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THE PROGRAM

The quark gluon plasmaThe quark gluon plasma
What is it ? Where to find it ? When ? 
H  t  g i  it ?How to recognize it ?

Charming charmonia
Following a chronological timeline, how charm 
quarks and “charmonia” mysteriously appeared, qua s a d c a o a yste ous y appea ed,
disappeared, reappeared, as if by magic…

Other charmsOther charms
Two golden signatures of the QGP and how charm 

k  i i l  b hquarks surprisingly behave…
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What ? Where ? When ? How ?

THE QUARK GLUON PLASMATHE QUARK GLUON PLASMA
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QUARKS  MESONS  BARYONS
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QUARKS, MESONS, BARYONS
Protons and neutrons are 
made of quarks tightly 
bound together by gluons
carriers of the strong 
interaction
6 quarks discovered

(up, charm, top) charge +2/3 
(down, strange, beauty) –1/3

Allowed combinations: UU U

Baryons = 3 quarks
p (uud), n (udd), etc.

M   k + ti k

D U

proton

D

pion

D D

neutronMesons = quark + antiquark
pion (ud̄), etc.
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protonpion neutron

(gluons not depicted)



THE STRONG INTERACTION
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THE STRONG INTERACTION…
… is strong at low energy, i.e. short distance (≈1fm) 
→ confinement
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… but weak at high energy → asymptotic freedom
as seen from data and predicted by quantum 
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as seen from data and predicted by quantum 
chromodynamics (QCD)
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A STRONG PREDICTION

05/11/2007Charming charmonia - raphael@in2p3.fr

A STRONG PREDICTION

(Lattice) QCD predicts a 
phase transition from Energy density / T 4

nuclear matter to a 
Quark Gluon Plasma 
(QGP)
Critical parameters:p

Tc ≈ 160 MeV (2x1012 K)
≈ 20 000 x Tsun

εc ≈ 1 GeV/fm3

≈ 5 x nuclear density

Karsch (Bielefeld U), hep-lat/0106019
Lect. Notes Phys.583 (2002) 209

Karsch (Bielefeld U), hep-lat/0106019
Lect. Notes Phys.583 (2002) 209
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A (VERY) NAIVE PICTURE OF THE QGP
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A (VERY) NAIVE PICTURE OF THE QGP
Above Tcc
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(gluons and secondaries not depicted)

powerpoint
animated…



WHERE/WHEN CAN WE FIND THE QGP?
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WHERE/WHEN CAN WE FIND THE QGP?

1. Early in the universe (t < 10μs)
But little chance to leave relics

2. Core of a compact star
N  ki g g  did t   fNo smoking gun candidate so far

3. In the lab, colliding heavy ions
Freedom for the quarks…

 for some 10–23 s… for some 10 s
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HEAVY ION COLLISIONS 
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HEAVY ION COLLISIONS 
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EPISODE 2  THE PAST
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EPISODE 2, THE PAST
SPS: Super Proton p
Synchrotron
@ CERN (Geneva)@ CERN (Geneva)
Fixed target experiments 

(WA98  CERES  NA44  NA49  
SPS

(WA98, CERES, NA44, NA49, 
NA57, NA50, NA60…)

Various collisions p+p  p+A  Various collisions p+p, p+A, 
A+A up to Pb+Pb
√ 20 G√sNN ≈ 20 GeV

Estimated energy density ε ≈ 3 GeV/fm3 > ε

10

Estimated energy density ε ≈ 3 GeV/fm  εc

In principle, QGP have been produced…



EPISODE 3  THE PRESENT
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EPISODE 3, THE PRESENT…
RHIC: Relativistic Heavy Ion Collider

@ B kh  N ti l L b  (N Y k)@ Brookhaven National Lab. (New-York)
First collisions in 2000
2 large (STAR & PHENIX) 2 large (STAR & PHENIX) 

+ 2 smaller (PHOBOS & BRAHMS) experiments
Can collide anything from p+p (up to 500GeV) Can collide anything from p p (up to 500GeV) 

to Au+Au (up to 200GeV per nucleon pairs)

STAR

11



HOW TO FIND THE QGP?
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HOW TO FIND THE QGP?
A theorist predicts a Non zero impact parameter
QGP signature 
Experimentalists look at 

p p
Some spectators 
Number of participants NpartExperimentalists look at 

it versus A+A collision 
centrality →

p p part

Number of elementary (n+n) 
collisions Ncollce t a ty

Then compare to p+p
Then compare to p+A

coll

Then compare to p+A
Check that normal 
nuclear matter cannot nuclear matter cannot 
account for deviations…

12x
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WHICH SIGNATURES?
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WHICH SIGNATURES?
QGP hints seen at RHIC: But others ones were also Q

Total multiplicity
High p suppression

predicted! 
“There was a general feeling 

High pT suppression
Back to back jets 

that if the quark-gluon 
plasma was indeed 
produced  it would manifest Elliptic flow

Baryon/meson ratio

produced, it would manifest 
itself in a variety of unknown 
but dramatic ways, y /

J/ψ suppression
Thermal radiation

y ,
including… 

Thermal radiation
…

H. Satz @ Lattice 2000 
hep-ph/0009099
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WHICH SIGNATURES?
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WHICH SIGNATURES?
QGP hints seen at RHIC: But others ones were also Q

Total multiplicity
High p suppression

predicted! 
“There was a general feeling 

High pT suppression
Back to back jets 

that if the quark-gluon 
plasma was indeed 
produced  it would manifest Elliptic flow

Baryon/meson ratio

produced, it would manifest 
itself in a variety of unknown 
but dramatic ways, y /

J/ψ suppression
Thermal radiation

y ,
including… 

…the end of the world”Thermal radiation
…

H. Satz @ Lattice 2000 
hep-ph/0009099
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One of the quark gluon plasma signature

CHARMING CHARMONIACHARMING CHARMONIA

15



THE CHARM QUARK
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THE CHARM QUARK

4th quark to have been discovered (1974)4 quark to have been discovered (1974)
Was expected from weak interaction

“It appeared like a charm” around 1964It appeared like a charm  around 1964
A partner to the strange quark
GIM mechanism (1970)

Glashow, Iliopoulos, Maiani, 
PRD2 (1970) 1285

Glashow, Iliopoulos, Maiani, 
PRD2 (1970) 1285GIM mechanism (1970)

Strong theoretical need for a fourth quark

PRD2 (1970) 1285PRD2 (1970) 1285

Lepton Neutrino

Electron

Quark +2/3 Quark -1/3

Up DownElectron νe

Muon νμ

Up Down

??? Strange

16



1973: NON DISCOVERY
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Christenson et al, PRD8 (1973) 2016Christenson et al, PRD8 (1973) 20161973: NON DISCOVERY
p+U → μ+μ– (@ 30 AGeV)p μ μ ( )
An excess above continuum 

around 3 GeV/c2around 3 GeV/c

No conclusion 
P  l ti  ( 500 M V/ 2)Poor resolution (~500 MeV/c2)

We now know this was 
Bound state of (cc̄) → μ+μ–

17



1974: J & Ψ DISCOVERY
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Augustin et al, PRL33 (1974) 1404
Aubert et al  PRL33 (1974) 1406

Augustin et al, PRL33 (1974) 1404
Aubert et al  PRL33 (1974) 14061974: J & Ψ DISCOVERY

With much better resolutions, two 

Aubert et al, PRL33 (1974) 1406
Ting and Richter, Nobel prize 1976
Aubert et al, PRL33 (1974) 1406

Ting and Richter, Nobel prize 1976

With much better resolutions, two 
teams discover at the same time:

“Experimental Observation of a Heavy“Experimental Observation of a Heavy
Particle J”
“Discovery of a Narrow Resonance in 
e+e– Annihilations” → ψ

First particle containing charm
(cc̄) most stable bound state J/ψ(cc) most stable bound state J/ψ
Other “charmonia” soon after: ψ’, χc…

18



THE CHARM QUARK
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THE CHARM QUARK

4th quark to have been discovered (1974)4 quark to have been discovered (1974)
Was expected from weak interaction

“it appeared like a charm”it appeared like a charm

But interesting strong properties
2Heavy (1.5 GeV/c2) more than a proton

Its dynamics are in principle calculable 
¯Very few charm quarks produced (by cc̄ pairs)

A few bound to form a “charmonia” (3.1 GeV/c2)
Fast formation ≈10–25 s
“Slow” leptonic decay ≈10–21 s

C
C

Excellent QGP (≈10–23 s) probe
19J/ψ



1986: J/Ψ IN QGP
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Matsui & Satz, PLB178 (1986) 416Matsui & Satz, PLB178 (1986) 4161986: J/Ψ IN QGP

J/ψ should melt in the QGP, just above Tc

(Another Bielefeld paper, 1060 citations)(Another Bielefeld paper, 1060 citations)

J/ψ should melt in the QGP, just above Tc

Due to screening of the cc̄ interaction
“U big  ig t  f k gl  l ”“Unambiguous signature of quark gluon plasma”

20



THE NAIVE PICTURE OF J/Ψ SUPPRESSION
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THE NAIVE PICTURE OF J/Ψ SUPPRESSION
Creation of cc̄ (always in pairs)( y p )
Separated by QGP

U

D U

U

D D

U U

U
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U
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U D D
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C

D U
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U D U

D mesonSorry, 
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(gluons and secondaries not depicted)

powerpoint
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1986 92: 1ST J/Ψ SUPPRESSION @ SPS
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1986–92: 1ST J/Ψ SUPPRESSION @ SPS
Quickly, NA38 saw 

NA38  NPA544 (1992) 209NA38  NPA544 (1992) 209
Q y,
J/ψ suppression

normalized to the 

NA38, NPA544 (1992) 209NA38, NPA544 (1992) 209

μ+μ– continuum 
in S+U versus p+U 
collisions

But this was an 
illusion

not due to QGP !Q
Nuclear absorption

22



J/Ψ NORMAL NUCLEAR ABSORPTION
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J/Ψ NORMAL NUCLEAR ABSORPTION
@SPS, nuclei take 5x10–24 s to cross (1.6 fm/c) , ( / )
They can separate cc̄ (formation time ≈ 10–25 s)

U D
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D DNothing to do with QGP!
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1995 2000: ANOMALOUS SUPPRESSION  
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1995–2000: ANOMALOUS SUPPRESSION  
J/ψ / Drell-Yan

¯
NA50, EPJ C39 (2005) 335NA50, EPJ C39 (2005) 335

J/ψ / Drell-Yan

DY = qq → gamma → μμ
Unaffected by QGP

As a function of L

& Scomparin’s QM06 talk& Scomparin’s QM06 talk

As a function of L
Nuclear thickness
Related to centralitye ated to ce t a ty

In p+A, S+U collisions:
exp(-σabs ρ0 L)abs 0

Normal nuclear absorption

In central Pb+Pb:
J/ψ

L

Anomalous suppression
Likely to be due to QGP !

24



AN ANNOUNCEMENT
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AN ANNOUNCEMENT
Based on this (and a bit (
more) CERN announced 
the discovery of QGP on y Q
February 10th 2000

First collisions at RHIC 
began soon afterbegan soon after

J/ψ was expected  to 
melt further…

25



J/Ψ @ RHIC  WHAT REFERENCE?
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J/Ψ @ RHIC, WHAT REFERENCE?
No Drell-Yan to refer to

A A
We define a nuclear 
modification factor RAA

RAA =
dNAuAu

dNpp <Ncoll>xAA
J/ψ normalized by the 
number of elementary 
collisions Ncollisions Ncoll

Limited open charm 
(Dmesons = uc̄ ) (Dmesons = uc…) 
results:
≈ 25% uncertainty≈ 25% uncertainty

Do scale with Ncoll

Same initial state a J/ψ

PHENIX, PRL 94 (2005) 082301PHENIX, PRL 94 (2005) 082301

Same initial state a J/ψ

26



J/Ψ @ RHIC AND @ SPS
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J/Ψ @ RHIC AND @ SPS
Unexpectedly p y
similar pattern 

Energy density is gy y
higher @ RHIC
Different normal 
suppression

This brings the idea g
of sequential 
melting…g

27



THE IDEA OF SEQUENTIAL MELTING
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THE IDEA OF SEQUENTIAL MELTING
Some J/ψ come from excited SPS   RHIC
cc̄ states:

Ψ’ → J/Ψ + …

SPS   RHIC

Χc → J/Ψ + photon
Ratio not known better than 10% 
J/Ψ ≈ 0.7 J/Ψ + 0.2 Ψ’ + 0.1 Χc

They melt at different 
temperatures 

Theoretically not under control, 
but some says:

Anomalous suppression: 
compatible with 0 7 @SPSbut some says:

T(J/ψ) ≈ 2 Tc

T(ψ’) ≈ T(χc) ≈ 1 Tc

compatible with 0.7 @SPS
Direct J/ψ could survive 
both @SPS and @RHIC(ψ ) (χc) c

28

both @SPS and @RHIC

A good idea, but there is another result @ RHIC…



MORE OR LESS J/Ψ @ RHIC
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MORE OR LESS J/Ψ @ RHIC
Higher suppression g pp
@ forward rapidity 
While the energy While the energy 
density should be 
lower therelower there…
Density-induced 
enhancementenhancement
mechanism ?

PHENIX, PRL98 (2007) 232301
Prelim. CuCu nucl-ex/0510051
PHENIX, PRL98 (2007) 232301
Prelim. CuCu nucl-ex/0510051
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THE IDEA OF RECOMBINATION
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THE IDEA OF RECOMBINATION
A lot of cc̄ pairs A recombination prediction 

(among many others) 
p

(10 to 20 in central 
collisions @ RHIC)

(among many others) 

Uncorrelated cc̄ could 
meet at freeze-out and 
form new charmonia
Enhanced production re

ss
io

n

na
tio

n

Enhanced production
N(J/ψ) α (cc̄)2

Suppression vs  

Su
pp

r

ec
om

bi
n

Suppression vs. 
enhancement 

Grandchamp, Rapp, BrownGrandchamp, Rapp, Brown

R
e

30A good idea, but predictions not enough constrained…
PRL 92,(2004) 212301PRL 92,(2004) 212301



THE NAIVE PICTURE OF RECOMBINATION
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THE NAIVE PICTURE OF RECOMBINATION
Uncorrelated cc̄ could 
meet in QGP

U

D U
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NORMAL SUPPRESSION @ RHIC ?

05/11/2007Charming charmonia - raphael@in2p3.fr

NORMAL SUPPRESSION @ RHIC ?
Not well measured Large uncertainty once 

Very low p+A statistics

g y
extrapolated to A+A 

al

R. Vogt, nucl-th/0507027 R. Vogt, nucl-th/0507027 

N
or

m
aRGdC, JPG34 (2007) S955RGdC, JPG34 (2007) S955

m
al

ou
s

±30% relative systematics ±35% relative systematics

An
om

32



A LAST J/Ψ PICTURE
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A LAST J/Ψ PICTURE
J/ψ in A+A divided by 

J/ψ survival probability in QGP
/ψ y

normal suppression 
extrapolations (poorly p (p y
known @ RHIC)

Need better constraint 
on normal suppression
Could account for 44±

23%rapidity dependence ?

However J/ψ do melt 
±11% global systematics
±35% global systematics
±30% global systematics

23%

25±12%

anomalously…
In particular direct J/ψ

30% global systematics

RGdC  JPG34 (2007) S955RGdC  JPG34 (2007) S955p /ψ

33

RGdC, JPG34 (2007) S955RGdC, JPG34 (2007) S955



ANOMALOUS CONCLUSION
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ANOMALOUS CONCLUSION

J/ψ melt anomalously @ SPS and RHICJ/ψ melt anomalously @ SPS and RHIC
Not understood @ RHIC

Less density = more suppression !
Recombination ?
Normal suppression ? (+ sequential melting ?)

Large uncertainties, but new measurements are g
expected!

However  even if the details are not understood  However, even if the details are not understood, 
this is one of the QGP signs @ RHIC !

34
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Charm quarks and the golden signatures

OTHER CHARMSOTHER CHARMS

35



GOLDEN SIGNATURES @ RHIC
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GOLDEN SIGNATURES @ RHIC

Two striking features of RHIC data (at least)Two striking features of RHIC data (at least)
1. “Jet quenching ”

“Elli ti  fl ”2. “Elliptic flow”

Measured with numerous light particles 
Are signatures of the quark gluon plasma

How heavier (charm) particles behave?( ) p

36



1  JET QUENCHING
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1. JET QUENCHING

RHIC smoking 
gun signature ! q

hadrons leading
particle

p-p

Two PRL covers

Energy loss in the 
hadrons

q

q

leading Energy loss in the 
matter, looking at 
hi h ( 2G V)

g
particle

high pT (>2GeV)
Mostly from jet 

q
q

A-A

fragmentation

“Jet quenching”
37

Jet quenching
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Au-Au (80-92%) d+Au (60-88%)

MOST PERIPHERAL COLLISIONS…MOST PERIPHERAL COLLISIONS…

38
(slightly old, but pedagogical, data) PHENIX, PRL 91 (2003) 072303PHENIX, PRL 91 (2003) 072303
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Au-Au (50-60%) d+Au (40-60%)

LESS PERIPHERAL COLLISIONS…LESS PERIPHERAL COLLISIONS…

39
PHENIX, PRL 91 (2003) 072303PHENIX, PRL 91 (2003) 072303(slightly old, but pedagogical, data)
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Au-Au (20-30%) d+Au (20-40%)

MORE CENTRAL COLLISIONS…MORE CENTRAL COLLISIONS…

40
PHENIX, PRL 91 (2003) 072303PHENIX, PRL 91 (2003) 072303(slightly old, but pedagogical, data)
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Au-Au (0-10%) d+Au (0-20%)

S i  Suppression 
by a factor  5 !

« Cronin effect »
Multiple scattering
of initial partons

MOST CENTRAL COLLISIONS!MOST CENTRAL COLLISIONS!

41
PHENIX, PRL 91 (2003) 072303PHENIX, PRL 91 (2003) 072303(slightly old, but pedagogical, data)



2  ELLIPTIC FLOW “V ”
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PHENIX  PRL 91 (2003) 182301PHENIX  PRL 91 (2003) 1823012. ELLIPTIC FLOW V2
PHENIX, PRL 91 (2003) 182301

Huovinen & al, PLB 503 (2001) 58
PHENIX, PRL 91 (2003) 182301

Huovinen & al, PLB 503 (2001) 58

y
z

Pressure gradient
x

y

v2 = <cos 2φ>

Strong collective behaviorφ

42

Strong collective behavior



IDEAL HYDRODYNAMICS
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IDEAL HYDRODYNAMICS

Ideal hydrodynamics… … reproduces fairly wellIdeal hydrodynamics…
QGP EoS, 
Early thermalization

… reproduces fairly well
1. Single hadron pT spectra

(mass dependence)Early thermalization
(0.6 fm/c) 

High density

( p )
<βT> ~ 0.6

2. Elliptic flowHigh density
(~30 GeV/fm3)

Little need for viscosity!
PQG is not the foreseen 
ideal partonic gas!Little need for viscosity! p g

Q QGQuarks are strongly interacting (“sQGP”)
In a liquid like manner (“perfect fluid”)

43



HEAVY QUARKS ?
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PHENIX, PRL98, (2007) 172301PHENIX, PRL98, (2007) 172301HEAVY QUARKS ?
Electrons from heavy D,B → e + …

, , ( ), , ( )

flavour's decay (mostly 
charm, but some beauty)

1 M t f h  (l  ) 1. Most of charm (low pT) 
scale with Ncoll but high 
pT are suppressed pT are suppressed 

As much as light particles

2. Charm quark also have q
large elliptic flow 

Thermalization?

Two suprises !
Not well understood yet
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CONCLUSIONS
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CONCLUSIONS

The quark gluon plasma is surprisingThe quark gluon plasma is surprising
Unambiguous signatures become ambiguous

J/ψ suppression

Others become golden signatureg g
Jet quenching

This, is the charm of this field…
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EPISODE 4: THE FUTURE
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EPISODE 4: THE FUTURE
1. Back to CERN, always , y

higher in energy 
(i.e. temperature)( p )

Large Hadron Collider : 
Pb+Pb @ √s = 5 5 TeVPb+Pb @ √snn = 5.5 TeV
First collisions (p+p) in 2008?

Recombined J/ψ could raise 
2. @ GSI, FAIR gets 

higher baryon Recombined J/ψ could raise 
with centrality?
G

higher baryon 
densities
≈ 10 times nuclearGolden sign →

(empirical line)

≈ 10 times nuclear
Critical point?
Collision by 2015?
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Collision by 2015?



EPISODE 4: THE FUTURE
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EPISODE 4: THE FUTURE
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THAT’S ALL FOLKS

Back-up slides

THAT’S ALL FOLKS



☺ THE ORIGIN OF (MY) MASS
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☺ THE ORIGIN OF (MY) MASS…

~ 98% from QCD + 02% from Higgs !

~ 98% poorly understood + 02% not yet seen…
We are mostly made of confinement…

Thus  let’s look at deconfinementThus, let s look at deconfinement…
(ok, this is only ~5% of the universe ) 49



TOTAL MULTIPLICITY (AND E )

05/11/2007Charming charmonia - raphael@in2p3.fr

TOTAL MULTIPLICITY (AND ET)

dN h/dη| 0 ~ 670 0
3

0
3dη

C
EdNch/dη|η=0  670 

(6000 particles total)
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1000 from p+p fragmentation
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Low xBj gluon start to overlap, 
recombine, saturate…
(   t f d idit )

PR
L 

PR
L 

η

T
Y

(even more at forward rapidity)
“Color Glass Condensate” dET/dη|η=0 related

η

T/ η|η 0
to energy density
ε > 6 GeV/fm3 > ε !The (initial) matter saturates ε > 6 GeV/fm > εc !
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HOW TO ESTIMATE ENERGY DENSITY ?
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HOW TO ESTIMATE ENERGY DENSITY ?
~ Transverse  energy @ y=0gy y

Bjorken formula

dy

dET

πR2τ0

1
ε= x

y=0

τ0 formation time
0 35 à 1 fm/c

y0 y

0,35 à 1 fm/c

R = nuclear radius   
1 18 A1/3 fm1.18 A1/3 fm

ε > 6 GeV/fm3

51Participants number
Bjorken, PRD27 (1983) 140Bjorken, PRD27 (1983) 140



DRELL YAN NCOLL SCALING
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DRELL-YAN NCOLL SCALING
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J/Ψ VERSUS MODELS
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R. Rapp & al., nucl-th/0608033R. Rapp & al., nucl-th/0608033
J/Ψ VERSUS MODELS…

Recombination… e…

Yan, Zhuang, Xu, nucl-th/0608010Yan, Zhuang, Xu, nucl-th/0608010

PS
 li

ke
SP

Capella & Ferreiro  Capella & Ferreiro  

R. Rapp et al.PRL 92, 212301 (2004)
R. Thews et al, Eur. Phys. J C43, 97 (2005)

Yan  Zhuang  Xu  nucl th/0608010

R. Rapp et al.PRL 92, 212301 (2004)
R. Thews et al, Eur. Phys. J C43, 97 (2005)

Yan  Zhuang  Xu  nucl th/0608010
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Capella & Ferreiro, 
hep-ph/0610313

Capella & Ferreiro, 
hep-ph/0610313

Yan, Zhuang, Xu, nucl-th/0608010
Bratkovskaya et al., PRC 69, 054903 (2004)

A. Andronic et al., nucl-th/0611023 

Yan, Zhuang, Xu, nucl-th/0608010
Bratkovskaya et al., PRC 69, 054903 (2004)

A. Andronic et al., nucl-th/0611023 



HIGH P SUPPRESSION
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The matter is dense ! >1000 gluons per Δy



BACK TO BACK JETS
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BACK TO BACK JETS

Easy in 200 GeV proton+proton collisions

??
55

Quite difficult in Au+Au central collisions @ 200 GeV
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Peripheral collisions (60-80%) Central collisions (0-5%)

Same jet

Opposite jet

In central collision, opposite jets Take a “trigger” particle (pT>4GeV) and 

BACK TO BACK JETS
disappear because of jet quenchinglook at the others (pT>2GeV) azimuth

BACK TO BACK JETS
ANOTHER LOOK TO JET QUENCHING…
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BACK TO BACK (D+AU)
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STAR, PRL 91 (2003) 072304STAR, PRL 91 (2003) 072304BACK TO BACK (D+AU)
As always, it is very 

( )( )

y , y
important to check for 
d+Au

The matter is opaque! 
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THERMAL RADIATION         (PHOTONS)
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THERMAL RADIATION         (PHOTONS)The matter is hot !
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Photon spectrum is fairly reproduced by:
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@ high pT prompt photon (pQCD)
@ low pT thermal photons (T~400 – 600 MeV >> Tc)


