLAS measured at the same condition

171 Page 14 of 32 Eur. Phys. J. C (2018) 78 :171
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Fig. 11 The nuclear modification factor, RpPb, as a function of centre-
of-mass rapidity y∗ for prompt J/ψ (left) and non-prompt J/ψ (right).
The horizontal position of each data point indicates the mean of the
weighted y∗ distribution. The vertical error bars correspond to the sta-
tistical uncertainties. The vertical sizes of coloured boxes around thedata

points represent the uncorrelated systematic uncertainties, and the hor-
izontal sizes of coloured boxes represent the y∗ bin sizes. The vertical
sizes of the leftmost grey boxes around RpPb = 1 represent the corre-
lated systematic uncertainty
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Fig. 12 The nuclear modification factor, RpPb, as a function of trans-
verse momentum pT (left) and centre-of-mass rapidity y∗ (right) for
Υ (1S). The horizontal position of each data point indicates the mean of
the weighted pT or y∗ distribution. The vertical error bars correspond to
the statistical uncertainties. The vertical sizes of coloured boxesaround

the data points represent the uncorrelated systematic uncertainties, and
the horizontal sizes of coloured boxes represent the bin sizes. The ver-
tical size of the rightmost (left) and leftmost (right) grey boxes around
RpPb = 1 represent the correlated systematic uncertainty

interval. The correlation of quarkonium production with the
underlying event is traced by comparing the self-normalised
quarkonium yields with the respective self-normalised event
activity. The event activity is characterised by the total
transverse energy deposition in the backward FCal (3.1 <

|η| < 4.9), $EBackwards
T , on the Pb-going side, and it

is determined in a minimum-bias data sample as used in
Ref. [30]. The self-normalised quantitiesO(nS)/⟨O(nS)⟩ and
$EBackwards

T /⟨$EBackwards
T ⟩ are defined as:

O(nS)
⟨O(nS)⟩ ≡ N cent

O(nS)/N
cent
evt

N 0− 90%
O(nS) /N 0− 90%

evt

,

$EBackwards
T

⟨$EBackwards
T ⟩

= ⟨$EBackwards
T ⟩ cent

⟨$EBackwards
T ⟩ 0− 90%

,

where N cent
evt is the number of events in the minimum-

bias sample for one centrality class. The measured self-
normalised yields for prompt J/ψ , non-prompt J/ψ and
Υ (1S) in p+Pb collisions are shown in Fig. 14 in com-
parison with the same observable for Υ (1S) in a previous
CMS measurement [26]. The event activity is determined
in the range 4.0 < |η| < 5.2 in CMS. The Υ (1S) self-
normalised yields from ATLAS and CMS show a consis-
tent trend. In the events with the highest event activity, a
two-standard-deviation departure from the linear trend is
observed. Since the same centrality dependence is found
for ground-state quarkonium states and Z bosons as seen
in Fig. 13, the deviation at highest event activity may sug-
gest that the $EBackwards

T characterised event activity is not
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bias sample for one centrality class. The measured self-
normalised yields for prompt J/ψ , non-prompt J/ψ and
Υ (1S) in p+Pb collisions are shown in Fig. 14 in com-
parison with the same observable for Υ (1S) in a previous
CMS measurement [26]. The event activity is determined
in the range 4.0 < |η| < 5.2 in CMS. The Υ (1S) self-
normalised yields from ATLAS and CMS show a consis-
tent trend. In the events with the highest event activity, a
two-standard-deviation departure from the linear trend is
observed. Since the same centrality dependence is found
for ground-state quarkonium states and Z bosons as seen
in Fig. 13, the deviation at highest event activity may sug-
gest that the $EBackwards

T characterised event activity is not
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• Average RpPb is 0.8, which means that only cold nuclear matter effect can result in 

RAA down to 0.64  => Half of the suppression in PbPb attributed to CNM! 

EPJC (2018) 78
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• The answer is “Not fully”


• RAA VS RpA
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normalised yields for prompt J/ψ , non-prompt J/ψ and
Υ (1S) in p+Pb collisions are shown in Fig. 14 in com-
parison with the same observable for Υ (1S) in a previous
CMS measurement [26]. The event activity is determined
in the range 4.0 < |η| < 5.2 in CMS. The Υ (1S) self-
normalised yields from ATLAS and CMS show a consis-
tent trend. In the events with the highest event activity, a
two-standard-deviation departure from the linear trend is
observed. Since the same centrality dependence is found
for ground-state quarkonium states and Z bosons as seen
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• Average RpPb is 0.8, which means that only cold nuclear matter effect can 
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Elliptic flow of bottomonia
<Krouppa & Strickland>
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FIG. 3: Transverse momentum dependence of v2 of ⌥(1S) in-
cluding feed down contributions from higher excited states for
Pb+Pb collisions at

p
sNN = 2.76 TeV.The two curves corre-

spond to two di↵erent assumptions for the intrinsic formation
time of the excited states (see text for details).
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including feed down contributions from higher excited states
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bound states. In Fig. 4, we show the inclusive v2 of 1S
states for two arbitrary values of �1 1 GeV and 10 GeV.
Since 70% of the measured ⌥(1S) states are direcly pro-
duced which are always bound inside fireball, the result-
ing v2 values are practically same.

Finally, in Fig. 5, we show the transverse momentum
dependence of v2 of ⌥(1S) including feed down contri-
butions from higher excited states for di↵erent centrality
for Pb+Pb collisions at

p
sNN = 2.76 TeV. We see that

there is a non-monotonic behaviour of v2 with respect
to centrality and maximum v2 is obtained for 50 � 60%
centrality. While eccentricity increases with centrality,
the breakup rates decreases with temperature and goes
to zero if the bottomonium has escaped. As we increase
the impact parameter, the central temperature decreases
and the resulting bottomonium momentum anisotropies
decrease because of the decrese in thermal decay width
�(T ). However spatial anisotropy increases at a much
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FIG. 5: Transverse momentum dependence of v2 of ⌥(1S) in-
cluding feed down contributions from higher excited states
for di↵erent centrality for Pb+Pb collisions at

p
sNN =

2.76 TeV.

faster rate than the decreasing of thermal decay width
leading to the monotonic behaviour of bottomonium v2
with respect to centrality as seen in Fig. 5.

At this point, it is worth mentioning that for bottomo-
nia that are in motion relative to the expanding quark-
gluon plasma, the in-medium dissociation depends on
the e↵ective local temperature that the quarkonia expe-
riences due to the relativistic Doppler e↵ect [49, 50]. As a
consequence, bottomonia with a higher velocity relative
to the QGP are expected to be more a↵ected. For ef-
fective hydrodynamic expansion, that we consider in the
present case, the QGP is initially at rest so the high-pT
bottomonia would indeed be more suppressed. However,
these high-pT bottomonia have a larger formation time
and hence the bottomonium experiences smaller temper-
atures due to rapid cooling of the medium. Since the
dissociation width is smaller at lower temperatures, the
suppression is lesser leading to smaller v2. Moreover,
the averaging over redshifted and blueshifted regions can
potentially wash out the influence of Doppler corrected
temperature and therefore we expect this e↵ect on v2 to
be small. We postpone this analysis for future work.

Before closing we note that the ALICE Collboration
has very recently reported the first measurement of v2 of
inclusive ⌥(1S) states in Pb+Pb collisions at

p
sNN =

5.02 TeV, at forward rapidity [51]. Due to paucity of
statistics v2(pT ) has been calculated for a large centrality
interval 5 � 60%. The measured v2 values is consistent
with zero and with small positive values predicted by
the transport models within large uncertainty. Of course
we can not make a one-to-one correspondence with our
present calculations, due to di↵erence in beam energy
and rapidity interval.
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Elliptic flow of bottomonia with CMS

 34

CMS result will be released in the upcoming Quark Matter in November…

• With ~5 more statistics 

• Cover wider pT range 

• Rapidity range is complementary

• Also has Y(2S) v2 result 




3 Sept 2019                                                       HaPhy-CENuM joint workshop  35

Remarks and plan for Upsilon analysis 
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• RAA of Y(1S), Y(2S) and Y(3S) were measured as 
a function of pT, rapidity and centrality, improving 
the previous results at 2.76 TeV  
• Consistent with 2.76 TeV data within 

uncertainty (Models predicted -16%)
• Clearer dependence on centrality, yet we need 

more data for peripheral collisions to find the 
turn-on curve of RAA

• The Y(3S) peak is not visible yet

• Compatible with both two different models
• pT dependence study with higher statistics 

may help to resolve 
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2. Charmonia 
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Charmonia

PbPb	
2.76	TeV	
160μb-1

Prompt	J/ψ	RAA		

Prompt	J/ψ	v2	

Prompt	ψ(2S)	

J/ψ	in	UPC*

pPb		
5.02	TeV	
35nb-1

J/ψ	production

Hot	&	Cold	Nuclear	Matter	effect	
• Debye	screening		
• Energy	loss	

Only	Cold	Nuclear	Matter	effect	
• nPDF	
• Energy	loss		

Only	nPDF		

*					UPC	=	ultra-peripheral	collision	
**	Only	prompt	charmonia	discussed	in	this	
section	

Outline of charmonia measurement 
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CMS-PAS	HIN-12-001
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Charmonia in PbPb : Ground state (1S)

• Suppression has a similar dependence on centrality with Y(1S) 


• Small but clearly finite positive elliptic flow  
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In	forward		
J/ψ	larger	suppression

In	mid-rapidity		
ψ(2S)	larger	suppression	

PbPb

PRL	113	(2014)	262301,	JHEP	05	(2012)	063

40	-	100%

20	-	40%

0	-	20%

ψ(2S)	RAA	
J/ψ	RAA	

0	–		
100%

Charmonia in PbPb : Excited state ψ(2S)

• Compared suppression patterns of J/ψ and ψ(2S) at 2.76 TeV


• In naïve sequential suppression picture, excited states are more suppressed than the 

ground states as observed in Υ(nS) study 


• However, ψ(2S) was less suppressed than J/ψ in forward <= Big puzzle at that time
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6 References
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Figure 3: Event centrality dependence of (Ny(2S)/NJ/y)PbPb/(Ny(2S)/NJ/y)pp, for mid (left) and
forward (right) rapidity, with both muons above the pT threshold described in the text. Values
for the centrality-integrated sample are given in the right panels. The arrows represent 95%
CL intervals in the bins where the measurement is consistent with 0. The vertical lines (boxes)
represent the statistical (systematic) uncertainties. The statistical and systematic uncertainties
in the pp measurements, common to all points, are represented as boxes at unity. The measure-
ments from CMS at psNN = 2.76 TeV [12] are also shown.
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Charmonia in PbPb : Excited state ψ(2S)

• But, there happened a twist in 2015 when we took 5.02 TeV data with 

higher statistics by factor of 3 


• Now, the suppression of ψ(2S) is larger than J/ψ at everywhere

2.76 TeV

5.02 TeV
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RAA : Charmonia vs Bottomonia
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• Very similar behavior between Charmonia and Bottomonia
• 𝚼(1S) aligns with J/psi(1S)
• 𝚼(2S) aligns with    psi(2S)

• Bizarre!
• Can’t say anything before increasing statistics largely 
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Pb p

							(a)	pPb

(a)

(b)

Pb

Pb

Probing Cold Nuclear Matter effects

• Cold	Nuclear	Matter	effects	
- Modification	of	PDF		
- Nuclear	absorption	
- Energy	loss	inside	nucleus	
- And	more	

• Charmonia	can	probe	CNM	effects	via	
J/ψ	production	in…	
(a)	pPb	collisons	
(b)	Ultra	Peripheral	Collisions	
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• Double	differential	cross-section	for	a	wide	kinematic	range	

- pT		:	[2,	30]	GeV/c,				yCM		 :	[-2.87,	1.93]

J/ψ

p p

CMS-HIN-14-009

J/ψ

Pb Pb

y	<	0
y	>	0

J/ψ measured in pPb collision
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p Pb

• Cross	section	as	a	function	of	rapidity	at		
- Low	pT				[6.5,	10]	GeV/c	
- High	pT		[10,	30	]	GeV/c	

Lesson from this measurement
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p Pb

• Cross	section	as	a	function	of	rapidity	at		
- Low	pT				[6.5,	10]	GeV/c	
- High	pT		[10,	30	]	GeV/c	

Lesson from this measurement



3 Sept 2019                                                       HaPhy-CENuM joint workshop5-Sep-19 Yongsun	Kim  47

• Fold plot around yCM=0 ➔ A clear asymmetry at low pT


• RFB(|y|) = [Yield in +y] / [Yield in –y] for systematic approach


RFB	(pT,	y)	=	
Yield	in	(pT,	+y)	

Yield	in	(pT,		-y)		

Lesson from this measurement
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Lessons from J/ψ cross-
section in p+Pb

5-Sep-19 Yongsun	Kim  48

• One may interpret this by nuclear shadowing effect
• But, cold nuclear matter effects are mixture of various initial and final effect.  Can we 

concentrate on initial state effect only?

Illustration	of	nPDF	fit		
JHEP	0904	(2009)	065	

x of parton in Pb 
[In log scale]

Lesson from this measurement
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Lessons from J/ψ cross-
section in p+Pb

5-Sep-19 Yongsun	Kim  49

• Asymmetry	is	bigger	for	lower	pT	and	higher	rapidity	range	

Low
er	p T

As
ym

m
et
ry
	o
f	y
ie
ld

Lesson from this measurement
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Lessons from J/ψ cross-
section in p+Pb
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• Asymmetry is bigger for lower pT and higher rapidity range

• The effect is enhanced for larger activity events


- 25% effect in CNM

- Event activity measured by forward calorimeter 4<|η|<5.2


Larger	event	activity

Lesson from this measurement
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J/ψ

• J/ψ in UPC can do!


• UPC trigger

- Muon hits 

- No activity in Ecal, Hcal

- Neutron detection in ZDC 

(zero degree calorimeter)


Cross	section	proportional	to	(gluon	
density)2	

➔ Carries	information	of	nPDF	at	very	low	
x	and	low	Q2

J/psi in UPC
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J/ψ

J/psi in UPC

• J/ψ in UPC can do!


• UPC trigger

- Muon hits 

- No activity in Ecal, Hcal

- Neutron detection in ZDC 

(zero degree calorimeter)


γ

Coherent

γ

Incoherent
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CMS Preliminary

 = 2.76 TeVNNs)   n0n (Xψ Pb+Pb+J/→Pb+Pb 
-1bµ = 159 intL
)| < 2.3-µ+µ1.8 < |y(

2) < 3.5 GeV/c-µ+µ2.6 < m(

Incoherent

Coherent

J/psi in UPC

• Coherent J/ψ
- Dominant for pT < 150MeV/c
- Measured pT up to 1GeV/c and fit using MC template (STARLIGHT)
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Cross section compared to nPDF 
models
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Total

•Accompanied by ALICE data, the CMS results favors moderate nuclear shadowing 
models (AB-EPS09, GSZ-LTA) at low Q2

J/psi in UPC



11 May 2019                                                             CMS-HI Mini-Workshop

3. Quarkonia study in future 
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sPHENIX	DOE-OPA	CD-1	ReviewMay	23-25,	2018

sPHENIX	Science	Mission

Sc
al
e

Short

Wavelength

Long

Wavelength

How does QGP work? 
What is its microscopic structure?

?

�3

There are two central goals of measurements planned 

at RHIC, as it completes its scientific mission, and at the 

LHC: (1) Probe the inner workings of QGP by resolving 

its properties at shorter and shorter length scales. The 

complementarity of the two facilities is essential to this 

goal, as is a state-of-the-art jet detector at RHIC, called 

sPHENIX. (2) Map the phase diagram of QCD with 

experiments planned at RHIC.

Section 2.2, page 22

sPHENIX

1st sPHENIX China WorkshopDave Morrison/Gunther Roland April 21 Peking University

How does the QGP evolve along with the parton shower? The Physics Case for sPHENIX

Temperature [MeV]
100 150 200 250 300 350 400 450 500 550 600

Sc
al

e 
[1

/fm
]

10

Jet Virtuality Evolution
 = 20-80 GeVTRHIC E

RHIC QGP Medium Influence
 = 100-1000 GeVTLHC E

LHC QGP Medium Influence

Figure 1.18: Scale probed in the medium in [1/fm] via high energy partons as a function of the local
temperature in the medium. The red (black) curves are for different initial parton energies in the
RHIC (LHC) medium.

20

RHIC

LHC

M. Habich, J. Nagle, and P. Romatschke, EPJC, 75:15 (2015)

Complementarity of RHIC and LHC

A. Ramamurti, E. Shuryak,arXiv:1708.04254 

Quasi-particle density vs temperature

Both medium and probe evolve during collision 
Microscopic structure of QGP depends on T 

Use combined RHIC and LHC data to extract T 
dependence of QGP properties and QGP structure

(5TeV)

(0.2TeV)

�6

System evolution

sPHENIX, the state-of-the-arts detector for RHIC 
sPHENIX

1st sPHENIX China WorkshopDave Morrison/Gunther Roland April 21 Peking University

Central	Tracking	
– TPC	
– INTT	
– MVTX

Solenoid	Magnet

Electromagnetic	
Calorimeter

Hadronic	
Calorimeter	
– Outer	
– Inner

• Full	Azimuthal	Coverage	
• |eta|	<	1.1

�11

sPHENIX: State-of-the-Art Jet Detector at RHIC

sPHENIX

Multi-year run plan for sPHENIX

• Guidance from ALD to think in terms of a multi-year run plan   
• Consistent with language in DOE CD-0 “mission need” document 
• Incorporates updated C-AD guidance now officially documented 
• Run plan relates to capabilities of full barrel detector 
• Incorporates commissioning time in first year

Minimum bias Au+Au at 15 kHz for |z| < 10 cm: 
47 billion (Year-1) + 96 billion (Year-2) + 96 billion (Year-3) = Total 239 billion events  

For topics with Level-1 selective trigger (e.g. high pT photons), one can sample within 
|z| < 10 cm a total of 550 billion events. One could consider sampling events over a 
wider z-vertex for calorimeter only measurements, 1.5 trillion events.  

 25

Experiment planed from 2023
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sPHENIX, the state-of-the-arts detector for RHIC 

sPHENIX	DOE-OPA	CD-1	ReviewMay	23-25,	2018

Core	physics	projection:	Upsilons	at	sPHENIX	vs	LHC
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sPHENIX projection 100B Au+Au

LHC projection for Run III+IV

sPHENIX projection Y family fully resolved
�12

CMS data

sPHENIX 
simulation

Sequential suppression of 
Y(nS) states reveals QGP 
Debye screening length 

When forming a muon pair, the two reconstructed muon
candidates are required to match the dimuon trigger and to
originate from a common vertex with a χ2 probability larger
than 1%. The ϒ transverse momentum and rapidity ranges
studied in this analysis are pT < 30 GeV/c and jyj < 2.4.
The ϒ ratios are not affected by the small number of
additional collision vertices (pileup) present in the pp and
Pb-Pb samples.
Figure 1 shows the invariant mass distributions of

opposite-charge muon pairs for centrality-integrated Pb-Pb
collisions. The double ratios are computed from the signal
yields obtained independently from unbinned maximum
likelihood fits to the pp and Pb-Pb spectra. The analysis
of the ϒð2SÞ double ratio is performed in three pT bins, two
jyj bins, and nine centrality bins, while the ϒð3SÞ double
ratio is studied in four centrality bins. As a cross-check,
simultaneous fits of the two dimuon invariant mass distri-
butions, where the double ratios are directly extracted, were
also performed. The two procedures give consistent results.
The shape of each ϒ state is modeled with the sum of

two crystal ball functions [34], with parameters fixed from
MC simulation studies. The mass parameter of the ϒð1SÞ
resonance is left free to account for possible shifts in the
momentum scale of the reconstructed tracks, and is found
to be consistent between pp and Pb-Pb data. The masses of
the excited states are fixed to the ϒð1SÞ mass scaled by the
ratio of the world average mass values [35]. The systematic
uncertainty in the double ratio from the choice of signal
model is evaluated by testing two fit variations. One uses
the same function, but allowing all previously fixed
parameters to float one by one and propagating as sys-
tematic uncertainty the maximum observed deviations from
the double ratios obtained with the nominal signal model.

The second fit variation uses a sum of a crystal ball function
and Gaussian function as an alternative fit model. The total
uncertainties related to the signal model are determined by
summing in quadrature the two systematic components,
and are in the ranges 1%–10% and 9%–15% for the ϒð2SÞ
and ϒð3SÞ double ratios, respectively.
The background is modeled with an error function

multiplied by an exponential function as in Ref. [4], a
parametrization selected, in each analysis bin, through a
log-likelihood ratio test comparing several functional
forms, while fixing the signal parameters. For the two
highest pT bins in this analysis, using an exponential
without the error function provides the best fit. Possible
deviations in the results when choosing an alternative
background model, in the form of a fourth-order poly-
nomial, are studied using pseudoexperiments. For this
purpose, the nominal background and signal models are
used to generate pseudoinvariant mass distributions in each
bin of the analysis. These distributions are then fit with the
nominal model as well as using the alternative background
model. The average resulting differences between nominal
and alternative fit model are found to be in the 2%–15%
range for the ϒð2SÞ and ϒð3SÞ double ratios, respectively.
The signal and background model uncertainties are the
dominant sources of systematic uncertainty in this analysis.
Possible effects of noncancellation of reconstruction,

trigger, and muon identification efficiencies in the double
ratios are studied by comparing the results of simulations
using PYTHIA 8.209 [36] tune CUETP8M1 (for the low-
occupancy pp environment) with those obtained using
PYTHIA 8 embedded in HYDJET 1.9 [37] (for the high-
occupancy Pb-Pb data). The ϒ transverse momentum
distributions in the MC samples are reweighted to match
the signal pT spectra seen in data, since the reconstruction
efficiency depends on pT . The rapidity distributions in
simulation are consistent with those in data; hence, no
reweighting is applied as a function of y. The maximum
deviation from unity of the double ratio of efficiencies,
among all the analysis bins, was found to be 1.4%, a value
taken as a systematic uncertainty.
Acceptance corrections are not applied because they

are expected to cancel in the Pb-Pb over pp ratio for each
state. If, however, the ϒ meson acceptances were different
in pp and Pb-Pb because of physical effects, such as a
change in polarization or strong kinematical differences
from pp to Pb-Pb collisions within an analysis bin, these
would not cancel in the double ratio. The hypothesis that
such potential effects can be neglected is supported by the
absence of significant changes of theϒðnSÞ polarizations in
pp collisions as a function of event activity [38]. Moreover,
when studying the pT and jyj distributions in the pp and
Pb-Pb data samples, it is observed that they have similar
shapes. As in previous analyses [2–4,39,40], possible
differences in Pb-Pb and pp acceptances due to physical
effects are not considered as systematic uncertainties.
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FIG. 1. Measured dimuon invariant mass distribution in Pb-Pb
data. The total fit (solid blue line) and the background component
(dot-dashed blue line) are also shown, as are the individual
ϒð1SÞ, ϒð2SÞ, and ϒð3SÞ signal shapes (dotted gray lines). The
dashed red line represents the pp signal shape added to the Pb-Pb
background and normalized to the ϒð1SÞ mass peak in Pb-Pb.

PHYSICAL REVIEW LETTERS 120, 142301 (2018)
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(Data)
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complementary 
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Fig. 46: Left: RAA vs pT for prompt J/ in central (0–20%) collisions (ATLAS, |y| < 2, [469]). Right:
Prompt J/ high pT bin boundaries as a function of luminosity with the CMS experiment [9]. The
boundaries are chosen in such a way the number of mesons in the bin for the corresponding luminosity
equals the number of mesons found in the last pT bin of the current measurement [459].

7.3 Bottomonia in Pb–Pb collisions
The study of bottomonia with Pb–Pb data from the Runs 3 & 4 of the LHC will bring further information
on the physics aspects described above. Although their production is a priori sensitive to the same effects
as charmonia, in practice the two quarkonium families feature some fundamental differences. Binding
energies differ, which is reflected in the different dissociation temperatures. Experimentally, compared
to charmonia, the absence of contribution from B meson decays and the more similar cross section times
branching ratio between the ground and excited states make bottomonia measurements easier. At the
same time, in pp collisions, up to 30–50% of the measured U(1S) and U(2S) yields actually result
from the feed-down from other states [258, 474]: a large portion of measured U(1S) suppression can
be due to the stronger suppression of the feed-down states – U(2S) and U(3S) mesons also receive
a significant contribution from feed-down. The impact of (re)generation from uncorrelated bb̄ is also
expected to be much smaller than for charmonia, because of the much smaller number of bb̄ pairs per Pb–
Pb event compared to that of cc̄ pairs. The importance of regeneration for bottomonia, from correlated
or uncorrelated pairs [446], is however still very model dependent, and no unambiguous experimental
signal for it has been found yet. Possible ways of constraining this contribution will be discussed in this
section.

Experimentally, the higher mass of bottomonia compared to charmonia implies higher pT decay
leptons, allowing the ATLAS and CMS experiments to measure the production down to zero transverse
momentum, as is possible for ALICE for both charmonia and bottomonia [475, 476]. The proximity in
mass between the different mass states, especially between the U(2S) and U(3S) states, also means that
good muon (or electron) momentum resolution is essential to their measurement, especially for excited
states.

It is useful to remind quickly the status in 2018, based on results from Run 1 and early Run 2 LHC
data as well as RHIC data. U production is found to be suppressed in Pb–Pb compared to expectations
from a scaling of incoherent pp collisions, in all rapidity, pT and centrality ranges measured [475–478].
Suppression is stronger in central events, as expected from the hotter and longer-lived medium in such
events. The results from the most central collisions suggest that a certain amount of suppression of the
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Fig. 46: Left: RAA vs pT for prompt J/ in central (0–20%) collisions (ATLAS, |y| < 2, [469]). Right:
Prompt J/ high pT bin boundaries as a function of luminosity with the CMS experiment [9]. The
boundaries are chosen in such a way the number of mesons in the bin for the corresponding luminosity
equals the number of mesons found in the last pT bin of the current measurement [459].

7.3 Bottomonia in Pb–Pb collisions
The study of bottomonia with Pb–Pb data from the Runs 3 & 4 of the LHC will bring further information
on the physics aspects described above. Although their production is a priori sensitive to the same effects
as charmonia, in practice the two quarkonium families feature some fundamental differences. Binding
energies differ, which is reflected in the different dissociation temperatures. Experimentally, compared
to charmonia, the absence of contribution from B meson decays and the more similar cross section times
branching ratio between the ground and excited states make bottomonia measurements easier. At the
same time, in pp collisions, up to 30–50% of the measured U(1S) and U(2S) yields actually result
from the feed-down from other states [258, 474]: a large portion of measured U(1S) suppression can
be due to the stronger suppression of the feed-down states – U(2S) and U(3S) mesons also receive
a significant contribution from feed-down. The impact of (re)generation from uncorrelated bb̄ is also
expected to be much smaller than for charmonia, because of the much smaller number of bb̄ pairs per Pb–
Pb event compared to that of cc̄ pairs. The importance of regeneration for bottomonia, from correlated
or uncorrelated pairs [446], is however still very model dependent, and no unambiguous experimental
signal for it has been found yet. Possible ways of constraining this contribution will be discussed in this
section.

Experimentally, the higher mass of bottomonia compared to charmonia implies higher pT decay
leptons, allowing the ATLAS and CMS experiments to measure the production down to zero transverse
momentum, as is possible for ALICE for both charmonia and bottomonia [475, 476]. The proximity in
mass between the different mass states, especially between the U(2S) and U(3S) states, also means that
good muon (or electron) momentum resolution is essential to their measurement, especially for excited
states.

It is useful to remind quickly the status in 2018, based on results from Run 1 and early Run 2 LHC
data as well as RHIC data. U production is found to be suppressed in Pb–Pb compared to expectations
from a scaling of incoherent pp collisions, in all rapidity, pT and centrality ranges measured [475–478].
Suppression is stronger in central events, as expected from the hotter and longer-lived medium in such
events. The results from the most central collisions suggest that a certain amount of suppression of the
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LHC High-Luminosity Heavy Ion Run

Citius altius fortius! (faster higher stronger) 
LHC upgrade will allow the integrated L = 10 nb-1 
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Fig. 47: Production ratio y(2S)/J/ vs. Npart for |y| < 0.9 (left) and 2.5 < y < 4 (right) [2, 473].
Model predictions in the transport approach [468] and from statistical hadronisation [428] are included.
The values of the ratio used for the projections are quasi-arbitrary. Figures from Ref. [1].
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Fig. 48: Centrality dependence of U(1S), U(2S) and U(3S) RAA, as projected by the CMS [8,480] (left)
and ALICE [1] (right) experiments, and from a transport model [429]

directly produced U(1S) might be needed to explain the data in addition to cold nuclear matter effects and
melting of the excited U and cb states. The excited states U(2S) and U(3S) show higher suppression wrt
the ground state, with RAA values which respect the hierarchy expected based on their binding energies.
The U(3S) is still unobserved in Pb–Pb collisions (RAA(U(3S)) < 0.094 at 95% confidence level, for
p
sNN = 5.02TeV [477, 479]). No significant dependence of the suppression of U states is found at the

LHC on collision energy or rapidity.
Differences exist between models in the theoretical treatment of the suppression of the bottomonia

in the medium, as summarised earlier in Section. 7.1. Different assumptions are used regarding the
production mechanism, the heavy quark potential, or the evolution of the quarkonia with the medium.
The understanding of hot medium effects will be also improved thanks to higher precision measurements
in pp collisions of the feed-down fractions and to stronger constrains of the cold nuclear matter and initial
state effects (including nPDF or coherent energy loss effects [481]) from p–Pb collision measurements.
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Citius altius fortius!
(faster higher stronger)  

LHC High-Luminosity Heavy Ion Run
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• Y(nS), J/psi and psi(2S) were measured by LHC 
experiments in wide kinematic ranges 

• The precision measurement for quarkonia 
melting provides strong constraints for 
hydrodynamics parameters 

• Yet, there are still a big room to be revealed at 
high pT sectors, which requires high luminosity 
runs    

• sPHENIX will be a very exciting experiment to 
reveal quarkonia melting at lower temperature 
QGP   

• Cold Nuclear matter effect must not be ignored
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Comparison with Charmonia results

• Very similar behavior between Charmonia and Bottomonia
• 𝚼(1S) aligns with J/psi(1S)
• 𝚼(2S) aligns with    psi(2S)

• Any geometrical indication? 
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