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Why to Study Quarkonia
★to learn about thermal properties of QGP 

★Quarkonia are expected to dissociate due to Debye 
screening of heavy quark potential (rD ∝	  1/T) Phys.Lett. B178, 416 

★pQCD test (cc production) 
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!  Debye screening of heavy quark potential 
" Quarkonia are expected to dissociate 
  T. Matsui, H. Satz, Phys.Lett. B178, 416 (1986) 

 

Quarkonia in the sQGP 

Charmonia  (cc): !
J/�, ��, �c   
 

Bottomonia (bb): !
ϒ(1S), ϒ(2S), ϒ(3S),�B  

_ 

_ 

1. Introduction

We know from statistical QCD that strongly interacting matter undergoes a deconfine-
ment transition to a new state, the quark-gluon plasma. How can we study this state -
which phenomena provide us with information about its thermal properties? The main
probes considered so far are

• e-m signals (real or virtual photons)

• heavy flavours and quarkonia (QQ̄ pairs)

• jets (energetic partons)

The ultimate aim must be to carry out ab initio calculations of the in-medium behaviour
of these probes in finite temperature QCD.

In high energy nuclear collisions, we want to study the deconfinement transition and the
QGP in the laboratory. The ultimate aim here must be to show that experimental results
confirm the predictions of statistical QCD, or that they disagree with them. If the latter
should happen, we can unfortunately not conclude that statistical QCD is wrong; a more
likely conclusion would be that nuclear collisions do not produce the medium studied in
equilibrium QCD thermodynamics.

I want to consider here a specific case study for the program just outlined: the spectral
analysis of quarkonia in a hot QGP and its application to nuclear collisions.

The theoretical basis for this analysis is:

• The QGP consists of deconfined colour charges, so that the binding of a QQ̄ pair is
subject to the effects of colour screening.

• The screening radius rD(T ) decreases with temperature T .

• When rD(T ) falls below the binding radius ri of a QQ̄ state i, the Q and the Q̄ can
no longer bind, so that quarkonium i cannot exist [1].

• The quarkonium dissociation points Ti, specified through rD(Ti) ! ri, thus deter-
mine the temperature of the QGP, as schematically illustrated in Fig. 1.

ψ χ ψc ’ Υ χbΥ’ ’χ b ψ Υ Υχ Υb ’

 
c ~=T      1.2 TcT  <  T ~=T       3 Tc

Figure 1: Quarkonium spectral lines as thermometer

Experimentally, quarkonium studies also provide a great tool:

• In AA collisions, quarkonium production can be measured as function of collision
energy, centrality, transverse momentum, and A.

• The onset of (anomalous) suppression for the different quarkonium states can be
determined and correlated to thermodynamic variables, such as the temperature or
the energy density.
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!  Debye screening of heavy quark potential 
" Quarkonia are expected to dissociate 
  T. Matsui, H. Satz, Phys.Lett. B178, 416 (1986) 

 

!  Sequential melting: Different states  
dissociate at different temperatures 

 Á. Mócsy, P. Petreczky, Phys. Rev. D77, 014501 (2008) 

Quarkonia may serve as sQGP thermometer 

Quarkonia in the sQGP 

Charmonia  (cc): !
J/�, ��, �c   
 

Bottomonia (bb): !
ϒ(1S), ϒ(2S), ϒ(3S),�B  

_ 

_ 

Phys. Rev. D77, 014501
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How to Study Quarkonia - Effects To Be Addressed 
★ Production mechanism in elementary collisions still unclear
★ Feed-down:

– prompt: Ψ(2S) and χc (40%)
– non-prompt: B mesons (up to 25% at 12 GeV/c, Phys. Lett. B722, 55)
– around 50% of ϒ(1S) comes from de-excitation Phys. Rev. Lett. 84, 2094

★ Cold Nuclear Matter Effects (CNM Effects) 
– (anti-)shadowing,                                                                     

Cronin effect,                                                                           
nuclear absorption

★ Hot Nuclear Matter Effects 
– regeneration 

3
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FIG. 16: Nuclear modification factor for J/ψ pt spectra
in central 200AGeV Au-Au collisions including formation-
time effects (fte) and B-meson feeddown (Bfd) contributions.
PHENIX data [70] are compared to our rate-equation calcu-
lations in the strong- and weak-binding scenarios (upper and
lower panel, respectively).

an increase of 15-20% in the total yield. Our results for

RJ/ψ
AA (pt) are displayed in Fig. 16 up to pt = 10GeV. We

find that the suppression is reduced to about 0.5 at the
highest pt, compared to about 0.4 at low pt. This is sim-
ilar to the moderate enhancement found in the Cu-Cu
case (where it went from from ∼0.65 to 0.85). More sur-
prisingly, the high-pt suppression is very similar in both
strong- and weak-binding scenarios, despite the fact that
the high-pt yield is exclusively due to the primordial com-
ponent whose strength is very different in the 2 scenarios
at low pt. The reason is the 3-momentum dependence
of the dissociation rates, which become quite similar in
the 2 scenarios at large 3-momentum: at p " 10 GeV,
the difference in the energy-threshold due to binding en-
ergies of several 100MeV becomes less relevant so that
a collision with almost any thermal parton is energetic
enough for dissociating the bound state.

Let us finally comment on the elliptic flow, v2(pt), of

the J/ψ, which was hoped to be another good discrim-
inator of primordial and regenerated production. For
the former, a nonzero v2 is basically due to the path-
length difference when traversing the azimuthally asym-
metric fireball, typically not exceeding 2-3%. For the
latter, much larger values can be obtained if the coalesc-
ing charm quarks are close to thermalized. However, as
pointed out in Ref. [78], the well-known mass effect sup-
presses the v2(pt) for heavy particles at pt ! m; it is
precisely in this momentum regime where the regenera-
tion component is prominent. Thus, we predict that in
both strong- and weak-binding scenarios the total J/ψ
v2(pt) does not exceed ∼3% at any pt. The only alterna-
tive option we can envision are strong elastic interactions
of the J/ψ which is only conceivable in the strong bind-
ing scenario to avoid break-up in scattering off thermal
partons [64].

V. CONCLUSION

The main goal of this work was to construct charmo-
nium spectral functions which are constrained by thermal
lattice-QCD computations, and to apply them to experi-
mental data in heavy-ion collisions. Employing a thermal
rate equation we have implemented equilibrium proper-
ties of charmonia (binding energy, constituent charm-
quark mass and dissociation rate) as extracted from
a thermodynamic T -matrix calculation. The resulting
spectral functions for two “limiting” scenarios, with small
and large J/ψ dissociation temperatures, have been ver-
ified to produce a weak temperature dependence in per-
tinent euclidean correlators, roughly compatible with
lQCD. We have argued that these two scenarios may
serve as generic representatives for charmonium kinet-
ics in heavy-ion collisions, bracketing strong and weak
in-medium binding. Therefore, we believe that the qual-
itative conclusions drawn from these two scenarios should
be rather model-independent. Within current theoretical
uncertainties (especially for the degree of charm-quark
relaxation and its impact on the J/ψ regeneration yield)
and essentially two fit parameters (τc and αs controlling
the regeneration yield and suppression strength) both
scenarios can reproduce SPS and RHIC data for the cen-
trality dependence of inclusive J/ψ production reason-
ably well. However, the partition of primordial and re-
generated yields is quite different in the two scenarios:
the former dominates for strong binding (down to 50%
in central Au-Au at RHIC), while for weak binding re-
generation largely prevails at RHIC energies (except for
peripheral collisions). We have investigated the pt depen-
dence of the J/ψ yield in both scenarios and found that
differences in the average p2t reach up to 20% in semicen-
tral Au-Au collisions. The strong-binding scenario seems
slightly favored in this observable, but theoretical uncer-
tainties (e.g., the blast-wave treatment of the regenera-
tion component) prevent us from definite conclusions at
this point. We also have to await more accurate A-A

PRC 82, 064905
Nucl. Phys. A 774, 747
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How to Study Quarkonia - Measurements at STAR 

★J/ψ measurements (J/ψ→e+e−, B.R. 6%) 
–  in d+Au: CNM effects
–  in Au+Au, U+U: Hot nucl. matter effects, different 

energy densities
– 	  at various energies (BES): changes relative 

contributions
–  at high-pT: regeneration and CNM effects 

suppressed

★ϒ measurements (ϒ→e+e−, B.R. 2.4 %)
regeneration predicted to be negligible at RHIC energies 
Low production cross sections at RHIC energies - 
requires specific triggering

4
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Electron Identification
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6

ln(dE/dx)  [ln(keV/cm)]
0.6 0.8 1 1.2 1.4 1.6 1.8

1

10

210

310 protons
kaons
pions
electrons

4.5 < p < 5 GeV/c



0 1 2 3 4 5

1

2

p [GeV/c ]

ln
(d
E/
dx

)
ln

ke
V
cm

−
1 TPC  PID

0.5 1 1.5 2 2.5 3
1

2

3

4

1/
β

p [GeV/c ]

protons

kaons
pions

1/β =
ct
L

t  from TOF
L  from TPC

1/β
m2

p2
+ 1

criterium of PID

David	  Tlusty RHIC	  AGS	  Users	  Mee@ng	  2015

Electron Identification

6

ln(dE/dx)  [ln(keV/cm)]
0.6 0.8 1 1.2 1.4 1.6 1.8

1

10

210

310 protons
kaons
pions
electrons

4.5 < p < 5 GeV/c

5

p (GeV/c)
0 0.5 1 1.5 2 2.5 3

β
1/

0.8

1

1.2

1.4

1.6

1.8

2

e
π

K

p

(a)

 (GeV/c)Tp
0 0.5 1 1.5 2 2.5 3

e
σn

-10

-8

-6

-4

-2

0

2

4
(b)

 (GeV/c)
T

p
0 0.5 1 1.5 2 2.5 3

e
σn

-10

-5

0

(c)

FIG. 1: (Color online) Panel (a): 1/β versus momentum of tracks from the TOF with |η|< 1 from 200 GeV p + p collisions.
The line indicates the cut of |1/β− 1|<0.03. Panel (b): The normalized dE/dx distribution from the TPC as a function of pT .
Panel (c): The normalized dE/dx distribution from the TPC as a function of pT with the cut of |1/β − 1|<0.03. An electron
band is prominent, indicated by the lines, with the requirement of velocity close to the speed of light from TOF measurement.
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FIG. 2: (Color online) The nσe distribution in 0.4<pT <0.5
GeV/c after the cut of |1/β − 1|< 0.03 is applied. The solid
curve represents a Gaussian plus exponential fit to the nσe

distribution. The dot-dashed line is for the hadron compo-
nent and the dashed is for the electron contribution. The two
dashed lines perpendicular to the x-axis represent the range
of the nσe cut to ensure a high purity for electron candidates
in this pT range.

The following two techniques are used for background
estimation. In the like-sign technique, electron pairs
with the same charge sign are combined from the same
events. In the mixed-event technique, unlike-sign pairs
are formed from different events. In order to ensure the
events used in mixing have similar geometric acceptance
in the detector, we only mix events which have collision
vertices within 5 cm of each other along the beam line
direction.

Neither method represents the background perfectly.
In the low-mass region, there is a correlated cross pair
background (coming from two pairs of e+e− from the
same meson decays: Dalitz decays followed by a conver-
sion of the decay photon, or conversions of multiple pho-
tons from the same meson). This background is present
in the like-sign distribution but not in the mixed-event
background. On the other hand, due to the sector struc-
ture of detectors and the different curvatures of positively
and negatively charged particle tracks in the plane per-
pendicular to the magnetic field, like-sign and unlike-sign
pairs will have different acceptance. Moreover, in the
high invariant mass range, there may be contributions
from jet correlations which are absent from the mixed-
event technique.

Figure 4 shows the invariant mass distribution for
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electron/hadron	  separa@on	  with	  
BEMC	  for	  p	  >	  2	  GeV/c
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TPC by requiring |n�
e

| < 2.4, |n�
p

| > 2.2, and |n�
⇡

| > 2.5, and the E/p distribution

for tracks satisfying these constraints with 2 < p < 3 GeV/c is shown in Fig. 4.23

(circles). There is a significant amount of hadron contamination which populates the

low E/p. The electron E/p, which is approximately Gaussian with a mean of 1, can

be seen in excess of the hadron contamination. The E/p distribution from a pure

hadron sample (triangles) obtained by requiring |n�
e

| > 3 has been scaled using the

purity obtained from the n�
e

distributions, and replicates the hadron contamination

well. This illustrates the electron-hadron discrimination capabilities of the BEMC,

and hadrons in d+Au have been rejected by requiring E/p > 0.5.
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Figure 4.23: The E/p distribution for electron candidates (circles) and hadrons (tri-

angles) with 2 < p < 3 GeV/c in d+Au collisions.

To understand the shape of the E/p distribution for electrons, a high purity

sample of electrons has been obtained by applying more stringent requirements on

dE/dx. An electron sample with a purity of > 95% has been obtained in d+Au,

however this is only used to study the detector response to electrons as the statistics
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J/Ψ pT spectra in p+p
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J/ψ spectra, p+p at 200 GeV 
Inclusive J/ψ spectra:  

STAR 2009 EMC : Phys. Lett. B 722 (2013) 55 
STAR 2009 MB: Acta Phys. Polonica B Vol.5, No 2 (2012), 543 
STAR 2005 & 2006:  Phys. Rev. C80, 041902(R) (2009) 
PHENIX 2006:  Phys. Rev. D 85, 092004 (2012) 
 

direct NNLO CS: P.Artoisenet et al., Phys. Rev. Lett. 101, 152001 (2008) and  
J.P.Lansberg private communication 
NLO CS+CO: Y.-Q.Ma, K.Wang, and K.T.Chao, Phys. Rev. D 84, 51 114001 (2011) and priv. comm. 
CEM: A.D. Frawley, T Ullrich, R. Vogt, Pys. Rept. 462 (2008) 125, and R.Vogt priv. comm.  

!  STAR Data: 
!  0<pT<14 GeV/c in year 2009 
!  Good agreement with PHENIX 
 

 
!  Model comparison: 

!  prompt NLO CS+CO:  
describes the data for pT  > 4 GeV/c  

!  direct NNLO*CS: 
misses high- pT  part 

!  Prompt CEM: reasonable 
description of spectra, but 
overpredicts the data at pT�3 GeV/c 

 

March 9, 2015 Barbara Trzeciak, STAR

J/y p
T 
 spectrum in p+p 

✓ Precise J/ψ measurement at 
new center of mass energy of 
500 GeV, up to p

T
 = 20 GeV/c 

13

inclusive J/ψ 
production

MB

500 GeV200 GeV

✓ Di1erent models can reasonably 
well describe data at 200 GeV

STAR EMC : Phys. Lett. B 722 (2013) 55
STAR MB: Acta Phys. Polonica B Vol.5, No 2 (2012), 543
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500	  GeV

• prompt NLO CS+CO describes the 
data for pT>4GeV/c 

• direct NNLO*CS misses high-pT part 

•Prompt CEM over-predicts the data 
at pT∼3 GeV/c

direct NNLO CS: P.Artoisenet et al., Phys. Rev. Lett. 101, 152001 (2008) and J.P.Lansberg private communication
NLO CS+CO: Y.-Q.Ma, K.Wang, and K.T.Chao, Phys. Rev. D 84, 51 114001 (2011) and priv. comm. 
CEM: A.D. Frawley, T Ullrich, R. Vogt, Pys. Rept. 462 (2008) 125, and R.Vogt priv. comm.
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Ψ(2S) at 500 GeV

8

March 9, 2015 Barbara Trzeciak, STAR

✓ First measurement of (ψ(2S) / J/ψ) ratio in p+p at 500 GeV 

➔ Consistent with other experiments

➔ No collision energy dependence observed

• Constrain ψ(2S) feed-down contribution to inclusive 
J/ψ production

y(2S) in p+p 500 GeV

15

Constrain ψ(2S) feed-down contribution to inclusive J/ψ production
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J/Ψ pT spectra in Au+Au
★ J/Ψ spectrum softer than 

Tsallis Blast-wave prediction

9
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!  J/ψ spectrum softer than  
Tsallis Blast-Wave prediction 
!  Small radial flow? 
!  Recombination at low pT? 

      
 
    Tsallis Blast-Wave: 

Hydro-inspired freezeout 
Particles produced according to a Lévy-
distribution 

J/ψ spectra, Au+Au at 200 GeV 

STAR low-pT  Au+Au, CuCu : arXiv:1310.3563     
           high-pT Au+Au: Phys.Lett. B722, 55 (2013) 
           high-pT Cu+Cu : Phys. Rev. C 80 (2009) 041902 
PHENIX: Phys. Rev. Lett. 98 (2007) 232301 
Tsallis B-W: Z.Tang et al., Chin.Phys.Lett. 30, 031201 (2013) 
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J/Ψ pT spectra in Au+Au
★ J/Ψ spectrum softer than 

Tsallis Blast-wave prediction
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J/ψ spectra, Au+Au at 200 GeV 

Y. Liu et al., Phys. Lett. B 678, 72 (2009)  
U. W. Heinz and C. Shen (2011), private communication. 

Coalescence of charm quarks is needed 

!  J/ψ spectrum softer than  
Tsallis Blast-Wave prediction 
!  Small radial flow? 
!  Recombination at low pT? 

!  Viscous hydrodynamics  
!  J/ψ decouples at 120..165 MeV  
!  fails at low-pT 
 

!  Y. Liu et al.  
!  Includes J/ψ suppression due to 

color screening 
!  Includes statistical regeneration 
!  peripheral: initial production 

dominates.  
central: regeneration becomes 
more significant at low pT. 

★ Hydro (viscous)
- J/Ψ decouples at 120-165 

MeV
- fails at low pT

★ Initial+Regen (Y. Liu)
- Includes J/Ψ supression 

due to color screening
- Includes statistical 

regeneration
- peripheral: initial 

production dominates
- central: regeneration 

becomes more significant 
at low pT
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J/Ψ Azimuthal Anisotropy (v2) 
★ consistent with non-flow for pT > 2 GeV/c
★ unique among                                                              

hadrons
★ regardless of                                                                       

centrality
★ thermalized                                                                                                

charm quark                                                                                           
coalescence                                                                                            
does not                                                                                                            
dominate                                                                                    
production

10
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Phys. Rev. Lett. 111 (2013) 52301 

Azimuthal anisotropy (v2) 

[31] Yan, Zhuang,Xu, PRL97 (2006) 232301 
[32] Greco, Ko, Rapp, PLB595 (2004) 202  
[34] Zhao, Rapp, PLB 655 (2007) 126 
[35] Liu,Xu,Zhuang, NPA834 (2010) 317c 
[36] Heinz, Chen (2012) 

STAR Au+Au 
√sNN=200 GeV 

!  Unique among hadrons!  
!  Regardless of centrality 
!  Thermalized charm quark coalescence does not dominate production 

J/ψ v2 consistent with non-flow at pT>2 GeV/c  
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J/Ψ RAA in BES

11
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STAR Preliminary 

CEM  p+p references for 39 and 62 GeV:  
Nelson, Vogt et al., PRC87, 014908 (2013) 
Theory: Zhao, Rapp, PRC82, 064905 (2010)�
 

J/ψ RAA vs. beam energy 

!  Similar suppression in Au+Au at 200, 62.4 and 39 GeV  
!  p+p reference is based on CEM calculations 
!  Large theoretical uncertainty 

 

!  Consistent with theoretical calculations 
!  Does coalescence compensate for melting?  

STAR Preliminary 

★ Similar suppression in Au+Au at 200, 62.4 and 39 GeV
★ p+p reference was based on CEM calculationn
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J/Ψ RAA in U+U at 193 GeV

★  Similar to Au+Au
★  Similar trend in pT

★  In U+U collisions, we reach higher Npart and energy density

12
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!  Nuclear modification factor in U+U similar to Au+Au 
!  Similar trend in transverse momentum 

Note: p+p reference is 200 GeV 

J/ψ RAA in 193 GeV U+U 
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High-pT J/Ψ RAA in Au+Au
★ CNM effects 

negligible

★ Less regeneration

★ Suppression in 
central collisions 
➡ clear QGP effect

13
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High-pT J/ψ in Au+Au 

!  CNM effects are small 

!  Less regeneration 

!  Suppression of high-pT 
J/ψ in central collisions  

 
STAR low-pT : arXiv:1310.3563 
STAR high-pT : PLB722, 55 (2013) 
Liu et al., PLB 678, 72 (2009) 
Zhao and Rapp, PRC 82, 064905(2010), PLB 664, 253 (2008) 
PHENIX Phys. Rev. Lett. 98, 232301 (2007) 

ECT* Heavy Quarks ‘15 Quarkonia in STAR, R. Vértesi 18 
High-pT J/ψ in Au+Au 

!  CNM effects are small 

!  Less regeneration 

!  Suppression of high-pT 
J/ψ in central collisions  

 
STAR low-pT : arXiv:1310.3563 
STAR high-pT : PLB722, 55 (2013) 
Liu et al., PLB 678, 72 (2009) 
Zhao and Rapp, PRC 82, 064905(2010), PLB 664, 253 (2008) 
PHENIX Phys. Rev. Lett. 98, 232301 (2007) 
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ϒ in p+p - Baseline and pQCD Test

14
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ϒ in p+p – baseline and pQCD test 

ϒ
y
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(1S+2S+3S)ϒ

STAR Preliminary 

!  p+p ϒ cross section, 
compared to world data trend 

Phys.Lett. B735 (2014) 127 

!  p+p ϒ cross section vs. y, 
compared to pQCD 
predictions 

 R. Vogt, Phys. Rep. 462125, 2008 
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ϒ RAA : ϒ(1S+2S+3S) and ϒ(1S) in Au+Au and U+U

15
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ϒ RAA : data vs. models 

Strickland, Bazov, Nucl.Phys.A 879, 25 (2012) 

!  No CNM effects,   428<T<443 MeV 
!  Potential model ‘B’ based on  

heavy quark internal energy 
!  Potential model ‘A’ based on  

heavy quark free energy (disfavored) 

Liu, Chen, Xu, Zhuang, Phys.Lett.B 697, 32 (2011) 

!  Potential model, no CNM effects 
!  T=340 MeV, only excited states dissociate 
 

Emerick, Zhao, Rapp, Eur.Phys.J A48, 72 (2012) 
!  CNM effects included 
!  Strong binding scenario 
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ϒ RAA : RHIC vs LHC

16
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ϒ RAA  : RHIC & LHC comparison 

!  LHC and RHIC suppressions are comparable at high Npart 

!  Npart dependence of ϒ suppression appears weaker at the LHC 

" Note the uncertainties and y-range, however 
Is suppression driven by energy density?  

PHENIX, Phys.Rev. C87 (2013) 
CMS, Phys. Rev. Lett 109 (2012) 222301  

★ comparable at high Npart

★ Npart dependence appears weaker at LHC
➡ Is suppression driven by energy density?
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ϒ(2S+3S) RAA in Au+Au

★ consistent 
with complete 
melting

★ ϒ(1S) 
suppression 
similar to J/Ψ 
suppression 
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Excited ϒ states in Au+Au 

Au+Au 

Phys.Lett. B735 (2014) 127 

Central Au+Au: 
 

!  Excited states ϒ(2S) 
and ϒ(3S) consistent 
with complete melting 

!  ϒ(1S) suppression is 
similar to high-pT J/ψ 

ϒ suppression pattern supports sequential melting
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Outlook: Muon Telescope Detector
★  No gamma conversion
★  Less Bremsstrahlung                                                                                 
⇒ better resolution

★  Less contribution from Dalitz 
decays

★  Trigger capability

18
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Outlook: Muon Telescope Detector 
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Reconstructed J/ψ peak J/ψ projected stat. errors ϒ projected stat. errors 

 J/ψ→µ+µ-(BR~6%), ϒ→µ+µ-(BR~2.5%)  

!  No γ conversion 
!  Less Bremsstrahlung " better resolution 
!  Less contribution from Dalitz decays 
!  Trigger capability for J/ψ  

in central A+A collisions 
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Summary
★ p+p: First measurement of Ψ(2S) in p+p 500 GeV, prompt CEM 

describes data well
★ J/ψ BES: similar suppression in central 39, 62.4 and 200 GeV data 
⇒attests to the role of regeneration

★ Collective behavior of J/ψ: v2 consistent with non-flow for pT > 2GeV/c
★ Hot medium effects: 
★ Significant suppression of high-pT J/ψ and similar ϒ(1S) 

suppression in central Au+Au collisions
★ ϒ(2S) and ϒ(3S) suppression is stronger than ϒ(1S)                              
⇒  clear signal of melting in a deconfined medium

★ ϒ suppression in most central collisions similar to LHC 
★ U+U measurements: similar suppression patterns to Au+Au

19
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Stay tuned for new great results with MTD



Thank you
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