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INTRODUCTION

» The Big Bang:

“if we look back ...when temperature was above 10’2 °K (100 MeV), we
encounter theoretical problems of a difficulty beyond the range of modern
statistical mechanics.”

“However, the temptation to try is irresistible.”

S. Weinberg, Gravitation and Cosmology, 1972
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RHIC

2SC = High baryon density
Color superconductor
<ud(I=0,C=3)>#0
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* Alternating Gradient Synchrotron (AGS) at Brookhaven BNL

- variety of beams, since 80)'s

* CERN SPS fixed target experiments

- variety of beams, Pb-beams since 1994

- start in 2000, so far p+p, AutAu and d+Au

* Large Hadron Collider (LHC) at CERN
- start in 2007 with p+p, in 2008 with Pb+Pb

- total cross section gl =8 harn=10"" ¢

Ph+ Fh 27 —2 —1
LT 10 em™ " s

Max

. . 8000 collisions per second !
- maximal luminosity




What ? (@ LHC)

Ph+ Ph —4 2
Tt =8 barn=10""cm Leher

A

When ? How much data ?
after 15 min~10"s L pegraed = 11D~
aﬁer ]- mﬂﬂth ~ 10 ° Al realistic , reduced —1
(1 LHC Pb+Pb year) ~ Limegraea =10 =100pb
Limeiraea= 110"

after 2-3 LHC vyears

To =2007/8, most likely

2 =1

27 —
~10"cm 8

Data on what ?

* event multiplicity
* low-pt hadronic spectra
* particle ratios

* abundant high-pt processes
such as jets

* rare hadronic and leptonic
processes ...

p+Pb collisions




Relativistic Ions




Snapshots of the -
collision in the c.0.m.

before

_>L—

Wounded nucleons

10 GeV/A (SPS)
100 GeV/A (RHIC)

7 TeV/A (LHC)

Bjorken, Phys. Rev. D27, 140 (1983)

The energy of the surviving nuclear fragments
seen by the Zero Degree Calorimeter (e.g. in
NA50) gives a measure of the impact
parameter b

*
Ermizzion Function g % Emission Function
S(x% K) . S(x, K)

Which is which ?
How can we tell ?




(a)

(b)

L/y

L— nuclear absorption;

time

| =2R-b — absorption by the fireball;

(c)




Bjorken’s estimate of the energy density of the fireball

Nucleon number/unit area (increases with centrality)
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For central Pb-Pb collision, one has:

100 MeV = 1.8 GeV

Longitudinal dimension @SPS:

Ab=0) A _ Al/3 P — 10 g(b) for Pb-Pb

Sb=0) wR? 7} '
for impact parameter b: I
A(b) A(0)
TN o (p) L
so) P50
e = 1.8GeV / fin’ (Ifm) (1=4fmn) oo
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e=2.6GeV/ fin' (me) (1=12fn) "




Bjorken 198
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Hard jets
Heavy flavours

Bulk properties
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the energy density as a function of time in heavy ion collisions.




Four independent calibrations of Initial QGP density

e(1,)=100:, =15 GeV/fm’

1. Bjorken Backward extrapolation

E,IN.=0.5GeV, dN_/dy=1000,
7 =1p, =0.2fmle, V=(0.2fm)=R* =30 fm’
=g — 500 Gev/30 fm® =100,

2. Hydrudynémic initial condition needed for v,(p+)

Cuparo > 25 = 500 Gev/30 fm* =100<,  KiH

TS
HN
3. Jet Tomography: dN,/dy=1000
| | GLV
.;:_Jm:jaﬁl.x1005ﬂ ww
4. Gluon saturation p;<Q, predicted MB

dN_/dy = 1000 atQ,, =1 GeV aty=0 McV
EKRT




From Hadron to Hagedorn Gas




Resonance gas

N [ pE?
e(T) / dE—L N 2ED) o pag2sg

~ 9.2 . CE/RT _ | o = e (T)

Around T~ 150 MeV: not only pions!!
In spite of higher mass, higher resonances contribute to the energy density at

temperatures around 150 MeV because of increasing multiplicities
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Hagedorn’s J. Letessier and J. Rafelski, “Hadrons and Quark Gluon Plasma”,
thermodynamics Cambridge Monogr. Part. Phys. Nucl. Phys. Cosmol. 18 (2002).

The Exponential Hadron Mass Spectrum
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Interpretation of the Hagedorn temperature

N. Cabibbo and G. Parisi, Phys. Lett. 59B, 67 (1975) (and Erice ’75).
Critical behaviour is determined by the high masss part of the
spectrum, m>>T. Assuming p(m) < (m)'3 exp[m(B-P¢)]

anH _ 1/2 ﬁC=1/TH
Vo A(B=B.) +reg. reg.= terms regular at ¢
e (B-P, )"
P~ reg.

dP/de o<(B- Be)

Rather than a limiting temperature...a

second order phase transition!...to what??




Lattice QCD
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Finite Temperature Lattice QCD
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Gyulassy, Erice 2004
What is a QGP?

Theoretical limit of Hot QCD Matter

1975 QCD Asymptotic Freedom
Predict Deconfinement
redicts Chiral Symmetry
4/ '
Poco ~3Kaco T~ Biac.

oo~ Koo T 1B,
c? - dP/ds

Equation of State
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INITIAL QUANTA: COLOR GLASS

CONDENSATE




COLOR SATURATION

y | . 5
= 20 GeV" Low Energy

\ Q2300 GeV? .
Giluon

Density

5 b |
x( I{.\,U") i Cirows

Mcl.erran, hep-ph/0311028
“ .'.
Q _“ I|
* Transverse area of a parton ~ 1/Q? 1 |
- Cross section parton-probe : o ~ a/Q? .,_[;'
- Partons start to overlap when S,~N,o

* The parton density saturates
- Saturation scale : Q22 ~ a (Q¢2)N/mR 2 ~A13




| * I Parton production

We assume that the number of produced particles is :

d*N | N2 -1 1

- - ()’
d?bdn f AN, a, °°

<]

centrality dependence !

or {f}s'r

= r'r(}“(.r.
In|<1

¢ is the "parton liberation coefficient”;
XG(x, Qg?) ~ 1/ag(Qs?) ~ In(Qs?/Aqcen?)-
The multiplicative constant is fitted to data

(PHOBOQOS,130 GeV, charged multiplicity, Au-Au 6%
central ): c = 1.23 £ 0.20

dn




dN/dn vs Centrality at =0 D. Kharzeev. E. Levin, el
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Marzia Nard1 (Dic. 2004)

_dence / LHC
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J/W absorption at SPS




J/ abSOI‘ption at SPS L.M., F. Piccinini,A. Polosa, V. Riquer
Nucl. Phys A and hep-ph/0408150

Data from NASO: M.C. Abreu et al., Phys. Lett. B450, 456 (1999); M.C. Abreu et al.,

Phys. Lett. B477, 28 (2000). Latest analysis: http://na50.web.cern.ch/NA50/

We try to fit the data for | <5 fm with
a single temperature; 301
We find: 165 MeV< T<185 MeV
Quite consistent with hadronic
temperatures;

Do not fit data for | >5fm 20]
Is it conclusive??

|S-U (star) and Pb-Pb (box)

no geometrical effect

Not yet: @ *
If we go to higher centrality, the 10| i
energy density increases (nucleon # e S

per unit area increases) (£
T increases—absorption increases (fm)




Expected (Hadron/Hagedorn gas) over Measured vs. |

1.3~ j 1.3 : - !
1.2 T>190 MeV 1.2} J[ T>200 MeV
SRR T P BN A TT
0.7t b 0.7
0.65 5 3 : 5 10 0-8% 2 4 6 8 10
Observed /expected vs. |, Tg=175 and 185
1.2 l | exp./th. |
1.1 l% {
L + 1 %”

0.9 ]

0.8 % * + + % % | Observed /expected vs. |

0.7 Hagedom gas (T,=175 MeV) + To=175 + Hagedorn gas

0 7 1 6 8 10
I(fm)




Calibrating the absorption
lenght with energy density

2750 € Meviimd) -
2500

2250
2000
1750
1500
1250
1000

» We find: T(1=5)~168 MeV, ¢(I=5)~2 GeV/fm3
» We transform | in €, using the geometrical factor g(b):

1.2 exp./th. ]

1 _
0.9 + " < > ]

o T T
0.7 + +
- Hagedorn gas | | | | |

1000 1250 1500 1750 2000 2250 2500 2750 [WES{nE N PAK) GeV/fim3, 1=4-12 fm) and
g(MeV/fm?) with melting temperatures (see Lect. 1)

QGP
Energy density scale agrees with Bjorken

xc and ¥’ melt here (T=180, 190 MeV)!!




JET TOMOGRAPHY @ RHIC




Hadronization versus Thermalization of Jets

h in QGP

1n vacuum

o >
» Y h | >|
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e di v
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from U. Wiedemann, Quark matter 04




K. Filimonov: DNP 10.31.03 | Di-Hadron Tomography

High pt v2 and correlation : the test of jet quepching
? 1'5 ...............................
S centrality 20-80%
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2) DIRECTED AND ELLIPTIC FLOW OF CHARGED FIONS AND
FROTONS 1IN PH + FB COLLISIONS AT 40-A-GEY AND 158-A-GEVY.
) By NA4S Collaboration (C. Al et al). Mar 2003 35pp
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HADRON MULTIPLICITIES AT

FREEZE-OUT




from F. Becattini (Milano, Dec.04)

Analisi delle molteplicita’ in ioni pesanti

s

— 10 B
F.B., M. Gazdzicki, J. Sollfrank, Eur. F £ = ' 2
F.B..J. Cleymans, A. Keranen..... PhyS SpS Pb+Pb collisions 158A GeV I{E T
F.B.. M. Gazdzicki, A. Keranen, J. Ma £ 10 L e
& : K’
MOLTI £= w0

T=157.8£1.9 MeV
(15200 Mg 247 4477 MeV
Y. =0.543+0.033

J. Cleymans, H. Satz, P.
J. Rafelski, W. Broni |

Fit to full phase space

1:= :'ﬁ".l‘}f‘]' dof

multiplicities by NA49 , o2
'Nith T, L gEjf 15,{] Ve Mulaplicity (model)

7 o f L
Indication of rescattering? : 3 : ¥
A(1520)— pK- T =15.6 MeV £} "'t ¥ S

Phys. Rey. C 69 (2004) 024905




L2 at RHIC
N A using midrapidity
; ¢ 0 ratios
0.8 . 5 I W. Florkowski et al.,
? Acta Phys. Pol. 33, 761

1

04

02
D-...I...I...I...I...I...I...I...I...I...
0 2 4 6 8 10 12 14 16 18 20

V sy (GeV)
Phys. Rev. C 69 (2004) 024905




About Vg at SPS

There are few strange quarks in initial state,

normal hadron reactions do not “have time to equilibrate
strangeness, at SPS

hence the need of a “fudge factor” Vg

in deconfined phase, strange quarks equilibrate because of
small current mass, and strange hadrons form from
recombination: hence Vg =1

strangeness enhancement at SPS: 1s there a correlation of
Vg with centrality, 1.e. with J/W absorption?




PRL 94, 052301 (2003)

PHYSICAL REVIEW LETTERS
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FIG. 3. Experimental ratios of (K7), (K~ ), (¢), and (A) to
(7~ ) plotted as a function of system-size (W p+ p; @ C+C
and Si + Si; A S + S; W Pb + Pb). Statistical errors are shown
as error bars, systematic errors if available as rectangular boxes.
The curves are shown to guide the eye and represent a functional
form a — b - exp(—{Npan)/40). At (Npy) = 60 they rise to
about 80% of the difference of the ratios between N, =2

i FaTal

N A 49 C()Habgration System-5Size Dependence of Strangeness Production
in Nucleus-Nucleus Collisions at /5y, = 17.3 GeV

3arna,” J. Bartke,” L. Betev,'™” H. Biatkowska,'” A, Billmeier,” ¢
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s,a M. van Leeuwen,' E I_.évai," L. Litu::uv,'E B. Lungwitz,cj M. Ma
v,'ﬂ B.W. Mayes,“ . L. I*»f-![vf:]}s:un'lnzr‘i.-',ﬁ C. I'w![eure:r,gl A Mischke,? ]
illa,” A. D. 1'-";1rlagi:::t|::|u,2 D. Panayutov,m A. Petridis,” M. Pikna,’
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' P. Seyboth,"" F. Siklér,” B. Sitar,” E. Skrzypezak,™ G. Stefanek
. 5.:551{1;11,'1 T. A, Trainnr,'-" V. Truhnikov,m [ Varga,'1 M. Vassiliou,
A. Wetzler,” Z. Wiodarczyk,'” 1. K. Yoo,'® J. Zaranek,” and 1. Zir

(NA49 Collaboration)




Preliminary

Not to be quoted !!
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Hadrons at RHIC: Vg =1

% o A /2 DM xin KK Kix i KN 4 AN EM Qi | plp KK’ Kix pic Qi
1 = B x10 ; ; x30

E&! s * O § R =
: i

. % STAR L : *
= ) PHENIX . ;
= O PHOBOS S - : B
- A BRAHMS -f- : T
i \Fror=130 GeV 4 v \Bur20GeY

0t Model re-fil with all data -%- ¢ [ Viogel predicton for

E T=176MeV. u =41 MeV _iif_ E T=177MeV, p, = 20 MeV
C_

Braun-Munzinger et al_, PLE 518 (2001) 41 D. Magesiro (updated July 22, 2002)




CONCLUSIONS




@ SPS

e All indications are that deconfinement 1s seen @SPS

e strangeness enhancement and J/W suppression should be
correlated (YS. vs centrality?)

e SPS may offer the unique possibility to bring us precisely

at the onset of deconfinement....we may have to come
back!




@ RHIC

new phenomena, new probes:

* jet tomography

* collective motion

e b-quarkonia could be a useful probe
initial quanta: Color Glass Condensate?

a very dense, fluid phase is seen: 1s it QGP?

what 1s 1t a strongly interacting QGP?




Useful probes @ LHC
(considerations of a new comer)

* 1nitial state quanta:
 hard jets
e hard, heavy quarks (what about top?)
e /Z, W
e bulk properties of QGP:
* jet tomography
 collective motion, hydrodynamical flow..

e quarkonia not so useful: too many b’s around

big surprises are possible!




APPENDIX




Extrapolating to higher centrality

T indicates the temperature at | ~ 4fm;

30|

T=165-185 MeV

* \We use the energy density-temperature
el y=emp Resonance gas

relation of Ps+Vect meson gas;
« Marginal fit (but not too bad)

* However, T( 1~ 12 fm) =185-205 MeV,
* Are these T realistic for a hadron gas ?

nucl.

10




Absorption by a Hagedorn gas

30|
Assume:

Only pseudoscalar and vector mesons are
relevant to dissociate the J/y.

Extrapolate to increasing centrality with the 204
energy-temperature relation of the Hagedorn gas
THagedorn=177 MeV (consistent with spectrum,

freeze-out, lattice)
Initial temperature T =175 MeV

10]

T=175MeV
Hagedorn gas

nucl.

’
“i
ﬁi

6 8 10
I(fm)

The sharp rise of degrees of freedom near the Hagedorn temperature
makes so that T does not rise at all (b), the dissociation curve cannot become

harder, prediction falls short from explaining the drop observed by NASO.




Some comment

The curve shown represents the limiting absorption from a hadron gas,

anything harder is due to the dissociation of the J/w in the quark-gluon plasma
phase.

Some word of caution:

Dissociation by higher resonances has been neglected.

The decreasing couplings of the higher resonances may eventually resum up to
a significant effect, which would change the picture.

However, in all cases where this happens, like e.g. in deep inelastic lepton-
hadron scattering, the final result reproduces the result of free quarks and
gluons.

In our case, this would mean going over the Hagedorn temperature

into the quark and gluon gas, which is precisely what the fig. seems to tell us.

= Open the g- T~ ,
gbar lines of n ' q+J/IP%D+D+q

Dissociation by QGP??




Bold speculations...

A exp./th.

4 _
R Fr

-1 Hagedorn gas (T, =175 MeV) +

0 7 1 6 8 10
1(fm)

. THag~Tc~180 MeV

Observed /expected vs. |
To=175 + Hagedorn gas

~ 2/30(16+21/2n)
~16
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