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CHARMING CHARMONIA IN THE
QUARK GLUON PLASMA



THE PROGRAM

The quark gluon plasma
What is it ? Where to find it ? When ?
How to recognize it ?

Charming charmonia

Following a chronological timeline, how charm
quarks and “charmonia” mysteriously appeared,
disappeared, reappeared, as if by magic...

Other charms

Two golden signatures of the QGP and how charm
quarks surprisingly behave...



What ? Where ? When ? How ?

THE QUARK GLUON PLASMA




QUARKS, MESONS, BARYONS
Protons and neutrons are Echelleenm.:  © - gopeite enlo- i
made of quarks tlghtly 1y Ateme % 5 100,000,000
bound together by gluons § )
carriers of the strong WM nopay % T
Interaction

lﬂ'lﬁm proton Jd"' j 'l;ﬂﬂﬂ
6 quarks discovered £
g <10%m  auark u . lectiron <1
(up, charm, top) charge +2/3 g? (“?

(down, strange, beauty) -1/3

Allowed combinations: Q
Baryons = 3 quarks D
p (uud), n (udd), etc.
pion neutron  proton

Mesons = quark + antiquark
pion (ud), etc. (gluons not depicted)



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
chromodynamics (QCD)
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(Lattice) QCD predicts a
phase transition from
nuclear matter to a
Quark Gluon Plasma

(QGP)

Critical parameters:
T~ 160 MeV (2x102 K)
~20 000 x T,
e, ~1GeV/fm3

~ 5 X huclear density
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WHERE/WHEN CAN WE FIND THE QGP”

1. Early in the universe (t < 10 US) -‘
But little chance to leave relics g °

2. Core of a compact star
No smoking gun candidate so far

In the lab, colliding heavy ions
Freedom for the quarks...
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SPS: Super Proton
Synchrotron

@ CERN (Geneva)

Fixed target experiments

(WA9S8, CERES, NA44, NA49,
NA57, NA5O, NAGO...)

Various collisions p+p, p+A,
A+A up to Pb+Pb

Vs = 20 GeV

> Estimated energy density € = 3 GeV/fm* > ¢_
> In principle, QGP have been produced...
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EPISODE 3, THE PRESENT...

RHIC: Relativistic Heavy lon Collider | —%"
@ Brookhaven National Lab. (New-York)
First collisions in 2000 E
2 large (STAR & PHENIX)
+ experiments
Can collide anything from p+p (up to 500GeV)
to Au+Au (up to 200GeV per nucleon pairs)
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HOW TO FIND THE QGP?
A theorist predicts a Non zero impact parameter
QGP signature Some spectators
Experimentalists look at Number of participants N,
It versus A+A collision Number of elementary (n+n)
centrality — collisions N

Then compare to p+p

Then compare to p+A

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

i 2
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QGP hints seen at RHIC:

Total multiplicity
High p; suppression

Back to back jets
Elliptic flow

Baryon/meson ratio
J/W suppression

Thermal radiation

X X X X X X X X

But others ones were also
predicted!

“There was a general feeling
that if the quark-gluon
plasma was indeed
produced, it would manifest
itself in a variety of unknown
but dramatic ways,
including...

H. Satz @ Lattice 2000
hep-ph/0009099

i3
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Feadv for blasteff: a Brookhmen engineer puis fz’ns’sﬁﬁg
fouches to the fon collider

Big Bang machine could destroy
Earth

by Jonaifan Leake
Science Foiior

s NMUCLEAR accelerator designed to replicate the Big Bang is
Lnder investigation by intermational physicists because of fears
that it might cause "perturbations of the universe" that could
destroy the Earth. One theory even suggests that it could create
5 black hole.

But others ones were also
predicted!

“There was a general feeling
that if the quark-gluon
plasma was indeed
produced, it would manifest
itself in a variety of unknown
but dramatic ways,
including...

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

CHARMING CHARMONIA
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THE CHARM QUARK

4t quark to have been discovered (1974)

Was expected from weak interaction
“It appeared like a charm” around 1964
A partner to the strange quark  gjashow, lliopoulos, Maiani,
GIM mechanism (1970) PRD2 (1970) 1285

Strong theoretical need for a fourth quark

Lepton Neutrino Quark +2/3 | Quark -1/3

# Charm is summoned by theoretical magic

16
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p+tU — p'u- (@ 30 AGeV)

~3Ef

An excess above continuum T
around 3 GeV/c? ,{E LAy
No conclusion 5,
- =Rk
Poor resolution (~500 MeV/c?) %%
We now know this was 5 -
= e
Bound state of (cc) — pu 'y~ S 31
38k
n 3%

o
e
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#% Charm appears without being noticed...

CO T
My, . [Geva?]

vz Christenson et al, PRD8 (1973) 2016
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Augustin et al, PRL33 (1974) 1404

1974: ) & W DISCOVERY  fubertetal paisa 197a) 1406
|

Ting and Richter, Nobel prize 1976

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

“Experimental Observation of a Heavy
Particle J”

“Discovery of a Narrow Resonance in
e*e” Annihilations” — y
First particle containing charm

(cc) most stable bound state J/y
Other “charmonia” soon after: W’, X....

% Charm is seen simultaneously in two different places...

8o
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THE CHARM QUARK

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

“: . ” 1000000 -
it appeared like a charm 100000 | TGSD e

B HIgas maes
But interesting strong properties Tﬁ
Heavy (1.5 GeV/c?) more than a proton "

Its dynamics are in principle calculable -

Very few charm quarks produced (by cc pairs)

A few bound to form a “charmonia” (3.1 GeV/c?)
Fast formation ~10-2° s c
“Slow” leptonic decay ~10 21 s (C)

Excellent QGP (=10-23 s) probe
A 19
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J Matsui & Satz, PLB178 (1986) 416
1986— J/LP LN- QQ—P (Another Bielefeld paper, 1060 citations)
J/w should melt in the QGP, just above T,

Due to screening of the cc interaction
“Unambiguous signature of quark gluon plasma”

quark=gluon plasma
2000 billion degrees

.

Central collislons: gk 4 "Sic
In case of quark-gluon plasma formation: : @ id. | C
- sereening of the ¢-€ color interaction ~ 0 mesons

In presenca of other quarks :

- no J/% produced 5 no J/'¥ meson

% The magical potion should make charmonia disappear... 20




III

FJ/W

Creation of cc (always in pairs)
Separated by QGP
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ANON NN, AST 1

LI900-9<Z: 17" )
Quickly, NA38 saw
J/W suppression

normalized to the
U U~ continuum

in S+U versus p+U
collisions

But this was an g5k 8 P=Cu @ "0-U .
il ~I'e P-u o ¥s-u87
illusion K "o-Cu A TS-U90
g & 5 ] P 1 1 i | L X y 5
not due to QGP ! Gﬂ 1 2 3

Nuclear absorption g (GeV/fm?)

#% Charmonia disappear by (nuclear) dark magic A
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@SPS, nuclei take 5x10-2* s to cross (1.6 fm/c)
cc (formation time = 10725 s)
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They can separate

5% - 239
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J/w / Drell-Yan
DY = qg — gamma — Uy 4¢ 1
Unaffected by QGP

As a function of L 30
Nuclear thickness
Related to centrality ).

In p+A, S+U collisions:

eXp('oabs Po L)
Normal nuclear absorption

In central Pb+Pb: &
Anomalous suppression g

NA50, EPJ C39 (2005) 335
& Scomparin’s QMOG6 talk

v NAR1, pp.pd, 480 Ge¥
O NASD peA 450 GeV LI :> 2
4 NASO p-A 450 GeV HI r
4 NASO p-b, 400 GeV HI
o NA38, 8l 200 GeV L l

NARD, Pb-Fh. 168 GeV

NASD, In-In, 168 GeV
o NASQ, p-A. 1808 GeV

Likely to be due to QGP!

% Charmonia finally vanish in the plasma!

0 2 4 6 g 10
L{fm}

24



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

First collisions at RHIC

IhnA A annn ~fF+Ar
veadlil SVUUIIT dl Ll

J/W was expected to
melt further...

New State of Matter created
at CERN

At a special seminar on 10 February, spokespersons from the experiments on CERN 's
Heavy lon programme presented compelling evidence for the existence of a new state of
matter In which guarks, instead of being bound up into more complex particles such as
protons and neatrons, ave liberated to roam freely.

Theory predicts that this state must have existed at about 10 microseconds after the Big
Bang, before the formation of matter as we know it today, but until now it had not been
confirmed experimentally. Qur understanding of how the universe was created, which was
previously unverified theory for any point in time before the formation of ordinary atomic
nuclei, about three minutes after the Big Bang, has with these results now been
experimentally tested back to a point only a few microseconds after the Big Bang.

245
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J/W @ RHIC, WHAT REFERENCE?

No Drell-Yan to refer to

i dNAuAu
We define a nuclear R =
et s AA

modification factor Ry, dNPP x <Ngq>

J/w normalized by the

number of elementary =

collisions N, 5 08 ® centrality binned

'y g o7 B min-blas
Limited open charm ~ § o T || B preoRamEy
(Dmesons = uc...) £ 05 '
Rt SEEES TEE

results: g E’: ¢

Ly

~ 25% uncertainty T
Do scale with N, o 1|
0

0.1 PHENIX, PRL 94 (2005) 082301

0.26
0.2
.16
.1

0.06

—200 @00 600 800 4
Same initial state a J/y

% Charm quarks have reached immortality

—120b
Neon

26
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J/W @ RHIC AND @ SPS

Unexpectedly o I Nuclear medification factor
similar pattern O PHENIX, Au+Au, |¥[+9.35, 2 12% sysi
&  NABD, Pb+Ph, Dey<1. £ 11% syst.
ItV i r & NAGD, In+In, E=y<1, = 11% syst

Epergy density is ol _1‘ S e Y 5 L

higher @ RHIC

Different normal ”:_

suppression TH * @H

0.4 H’

This brings the idea g2
of sequential

L]

I ||||||||||||||I|||||||||I||||I||||I||||
melting... % 56 100 130 200 250 300 350 400

Npars
% RHIC alchemists change Pb in Au but do not melt more charmonia 57
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11

Some J/p come from excited i SPS RHIC
cc states: E ! Mg et
W 5 J/W o+ .. & @
X, — J/W + photon “é
Ratio not known better than 10% & 231 11F) 13
J/W~0.7J/W+02W +0.1X, : It
ReaEl RilPh L5
They melt at different Encrey Damity
temperatures |
Theoretically not under control, Anomalpus 59ppr933'0”3
but some says: compatible with 0.7 @SPS
TU/w)=2T, Direct J/w could survive
TW) =T~ 1 T, both @SPS and @RHIC

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

28
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MORE OR LESS J/ ¥ & iy
&

Higher suppression Nuclear medification factor

e 1
@ forward rapidity iﬂ ® PHENIX, AutAu, Iy(s[1.2,2.2],% 7% syst.
. [ B PHENIX, Cu+Gu. I¥is(1.4,2.2], 1 16% ayat
While the energy 0.3' ]“ O PHENIX, Aut+Au, |¥|<0.38,  12% syst
density should be iy
lower there... MZ,H § i H E

Density-induced

enhancement 0.4

mechanism ?

EEEE]

~ PHENIX, PRL98 (2007) 232301 @
- Prelim. CuCu nucl-ex/0510051

%linl‘.niﬁiilillnilniiiiii||IIII|IIII

¢ 100 190 200 230 300 330 4400

Npers
3% Charmonia may be reappearing by enchantment 9

0.2
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IFC IVDEA VUrr REUUNIDINAITIUN
A recombination prediction

1
A lot of cc pairs (among many others)

(10 to 20 in central A PHENIX 200 GeV Iy
collisions @ RHIC) o rpomge B AuAule09E
i1 = = Rapp direcd (y=0) m Aufu i.2<[yl<2.2
Uncorrelated cc could [ g T, o kit
meet at freeze-out and ° T e e
form new charmonia R,, T \E
. 8 ©
Enhanced production  esf- m T —2 R 2
L 1112 [’f,]F ﬂﬂﬂﬂﬂﬂ 1% Rty el | el
NJ/w) o (cc)? 2, IT 2513 §
Suppression vs. oolt’ ot it -~
] 100 200 300 400
enhancement Noo

Grandchamp, Rapp, Brown
PRL 92,(2004) 212301

A good idea, but predictions not enough constrained... 3o



Uncorrelated cc could

meet in QGP

/Y

J

Sorry,
powerpoint

Bil

(gluons and secondaries not depicted)

animated...



Not well measured
Very low p+A statistics

T
ola i
H -
i »

[ | PHERIX, mucl-ex/0811020, Auedu Wsll.2.2.2]
—— RQdC, cold matter Slauber model, y=1.7
R. Vgt nuekinOB0T027 (v=2, =3 mB)

R. Vogt, nuekiniOB0T027 (v=2, o =1 mb}

""""""""""""""""""" R. Vogt, nucl-th/0507027 -
RGdC, JPG34 (2007) S955

CHE 1y

n.ﬂ_zu ............... N .l
0.4 g
: B g
B2 i
- +30% relative systematics
1 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
% 50 100 180 200 250 3200 350 400
Nt

0.8

0.4

0.2

MNMLIIN

N @ RHIC ?

Large uncertainty once
extrapolated to A+A

- PHENIX, nueh-a</0811020, AutAu [¥|<0.55
—— RGAC, cold matier Glauber madsl, y=0
R. Vogt, nuc-haS07027 (y=0, @, =3 mb}
R. Vogt, nucH-h/0307027 (y=0, @, =1 mb}

.................. Ll

<

@0 relative system@
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% 30 160 130 200 250 360 330 4600

Neart

B2

Normal

Anomalous



A LAST J/W PICTURE
_ T J/y survival probability in QGP
.J/LIJ in A+A divided by . NAEG, I7In, reasred  abecibed
. ™ v M.b?hi#pfum‘
normal suppression A S PHEND Auhu /GG CNM, y=1.7
i} - ® FHEMNIX &udu ¢ RGAC CNM, y=0
extrapolations (poorly . ﬂ% SEREAR AR
known @ RHIC) | i
0.8 .
Need better constraint [ 1'} {
on normal suppression 0.6

Could account for

'
| ‘Ei e

0.4F
rapidity dependence ? N i | |
02-_ iééf g:olga: systema:!cs E e
““L  £35% global systematics =< 70
However J/LIJ do melt [ “30% global systematics |
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
anomalously... O 5g o0 i50 200 250" 400 450" 4n0
In particular direct J/y RGAC, JPG34 (2007) S955
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ANOMALOUS CONCLUSION

J/w melt anomalously @ SPS and RHIC

Not understood @ RHIC

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

Large uncertainties, but new measurements are
expected!

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

% Charmonia have charming unexpected behaviours 34




Charm quarks and the golden signatures




GOLDEN SIGNATURES @ RHIC

Two striking features of RHIC data (at least)
“Jet quenching ”
“Elliptic flow”

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

How heavier (charm) particles behave?

86



1. JET QUENCHING

RHIC smoking
gun signature !

Two PRL covers
Energy loss in the
matter, looking at
high p; (>2GeV)

Mostly from jet
fragmentation

“Jet quenching”

P-P

hadrons leading
Tf particle
7!

? X hadrons
leading

particle

REVIEW
LLETTERS

..........
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Au-Au (80-92%) d+Au (60-88%)

22— 22—
2 7 AusAu 80-92% [ BT H bR :
E - Eicharged hadrons J m - Echarged hadrons d
- ®peutial plons - - ®peutral plons -
15 7 i J I 1
| MM HE
o : :
0.5 | | g -
u g ot iy F by e S RN E 8 G g g [ iy U u g p g UF iy B B BN 8 0 0 00 5 W 0] W i W
1 2 4 6 8 10 0 2 4 6 8 10
p; (GeV/c) p; (GeV/c)

MOST PERIPHERAL COLLISIONS...

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



Au-Au (50-60%)

& ar— T Tr T T T T T T
o - Caali g ad
A Oneuﬁdplonﬁqm !
1.5 il
: +F7Y # :
0.5 _‘J * * ~
n'...l...l...|...|...'
0 2 4 6 8 10
p; (GeV/c)

d+Au (40-60%)

---------------

L drAu 40-60%
. Bcha hadrans
- ®peutral plons

bl

oz 4 s 8 m
p; (GeV/c)

LESS PERIPHERAL COLLISIONS...

(slightly old, but pedagogical, data)

PHENIX, PRL 91 (2003) 072303



Au-Au (20-30%) d+Au (20-40%)

g 2 FFFVEFTyEr SR ] % 2 T T TIR LT E A )
3 &u# r‘-w 20-30% - = dvAu 20-40% 4

' 4 i Oneutra[ plcaﬁdsrms i i 1'5 i :ﬁ:ﬂﬁdmgﬁw + 1
r5' — — —

| ! b ;* * l i 1

| ' AT K

Y i it ;
4 :Jﬁi‘.ﬂ!t{* +i+ + y L'i5: 1
Gu"'z"';"';"'&"'“} uﬂrllzi.ldalllﬁ".&“lﬂi

p; (GeV/c) P, (GeV/c)

MORE CENTRAL COLLISIONS...

(slightly old, but pedagogical, data) PHENIX, PRL 91 (2003) 072303 b
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0.5

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 "
:mm-,a.ﬂ Hr++
FrIrTiIN NN ' rexa i RY
o 2 4 6 8 10

p; (GeV/c)

(slightly old, but pedagogical, data)

1.5

d+Au (0-20%)

05|

I N Tifsh L =sa b »"ais &

L drAu 0-20% +
L lcharged hadrons

- ®peutral pions l +

;r;{fﬂ{if.h.idw |

« Cronin effect »
Multiple scattering
of initial partons

2 4

PHENIX, PRL 91 (2003) 072303
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PHENIX, PRL 91 (2003) 18
Huovinen & al, PLB 503 (20

\

)

Pressure gradient

V, = <CO0S 2¢>

y 4 By (GeVie)
~0 o i )
i AJWL* Strong collective behavior
o'
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IMrHAI LINZJIMNIMYYANMNNVV/AIARNAINAC
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|deal hydrodynamics... ... reproduces fairly well
QGP EoS, 1. Single hadron p; spectra
Early thermalization (mass dependence)
(0.6 fm/c) <B;>~ 0.6
High density 2. Elliptic flow
(~30 GeV/fm?3) PQG is not the foreseen
Little need for viscosity! ideal partonic gas!

Quarks are strongly interacting (“sQGP”)

In a liquid like manner (“perfect fluid”)

43
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QUARKS ?
Electrons from heavy
flavour's decay (mostly

charm, but some beauty)

Most of charm (low p;)
scale with N, but high
p; are suppressed
As much as light particles
Charm quark also have
large elliptic flow
Thermalization?
Two suprises !
Not well understood yet

PHENIX, PRL98, (2007) 172301

DB—oe+ ...

(i, T |

= &)  ©10% central

rrrrprrt LI LD LT L DL L L L

— e Armesto ot al. {[§
van Hees st al. (I}

(2nT} Moore &
12/2xT) Teaney (I}

EEEREEED

LY %
|
R

]2 R By » 4 GeVi| S
= 2P, »2QeVic |
® ¢ R,.¢f

-

3% Charm quarks have charming collective behaviours



CONCLUSIONS

The quark gluon plasma is surprising

Unambiguous signhatures become ambiguous
J/W suppression

Others become golden signature
Jet quenching

This, is the charm of this field...

45
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EPISODE 4.
1. Back to CERN, always
higher in energy

(i.e. temperature)

Large Hadron Collider :
Pb+Pb @ Vs =5.5 TeV
First collisions (p+p) in 20087

Recombined J/yp could raise
with central Ity” F L Nuclearmodification pefor

Golden sigh —
(empirical line) *E %
p4 %é

'-IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII IIIIII
qi 50100 130 200 250 300 350 400

> 200k m
ﬂJ 2 1 1 o~
s < Quarks and Giuons
- 2 Critical pmn!e?
A
2 M &‘Uf;’?
o
@ o0} l 2 Hadrons ’
E fal
y L .
& B (3{1
J / Neutron stars conductﬂr?
0 ,T H’ |
Nuclei Net Baryon Density |

2. @ GSI, FAIR gets

highar harvAan
| ||8| ICTCI di yUl |

densities

~ 10 times nuclear
Critical point?
Collision by 20157
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- Existing Facility
— New Facility

47
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© THE ORIGIN OF (MY) MASS...

~ 98% from QCD + 02% from Higgs !

1000000 -

100800 OIS0 mass
lI-I!]I-m&ﬁE
10000
1000 —
100 -
10
1 . T T T T T 1
a @ b f

u d

~ 98% poorly understood + 02% not yet seen...
We are mostly made of confinement...
Thus, let’s look at deconfinement...
(ok, this is only ~5% of the universe ®) bR
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"TATAILI RALIL "IN IANAI'T'\Y /A A\
IVIAL VIULIIFLIVILY (AN
dNgy/dN | 1o~ 670 [
J N o
(6000 particles total) o
R ™
Less than expected! A S
1000 from p+p fragmentation :_ g
Low X gluon start to overlap, \T( T

recombine, saturate...
(even more at forward rapidity) : ﬂ
“Color Glass Condensate”

dE;/dn| -, related

to energy density
The (initial) matter saturates £> 6 GeV/fm3>¢g_!
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HOW TO ESTIMATE ENERGY DENSITY ?
. ~ Transverse energy @ y=0

&
z =
E— 4
=7/ A
=3
Eﬁ 3_
z .
1
o
=¥
N
g: 3
=
2 2
I-'IgJ by PHENIX: \[Syup= 200, 130 GeV
1 WASS: \[S = 17.2 Qe¥ c > 6 GeV/fm3
- CERESI\ByaBTGeV
% 100 200 300 400 Bjorken, PRD27 (1983) 140

Participants number 51



DRELL-YAN NCOLL SCALING

L]
T

KﬁFQG-RTLO' Oy m 1,63 = (.04

{S{D\”jmpi’@(ﬂ\fj‘m
)
&
I

=
L

1 -
& NAR(, p-& 400 GeV [23]
0.5 — * NA3SSU200 GeV
B NAF(, Ph-Pbh 158 GeV
0 D w1l
2 3 q 5
1 10 10 10 12 10

[n‘-;-je-etﬂe‘%‘tm‘get



/100 \J 11 (\ W |

I roclic ANCLC
J/ Y VENOUO IVIVULLY...
m

Recombination...
12 —— R.Rapp : y=0
o C —— Thews : y=0
LSS LA L L L L) — Nu Xu : y=0 N
A —— Bratkovskaya : y=0
0.8 I3 —— Andronic : y=0
0.6
n.4:—
"2 _@— Au+Au ! |y|<0.35 ¢
n-llIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
0 50 100 150 200 250 300 350 400

Number of Participants

R. Rapp et al.PRL 92, 212301 (2004)

R. Thews et al, Eur. Phys. J C43, 97 (2005)
Yan, Zhuang, Xu, nucl-th/0608010
Bratkovskaya et al., PRC 69, 054903 (2004)
A. Andronic et al., nucl-th/0611023

R. Rapp & al., nucl-th/0608033

Yan, Zhuang, Xu, nucl-th/0608010

0.4

Cabella & Ferreiro,
hep-ph/0610313 g sm4oo o™ ime

IIIIIIIII

@ Au+AU ; [¥|=0.35 ]

e Cigciation (Rag &t al} ¥=0

' ; ----- Dizeociation (¥ et al)v=0

(1] 100 150 200 250 200 250 400
Humber of Filhlpmlx

—8— Au+hu : 1.2<[y|=2.2

—— Comaver e, = 0mb : y=0

} —— Comaver i, =0mb . y=2

Mumber of Participants
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-
@)
90
HIGH P; SUPPRESSION 2o i
AN O —~
PHENIX Aut+Au (central cellisions): 8\ § §
1 m Dirscty N 8 -
4 10 oy f :fPrsllmlnry 8/ 8 %
- GLV parton energy loss (dN*/dy = 1100} g % ey
L] 57
7 T b Blind photons! - a2
i 'H' j' .......................................................... S E&
1 Ej. ..... }.&.}{"u *" F+-*.i+"+.“+"“"+-"----#- ------------------------------- Dco- = %
E Z&gz& 2
i éi%%%%&ﬁ&%#ﬁ&ééééé 1&2} % % \
107 %‘% ﬁ}
EI 11 I | . I .. I i & . | 1 &1 @l | 18 1| | I g | I .. | L 3 B | | Bl &l pT(GeV)
0 2 4 6 8 10 12 14 16 18 20

The matter is dense ! >1000 gluons per Ay
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BACK TO BACHK JETS

Quite difficult in Aut+Au central collisions @ 2

0]0)

GeV

9



Peripheral collisions (60-80%) Central collisions (0-5%)

' jﬁ@n Samejet STAR 200 GeV |A 1 [<14 — i ‘{i{r““ STAR 200 GaV |A 1 [<14
i o 60-80% AusAu s40A1 « Centirel 0-B% AutAu
—flow: v2 u 24.4% ﬂ. —flow; v2 = 7.4%
02 —— pp datu + flow 2 —— pp data + flow
pd
o
&
0.4
_ : J
o= Opposite jet ]
-|a||||-|z||||-|1|||||||||1||||2|||s|
A ¢ (radians)
Take a “trigger” particle (p;>4GeV) and In central collision, opposite jets
look at the others (p;>2GeV) azimuth disappear because of jet quenching

BACK TO BACK JETS
ANOTHER LOOK TO JET QUENCHING...
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As always, it is very
important to check for
d+Au

PHYSICAL
REVIEW
LLETTERS

Articles published week ending
15 AUGUST 2003

PHOBOS
A ey ;l P
2 i 1i

emﬂiﬂ: |’n=".u i

&5} 20-

STAR, PRL 91 (2003) 072304

) L] 1 1 1 1 L) 1 ] 1 L) L] ] | 1 L) L] L) I 1 L] 1
» d+Au FTPC-Au 0-20%

A

0.2

k- — P+p min. bias

* Au+Au Central

0.1

A ¢ (radians)

The matter is opaque!

b
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THERMAL RADIATION

£ . g Dir oL pHOtots| Aur Ml — o8 o Jogye dU0 eV
o D £ 10 @  EHENK T [0-10% oentral]
M @ = ‘}3 ®  FHEN Y [0-20% oentral
SEs i 1 —— = gk PrOmpt + Mysro [DaE-Reresecu ]
™ é D) — s FTQINDE Y NLEY PR | TR
N =i 5 YO /1111111 L dadadsd D Enteirio D Ferseoountio, T, = 590 ks T.m0, 15 e
o Ol B_ nE % Fasansn ot o T, w B0 1sv, .m0, 1T fic
S ol - | NN DK Brivasi, T, m 490-000 Me'. 1,n0.29 e
O ol bt 4 =4 LA 9t al, T, =400 ke, 1, =020 fm'e
N S = 10 RN &.Turkie ot al, T, w 370 HeY, 7 m0.38 fir/a
s :
g g = % 1 'EI"E ™ "'ﬁ‘.::‘_-.,
%)) e

= =3 |
D_:I (@) > 1 {}-E- g !
o = o o o

ol =
- 1004
= =i _
W £ 10

=
o 10 g

1ﬂ-&rﬁlllllllllllllllllllIlllllllllllllllllllllllllllll

1 1% 2 2% 3 35 4 4% & &5
pTcmwm}

Photon spectrum is fairly reproduced by:
@ high p; prompt photon (pQCD)

@ |low p; thermal photons (T~400 - 600 MeV >> 1) 58



