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Lattice Gauge Theory and
Heavy lon Collisions

Exploring the properties of
strongly interacting matter

theoretical background:

Quantum Chromo Dynamics (QCD)

experimental approach:

collision of ultra-relativistic heavy ions



From matter to elementray particles

Substructure of Matter

from atoms to nuclei to nucleons to quarks and gluons
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% From matter to elementray particles
'3 ..o elementary particle matter

quark gluon plasma
dense hadronic




MM Phase Transition from a Hadron Gas
2 8 to the Quark-Gluon Plasma

temperatures in the early universe after 106 sec: ~ 1012 K

density of neutron stars: ~ (3-10)-times nuclear matter density

quark gluon plasma
dense hadronic




to the Quark-Gluon Plasma

temperatures in the early universe after 106 sec: ~ 1012 K

density of neutron stars: ~ (3-10)-times nuclear matter density

quark gluon plasma

dense hadronic

Phase Transition from a Hadron Gas

What are the properties of this
hadron gas
new form of matter?

(equation of state,
screening)
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to the Quark-Gluon Plasma

temperatures in the early universe after 106 sec: ~ 1012 K

density of neutron stars: ~ (3-10)-times nuclear matter density

quark gluon plasma
dense hadronic

Phase Transition from a Hadron Gas

matter What are the properties of this
new form of matter?

hadron gas

What are the critical parameter

equation of state,
@ @ @ of the transition to the QGP? | 00 |
screening)
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temperatures in the early universe after 106 sec: ~ 1012 K

density of neutron stars: ~ (3-10)-times nuclear matter density

quark gluon plasma

dense hadronic

matter
hadron gas

Phase Transition from a Hadron Gas
to the Quark-Gluon Plasma

What are the properties of this

What happens to resonances
in a dense hadronic gas?

What are the critical parameter
of the transition to the QGP?

(Te(p), €c)

new form of matter?

(equation of state,
screening)

(ma (T, 1), T(T, 1))

.—p.4/31



Phase diagram of
strongly interacting matter

From Hadron Gas to Quark Gluon Plasma

early universe " and baCk
A
temperature T
quark-gluon
170 _¢~ ) plasma
MeV o=
deconfined,
¥ -symmetric
hadron gas
confined,x-SB
color
superconductor

few times L baryon chemical potential
nuclear matter density neutron stars
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Highly Excited Nuclear Matter®

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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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? resonance gas
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 determiﬁned from T ~ 174 MGV (! | !)

high-energy scattering experiments.® The param-
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Lattice Gauge Theory and
Heavy lon Collisions

Collision of Au-Au and other ions in the
Relativistic Heavy lon Collider (RHIC)
at Brookhaven Nat. Lab. (BNL)

Lattice Simulations of

Finite Temperature QCD
at Bielefeld University
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Lattice Gauge Theory and
Heavy lon Collisions

APEmille The machines

RHIC

circumference: ~ 4 km

Au-Au collisions
beam energy: 200 GeV/A
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Lattice Gauge Theory and
Heavy lon Collisions

The events
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Lattice Gauge Theory and
Heavy lon Collisions

HIC:
e evolution of a dense interacting medium
described by QCD;

LGT:
e equilibrium thermodynamics of QCD;

.—p.8/31



Lattice Gauge Theory and
Heavy lon Collisions

HIC:
e evolution of a dense interacting medium
described by QCD;

e observable properties in terms of
hadrons, leptons and photons;

LGT:
e equilibrium thermodynamics of QCD;

e formulated in terms of basic degrees
of freedom: quarks and gluons;
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Lattice Gauge Theory and
Heavy lon Collisions

HIC:
e evolution of a dense interacting medium
described by QCD;

e observable properties in terms of
hadrons, leptons and photons;

® observables parametrized in terms of
energy and particle multiplicities

LGT:
e equilibrium thermodynamics of QCD;

e formulated in terms of basic degrees
of freedom: quarks and gluons;

® observables expressed in terms of
temperature and chemical potential
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Lattice Gauge Theory and
Heavy lon Collisions

HIC:
e evolution of a dense interacting medium
described by QCD;

e observable properties in terms of
hadrons, leptons and photons;

® observables parametrized in terms of
energy and particle multiplicities

LGT: /

e equilibrium thermodynamics of QCD;

e formulated in terms of basic degrees
of freedom: quarks and gluons;

® observables expressed in terms of
temperature and chemical potential
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Analyzing hot and dense matter on
the lattice: N2 x N,

a
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Quantum Chromo Dynamics \
partition function: Z(V', T, ) :/D,AD¢DQZ e S |

1/T ]
Sg = / dwO/ d*z LE(Aa"vba "pa p,)
0 VvV

temperature  volume chemical potential
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Analyzing hot and dense matter on
the lattice: N2 x N,

a
= APEmille
NSNS
L R WA
) o))y )
WA ASVANY SV ANA
1/T=NTa
<—— VB oNge >
Quantum Chromo Dynamics O(10°) grid points;

partition function: Z(V', T, 1) :/DAD¢p¢ e—SE[ O(10%) d.o.f;
integrate eq. of motion

1/T ]
SE :/ dwO/ Pz Lg(A, 1,1, 1)
0 1%

temperature  volume chemical potential
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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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Towards A New State of Matter

Temperature
/A 120 MeV
\ \ sca“e““g
\2°
5
170 MeV
gndances
0° 2
>
e
190 MeV

Little Ba

A

Where lattice calculations do/will
contribute to the

development of
theoretical concepts

and the

analysis of
experimental observables

1, €
phase diagram in the (T, upg)-plane;
1~ 0:RHIC (LHC)
w > 0: SPS (GSI future)
chiral critical point
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Towards A New State of Matter

Temperature
1 Where lattice calculations do/will
/ SRS contribute to the
" :
\ ‘sca“e“ = development of
\° theoretical concepts
5t and the
170 MeV
nces analysis of
’ ab““da experimental observables
)
N
190 MeV

EoS

energy density, pressure,
velocity of sound,...;
susceptibilities

(baryon number fluctuations);

strangeness contribution
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Towards A New State of Matter

Temperature
Where lattice calculations do/will

120 MeV contribute to the

\ /; sca“e“ng development of
\° theoretical concepts

! and the

i analysis of
a‘o\)"‘da experimental observables

190 MeV

In — medium
hadron properties

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

Little Banc

thermal dilepton rates
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Towards A New State of Matter

Temperature
/A 120 MeV
\ 3 sca“e‘mg
\2°
5
170 MeV
““danCeS
0° 2
>
e
190 MeV

Little Banc

Where lattice calculations do/will
contribute to the

development of
theoretical concepts

and the

analysis of
experimental observables

shortvs.long
distance physics

running coupling constant;
transport coefficients
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maltter:

Critical behavior in hot and dense

phase diagram

TA

~170 |

MeV

Crossover Vvs.

quark-g|uon deconfined,
plasma ¥ -symmetric
hadron gas
confined,
x-SB

color
superconductor

N

L
few times nuclear |l
matter density

Lo

phase transition



Critical behavior in hot and dense
matter: phase diagram

continuous transition for
small chemical potential
and small quark masses at

A Yl
T quark-gluon deconfined, T, >~ 170 MeV .
plasma ¥ -symmetric €. ~ 0.7 GeV/fm
~170 LT
MeV Tl
hadron gas
confined,
x-SB
color
.\ superconductor
|
I, fewtimes nuclear Ll

matter density
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Critical behavior in hot and dense
matter: phase diagram

continuous transition for
small chemical potential
and small quark masses at

A Yl
T quark-gluon deconfined, 1.~ 170 MeV \
plasma x-symmetric €, =~ 07 G@V/fm
~170 L)Y
MeV| ~--._ 2nd order phase transition;
TN chiral critical  'Sing universality class

-

point T.(44) under investigation

hadron gas
confined,

x-SB
'\ o

W, few times nuclear [l
matter density

color
superconductor
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Critical behavior in hot and dense
maltter:

phase diagram

~170 |

MeV

quark-gluon deconfined,

plasma

hadron gas

confined,

x-SB

N

¥ -symmetric

| ch|_ral critical
point

color
superconductor

U

o

L
few times nuclear Ll
matter density

continuous transition for
small chemical potential
and small quark masses at

T.~ 170 MeV
e. ~ 0.7GeV/fm?

2nd order phase transition;
Ising universality class

T.(44) under investigation
1st order phase
transition ???

expected - however, so far no
direct evidence from lattice QCD

—p.11/31



Critical behavior in hot and dense
matter: phase diagram

continuous transition for
small chemical potential
and small quark masses at

A Yl
T quark-gluon deconfined, Tc ~ 170 MeV \
plasma X-symmetric €, =~ 07 G@V/fm
~170 L)Y
MeV| ~--._ 2nd order phase transition;
TN chiral critical  'Sing universality class

——

point TC(,LL) under investigation

hadron gas

1st order phase

confined,
transition ???
color

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

direct evidence from lattice QCD
Lo  few times nuclear R\ attractive 1-gluon exchange

matter density => qq-condensates

—p.11/31



Critical temperature,

equation of state

280

260 -

240 |

220 |

200

180

160 -

T, [MeV]

e /
a
P
| v
, . !
7 I / I ()c nf=25 Std —— -
5 I I 5I I 5I L :35.

FK, E. Laermann, A. Peikert,
Nucl. Phys. B605 (2001) 579

€. ~~ (6 -

:2)Tc4

~ (0.3 — 1.3) GeV/fm?

energy ity for 0, 2 and 3-flavor QCD
er RHIC esg/ T —>1
14 eT
12 | 1 ]
10 - 1
LHC
8t 3 flavor ,
SPS 2 flavor
6 L
0 flavor
4 L ,
27 ﬁ T [MeV] |
0 1 1 1 1 1
100 200 300 400 500 600
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Critical temperature,

equation of state

280

260 -

240 |

220 |

200

180

160 -

T, [MeV] / .

n=3, p4 —e—

0 500 1000 1500 2000 2500 30C

with these results?

T. = (173 £ 8 & sys) MeV

FK, E. Laermann, A. Peikert,
Nucl. Phys. B605 (2001) 579

n=2, p4 —m—

n=2,std —o—

€. ~ (6 £ 2) Tc4
~ (0.3 — 1.3) GeV/fm?

v

14

12
10

™ Can we be satisfied

Jy

ity for 0, 2 and 3-flavor QCD

| 8/T4

o D O~ OO ©

RHIC e/ T —
" LHc|

3 flavor
2 flavor

SPS

0 flavor

ﬁ T [MeV] |

100

200 300 400 500 600
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equation of state

280

260 -

240 |

220 |

200

180

160 -

. |
p !
¥HI nf: !p —— m
- e % I nf= , St }—EI—{ 7
. pe
T

e mpg ==, 300 MeV (chiral limit??)

e a ~ 0.2 fm (continuum limit??)

® improved staggered fermions,
=> flavor symmetry breaking

(need even better fermion actions)

€c
e mps ~ 770 MeV ()

e V ~ (4fm)3 (thermodynamic limit)

energy density for 0, 2 and 3-flavor QCD

er RHIC esg/ T —>1
14 eT
12 1 1
10 - 1
LHC
8t 3 flavor ,
SPS 2 flavor
6 L
0 flavor
4 n ,
21 ﬁ T [MeV] |
0 1 1 1 1

100 200 300 400 500 600
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280 T
260 |
040 +

200 n=2, p4 —m—

n=3, p4 —e—
n=2, std —=— |

1 80 J / // / :

160 | Mpg [MeV] |

0 500 1000 1500 2000 2500 3000 3500

QCD transition in a world with
heavy pions: m, ~ 770 MeV

not a "true phase transition”
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What triggers the transition

280

- p 7 5 712
7 - y ! 7
- nf= | N 7

7 / I ’/ I n f= 3 Std e N —
- m PS [ME V] | | 7

chiral symmetry restoration
— rapid drop of {(1p))
however: (pp)(Te) > 0O
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280 | I
T, [MeV] .
:
j /,,,,/
: +
200 B nf=2, p4 —E— a
n=3, p4 —e—
180 % B
160 Mpg [Mev] |
0 500 1000 1500 2000 2500 3000 3500

chiral symmetry restoration
— rapid drop of {(1p))
however: (pp)(Te) > 0O

deconfinement

— rapid increase of d.o.f.

\\\\\\\\\\\\\ 14.0
—112.0
vy
—10.0
—18.0
—16.0
— 4.0
16 ¢ - RHIC ece/ T —
14 | € 1
12 t 1
10 —- 1
LHC
8t 3 flavor ,
SPS 2 flavor
6 L
0 flavor
4 ]
27 ﬁ T [MeV] |
O I I I I

100

200

300

400

500

600
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What triggers the transition
in strongly interacting matter?

280

: /
6,,/”””

: +

- )

200 B nf=2, p4 ’—.—‘ n

n=3, p4 —e—

180 I 3

160 Mpg Mev].
0 500 1000 1500 2000 2500 3000 3500

chiral symmetry restoration
— rapid drop of {(1p))
however: (pp)(Te) > 0O

deconfinement

— rapid increase of d.o.f.

however: "no rigorous confinement”

\\\\\\\\\\\\\ 14.0
—12.0
20
10.0
8.0
6.0
4.0
2.50
G —e—
2.00 0.6 — &
1.50 f 28;‘12 .
0.05 —e—
1.00 | 025 e
OEOg. o.
0.50 | ¢
0.00 o
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v 1 Particle ratios and
freeze out conditions

[} |
g p/p AIA B/ Q/Q min KKK/ p/m K%h ¢/h A/ E/hQ/n*10 * plp K/K K/ p/aQ/h™*50
1 = o =g g ¢ " =
\ % STAR il : s
v E PHENIX : -
— O PHOBOS T ; )
= A BRAHMS —%:— = : oK
| \s =130 GeV = \s\n=200 GeV
» Model re-fit with all data 1%\_ i[ Model prediction for
10 T=176 MeV, p_=41MeV J (| T=177MeV, p, =29 MeV
— + 1

resonance gas:. Z(T,V,u;) = Tre PH—2:#iQ)
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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P particle ratios and
freeze out conditions

T, [MeV]
500 | RHIC i
' SPS -
: 5
s
5%, AGS
100 - -
' &\, SIS
o

<E>/<N>=1 GeV

0.0 . 0.2 0.4 0.6 0.8
up [Gev]

resonance gas

describes observed particle ratios and
freeze out conditions

- Is the freeze out temperature the critical
temperature of the QCD transition?

- Which role do resonances play for the

occurence of the transition to the QGP?

- ... and what about deconfinement and

chiral symmetry restoration?

In Z(T, V,[LB,..) —
> In Zi(T,V, s, ..)

™m;
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- " Critical temperature, equation of state
) ¥ and the resonance gas

.

Hagedorn spectrum : p(mpg) ~ ¢ m%, e™#/Tx

In Z(T, i) = [ dmg p(man) 10 Zynyy (T i)

@ f = Z ~ experimentally known resonances

.- p.15/31



1 Critical temperature, equation of state
= and the resonance gas

14.0

12.0

10.0 |

8.0 1

6.0 |

40 r

20

0.0 |

Hagedorn spectrum : p(mpg) ~ ¢ m%, e™#/Tx

In Z(T, 1) = / dmy p(mg) In Zp,, (T, 105)

et

T/T

0.5

1.0

1.5

2.0

25

3.0

3.5

resonance gas:
~ 1500 d.o.f. from
~ 300 exp. known resonances
VS.

lattice calculation:

(2+1)-flavor QCD, mq/T = 0.4
resonances give large contribution at T

e explaineos for T' < T¢;
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1 Critical temperature, equation of state
and the resonance gas

Hagedorn spectrum : p(mpg) ~ ¢ m%, e™#/Tx

In Z(T, 1) = / dmy p(mg) In Zp,, (T, 105)

x /T2 . resonance gas:
resonances give large contribution at T,
e explaineos forT' < T¢g;

e explaineosforug > 0and T < Tg;

4+ ]
4+ @
P

uq/T:0,0.4,0.6,0.8,1.0

1.2 1.4

baryon number fluctuations ™/ - p15/31



Fluctuations of the
baryon number density (. > 0)

- - Xq d? p
baryon number density fluctuations: s — —
(Bielefeld-Swansea, PRD68 (2003) 014507) 1. d(p/T)?T*) 1 fixea
T AT, S 9T
)(q/T2 Mg/T=1.0 — = (<N123> _ <NB>2)
_ ' Vv
uq/T=0.0 — 200 | |
) T [MeV]
RHIC, LHC

GSI future

100 | |

50

T., Bielefeld-Swansea

0.8 | 1 | 112 | 114 | 1i6 | 1.8 2 Te Forerand, Philipsen

(Tca MC), FOdOI’, Katz —e—

ug [GeV]

0 0.2 0.4 0.6 0.8 1 1.2 1.4 - p16/31



A

Extending the phase diagram to
non-vanishing chemical potential

il

non-zero baryon number density: g > 0

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

= /DAD det M (p) e~ S2(V>T)
)'complex fermion determinant;
long standing problem

—> three (partial) solutions for large T, small U

—p.17/31



Extending the phase diagram to
non-vanishing chemical potential

AW

non-zero baryon number density: g > 0

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

= | DAD det M (1) e~ Se(V.T)
)'complex fermion determinant;

long standing problem

three (partial) solutions for large T, small U

o |

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

® Taylor expansion around p = 0: works well for small u; requires reweighting
C. R. Allton et al. (Bielefeld-Swansea), Phys. Rev. D66 (2002) 074507

® imaginary chemical potential: works well for small u; requires analytic continuation
Ph. deForcrand, O. Philipsen, Nucl. Phys. B642 (2002) 290

—p.17/31



Extending the phase diagram to
non-vanishing chemical potential

"‘ | 1
L §
i
=1
n i

s 4
[!

]

non-zero baryon number density: g > 0

Z(V,T,p) = / DADYDY e S=V>Tiw)

= /DAD det M (p) e~ S2(V>T)

200

T [MeV]

iig)) 1-0.0056(4)(up/T)?
g (imag. u)
1 — 0.0078(38) (s /T)>

150 r

100 r

(O(u?) reweighting)

50 r

T., Bielefeld-Swansea
T,, Forcrand, Philipsen
T;, J.Cleymans et. al.

g [GeV]

0 0.2 0.4 0.6 0.8 1 1.2 1.4 .—p.17/31



Extending the phase diagram to
non-vanishing chemical potential

"‘ | 1

E ¥

i
ol
n i
-
[!
]

non-zero baryon number density: g > 0

Z(V,T,p) = / DADYDY e S=V>Tiw)

= /DAD det M (p) e~ S2(V>T)

200

T[Mév] i-Sw 2003
0 2Ooc4h/irzll-csr\i,’l/ical point ?C ((g; . ]. - 00056(4) (:LLB/T)2
150 | 1 ) (imag. p)
— GSlfuture 1 — 0.0078(38)(pup/T)*
RHIC, LHC (O(u2) reweighting)

50

chiral critical point

e Shifted from ~ 700 MeV to ~ 400 MeV

e (exact determinants = small lattices)
0 0.2 0.4 0.6 0.8 1 1.2 1.4 .—p.17/31

T., Bielefeld-Swansea
T., Forcrand, Philipsen
T;, J.Cleymans et. al.

g [GeV]

0




Extending the phase diagram to
non-vanishing chemical potential

non-zero baryon number density: g > 0

Z(V,T,p) = / DADYDY e S=V>Tiw)

= /DAD det M (p) e~ S2(V>T)

200

T [MeV]
F.K 2004{8:-3\_/: 2(703_ t Te(p) , _ 2
chiral critical poin Tc (O) . ]. 00056(4) (ILLB/T)
150 | 1 (|mag. [t)
— GSlfuture 1 — 0.0078(38)(pup/T)*
RHIC, LHC (O(u2) reweighting)

50

chiral critical point

T., Bielefeld-Swansea
T., Forcrand, Philipsen
T;, J.Cleymans et. al. g [GeV]

te(mg): discrepancies between calculations

e with real and imaginary u
0 0.2 0.4 0.6 0.8 1 1.2 1.4 .—p.17/31
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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, (1pah) = 0

non-degenerate parity partners ﬂ
.
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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)/c”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

r61/2

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 r 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: _ ‘ ‘;ac\toﬁ gaS
quarkonium spectra \ase
‘ ied ®
L | ‘ QGY
thermal modifications of chiral condensate \! production
and heavy quark potential will influence the thermalization
hadron spectrum z
A,E,b

observable consequences in dilepton spectra

.—p.18/31



M Running coupling at finite r and T...
3 J| remnants of confinement in the QGP

0.6

0.5 -

Do heavy quark bound states
survive in the QGP?

04 r

0.3 r

0.2 r

0.1 r

0

0.01 0.1

Necco, R. Sommer, NP B622 (2002) 328.

T=0:S.
T > 0: O. Kaczmarek, FK, P. Petreczky and F. Zantow, hep-lat/0406036

>
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" Thermal vector meson properties from
3 _J dilepton rates in heavy ion collisions

.

dilepton rate vs. invariant mass of [/~ pair q ut
E 1 I 1 1 1 1 I 1 1 1 1
© o .
3 F =°n Dalitz-decays
—~ %
3 Y
Z —_
©

P q !

dilepton pair (eTe~, puTp~) production

through annihilation of "thermal” gq-pairs
in hot and dense matter

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 u™ .~ pair production
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" Thermal vector meson properties from
3 _J dilepton rates in heavy ion collisions

.

dilepton rate vs. invariant mass of [/~ pair q ut
E 1 I 1 1 1 1 I 1 1 1 1
© o .
3 F =°n Dalitz-decays
—~ %
3 Y
Z —_
©

P q !

dilepton pair (eTe~, puTp~) production

through annihilation of "thermal” gq-pairs
in hot and dense matter

rate ~ |q@ — v*|? - 171 — ~*|?

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 u™ .~ pair production

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

LA

dilepton rate vs. invariant mass of [ ™1~ pair q ut
e U L L
©
5 £ n°n Dalitz-decays
-~ *®
8 Y
=z _
©

’ q H

dilepton pair (eTe—, pTp~) production

through annihilation of "thermal” gq-pairs
in hot and dense matter

rate ~ |gg — v*|? - [IT1™ — ~*|?

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]

photon self-energy

differential cross-section for ;T p~ pair production = thermal meson correlation function

.= p.20/31



" Thermal meson correlation functions
3 A and spectral functions

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

spectral representation of correlator = dilepton and photon rates

q spectral representation of
thermal photon rate: w = |p]
d3R” 5a oy (w,p,T)

I W =

H d3p  6m2 w2(ev/T —1)

— spectral representation of
q thermal dilepton rate

d*w 5a2 oy(w,p,T)

dwd3p 2772 w2(ew/T — 1)

spectral representation of
Euclidean correlation functions

B (= _ > N dp e B T P cosh(w(T — 1/2T))
= [ de [ S on(e.nT) (o2

.—p.21/31



M Charmonium suppression in
3 A heavy ion collisions (SPS, CERN)

Charmonium Production: dilepton rate Suppression Pattern

1 .4 77 O‘CU, O_U
Iy S-U
/

|
1.2 ¢ Pb-Pb 1996 (min.bias) 2
(IW/ID-Y) pg,5= 171 £03 £0.1 Pb-Pb 1998 (min.bias) &

{}%%M | ’H++ﬁ¢ Lo

103;
G 0.8 s 2
8
102 Drell-Yan 90_ $%%h$%%
£ open 506" T
[ charm 7)) . %
10 0.4 | i
* p-p, p-D
1 0.2 - p-C, p-Al, p-Cu, p-W (450 GeV)
> s 4 s 6 1 8 2 345 50 100 150 200 250 300 350 400
My, (GeV/c?) Number of participants - energy density
invariant mass of the pair
differential cross-section for measured A-A rate normalized to
ut u— pair production rate expected from known p-A collisions

M.C.Abreu (NA50), Phys.Lett. B477 (2000) 28

.~ p.22/31
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" Charmonium suppression in
3 A heavy ion collisions (SPS, CERN)

Charmonium Production: dilepton rate

5
210

dN/dM

10
E (JWI(D-Y) g,5= 171 £0.3 £0.1
Fit for M > 2.85

x%/dof = 1.03

Drell-Yan

M, (GeV/ic %)

invariant mass of the pair

differential cross-section for
put pu— pair production

Measured / Expected J/y suppression

Suppression Pattern

® Pb - Pb 1998 with Minimum Bias
O Pb - Pb 1996 with Minimum Bias
v Pb - Pb 1996
m S-U NA38
A p-A NA38
O p-p(d) NA51

T T ‘ T T T ‘ T
3 35
e (GeV/fm®)

use Bjorken formula to convert
participants to energy density

M
Il

ToVT

1 (dET
dy

),
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Heavy quark spectral functions
and correlation functions

reconstructed correlation functions

above T, from data below T
SC, B=6.64, k=0.1290, Gygon from p(0.75T,)

recon

|8 0.75TC -
(ceo) 0ot L
15 ; ¢
12} t . :
LI
T T S +
0.9 * x x
0 0.1 0.2 0.3 0.4 0.5
~[fm]
1 ‘ ‘0.75% J—
G( )/Gr N 1.1 c ——
(J/3) | " 1T
1 ¢ °

0.9 r %

VC, p=6.64, k=0.1290, Gecon from p(0.75T,)

recon
1

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
T[fm]

0.14

0.12

01

0.08 r

0.06 r

0.04

0.02

reconstructed spectral functions
using the Maximum Entropy Method

0.75T, ——
o2 1.12T, ——
o/ 1.50T, ——
0o 05 1 15 2 25 3 35 4
wa
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1 Heavy quark spectral functions
t R and correlation functions

reconstructed correlation functions

above T, from data below T
SC, B=6.64, k=0.1290, Gygon from p(0.75T,)

recon

1.8 1 . —e—i
(xeo) | oot D
1.5 | i %
12} H i
¢ ® ¢
¢ & °

radial excitations (XC) diséppear at T,;
charmonium S-states (J /¢ and n.)
survive at least up to 1.5 T

(J/v,
1 $ : % {' %
t ;
t } }
09 r % 7]
VC, B=6.64, k=0.1290, G,co, from p(0.75T,)

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
T[fm]

0.14

0.12

01

0.08 r

0.06 r

0.04

0.02

reconstructed spectral functions

using the Maximum Entropy Method

. c/w2 ﬂ

!

0 0.5 1 1.5 2 25 3 3.5 4
wa
cs/w2
0 0.5
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il

-y Heavy quark spectral functions
and correlation functions

reconstructed correlation functions

above T, from data below T
SC, B=6.64, k=0.1290, Gygon from p(0.75T,)

1.8 1 . —e—i
(xeo) | oot D
1.5 | % %
12} t :
¢ ® ¢
¢ & °

radial excitations (xc) diséppear at T,;
charmonium S-states (J /¢ and n.)
survive at least up to 1.5 T

(J/v,
1 § % ; l T
S
% :
t } }
0.9 | s ]
VC, B=6.64, k=0.1290, G,y o, from p(0.75T,)
0O 005 01 015 02 025 03 035
T[fm]

0.14

0.12

01

0.08 r

0.06 r

0.04

0.02

0

0.45

04 r
0.35 -
03
0.25 r
02 r

0.15
0.1
0.05
0

reconstructed spectral functions
using the Maximum Entropy Method

wo? | Tl —
0 015 1 1i5 3 3:5 4
ol 2
need to get better control over
ultra-violet cut-off effects
(Wilson-doublers)
i | use better fermion actions
I - overlap fermions
| - domain wall fermions
0 0.5 1

- (truncated) perfect actions...
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" Outlook: Next generation
) Y9 lattice calculations

® Thermodynamics of pure gauge theory has been "solved”
on (1-10)GFlops computers (1996)

® Thermodynamics of QCD with "still too heavy” quarks has been studied
on (10-100) GFlops computers

® Analysis of "continuum and thermodynamic limit” of QCD thermodynamics
with light quarks, requires computers with ~10 TFlops peak speed.( )

QCDOC SCALING (estimated)

Wilson CG on Fixed 323x 64 Size Problem

QCDOC and apeNEXT:

16

-
©

-
o
L

scaling to 10’s of Teraflops

114

-
a
.

T 12

with $1/MFlops Cost/performance

-
N
L

+ 10

Performance (Tflops)
(-] (-] 3
(=]
Global sum (psec)

I
)

+2

N
L

: : : : : . 0
0 5000 10000 15000 20000 25000 30000 35000

o

. —p.24/31
# Processors p-24/3




=t Progress in lattice calculations...
5 W depends on...

SRR
TR

® development of (special purpose) computer hardware

9o
9o
development of 1000 . TELOPS j
special purpose 100 | ]
computer hardware I :
Y 10 | -Z
towards PETAFLOPS '
computing 1 |

7

0.1 1 APE —v— |
| Columbia-Riken-BNL —e— |
0.01 ’ ]
| :; future — |

0.001 & _year |

1985 1990 1995 2000 2005 2010 2015
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Progress in lattice calculations...
depends on...

special purpose computer hardware

contribution of research done on special purpose computer
to 10 top cited papers in LGT (1999-2004)

spezialisierte PC-Cluster
20% "general purpose" Computer
20%

CP-PACS
20%

APEmille
40%

.- p.26/31



M Outlook: Next generation computers
3 for lattice gauge theory

today:
APEmille

so far the only dedicated

large-scale computer installation used
predominantly for QCD thermodynamics
exists in Bielefeld: 120 GFlops

.~ p.27/31



" Outlook: Next generation computers

for lattice gauge theory

2004:

QCDOC and apeNEXT

QCD thermodynamics on the next generation of special purpose
dedicated QCD computers

installations with (10-20) TFlops peak speed are planned
in the USA and Europe



apeNEXT:
Next generation of APE computers

‘ Assembling apeNEXT...

J&T Asic

APENext

Paris, May 2003

BackPlane

Piero Vicini - SciParC workshop

10

.- p.28/31



apeNEXT:
Next generation of APE computers

12/2003

BackPlane
Paris, May 2003 Piero Vicini - SciParC workshop 10 .-p.28/31



apeNEXT:
Next generation of APE computers

‘ Assembllng apeNEXT...

T

J&T Asic

4 E)
f & 8
s G
o ;_lm i Bl En : .
b g 0 il - 1 .
il ol HE HE 1 iy i) 184 i
| l 33 o (e ¢ E | HE: (B [ A i AR
o e [aaiin E B i = AR Ll
By £
ik e 4

o first chlps Dec 2003
e two 0.8 TFlops prototypes ~ summer 2004

e first 3 TFlops installations in 2005

Fack

BackPlane
Paris, May 2003 Piero Vicini - SciParC workshop 10 .-p.28/31




QCDOC: Next generation of
Columbia-RIKEN computer

Columbia — RIKEN — UKQCD Collaboration

2 — node daughter card 64 — node mother board

e prototypes exist since 07/2003

.= p.29/31



QCDOC: Next generation of
Columbia-RIKEN computer

Columbia — RIKEN — UKQCD Collaboration

- « “‘: . o

v ——
E "E‘;ﬁgi = SR e
|~ :
| ;
L
o . . 5 > » 3
H H s
5
s

512 — node machine : (360 — 450) GFlops

e currently being debugged prototype (05/2004):
0.25 Tbyte memory; 6 Gbit/sec Ethernet 1/O bandwidth

QCDOC computing center at BN L :
e 10 TFlops machine for RBRC: ~ autumn 2004
e 10 TFlops machine for american LGT community: ~ early 2005

e... larger installations possible and needed!
.= p.30/31



Conclusions

o LGT calculations contributed a lot to the understanding/interpretation of H IC
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Conclusions

o LGT calculations contributed a lot to the understanding/interpretation of H IC

e a major effort is still needed to provide results from calculations with the
physical quark mass spectrum close to the continuum limit

e Wish list for 2004/05 is ready: QCD thermodynamics on Teraflops computers

Also these calculations have to face the well-known

lattice beasts: ultra-violet and infra-red problems

.

QCDOC and apeNEXT
will take care of a large
fraction of these problems

.- p.31/31
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