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Lattice Gauge Theory and

Heavy lon Collisions

Quark gluon plasma

— exploring the properties of hot and dense matter
— testing QCD in extreme conditions

What are the properties of this C”t'cal behavior

new form of matter?

(equation of state,
screening)

in dense matter
What are the critical parameter D
of the transition to the QGP? ense hadron gas
What happens to resonances
(Te(p). €c)

in a dense hadronic gas?

(ma (T, 1), T(T, 1))
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Lattice Gauge Theory and
Heavy lon Collisions

— exploring the properties of hot and dense matter

— testing QCD in extreme conditions
Quark gluon plasma

What are the properties of this Cr.'t'cal behavior

new form of matter? in dense matter

(equation of state, What are the critical parameter D

screening) of the transition to the QGP? ense hadron gas

What happens to resonances
(Te(p). €c) : e
in a dense hadronic gas?

Outline: (mp (T, ). T(T, 1))

® results from and limitations of
current lattice calculations:
T., E0S, phase diagram,
fluctuations, dilepton rates, quarkonium
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PHYSICAL REVIEW D VOLUME 8, NUMBER 12

Highly Excited Nuclear Matter®

1§ DECEMBER 1973

G. F. Chapline, M. H. Johnson, E. Teller, and M. S. Weiss
Lawvence Livermore Labovatory, University of Califovnia, Liveyrmore, California 94550

{Received 4 September 1573)

It is suggested that very hot and dense nuclear matier may be formed in a transient state
in “head-on” collislons of very energetic heavy ions with medium and heavy nuclei, A study
of the particles emitted in these collisions should give clues as to the nature of dense hot
nuclear matter. Some simple models regarding the effects of meson and N#* production on

the properties of dense hot nuclear matter are discussed.,

What will be the effect of higher resonances?
Models of the strong interactions based on the
“bootstrap” idea lead to a density of states that
inereases exponentially with mass. This results
from the fact that each new resonant state can
combine with particles of lower or equal mass to
make more resonant states.® In particular, the
statistical bootstrap model leads to a density of
states of the form®™

N(m)=Cm %™ % (3)

where £, the “maximum temperature” of hadron
matter, is about 174 MeV as determined from
high-energy scattering experiments.® The param-
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It is suggested that very hot and dense nuclear matter may be formed in a transient state

in "head-on” collisions of very energetic heavy ions with medium and heavy nuclei. A study

of the particles emitted in these collisions should give clues as to the nature of dense hot
nuclear matter. Some simple models regarding the effects of meson and N#* production on
the properties of dense hot nuclear matter are discussed.,

What will be the effect of higher resonances?
Models of the strong interactions based on the
“bootstrap” idea lead to a density of states that
increases exponentially with mass. This results
from the fact that each new resonant state can
combine with particles of lower or equal mass to
make more resonant states.® In particular, the
statistical bootstrap model leads to a density of
states of the form*

Nim)=Cm %™ % (3)

where £, the “maximum temperature” of hadron
matter, is about 174 MeV as determined from

high-energy scattering experiments.” The param-

resonarce gas

T. ~ 174 MeV ()
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Towards A New State of Matter

Temperature

Where lattice calculations do/will
120 MeV contribute to the

\/ development of

theoretical concepts

and the
170 MeV .

analysis of

experimental observables
190 MeV

230 MeV.
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Where lattice calculations do/will
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Where lattice calculations do/will
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and the

analysis of
experimental observables

In — medium
hadron properties

heavy quark potential, screening;
charmonium spectroscopy;
light quark bound states;

thermal dilepton rates
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Critical behavior in hot and dense
matter: QCD phase diagram

Crossover vs.
phase transition

A
T quark-g|uon deconfined,
plasma v -symmetric

~170 L _
MeV Tt~

hadron gas

confined,

x-SB

color
superconductor

R ;

W, few times nuclear |l
matter density
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Critical behavior in hot and dense
matter: QCD phase diagram

continuous transition for
small chemical potential
and small quark masses at

A
T quark-gluon deconfined, T.~ 170 MeV ;
plasma X-symmetric € ~ 0.7 GBV/fm
~170 L)Y
MeV| ~--._ 2nd order phase transition;
TN chiral critical  'Sing universality class

——

point Tc(,u) under investigation

hadron gas

1st order phase

confined,
transition ???
color

x-SB
.\ superconductor  expected - however, so far no

direct evidence from lattice QCD
Ho frﬁ‘;\’ttté:'ncelznr;l:t(: lear R\ attractive 1-gluon exchange
y => (g-condensates
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Particle ratios and
freeze out conditions

Ratios

bl MA T/E Q/Q n/nt KKK /m p/im Koh o/h” A/h Z/hQ/n*10 * plp KK K/ p/n/h™50
' E S T - &
A 46 = ; fas 22
\ % STAR = : >
v E PHENIX : -
= O PHOBOS - —— : ]
— A BRAHMS —%:— ‘ : oK
B \[S=130 GeV s \[S;=200 GeV
» Model re-fit with all data 1%‘_ i[ Model prediction for
10 T=176 MeV, p_=41MeV e (| T=177MeV, p, =29 MeV
L — + 1

describes observed particle ratios and
freeze out conditions

P. Braun-Munzinger, D. Magestro, K. Redlich,
J. Stachel, Phys. Lett. B518 (2001) 41
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Particle ratios and
freeze out conditions

- Is the freeze out temperature the critical

T, [MeV] ]
200 L RHIC 1 temperature of the QCD transition?
' SPS
o & 1 )
[ % s ' - Which role do resonances play for the
- 5%, AGS :
% occurence of the transition to the QGP?
100 - -
' &\ SIS | - ... and what about deconfinement and
: % chiral symmetry restoration?
<E>/<N>=1 GeV
00 oz o4 o6  os In Z(T, V, ne, ) —

pp [GeV]

resonance gas 2 Z(T, V. 5 )

(4

describes observed particle ratios and
freeze out conditions

SRHIC, Mumbai, Dec. 2005, F. Karsch — p.6/38



The QCD (phase) transition

280 C T T T
T [MeV] e
260 r 7
@
240 + e
220 t
200 f n=2, p4 —m—
, n=3, p4 —e—
e =2, std
180 | | - n=2, std —=—
160 | Mps [MeV] -
0 500 1000 1500 2000 2500 3000 3500

QCD transition in a world with

heavy pions: m, ~ 770 MeV
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The QCD (phase) transition
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The QCD (phase) transition
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Critical temperature, equation of state
and the resonance gas

280

260 -

240 |

220 |

200

180

160 -

S o I
’ ? I O nf=2! p —— -
k ' I nf: 3 Std —— -
s =

What triggers the transition
to the QCD plasma phase?

e chiral symmetry apparently not
needed for transition to the
QGP to occur

e strictly confining potential not
needed for transition to the
QGP to occur
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Critical temperature, equation of state

and the

resonance gas
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not control the transition
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rising energy spectrum for
string fluctuations:

T. N\/ 3
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—> resonance gas
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Critical temperature, equation of state
and the resonance gas

280 C T T T
T, [MeV] e
260 + 7
e
[
240 +
220 r ’ ,~ .
°
=

200 B g nf=2! p4 — i

@_?" n=3, p4 —e—

e =2, std
180 | @1 A .
160 | Mps [MeV] -

0 560 1060 1560 2060 2560 3000 3500
ng=2: e ~(6+2)Ts

~ (0.3 — 1.3) GeV/fm?3
€. ~ (0.5 —1) T
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nf:O:

change in e./T* compensated by shift in T
transition sets in at similar energy densities
= percolation

<= understood in terms of an exponentially
rising energy spectrum for
string fluctuations:

3
(d—2)w

—> resonance gas

T.

\/EZ

energy density for 0, 2 and 3-flavor QCD

16

14
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o N B~ OO ©

| e/T4

100

RHIC eee/TH —*
¥ LHC|
3 flavor i
SPS 2 flavor
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ﬁ T [MeV] |
200 300 400

00 600
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Critical temperature, equation of state
and the resonance gas

280

T, [MeV] . ] <= understood in terms of an exponentially
=07 . 1 rising energy spectrum for
240 | : )2 | string fluctuations:
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Critical temperature, equation of state
and the resonance gas

280

T, [MeV] . ] <= understood in terms of an exponentially
=07 . 1 rising energy spectrum for
240 | : )2 | string fluctuations:
L |
220 . Tc 3
200 | | 4 n=2,p4 —m— - Vo = (d—2)m
@# ” nf=3, p4 e
180 ﬁ n=2,std —5— |
=> resonance gas
160 | Mpg [MeV] -
0 500 1000 1500 2000 2500 3000 3500 energy density for 0, 2 and 3-flavor QCD
er RHIC eeg/ T+ —1
14 e/T §
12 t ]
10 - 1
LHC
8 I 3 flavor ,
the 20 lightest hadrons contribute 6l SPS 2 flavor
. 0 flavor
only 50% of the total energy density 4| 1
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O 1 1 1 1
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Critical temperature, equation of state
and the resonance gas

Hagedorn spectrum : p(mpyg) ~ ¢ m%, e™#/TH

In Z(T, i) = [ dmgs p(msn) 10 Zony (T i)

O f — Z ~ 1000 exp. known resonance d.o.f.
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Critical temperature, equation of state

and the resonance gas

14.0

12.0

10.0 |

8.0 1

6.0 |

40 r

20

Hagedorn spectrum : p(mpyg) ~ ¢ m%, e™#/TH

In Z(T, i) = [ dmgs p(msn) 10 Zony (T i)

et

00 | —

T/T

0.5

1.0

1.5

2.0

25

3.0

3.5

resonance gas:

~ 1000 exp. known resonance d.o.f.
VS.

lattice calculation:

(2+1)-flavor QCD, mq /T = 0.4

resonances give large contribution at T
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Critical temperature, equation of state
and the resonance gas

Hagedorn spectrum : p(mpyg) ~ ¢ m%, e™#/TH

In Z(T, i) = [ dmgs p(msn) 10 Zony (T i)

0.85 .
0go LT /612 resonance gas:

. - " C

0.75 t ~ 1000 exp. known resonance d.o.f.
0.70 B VS.

0.65 t

lattice calculation:
(2+1)-flavor QCD, mq /T = 0.4

0.60 r
0.55 r
0.50
0.45
0.40 ¢
0.35

resonances give large contribution at T

and explain quark mass dependence of T,
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Critical temperature, equation of state
and the resonance gas

Hagedorn spectrum : p(mpyg) ~ ¢ m%, e™#/TH

In Z(T, i) = [ dmgs p(msn) 10 Zony (T i)

i

1/2 a(1232) +7.0 |
m, /O /
h // N(938) +6.0 | h
20| 7 adron | m, ~ 0 Mg — 00
I e
o ] :
Preid . pion My ~ /My My ~ 2My
16 //. - z*(1385)+5.5 7
r 7 A(C1115) +5.0 A
o e . rho m, ~ 770 MeV + c,m, | m, ~ 2m,
12'_ g’qf{.l /// o P(770) +3.5
- ,.-"/ T T : ...higher meson resonances...
L Q\AAA /,rt/ﬁ( - E¥(1535)+0.5 1 4 M V 3
N P =T =asie) - nucleon | my ~ 940 MeV + cymy | my ~ 3m,
I w///::// - K*(892) +0.5 |
o —m KGew ] ...higher baryon resonances...
| //:///
[ s
0o " L L adjust hadron spectrum to conditions realized
m_ /o'/? on the lattice
/4
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Critical temperature, equation of state
and the resonance gas

Hagedorn spectrum : p(mpyg) ~ ¢ m%, e™#/TH

In Z(T, 1) = / dmg p(m) In Zomy, (T, 105)

20
16

12

1/2
m_ /o

_ a(1232) +7.0
h /// N(938) +6.0 |
///
P
yad
// =*(1385)+5.5
. +5.
/‘,l // A(C1115) +5.0 -
I ~ _ ]
e -
r 770 3.5 1
!’.Sl'{.l' P o o(770) + ]
o’./ ~ - :
| ® - /{/ _
L MA/ /,r* - E*(1535)+0.5 A
oﬁﬁﬁdrfﬂ - =(1314) .
W///::// - K*(892) +0.5 ]
oA _— T~ K(494)
mﬂﬁ — —
/// //
/f ////
_astiT
1 | |
2 4 6 8 10 12

Future:

e finally determine T, and e,

need lattice calculations with realistic
quark masses in order to

e perform more direct comparisons

e check (un)importance of light pions
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recent results on QCD EoS

160 [ | | | e
140}
12.0 o4 =
100 3pm*
80
6.0
4.0 |
2.0 |

0.0

3 flavor, N.=4, p4 staggered
m,=770 MeV

T, |

1.0 1.5 2.0 2.5 3.0 35 40

old Bielefeld result, 2001
improved staggered (p4), N = 4
3-flavor, m, ~ 770 MeV

llllllllllllllllllllll

SB limit

5

15

N,=4

—
o
lllllllllllllll

lllllllllllllll

llllllllllllllllllllll

1 1.5 2 2.5 3

= = T =
e o & |
R

175 2 225 25

MILC-collaboration, hep-lat/0509053
O(a?) improved staggered, N = 4, 6
(2+1)-flavor, m, > 250 MeV

e. /T ~ 6 insensitive to m, and a=1
HOWEVER: thermodynamic limit?? TV1/3 ~ 2
cut-off effects?? =- improved actions

Y. Aoki et al., hep-lat/0510084
standard staggered, N = 4, 6
(2+1)-flavor, m,. — 140 MeV (extrap.)

e/T* rescaled with (esp /T*)(IN+)
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recent results on QCD EoS

16.0 |
14.0
12.0 |
10.0
8.0 |
6.0 |
40 |
20
0.0

4 i
€gp/T~ —

3 flavor, N.=4, p4 staggered
m,=770 MeV

T, |

1.0 1.5 2.0 2.5 3.0 35 40

old Bielefeld result, 2001

improved staggered (p4), N = 4
3-flavor, m, ~ 770 MeV
7t ) . N
p/T
6 W
" 3
5 . é pSB/T4
" ¢
4t ¢
56 o
3 L
% W l: n=(2+1),N.=4 — =
% uppertal: n=(2+ )NZ=6
MILC: nf=2, N‘C=4 —a—
NT=6 —e—i
| T/TO

5

e M=
s T @

3

(0]

| |
1.75 2

225 25

MILC-collaboration, hep-lat/0509053
O(a?) improved staggered, N = 4, 6
(2+1)-flavor, m, > 250 MeV

e. /T ~ 6 insensitive to m, and a=1
HOWEVER: thermodynamic limit?? TV1/3 ~ 2
cut-off effects?? =- improved actions

Y. Aoki et al., hep-lat/0510084

standard staggered, N = 4, 6

(2+1)-flavor, m,. — 140 MeV (extrap.)
e/T* rescaled with (esp /T*)(IN+)

SRHIC, Mumbai, Dec. 2005, F. Karsch — p.10/38



Bulk thermodynamics with
non-vanishing chemical potential

Z(V,T,pn) = / DADYDYp e S=2(VoT:k)

— /’D.A det M(,u,)}f e~ 5c(V.T)

ﬂcomplex fermion determinant;
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Bulk thermodynamics with
non-vanishing chemical potential

Z(V,T,pn) = / DADYDYp e S=2(VoT:k)

— /’D.A det M(p,)}f e~ 5c(V.T)

ﬂcomplex fermion determinant;

ways to circumvent this problem:

® reweighting: works well on small lattices; requires exact evaluation of det M
Z. Fodor, S.D. Katz, JHEP 0203 (2002) 014

® Taylor expansion around p = 0: works well for small p;
C. R. Allton et al. (Bielefeld-Swansea), Phys. Rev. D66 (2002) 074507
R.V. Gavai, S. Gupta, Phys. Rev. D68 (2003) 034506

® imaginary chemical potential: works well for small w; requires analytic continuation
Ph. deForcrand, O. Philipsen, Nucl. Phys. B642 (2002) 290
M. D’Elia and M.P. Lombardo, Phys. Rev. D64 (2003) 014505
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Bulk thermodynamics with
non-vanishing chemical potential

Z(V,T,pn) = / DADYDYp e S=2(VoT:k)

— /’D.A det M(p,)}f e~ 5c(V.T)

ﬂcomplex fermion determinant;

recent progress;

® reweighting: larger lattices; smaller quark mass;
Z. Fodor, S.D. Katz, JHEP 0404 (2004) 050

® Taylor expansion: higher orders; larger volumes;
C. R. Allton et al., Phys. Rev. D71 (2005) 054508
R.V. Gavai, S. Gupta, Phys. Rev. D71 (2005) 114014

® imaginary chemical potential: improved algorithms
O. Philipsen, hep-1at/0510077 (Lattice 2005)
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Bulk thermodynamics with
non-vanishing chemical potential

Z(V,T,p) = / DADYDYp e 5=V Tom)

= /D.A [det M(p,)}f e Sc(V,T)

’[Tcomplex fermion determinant;

recent progress; searches for the CCP:
® reweighting: larger lattices; smaller quark mass; pp sensitive to V (and my)
Z. Fodor, S.D. Katz, JHEP 0404 (2004) 050 pp ~ 360 MeV

® Taylor expansion: higher orders; larger volumes; _
C. R. Allton et al., Phys. Rev. D71 (2005) 054508 no clear-cut evidence

R.V. Gavai, S. Gupta, Phys. Rev. D71 (2005) 114014 up ~ 180 MeV

might be ~ 230 MeV)?
® imaginary chemical potential: improved algorithms (Mig )

O. Philipsen, hep-1at/0510077 (Lattice 2005) no evidence
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Bulk thermodynamics with
non-vanishing chemical potential

Z(V,T,pn) = / DADYDYp e S=2(VoT:k)

— /D.A det M(p,)}f e~ 5c(V.T)

’ﬂcomplex fermion determinant;

recent progress; searches for the CCP:
® reweighting: larger lattices; smaller quark mass; pp sensitive to V (and my)
Z. Fodor, S.D. Katz, JHEP 0404 (2004) 050 pp ~ 360 MeV

® Taylor expansion: higher orders; larger volumes; _
C. R. Allton et al., Phys. Rev. D71 (2005) 054508 no clear-cut evidence

R.V. Gavai, S. Gupta, Phys. Rev. D71 (2005) 114014 up ~ 180 MeV

might be ~ 230 MeV)?
® imaginary chemical potential: improved algorithms (Mig )

O. Philipsen, hep-1at/0510077 (Lattice 2005) no evidence

still an open question
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Bulk thermodynamics with
non-vanishing chemical potential

Z(V,T,pn) = / DADYDYp e S=2(VoT:k)

— /’D.A det M(,u,)}f e~ 5c(V.T)

ﬂcomplex fermion determinant;

UTaonr expansion;

P = o mZ(V,T,)
= > am(f)
= ate(t) ta(t) +oqwm)
p=0 = Lo=co(T)

SRHIC, Mumbai, Dec. 2005,

F. Karsch — p.13/38



Bulk thermodynamics for small p, /T
on 16° x 4 lattices

® Taylor expansion of pressure up to O ((pq/T)%)

p 1 > pg \" % pg \* g \°
—_— = — n(T)| — ~ -1 = 4
Ti = T8 n;oc ( )<T> CO‘|‘CZ<T> +C4<T) -|-06<T>
5
: Ng _ Hq Hq Hq
quark number density T3 = 262? + 4c:4< T ) + 6¢6 <?>

quark number susceptibility % = 2c2 + 12c:4< ) + 30(:6<

N

N|E

an estimator for the radius of convergence

1/2
<ﬁ> — lim
T crit n—oo

cn, > 0 for all n;
singularity for real u

C2n

Con+42
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Bulk thermodynamics for small p, /T
on 16° x 4 lattices

® Taylor expansion of pressure up to O ((pq/T)%)

p 1 = g \" % pg \* g \°
i =vrenz= 3 e () meta(f) va() ve()

n=0
‘ T T T T ' ‘ ' 0.25 ‘ T ‘ T T T T T 0.1 ‘
= c, SB limit ¢
1 o2k
S | o0.0sf- .
0.15F
0 7 A\~
¢
-0.051 -
0.05F
SB (N =4
0 ‘ 1 ‘ 1 ‘ 1 ‘ 1 ‘ 1 ‘ 1 _0 1 ‘ 1 ‘ 1 ‘ 1 ‘ 1 ‘ 1 ‘ 1
08 1 12 14 16 18 2 03 1 12 14 16 18 2
/T 0 /T 0
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0.8

0.6

04

0.2

Bulk thermodynamics for small p, /T
on 16° x 4 lattices

® Taylor expansion of pressure up to © ((pq/T)°)

n 2 4 6
) v () () 4 o(%)

p 1 Z°°
—4 == 3 In Z = Cn (T)
T vT
n=0
| 05—/ F————————————————— 0.1
C2 o C4
é 0.2 -
1 | 0.05
| 0.15 —
] 0
H
101 -
it -0.05
- 005 -
ﬂ
L | L | L | L | I | I | | | | | | | | | | | |
0.8 1 1.2 1.4 1.6 1.8 2 0 0.8 1 1.2 1.4 1.6 1.8 2 0.1
/T 0 /T

cn >O0forallnand T < 0.95 T¢

0

1 ‘ 1
0.8 1 12 14 16 18 2
/T,

& singularity for real p (positive p?)
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Bulk thermodynamics for small p, /T
on 16° x 4 lattices

® Taylor expansion of pressure up to O ((pq/T)%)

p 1 = g \" % pg \* g \°
i =vrenz= 3 e () meta(f) va() ve()

n=0
T T T T T T T T : : : : : :
0.25— ‘ 0.1—
= e, SB limit ¢
| 02k
S | 0051 7
0.15—
0 &
¢
-0.05 -
0.05—
SB (N =4)]
O er L L L L L L 0 | 1 | 1 | 1 | 1 | 1 | 1 _0 1 | 1 | 1 | 1 | L | L | L
0.8 1 1.2 1.4 1.6 1.8 2 0.8 1 1.2 1.4 1.6 1.8 2 ' 0.8 1 1.2 1.4 1.6 1.8 2
T/TO T/TO T/TO

irregular sign of c,, for T > T. <« singularity in complex plane
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Radius of convergence:
lattice estimates vs. resonance gas

. . . (&%)
® Taylor expansion => estimates for radius of convergence ps, = °
Coan+2
0.2 |
L/, L T L/,
0 ! | ! | L | L | L | L | 0 ! | ! | ! | ! | I | I
0 2 4 6 8 10 12 0 0.5 1 1.5 2 2.5 3

T < To: pn, ~ l.0foralln = p&* ~ 500 MeV
B
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Radius of convergence:
lattice estimates vs. resonance gas

. . . (&%)
® Taylor expansion => estimates for radius of convergence ps, = °
Coan+2
0.2 |
L/, L T L/,
0 ! | ! | L | L | L | L | 0 ! | ! | ! | ! | I | I
0 2 4 6 8 10 12 0 0.5 1 1.5 2 2.5 3

T < To:pn =~ 1.0foraln = upg** ~ 500 MeV

HOWEVER still consistent with resonance gas!!!
HRG analytic, LGT consistent with HRG = infinite radius of convergence not yet ruled out
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Radius of convergence:
lattice estimates vs. resonance gas

C2n,

® Taylor expansion => estimates for radius of convergence ps2, =

Coan+2
R.V. Gavai, S. Gupta, Phys. Rev. D71 (2005) 114014

14F T, i -
12+ _

1 %%v

Z.Fodor, S|D.Katz
EP 0404 (2004) 050

0.8

0.6

04 o Py -
(@] p2
0.2} Py |
— T () w/Ty
0 1 I 1 I 1 I 1 I 1 I 1
0 0.5 I 1.5 2 25 3

T < To:pn =~ 1.0foraln = upg** ~ 500 MeV

HOWEVER still consistent with resonance gas!!!
HRG analytic, LGT consistent with HRG = infinite radius of convergence not yet ruled out
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Resonance gas:

spectrum dependent consequences

o

“fit” with modified spectrum  mpg(m-) = mg(0) +

= tests factorization

= 9F(T) cosh(3uy/T) ~ c2(T) <

2412 &

C2

i

ey

(5o (%))

/T,

A =009 1.0, 1.1, 1.2

Xq
T2
Co a)
.8 )
6F R
)
L
y 4
o.—-“/ , i |
0.8 1.0 1.2 1.4

4+ @ P

4+ @ M
<4+ 0 >
dl® b
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The pressure for p,/T > 0

C.R. Allton et al. (Bielefeld-Swansea), PRD68 (2003) 014507

pqg =0, 163 X 4 lattice

improved staggered fermions;

ng =2, myz >~ 770 MeV

Hq

5 [ j—
p/T4 pSB/T4
4 L
3 L
ol 3 flavour o
2 flavour
1l pure gauge
T [MeV]
0 1 1 1 1 1
100 200 300 400 500 600
high-T, ideal gas limit
p 77’ (uq ) 1
T4 oo f < T 471'2

(

T

contribution from pq /T > 0
Taylor expansion, O((u/T)%)

—_—t | ; | j | j |

uqﬂ"zl .0

u/T=0.4

u,/7=0.2

S

similar F. Csikor et al., JHEP 0311 (2003) 070

.8

14 1.6 1.8 2

0

SPS: puq /T<0.6 RHIC: ng/T<0.1
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The pressure for p,/T > 0

C.R. Allton et al. (Bielefeld-Swansea), PRD68 (2003) 014507

PRD71 (2005) 054508
contribution from pq /T > 0

NEW: Taylor expansion, O ((u/T)®)

pqg =0, 163 X 4 lattice

improved staggered fermions;
ng =2, myz >~ 770 MeV

T T x_)» | T | T T T T | T
571 N w/T=1.0
p/-l_4 Pse/T —
4 L
3 I —
n/T=0.8
ol 3 flavour |
2 flavour ]
.l pure gauge |
. | 1 |  TMeV] b /T=0.6 |
100 200 300 400 500 600
n/T=04 |
pattern for pg = 0 and pq > 0 similar; u 102
quite large contribution in hadronic phase; (E———te—orT—"+—1T "1 "1 —
0.8 1 1.2 1.4 1.6 1.8 2

O((n/T)®) correction small for pg /T< 1

/T,

SPS: puq /T<0.6 RHIC: ug/T<0.1
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Energy and Entropy density for p, > 0

S. Ejiri, F. Karsch, E. Laermann and C. Schmidt, in preparation

Thermodynamics: (NB: continuum m = m,
lattice " = ma, implicit T-dependence)

p 1 . = Hq "
fi = s 02T ma) = 3 eattm) (41

® pressure

® energy density from “interaction measure”

e —3p > g \" v den(T,m)
=3 ) (A1) ) = 75
n=0

T

® entropy density

€ + p Nqnq Hq

= > ((4 = n)en(T, ) + ¢, (T, m)) (?

S
T3
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EoS on HIC trajectories

® dense matter created in a Hl-collision expands and cools at fixed
entropy and baryon number
= lines of constant S/Ng in the QCD phase diagram

300
250

200

[MeV]

for example:

Isentropic expansion,
"mixed phase model”:
V.D. Toneey, J. Cleymans, E.G. Nikonov,

K. Redlich, A.A. Shanenko,
J. Phys. G27 (2001) 827

150

T

100 -

b0 |
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EoS on HIC trajectories

® dense matter created in a Hl-collision expands and cools at fixed
entropy and baryon number
= lines of constant S/Ng in the QCD phase diagram

» high T:ideal gas

™ 71'2 2
i . Signf + 715 + (%)
No o B4

S/Np = constant < pu,/T constant

# low T: nucleon + pion gas

T — 0. pe/T ~c/T
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Lines of constant S/Np

S/Np = 30015090 60 45 30
T/T, ‘ ‘ ‘ ‘ ‘

ol wx o s

H N [ |
1.60 +

| ] | | | ]
1.40 1 | . [ ]
- ;

5 - : &
100 | o & a" L el

.l .I Ww %
o80r ® ®™ e o

0.00 0.20 0.40 0.60 0.80 1.00
Hy/T

® isentropic trajectories close to
ideal gas behavior for T' > T,

® trajectories bend towards
larger pug for T < T,

® O(ug) correction (open sym.)
is small for pug /T'<0.8
(despite large errors)

S. Ejiri, FK, E. Laermann, C. Schmidt, in prep.
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Lines of constant S/Np

S/Np = 30015090 60 45 30 S. Ejiri, FK, E. Laermann, C. Schmidt, in prep.
T/T ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘. /
AN ol
A ug/T=0.24 ug/T=1.63m
E = u ug/T=2.47
1.60 r 1 A ]
E = ] 250 r
1.40 E = [ | : -
1201 ® " by - ] 200 | 2 n" SNg=30 —m— T
- . - RHIC a" 300 a4
1.00 | .' =- ;m f J 150 | A SPS freeze-out
m o= - =l “ *AGS
080 ® m Sl o ] 1 1 _ (FAIR) 1 kg [MeV]
0.00 0.20 0.40 0.60 0.80 1.00 0 100 200 300 400 500 600 700 800 900
Hy/T
® isentropic trajectories close to ® RHIC corresponds to
ideal gas behavior for T' > T, S/Np ~ 300 ~ oo
® ftrajectories bend towards ® SPS corresponds to
larger pq for T < T S/Np ~ 45
® O(ug) correction (open sym.) ® FAIR will operate at
is small for pq/T<,0.8 S/Np ~ 300r nug,/T<0.9

(deSpite Iarge errorS) SRHIC, Mumbai, Dec. 2005, F. Karsch — p.20/38



Isentropic Equation of State: p/e

0.30

0.25

0.20

0.15

0.10

0.05

0.00

p/e gz U
n
X
n
x S/Ng=30 —m— -
s 300 — 4
n
Tg‘ git
4 BA[ A
I JT ! I
T/T,
0.8 1.0 1.2 1.4 1.6 1.8 2.0

0.30

0.25 -

0.20

¢ [GeV/im?]

8

10

12 14

® p/evs. e shows almost no dependence on S/Np

® softest point: p/e ~ 0.075

® phenomenological EoS for Ty < T < 2Ty

(1

p
€

1

3

1.2

14 0.5¢

)
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Fluctuations of the
baryon number density (p > 0)

baryon number density fluctuations:
(MILC coll., hep-lat/0405029)

p=20

N;=2+1, m, 4=0.2m,, N =2N,

1.0 —

Xs,s/T2

cont

e

ol

400

7 = (agmyp )
TS d(M/T)2 T4 T fixed
_9T

= < ((N3) — (Ng)?)

susceptibilities = integrated correlation functions
= integrated spectral functions

to be studied in event-by-event fluctuations

recent papers:

V. Koch, E.M. Majumder, J. Randrup, nucl-th/0505052
S. Ejiri, FK, K. Redlich, hep-ph/05090521
R.V. Gavai, S. Gupta, hep-lat/0510044
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Fluctuations of the
baryon number density (p > 0)

. . Xgq d? p
baryon number density fluctuations: — =
- 73~ \d(u/T)? T*
(Bielefeld-Swansea, PRD68 (2003) 014507) T fixed
2 2
5 T T T T T T T T T T T —_ N - NB
Ao/ T2 Hg/T=1.0 —— vV ((N5) = (NB)?)
' ' 200 : :
ny/T=0.0 —— | o
RHIC, LHC
o o FAIR@GSI
y 100 | |
v v
] 50 r
T., Bielefeld-Swansea
T{TC’Q T., Forcrand, Philipsen
18 o (Te ug), Fodor, Katz —e— e [GEV]
. B

0 : : 1
0 0-2 04 0.6 O'SSRHIC,‘IMumbai‘! ]gec. 20(1)5#. Karsch — p.22/38



Fluctuations of the
baryon number density (p > 0)

baryon number density fluctuations:

(Bielefeld-Swansea, PRD68 (2003) 014507)

n > 0,ny = 2

5

Xq
T3

200

RHIC, LHC

100

seeing "true” singular behaviour requires large
volumes and/or high order Taylor expansions

XC;/TIZ | ugT=1.0 ——
.| Hg/T=0.0 —— |
3 L
5 —0— 4

v v
1 L
; LA
08 1 12 14 16 18 2

0

T., Bielefeld-Swansea
T., Forcrand, Philipsen
(Tca MC), FOdOI’, Katz —e—

- (agurmre)
d(p/T)2T?*) 1 fixed
= g ((NE) — (NB)?)

FAIR@GSI

ug [GeV]

0

0.2

0.4

0.6

. 1 1 1.4
0 SSRHIC, Mumbai, Igec. 2005, F. Karsch — p.22/38



Fluctuations of the

quark number density (pg; > 0)

quark number density fluctuations:

up to O ((Nq/T)2)

4 | T | T T T | T |
G——o© },lq/T=1.0 i
uq/T=O.5

0? P

s = (amq/TV T4)Tﬁxed

T2

= T ((V2) = (No)?)

high-T, massless limit: polynomial in (tq /T)

2
Xq,SB 3nys [ Hq
—ns+
4 T2 ( T )

T2
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Fluctuations of the

quark number density (pg; > 0)

quark number density fluctuations:

up to O ((Nq /T)4)

i Xq/ O o——o ].Lq/T=1 .0
uq/T=O.5

|
0 by ——a— = o

= (sGump o)
T2~ \(1q/T)? T*) 7 fixea

= T ((V2) = (No)?)
high-T, massless limit: polynomial in (tq /T)

2
Xq,S 3In
a,SB — ny+ f [ Ha
T2 w2 \T
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Fluctuations of the

quark number density (pg; > 0)

quark number density fluctuations:

= (sGump o)
T2~ \(1q/T)? T*) 7 fixea

= T ((V2) = (No)?)
high-T, massless limit: polynomial in (tq /T)

2
Xq,S 3In
a,SB — ny+ f [ Ha
T2 w2 \T

larger density fluctuations for pq > 0;

coming closer to the chiral critical point?

(o), = %
ong ) Xq

=> X gq Will diverge on chiral critical point
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|Isothermal compressibility
of the quark gluon plasma

1.2

0.8

0.6

04F

0.2

iInverse compressibility:

Kp =

| T
nq/(Mqu)
""""""""""""""""""" @ s & o —
50 " . |
p b g @ [
: TJf )
{. ++ - o W/T=04
1 /T=038
T/TO
| | |
0.8 1 1.2 1.4

ng ( op )
Xq 8”"1 T fixed

high-T, massless limit: polynomial in (teq /T)

e (7))
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|Isothermal compressibility
of the quark gluon plasma

1.2

0.8

0.6

0.4

0.2

iInverse compressibility:

resonance gas

ideal qg gas
| . .
n /WX, N |
""""""""""""" +@@@e —c_
50 B . |
¢ _ba g [
; T+ )
+ + + §_ o uq/T=0.4 1
i m W/7T=08
A
O|.8 | I1 1{2 1|.4

=1 T g ( op )
T —  —— —\ &3
Xq ONg ) T gxed

high-T, massless limit: polynomial in (teq /T)

3
Ngq Hq
e O ra
xa 19T ((T> )

large density fluctuations for ug > 0, T < T¢
”saturated” by fluctuations in a

hadron resonance gas

9] n
expect: (_p) =2 —-0
g/  Xaq

at chiral critical point
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|Isothermal compressibility
of the quark gluon plasma

1.2

0.8

0.6

0.4

0.2

iInverse compressibility:

ideal qg gas
| T
n /(1)
T +@@@e " — _ ~
I 50 e " |
o) b o [
I _
¥ T + '} - o W/T=04
i m 1L/T=0.8
q
T, -
| . | . | . |
0.8 1 1.2 1.4

resonance gas

=1 T g ( op )
T —  —— —\ &3
Xq ONg ) T gxed

high-T, massless limit: polynomial in (teq /T)

3
Ngq Hq
e O ra
xa 19T ((T> )

large density fluctuations for ug > 0, T < T¢
”saturated” by fluctuations in a

hadron resonance gas

9] n
expect: (_p) =2 —-0
g/  Xaq

at chiral critical point

m, ~ 770 MeV, smaller m, needed!!
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Hadronic fluctuations at p, = 0 from
Taylor expansion coefficients for p, > 0

S. Ejiri, FK, K.Redlich, hep-ph/0509051

® quark number and isospin chemical potentials:

1 1
Mg = 5(““’ + pda), pr = E(Hu — Ud)

® expansion coefficients evaluated at p,,;1 = 0 are related to
hadronic fluctuations at p = 0:

1 baryon number, isospin, charge

event-by-event fluctuations at RHIC and LHC

- 8%1n Z 1 1
B = o)z = vs (Ne)u=0 = Lo (N )u=o
. 8*1n Z 1 1
@ = 5o —ms = yps (ON2)®) = 3(6N2)?)) o = o ((N2) = 3(ND)) g
2 8 1 8

with , z=4¢q,I,Q and 08¢ =

3 8pu/T 3 Bpa/T
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Quark number and charge fluctuations at
pup = 0; 2-flavor QCD (m, ~ 770 MeV)

C. Allton et al. (Bielefeld-Swansea), PRD71 (2005) 054508

I ‘ ‘ ‘ I 0.6———7—— T 1 717 T T T
S qu SB i d2Q SB | ..
, , 0.5~ 1 monotonic in-
s et ' o4l o | crease;
’ . | 0sl y | close to ideal
1+ |
, : | ol . | gas value for
0.5F . - I ° | T> 1.5Tc
0.1+ . _ ~Y
7 ° * T/TO | o°. T/TO
6%.6 | 0‘.8 | ‘1 | lﬁZ | 1‘.4 | 1‘.6 | 1‘.8 | 2 %.6 | O‘.S | ‘1 | 1‘.2 | 1ﬁ4 | l‘.6 | l‘.8 | 2
I d4q # 0-57 dQ\ S B S S ]
L _ 4
| , ol § | develops cusp
i : [ : | atT,
- % ¢ . 0.3 -
3 T L s |
(] .
| ' ] 021 . 1 reaches ideal
§ L . S L . ° o R SB 1 I f
1 § e o . . - o1l . hd ° o gaS Va. Ue Or
- e n .
: T/T, - . vr,| T>1.5T,
%6 ‘ 0‘8 ‘ ‘l ‘ 1‘2 ‘ 1‘4 ‘ 1‘6 ‘ 1‘8 ‘ 2 %6 | 0‘8 | ‘1 | 1‘2 | 1‘4 | 1‘6 | 1‘8 | 2
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Charge fluctuations in
Boltzmann approximation

® hadronic resonance gas: contributions from isosinglet (G(V) : 7, ...)
and isotriplet (G : =, ...) mesons as well as isodoublet
(F( : p,n,..)andisoquartet (F® : A,...) baryons

P(T 1 1), (D) (3) 1( <2ﬂ> )
T ~ G\/(T)+G (T)3 2 cosh T +1

(2) SHq a4
+F'</(T) cosh ( T ) cosh ( T>

1 3 1 3p
(4) - °rq Unt 8 it
+F 3 (T) 5 cosh ( ) [cosh ( ) + cosh ( )]

® charge fluctuations at g = pr = 0;
isospin quartet F'(4 contains baryons carrying charge 2

d?  4G®) 4 3F(2 4 27F(®)

@ ~ 4GB + 3F®@) + 9F@® LforT —o

Q __
R4’2 —

contribution of doubly charged baryons increases quartic relative
to quadratic fluctuations
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Cumulant ratios

® ratios of cumulants reflect carriers of baryon number and charge

Ri’f,z=di’f/d‘§ , T=4q, Q

9 , HRG 1 " HRG, T — 0
Ri,=1{ 6 s R7, =14 34 o
’ _2+O(g) , high — T , 2"'0(9) , high — T’
T 157
IS— |
q
_R4,2
[ ]
10~ l HRG N
n1¥}f
L i - —
¢ .
5H |
0.5+ . .
s | b .
. T/TO i ° ° ° ° SB!i
e o o SB o . T/To
A R R R T R A N B R R B N
V6  0s 1 12 14 16 18 2 06  o0s 1 12 14 16 18 2
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In-medium properties of hadrons

: : chiral symmetry restoration
e properties of light quark hadrons reflect Y Y

chiral symmetry breaking: Goldstone pion, (YPp)y =0

non-degenerate parity partners ﬂ
-

(Yipy >0
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In-medium properties of hadrons

e properties of light quark hadrons reflect

chiral symmetry breaking: Goldstone pion, Deconfinement

non-degenerate parity partners 1.0 | V(r)/cs”zl
05 |

0.0 |
0.5
structure of the heavy quark potential: 1.0 |
1.5t
2.0t
25t
3.0

bound state, e.g. J/y

e properties of heavy quark hadrons reflect

confined
deconfined

quarkonium spectra

12 ]

rc

0.0 0.2 0.4 0.6 0.8 1.0
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In-medium properties of hadrons

electromagnetic observables

e properties of light quark hadrons reflect -hard(er) probes ¢
chiral symmetry breaking: Goldstone pion, U o I hadronic observables
non-degenerate parity partners .| -softprobes
[l 7, K, p,... N
e properties of heavy quark hadrons reflect ' - ~
f
structure of the heavy quark potential: _ ‘ ‘;adtoﬁ gaS
quarkonium spectra \ase
‘ ied ®
L | ‘ QGY
thermal modifications of chiral condensate \! production
and heavy quark potential will influence the thermalization
hadron spectrum z
ALE,, b

observable consequences in dilepton spectra
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Thermal vector meson properties from
dilepton rates in heavy ion collisions

dilepton rate vs. invariant mass of 111~ pair q +

n°,n Dalitz-decays

dN,, / dydm

dilepton pair (et e—, putp~) production
through annihilation of "thermal” gq-pairs
in hot and dense matter

rate ~ |q@ — v*|? - IT17 — v*|?

Drell-Yan

Low- Intermediate- High-Mass Region
>10fm i >1fm <0.1fm

1 1 1 1 g I 1 1 1 1 I 1 1 1 g 1 I 1 1 1 1 I 1 1 1 1

0 1 2 3 4 5

mass [GeV/CZ]

differential cross-section for = pair production

photon self-energy
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Thermal vector meson properties from
dilepton rates in heavy ion collisions

dilepton rate vs. invariant mass of 111~ pair q +

n°,n Dalitz-decays

dN,, / dydm

’ q H

dilepton pair (et e—, putp~) production
through annihilation of "thermal” gq-pairs
in hot and dense matter

rate ~ |q@ — v*|? - IT17 — v*|?

N
Drell-Yan N

Low- Intermediate- High-Mass Region
>10fm i >1fm <0.1fm Y
1 1 1 1 g I 1 1 1 1 I 1 1 1 g 1 I 1 1 1 1 I 1 1 1 1

0 1 2 3 4 5

mass [GeV/CZ]

differential cross-section for u+ p— pair production = thermal meson correlation function
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Thermal meson correlation functions
and spectral functions

Thermal correlation functions: 2-point functions which describe propagation of a gg-pair

spectral representation of correlator => in-medium properties of hadrons;
thermal dilepton (photon) rates

FH rH

spectral representation of
q thermal dilepton rate

dW 5a? oy(w,p,T)

spectral representation of dwd3p — 272 2 (ew/T _ 1)
Euclidean correlation functions

B o cosh(w(T — 1/2T))
O'H(wa D, T) c

Gy (7, 7) Z/OOO dw /(;ifS sinh(w/2T)
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Light quark correlation functions
and spectral functions

pseudo-scalar spectral functions

10000 Gpg(1T) / T
0.6T,
1000 t 3.0T, e

100

10 ¢

1.0
0.6T
0.8 } ¢
3.0T,
0.6 }
04 }
02 }
o)/TC
0.0 =
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Light quark correlation functions
and spectral functions

pseudo-scalar spectral functions

10000 [ G (1) / T

1000 ¢
100

10 ¢

1

1.0 x > Y
Opg(®,T)/® Vet
0.8 | 5T
3.0T
0.6 T massless quarks
0.4 N S = 0 value)
0.2
/T,
0.0

5 10 _15 20 25 30
quark masses adjusted to
g|Ve |dent|Ca| mPS SRHIC, Mumbai, Dec. 2005, F. Karsch — p.32/38



Light quark correlation functions
and spectral functions

pseudo-scalar spectral functions

10000 [ G (1) / T

0.6T,
1000 t

100

10 ¢

0.2 0.4

1.0 x S
Opg(®,T)/® Vet
0.8 | 5T
3.0T,
0.6 T massless quarks
0.4 | N S (T' = 0 value) |
0.2
/T,
0.0 =

5 10 _15 20 25 30
quark masses adjusted to
give identical mpg

vector spectral functions

10000 /G, (xT)/2 T

0.6T,
1000 3.0T, e
T=co —
100 ¢
10 ¢
1 1 1 4 4 ‘»; 1 TT
0 0.2 04 0.6 0.8 1
0.3 w >
oy(®,T)/®
0.6T,
02 | 3.0T,
0.1
0.0 : * * * : ¢
0 5 10 15 20 25 30
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Light quark correlation functions
and spectral functions

pseudo-scalar spectral functions vector spectral functions
10000 fG ey oo o] 10000 Gy (ery /2T
0.6T, 0.6T,
1000 ¢ 3.0T, . 1000 ¢ 3.0T,
I T:oo —_— T:oo J—
100 | s/ 100
| A
10 | faaaaat A 10 |

- @ A

L x ~ light meson masses T-independent up to T,
0 0.2 0.4

1.0 x »— above T.: strong T-dependence
Opg(®,T)/®
0s | quasi-particle excitations, broad resonances,... 06T,
3.UlL, 02 | 3.0T,

0.6 | massless quarks
0.4 f (T = 0 value) .

N \ 0.1 r
0.2 1

/T,
0.0 = * * * 0.0 * * * ——
5 10 15 20 25 30 0 5 10 15 20 25 30

quark masses adjusted to
g|Ve |dent|Ca| mPS SRHIC, Mumbai, Dec. 2005, F. Karsch — p.32/38



Dilepton rate:
HTL and lattice calculations

1e-07 ¢
dW/dad’p | thermal dilepton rate
1e-08 | HTL -]
| LGT Féﬂ" ................. AW 502 oy (w, 5, T)
1e_09 - e =0. g — B
- dwd3p 2772 w2(ew/T — 1)
1e-10 | |
1611 | \\ HTL and lattice disagree for
| N T < (3—4
1e-12 ' ' '
0 2 6 8 10

e infra-red sensitivity of HTL-calculations < "massless gluon” cut in HTL-propagator

e infra-red sensitivity of lattice calculations < thermodynamic limit, V- — oo

e VT3 = (N, /N:)%2 < oo = momentum cut-off: p/T > 27N, /Ny

—p

need large lattices to analyze infra-red regime

—

in future also thermal photon rates
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Thermal dilepton enhancement and
the disappearance of the p-meson

low mass dilepton rate

Pb-Au 158 AGeV /O ~35% |

—_
o

b
T

p, >200MeV/c
®,, > 35 mrad
2.1<n<2.65

(N, =220

differential cross-section for
et e~ pair production

!
=)}
T

N

—_
o
L

(d°N__ /dndm_) / (AN /dn) (100 MeV/c®)!
=

107" 4 Ty B
e

10 ;\ L \: [ \ [ : [ r "\ Ll .‘\ [T B! \\\\ A"\'w [ L =

0 02 04 O 08 1 12 14 1 1.8 2

m__ (GeV/c?)
invariant mass of the pair
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Thermal dilepton enhancement and
the disappearance of the p-meson

low mass dilepton rate

4000

s [ In-In SemiCentral
= i excess data
Qasoo-  all py RW (norm.)
. 2 - dN BR (norm.)

rho spectral function: CERES, QM 20055, F <y 5133 Vac.p (norm.)
g - cockt.p (dashed)
o DD (dashed)

2500}

2000
1500
1000}

500}

0_

invariant mass of the pair
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Thermal dilepton enhancement and
the disappearance of the p-meson

low mass dilepton rate

4000

In-In SemiCentral

g excess data
%3500 all P RW (norm.)
. 2 dN, e BR (norm.)
rho spectral function: CERES, QM 2005 =, F < ss132 i AN
=)

cockt.p (dashed)
DD (dashed)

dN/

2500

Future:

need analysis of thermal correlators 1500
with light dynamical quarks to
understand resonance broadening

IIT'IIITTIII'I|||TTII1III[III’

1000

500

IIIIIIIITI

invariant mass of the pair
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Charmonium suppression in
heavy ion collisions (SPS, RHIC)

ChaBupprassierofation: Riléition rate Suppression Pattern: SPS
Ef:i 10° £ ﬁ 40 i ® 2% Pb—Pb 1996
S Iy S as + 0 2% Pb—Pb 1996 with Minimum Bias
A / A :
T 0tL = i O *% Pb-Pb 1998 with Minimum Bias
E (IW/ID-Y) pg,5= 171 £03 £0.1 \b 30
Fit for M > 2.85 s_ L
x%/dof = 1.03 = .
‘6’ 25
m% -
20
Drell-Yan
15
10
b
wwwwwwwwwwwwwwwwwww 07“‘\“‘\“‘\“‘\“‘\“‘\“‘
8 0 20 40 60 80 100 120 140
M (GeVie ?) E; (GeV)
invariant mass of the pair ~ energy density
differential cross-section for total cross-section for
pt p— pair production pt p— pair production

M.C.Abreu (NA50), Phys.Lett. B477 (2000) 28
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Charmonium suppression in
heavy ion collisions (SPS, RHIC)

Suppression Pattern: RHIC

1.5 T | !
R | o @ CuCupp

AA [ PHENIX J/y - Preliminary = . . . |
@ CuCLpp62GeV
H Auhdues
& CuCuee

dA
1 8 * U

3} Hﬂ f hi

; A

0.0 | ] |

10° 10" 107 10° N

Coll

Suppression Pattern: SPS

1.4 0O-Cu, O-U ©
SUm
1.2 Pb-Pb 1996 (min.bias) A
Pb-Pb 1998 (min.bias) <
| 7@%%% % L
s
Trre,
— ﬁm
(/35 0.8 | @&QA ®
% L \><®
o) 0.6 P
%) 0 %
¢
0.4
K p-p, p-D
0.2 - p-C, p-Al, p-Cu, p-W (450 GeV)

2 3 4 5

50 100 150 200 250 300 350 400
Number of participants ~_ energy density

measured A-A rate normalized to
rate expected from known p-A collisions
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Heavy quark spectral functions
and correlation functions

data for G (7, T') over reconstructed correlation functions at 7" from data below T+

i G(7)/Grecon(?)
$ scalar and axial-vector correlation functions:
ST ¢ +1. .
0.75T, Ta strong temperature dependence just above T
. ¢ —— —v—
(Xc1)2_ C e et e e T for x. states
¢ (normalized at T' < T¢)
(xco)1_ o : L Am (483 X N,, N,y = 12, 16, 24, a = 0.04 fm)
0?1 0?2 0?3 0?4
13 _9;g}‘g~ G(0)/Go (D) vector and pseudoscalar correlation functions:
zzgcﬁ o ,
10| e ° vewod) s & no temperature dependence for n. up to 1.5 T¢;
¢ A H i
(J/v,b)_1 o 0 5 Y et o o o n only mild but systematic temperature dependence
of J/4
(ne) 1p ¢ P $ - ii; """ 2 """ = (normalized at T < T¢)
L 4
0o | P il (No = 40, 48, 64,
: : - : : - =12, 16, 24, 40, a = 0.02 fm)
0.05 0.1 0.15 0.2 0.25
S. Datta et al., Phys. Rev. D69 (2004) 094507
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Heavy quark spectral functions
and correlation functions

) 0 3
2t T T R e T I B
(xeo) | ., | patternseenin
=  correlation functions

wor———— also visible in
| spectral functions

(J/9) | 3

X
(M) 1bg gt ddd b bbb

w

e
o
w

09 T[fm] 1

0.05 0.1 0.15 0.2 0.25

S. Datta et al., Phys. Rev. D69 (2004) 094507
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Heavy quark spectral functions
and correlation functions

4}
G(1)/Gygeon(T)
¢
31 ] AX+1.0  SC
0.75T, =it +—t—s
. 1.12T; s vt
(XC]-) ®
2F &N ® g m | m m m m 11 q;-
$
3
(Xxco) . T[fm]
1 p@ - [ ] ] " " = ] L] ] | B
0.1 0.2 0.3 0.4 0.5
09T.— '
1.3 '15Tz'—' G(T)/Grec(r)
P 25T ——— ® N4
3T, ® v s &
121 . v VC(+0.1) a
J ? v s 2
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S. Datta et al.,

Phys. Rev. D69 (2004) 094507

scalar spectral functions
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o(w)/®
0.2
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0.1 F
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vector spectral functions
. : : ST
G(Cl))/(l)2 1.5T,
0.8 f 3T,
0.6
04 ¢
02§
LA
(0]

20 25 30
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Heavy quark spectral functions
and correlation functions

(Xe1)

2 F
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1F

G(1)/Gygeon(T)

O R —

He

H
H
H
H
B
=]
"E.-'

1.3 |

1.2t
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(me) 1}

09}

S. Datta et al., Phys. Rev. D69 (2004) 094507
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0.05 0.1

0.15

0.2 0.25

scalar spectral functions

' 0.75T, —
0.25 | 5 11Ty —— -
o(w)/®
0.2 F ﬂ J
0.15 f -[-
0.1 f
0.05
k o[GeV]
. .
0 3 6 12 15
1 vec
swye?  Ultra-violet cut-off effects:
0.8 f 0
Wilson-doubler;
06 | finite Brillouin zone;
0.4 | need to get better control
.| over lattice cut-off effects
0 _AL_J resolution statistics limitted

5
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Heavy quark spectral functions
and correlation functions

scalar spectral functions

4t 0.75T, ——
G(T)/Grecon(T) 0.25 F 6(0))/0)2 11T —
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Heavy quark spectral functions
and correlation functions

scalar spectral functions
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Heavy quark spectral functions
and correlation functions

charm bottom —Is coming up
Al - - - _ 17
G(T)/Grecon(T) 16+ PS,1.5Tc —e— *—
3t ¥ AX+10  SC | 14T G(1)/Grec(T)
0.75T, —f— —a— 13}
r's 1.12Tcl—0—| et
(Xc1) o 12} P
P e e e e T o 11k |
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1 Fa ] ) # ] .- n -. ] ] .l . ll- 09} T h
0.1 0.2 0.3 0.4 0.5 0.8 ' ' ' ' ' '
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BT GOGe® | first results on bottomonium at high T
1oy p— v g : :
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' v VC(+0.1) a
° 4 -
(J/p). DR AT K. Petrov et al., hep-1at/0509138

S. Datta, PANIC 2005
(M) 1fg g & 2 & 8 8 & 3 & & »
ey x» Modified at 1.5 T,
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S. Datta et al., Phys. Rev. D69 (2004) 094507
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Strongly coupled QCD

2.00 | | | | <N0.25[ HYDRO limits b
¢ ’ f * - ]
F(r,MNo ’ + ; i 0.2 } E
1.50 | 0% gee bt b0t - ‘}’%“ L :
o ¢° . oo ® », R IY X 0_15:_ ﬁ*ﬁ)’}* _:
1.00 10.58T, —o— N FEE :
| eee ® ee0 ®o ® 00 o®mo o 0.74T 0.1 :_ o ® * — 5 E/A-11.8GeV, E877 B
ees @ 000 @& 000 oW * O:84Tg (R B ﬂ? —m— E,/A=40 GeV, NA49 ]
0.50 ¢ b i i —@— E_/A=158 GeV, NA49 ]
00 000 WO 000 OO o 0-94TC e 0.05 2 —sf=— \5=130 GeV, STAR
eo0°® °° 0.97T, —e— N [}‘ t e =200 GeV, STAR Preim. | -
0.00 | o 0000 0000 000 ®0 000 omeo o o 11.06T; —e— T T I = ]
1 1 1 O BT e 0 5 10 15 20 25 30 35
0 1 2 3 4 5 (1/S) dN_, /dy
gq-potential at finite-T (LGT) elliptic flow (RHIC)
® T-dependence of gq interaction at ® large elliptic flow suggest the cre-
short and medium distance reflects ation of an almost perfect fluid in a
asymptotic freedom as well as rem- heavy ion collision at RHIC

nants of confinement
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Strongly coupled QCD

0.6 — T MR B B L B B LY BRI UL
T/T N - -
| /+WT=8— >0.25} :
o A 11.05 —=— 0.2 :_ % _'
‘+‘ + | 1.20 — - E 7} %ﬁ, ]
e *\ 150 e 0.15F L .
+++ - %7 ?}o* ]
3.00 0.1 [ o ° y — 54— E,/A<11.8 GeV, E877 _:
+ r 900 ——— i TEP¥ —m— E,/A=40 GeV, NA49 ]
¥ 120 005 | . —@— E,/A=158 GeV, NA49 ]
A ] i E}ﬂ —she— \S=130 GeV, STAR
% S DU I T o st |
\ 00 5 10 15 20 25 30 35
(1/S) dN_, /dy
running coupling at finite-T (LGT) elliptic flow (RHIC)
® T-dependence of gq interaction at ® large elliptic flow suggest the cre-
short and medium distance reflects ation of an almost perfect fluid in a
asymptotic freedom as well as rem- heavy ion collision at RHIC

nants of confinement
Is there evidence for colored bound states or density correlations that
could give support to the sQCD scenario suggesting a
fluid phase generated at RHIC ?
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Strongly coupled QCD

0.6 — T MR B B L B B LY BRI UL
T/T N - .
| /+WT=8— >0.25} :
St A 11.05 —=— 02:_ ’} ]
et 120 e F ¥ %,( ]
.++ ] 1.30 —— F 4 % 1
+#¢. +~ 1.50 —e— 0-15: 5 = ]
¢ + %, 35 ]
3.00 0.1 [ o ° y — 54— E,/A<11.8 GeV, E877 _:
+ r 900 ——— i TEP¥ +E;/A=4OGeV, NA49 ]
" 12.0 0.05 = . —@— E,/A-158 GeV, NA49 .
A ] i E}ﬂ —she— \S=130 GeV, STAR ]
% S DU I T o st |
\ 00 5 10 15 20 25 30 35
(1/S) dN_, /dy
running coupling at finite-T (LGT) elliptic flow (RHIC)
® T-dependence of gq interaction at ® large elliptic flow suggest the cre-
short and medium distance reflects ation of an almost perfect fluid in a
asymptotic freedom as well as rem- heavy ion collision at RHIC

nants of confinement

#® spectral analysis of thermal correlation functions opens the possibility for a
direct analysis of colored bound states in the QGP (in analogy to quarkonium
spectroscopy)

#® density-density correlation functions should reflect characteristics of a fluid
(well defined interparticle separation)
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Conclusions

Bulk thermodynamics is currently under intensive study:
uncertainites on T. ~ 175 MeV are still about 10%;
the EoS shows little "m,” and "a” dependence for T' > T..

The last word on the QCD phase diagram is not yet spoken:
universal properties of the transition in 2-flavor QCD still have
to be established;

the location of the chiral critical point still is uncertain

finite density calculations are making steady progress; bulk
thermodynamics and suscepitibilities in the regime of interest
from AGS(FAIR) to LHC are within reach of current methods

Heavy quark bound states exist well above T.:
charmonium studies get refined, excited states dissolve
close to T¢;

first results for bottomonium are coming up.
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