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Strong interaction is
strong at low energies but 89| Energy density / T -
weak at high energies R PP L4\
Asymptotic freedom 10| | | AT vl
Lattice QCD predicts a ] Al
phase transition from a w0l J 21 flavour
Hadron Gas to a Quark 20| f T
Gluon Plasma (QGP) 0710 15 20 25 30 35 40
T.~ 190 MeV (2x10*2 K) Karsch et al, hep-lat/0106019
e.~1 GeV/fm3 Lect. Notes Phys.583 (2002) 209

- But doesn’t tell us everything about the matter’s

observable and dynamical properties
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WHAT’'S RHIC?

Relativistic Heavy lon Collider
@ Brookhaven National Lab.

First collisions in 2000, running... =

2 large (STAR & PHENIX) >2x600M “N

+ experlments
Can collide anything from p+p (up to 500GeV, in 2009)
to Au+Au (up to 200GeV per nucleon palrs)




RHIC overview - raphael@in2p3.fr 02/07/2008

II'|1

Tn AT

Predict a QGP signature

Look at it versus A+A
collision centrality —

Compare to p+p
Nuclear modification factor

dNAuAu
dNPP x <N

Raa =

coII

Without QGP, hard probes
should have Ry,~ 1
Compare to p+A (or d+A)

Check that normal nuclear
matter cannot account for
deviations...

ND JARGON)
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/ R
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Non zero impact parameter
Number of spectators

Number of participants N,
Number of NN collisions N

> Derive a QGP property

(temperature, density...)
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Total multiplicity

High p; suppression
Back to back jets
Elliptic flow

hi

Baryon/meson
Heavy flavour
J/W suppression

. Thermal radiation

N A NS SN NN =

~ “Color Glass Condensate”
~ “Jet quenching”
~ “Perfect fluid”

> Not the only ones!
Impossible to give an
overview in 20 mn...
Restrict to selected
underlined topics
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dNgy/dn | .o~ 670
(6000 particles total)

Less than expected!
1000 from p+p fragmentation

Low Xxg; gluon start to overlap,
recombine, saturate...

E SWA

Ly)

22 Ve ada
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“Color Glass Condensate”

- The (initial) matter saturates

| et B e R @)
PRL 91 (2003) 052303

dE;/dn| -, related
to energy density

£>6 GeV/fm3 > ¢ !




The smoking gun...

JET QUENCHING




2. HIGH P; SUPPRESSION

LETTERS

RHIC smoking p-p hadrons /< — ..
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“Jet quenching’”
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Au-Au (80-92%)
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= d+Au 60-88%

- Echarged hadrons

- ®peutral plons J
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MOST PERIPHERAL COLLISIONS...

(slightly old, but pedagogical, data)

PHENIX, PRL 91 (2003) 072303



Q:)O Au-Au (50-60%)
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LESS PERIPHERAL COLLISIONS...

(slightly old, but pedagogical, data)

PHENIX, PRL 91 (2003) 072303
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' Au-Au (20-30%) d+Au (20-40%)
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MORE CENTRAL COLLISIONS...

(slightly old, but pedagogical, data) PHENIX, PRL 91 (2003) 072303 A
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MOST CENTRAL COLLISIONS!

Au-Au (0-10%)

T T T I rT

L AurAu 0-10%
- Micharged hadrons
- ®peutial plons

Suppression
by a factor 5!

) e "
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p; (GeV/c)

(slightly old, but pedagogical, data)

1.5

d+Au (0-20%)
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L drAu 0-20% +
L lcharged hadrons

- ®peutral pions l +

;r;{fﬁii'?.h.iﬁ.m, |

« Cronin effect »
Multiple scattering
of initial partons

2 4

PHENIX, PRL 91 (2003) 072303
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2. HIGH P; SUPPRESSION

PHENIX, PRC77 (2008) 064907

"51.5

2[ 4uehu Ty = 200 OV § diecty 0-10% i 1 0+10% Compgrisong to
—PHENIX Preliminary il =° 0-10% (PRL, 107, 232301} models, including
4 experimental errors
1'ﬁ. : provide physical
1.4 Blind photons! properties, e.g.
1.2 % ngIuons/dy = 1400 f%?g
L i il . R D A B N B | < 06 r* (Au*Au 0-
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> The matter is dense ! >1000

gluons per Ay
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3. BACK TO BACK JETS

Quite difficult in Au+Au central collisions @ 200 GeV
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Peripheral collisions (60-80%) Central collisions (0-5%)
near side .
. \ away > The matter is opaque!
trigger €====- T
side
03 Same jet el PLEL] \
U T T [ W it
—flow: v2 u 24.4% % —flow; v2 = 7.4%
02 —— pp datu + flow =~ —— pp deta + flow
2
o
&
0.1
- ;
o= Opposite jet ]
A ¢ (radians)
Take a “trigger” particle (p>4GeV/c) and In central collision, opposite jets
look at the others (p;>2GeV/c) azimuth disappear because of jet quenching

3. BACK TO BACK JETS
ANOTHER LOOK TO JET QUENCHING...
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pt: per grid cell [GeV]
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STAR preliminary

M. Polskon, Quark Matter 09
http://www.lpthe.jussieu.fr/~salam/fastjet

Ron

First reconstructed jets in AA
Use of fastjet algorithms

Ray=1 for large cone R=0.4

Jet broadening R,,<<1 for R=0.2
Promising preliminary data
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The originally thought “unambiguous signature”

QUARKONIA SUPPRESSION




RHIC overview - raphael@in2p3.fr 02/07/2008

- 1/ CIIPDPPrECCINAN] Sy > ‘»@ “
7. J/W SUPPRESSION P sSwide™ e

m

J/w (cc) can melt in QGP
Matsui & Satz, PLB178 (1986) 416

E HAZD, Boomparn's @k at GRIDE, D<=
. - O MAEE, Soompartn's @ik at GROR
Golden signature @ SPS % 2| ®  NAW Scomparns s at GO
- [ | FHEMIX, nucl-exf0G11020, Ausau [vs(1.2.2.2)
( @ CERN \/S ~ 20 GeV) i » PHENIX, nuol-ex0811020, Au+au Jy|<0.38
1” IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

- QGP discovery claim!

@RHIC, same rapidity,
suppression looks 0.8
surprisingly similar

0.8

While density is higher 4 L I i
Stronger @ forward 0.2 o
While denSity iS |OWer -I 111 I L1111 I 1111 I 1111 || 111 I 1111 I L1111 I L1111
% 8¢ 100 1850 2060 250 3200 3250 440

But beware of nuclear matter!

PHENIX, PRL98 (2007) 232301 18
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Cold nuclear matter can
also suppress J/yp
pdf shadowing, saturation

absorption by incoming
nucleons?

Extrapolation from d+Au

Data driven, mostly model
independent

Large uncertainty

At least forward J/yp are
suppressed beyond cold

DDDCECCINN
FERCOOIVIN

F | e PHEHK Ssidist Dt 1.2l st b 951
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A i oYY ™M 1 A \
| (FROM D+AU)

Cata Diven Fickotonof Cold Hinkar Matker Bt

Survwal 3818 %

B _‘_‘_\_‘_‘—‘——\_
"°H M

04~
0.2-—

- Forward rapidity

croa oo wlowanle wol o lbowgo b erwplteyy
% 50 100 150 200 200 300 350 400

Humber of Faitliclpamts Aus&u
RGdC, J.Phys.G34 (2007) S955
PHENIX, PRC 77 (2008) 024912

Matier eTTECtS
- The matter is deconfining 19
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[. NCVV UDTRKAU FRELIIVIINARY RCErcxcNLES
Run 8 = 30 times more In addition, lines up with
d+Au data SPS when plotted as
Pre_llmlnary, Central_to Energy density x formation
peripheral d+Au ratio tidds
(RCP) released @ QM09 Not a PHENIX Result
Uses Preliminary PHENIX d+Aw RCP (QMO9)
First extrapolation NN
assuming EKS98 1.6: EK$98 CNM baseline : EEEE%% Egsg:j?__
shadowing and effective = L4r PRENDRCHCR IR
absorption xsection, 6 1.2 NASO PbePb \
varying with rapidity :ﬁ ! 111%
(© T. Frawley) ~. 0.4l H y
11 Tl I 1
9 Slmllar anomalous i ] ) R Q-é'Namwbmes-cmelmedﬁys Jw :;:j " N
suppression wrt rapidity LAl i s 1
SIIITITE E i ita R Rt
Outcome of Trento and Seattle summer workshops, g (GeV!fmzfc)

R. Arnaldi, T. Frawley, M. Leitch, R. Vogt, RGdC...



IMoeeT™ 1 MMM/ AT IMDATT"P\NNANAANILA
rinknol LUUN Al DUILIVIVIUNIA...
RdAu = 0.98 + 0.32 + 0.28 :ﬂ""%"* PHENIX preliminary
(frOm STAR) 10’-5 e -:-:::uu
E $ O e mixed
RAuAu <0.64 @ 90% CL ol
(from PHENIX >) ; % +
Could be cold effects 15 T—#—i
No continuum subtraction 1074 —§ "'é"'\h""ﬁ*"'\z
My (GeV/e?)

(but < 15% from pp)

Feeddown of x, important
50% for p;> 8 GeV/c at CDF

Promising preliminary data
Stay tuned...

E.T. Atomssa, C.S. da Silva, H. Liu,
Z. Conesa del Valle @ QM09

Probability
o
=2
T

0.008

:

\

N

‘\\

PHENIX preliminary

R < 0.64 a1 90 % CL

Lo b by By Tty p o Ly |y
% 02 a4 06 08 1 12 14 16 18 2

Ry, fOF M., & [8.5,11.5] in (GeVic))
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Still one or two slide to go...

THERMAL RADIATION
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O. INMERIVIAL RAUVUIAITIIVUIN
Direct photon from G Do fitscaled , AL
Real (p; > 4 GeV/c) BITN YNt o o muna semnte
Virtual (m,, < 300 MeV/c?) 100 " O 8 AwAutdo%xts
In p+p pQCD works well ] ": LTI M A
down to p;=1 GeV/c > p
8 10
In Au+Au, excess below 'E“‘"
p=2.5 GeV/c % .
| . =10
Simple fit: £ 104 ‘\ i
<Temperature>~ 220 MeV ~ Sygsfp  /
Hydrodynamical fits: 10°K pp and NLO pQCD s
Initial temp. 300 to 600 MeV 107 gyt ,,%Gﬁ
Time 0.15 to 0.6 fm/c PHENIX, arXiv:0804.4168

2%



IN SUMMARY...

Even if we have
Neither seen an order parameter of the phase transition
Nor counted its degrees of freedom

The RHIC Au+Au matter is:

Gluon saturated, dense and opaque, strongly interacting
and liquid-like, partonic and deconfining, tough and hot...

... thus likely to be a quark-gluon plasma
LHC Pb+Pb matter to come (see next talk)

Bibliography:
Experimental “white papers”:
Quark matter 2009 conference
(Knoxville, March 30, April 4th)
Interesting reviews, for instance:

NPA757 (2005), PHENIX:
nucl-ex/0410003

http://www.phy.ornl.gov/QM09/

RGdC, arXiv:0707.0328
IUMP A22(2008)6043

24
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Not a PHENIX Result
Uses Preliminary PHENIX d+4Aw RCP (QM09)

Ll I L] I L
PHENIX Av+Any =0

i .
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1.6~ EKS§98 CNM baseline m PHENIX Av+Avy =17
i ¢ NA6O In+ln
4 NAS5D Pb+Pb
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O 1.2F | 1
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/N1 AL STAR, PRL 91 (2003) 072304
A (D+AU)

._

As always, it is very

: "+ dsAuFTPC-Au020%
important to check for pay

SR

. ——p+p min. bias

d+Au

* Au+Au Central

0.1

PHysicAL
REVIEW _ ! AL
LETTERS (reZ Lo g R SR T

ticles published week ending
15 AUGUST 2003

Il]IIIIIIllllllllllllllllllll
-1 0 1 2 3 4

e A ¢ (radians)

The matter is opaque!

@ LHC, full jet reconstruction...

27



Here, all plots from STAR, see also PHENIX: PRC78 (2008) 014901

3. MUCH NIORE CORRELATION;. -

" Aut+Au, in-plane
s Au+An, ont-of-planc

H77I071117712777137774
>Mach cone ? 46 (radians)

T »y H

€-- = AuAu ¥ -
] * dAu :

e Jir B Speed of .
CE A ]
< a2l sound ~ 0.45 ? 1
: .............. ._ 4 . :

b = 4 = 2y L.!'i'iiﬂ- t- i

E .Q l'-'j £ ..'i—_l—n"‘ IE

'ﬂ_i*"l' e ;"i_

wd Y Ll [ [ I | I | | r

1 o 1 3 4 g

E ::g "\(\ ' LT LY M - ) 'b
440 1L "‘ \‘\\\% \ ."be._a ms
PTG e

_ \

4103

1L LS

17z
49 2191 s

Three particles (central Au+Au)

L

=1
STAR: PRL102
(2009) 052302



41 L TATTTTTTIVAL TR TEbL) SiE S e
Photon ~ unmodified B! |k bbbty
“reconstructed” jet 0 Tl T T TR TR
Suppression is similar = %€ B E

III!IIIIIII!III!IIIIl

Yield per trigger particle 04 @ X

Normalized to p+p 0.2 Y .

Can start addressing b, LAY PElY
. > %750 700 130 200 250 300 350
the question of modified - __ LLL Y
fragmentation function 1...'.“.“.“ff‘.“f’l‘!’if"i‘f’..".'.‘.".’f‘.’?'f’..................._.........1
_ i PH ENIX |
ZT=phadron/p|0hoton 2 21 E ﬂ § ol $ ACLIIELT |
uwmﬂm-.g ..... ? ..... é----------._

PHENIX: arXIV/09033399 : — fsfpf;‘??feefv.‘f — : : e ?:‘:EI?T;:?':GT“{B :

M. Connors, QuarkMatterO9 VAL 29 -




MNA 1NN

PHENIX, PRL 91 (2003) 18
Huovinen & al, PLB 503 (20

\

)

Pressure gradient

V, = <C0S 2¢>

y 4 By (GeVie)
~0 o i )
i AJWL* Strong collective behavior
o'

30
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INCAL NnNDAR I
NJUEAL OTURVUTINANVIILVO

|deal hydrodynamics... ... reproduces fairly well
QGP equation of state, 1. Single hadron p; spectra
Early thermalization (mass dependence)
(0.6 fm/c) <p;>~0.6
High density 2. Elliptic flow
(=30 GeV/fm?3) Not the foreseen ideal
Little need for viscosity! partonic gas!
First estimations are - “sQGP” (s stands for
approaching the quantum strong, not super ©)
limit n/s = A/4n

-2 “Perfect fluid”

lower than Helium at T,

- The matter is strongly interacting and liquid like

@ LHC, could it approach a quark gluon gas?
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With the kinetic energy

per constituent quarks

w I == B, /AST1H GeV. Authy. BEF INNENEE 11800
= 0,3 HYDRO (EoS H) g ,/A40 GeV. PP NAGS 1 ' i '
w' [ HYDRO (EoS Q) e EL TS GV, PP [ 4 atex (PHENIX) B p+P (PHENIX) ]
0.25F B | o n* (PHENIX} © A+X (STAR) L
' C L 0 K'+ K (PHENIX) ~ =+ f[&TﬁRI -
- @ Ky (STAR) d (PHENIX Preliminary) i
0.2 -+ ¢ (STAR)
0115 :- I "L IJI- r ] | I'| £h
C $Tﬁﬁ Prallm.,vq{FPC}ﬁ{.‘P,,,ﬂ} : 17 ;E;Er"? [Eﬂ.{} 1 (b-\_ : y $ *
0.1F —s— {57200 GeV, Au+Au | Jeas= )
L ==fp== $NN.'$2 GeV, Au+Au 0.65— [ ! l + =
0.05F —e— \[5,,=200 GeV, Cu+Cuj m
r § —a— \[5,,=62 GeV, Cu+Cu -
C STAR Prelim., v,{ZDC}¢_ - i
i b l l 1
ryE T ﬂo 1 3

20 25 30 35

1/S dN _, /dy

KE,/n

PHENIX, PRL98 (2007) 162301
(and other particles)

4. ELLIPTIC FLOW (SCALINGS)

Voloshin & Pokskanzer, PLB 474 (2000) 27

82
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STAR, PRL 97 (2006) 152301

S S S T E s
& W2 Avsdn =r v grg ppHEMI Tl
(a)p'rt { -
e} A& =P % Sebim Ebjﬁ; o HwRecombination
Spectrum cartoon | !& @ dedinm 1 ==+ FriesiCoalesconceJet |
.. . { _

Coalescence

: e 0] "\\,.
Q@ € | iﬁ“ Wl | § e
u ot e | ‘QT

r T mEEnrET = REEE S

Fragmentatioﬂ\’ :I||'r|||||||||||||||||||||| |g|||||||||||||-||||||||||'

>F:F.‘E£IEB1E!1EI}"EaﬂlE=Ei1i.'l12
Baryon favored Transverse Momentum P, ({GeVic)

Not fragmentation! > The matter is partonic

Coalescence or (constituent scaling, coalescence...)
recombination
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UA DIKLCN
i

0n 'aY
o QUARK

Electrons from heavy

flavour's decay (D,B — e...

suffer (large) quenching
and flow! Was a surprise!

Thermalization?
What makes the charm
quench ?
Gluon density is to low!
Beauty contribution?
Elastic energy loss?

Not well understood yet
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PHENIX, PRC76 (2007) 034904

Note that R,,=1 for most of charm

LINLEN LJNLINL RN NI NN R N RN N (LN R

1) — —  Amesto et al, ()
) 1..;; [ van Hees et al. (I}

12 32xT) Moare &
G _ 12/(2nT} Teaney (N}
b=
asf
MEl_ T -4 ¥
MES aum@ﬁ-mm 11 ""!'"'"'*"ﬂ-m.i. E
u'- e B S M

'5:" (b) [ % R, 4 GV S

" 2V p > 2OV
® R, ¢ F

> The matter is tough...
@ LHC, more thermalization?




HISTORHIC

Année

2000

2001/02

2002/03

2003/04

2004/05

2006

2007
2008

lons
Au-Au
Au-Au
P-p
d-Au
P-P
Au-Au
Au-Au
P-pP
Cu-Cu
Cu-Cu
P-pP
Au-Au
d-Au

Sy
130 GeV
200 GeV
200 GeV
200 GeV
200 GeV
200 GeV

63 GeV
200 GeV
63 GeV
200 GeV
200 GeV
200 GeV
200 GeV

[1] PRC681(20049,.014901

[2] PRL92 (2004) 051802

[3] PRL96 (2006) 012304

Luminosité

1 bt
24 ubt?
0,15 pb!
2,74 nb?!
0,35 pb!
241 pb!
9 ubt
3.8 pb!
190 mb-?!
3 nb!
10,7 pb'?
813 ub?
80 nb 1

Statut (J/)
Central (elec.)

Central (elec.)
+ 1 muon arm

Central
+ 2 muon arms

Published
Preliminary
Published
(unlooked)
Published
Preliminary
Preliminary (v,)

QM 2009 ?

[4] PRLO8(2007) 232301

[5] PRL98 (2007) 232002

[6] PRL101 (2008) 122301

I/ (ee + pp)
0

13 + 0 [1]
46 + 66 [2]
360 + 1660 [3]
130 + 450 [3]
~ 1000 + 4500 [4]
~13
~ 1500 + 10000 [5]
~ 10 + 200
~ 1000 + 10000 [6]
> 2000 + 27000
> 3400 + 15000
~ 10000 + 40000

83



ENERGY DENSITY ESTIMATION

dN,,/dn/(0.5 N,)

—h

dE/dn/(0.5 N.)

-k
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Transverse energy @ y=0

'S
| |

w
T

w 8o

N

WA98: \[s = 17.2 GeV
CEHE?: SuN= B.?IGeV

PHENIX: \}s,,,= 200, 130 GeV

] e > 6 GeV/fm?3

(=]

2 [ |
100 200 300

200 Bjorken, PRD27 (1983) 140

Participants number 36



NnDrC NI CAD ANICIN INANIC
IVIURL NUULEAR IVIVUVIFIVAILIVIND...

2
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OPEN CHARM
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0.7 W min-bias 10 to 20 cc pairs
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A LINK TO STRING THEORY?  AvP38 (19991113
(>4500 citations)
Anti de Sitter/Conformal Field Theory correspondence
Strongly coupled N=4 Weakly coupled type |I1B
super Yang Mills theory string theory on AdS:xS>
Super QCD <:> Dual gravity
sSuper QGP Black hole

Can predict
some properties

(viscosity/entropy,
quenching ...)




