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Relativistic heavy ion collisions. 1980-2000

BEVALAC E(lab) =1 GeV/A
!

CERN SPS E(lab) = 158 GeV/A

Q: How strong isthe stopping ??

A: Strong stopping !!!
Lots of particle in midrapidity !
!
Hidrodynamical description

(thermodynamical equil.)
!
EOS for nuclear matter

(EOS for neutron stars)
= Strongly interacting nuclear matter + fireball formation

Only one problem: p+p < Au+Au
Al string < string-melting
A2. va quark < quark matter =» Soft physics




Relativistic heavy ion collisions (Vs=20-200 AGeV)

Collision of two extended
objects consist of protons
and neutrons.

Release of
subnuclear

degrees of freedom
!

Quarks and gluons
with high energies
!
Production

Propagation
; = Hadronization
lesding particie in dense matter

Testing the produced hot dense matter =» Testing QCD
Fifl i)z QGP!

<@ Jets




EQOSfor strongly inter acting nuclear/hadronic/quark matter:
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Bulk matter :

Hydrodynamical models
Thermal description (T,u)

Freeze-out criteriafor
expanding and diluting
fireballs

Particle production in

0<pT < 3GeV

Exponential hadron spectra
verify thermal description



EOQSfor strongly interacting matter from lattice-QCD
zer 0 baryon density (1990-2000)
finite baryon densities (2000 - )
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Morerealistic EOS for deconfined matter

Non-ideal EOS > quasi-particle picture of strongly interacting QM

Bogoliubov Lab. of Theoretical Physics
» » »» Detailed microscopical picture of deconfinement is needed



0. Introduction --- parton matter, guark matter, EOS

1. How totest:
--- parton matter in the early stages ?
» |et-tomography (induced jet energy loss, opacity)
(density evolution isintegrated in time)

--- quark matter around phasetransition?
» hadronization models ( quark coalescence)

(density at phasetranstion)

2. Can we calculatethe early stages directly ?
» hard parton production from perturbative QCD;
» goft hadron production from non-perturbative QCD,;
--- lattice QCD
--- Kinetic theory (pair production)
3. Summary



Jetsin pp and in AA collisions:

Jet production in pp collision
(in vacuum):
»  pQCD description

Jet production and propagation
in AA collision (inside hot dense matter)
» nduced gluon radiation in a

modified pQCD description
JET-TOMOGRAPHY

kc
Radiation

8 5.
4434 Q5,35



'Hard' physics. independent jet-fragmentation (FF) in matter

Fragmentation function: D! (z)dz <=
the probaility to produce a hadron h with momentum z p from ajet c with momentum p

Y\EZ\ \/\/ ~ « matter

® (LA u(T), ...)

d

1. Induced gluon radiation > > > > > |et energy loss
Jet-quenching: E= E- AE(E,L/A, u, ...

D!(z)dz— D?(ZO)%dZO where z2°=1-AE/E



‘Jet-quenching' : induced |et energy loss --- in thin colored matter

M. Gyulassy, P. Leval, I. Vitev,
PRL85,5535(2000), NPB594,371(2001)

GLV: time-ordered pQCD (Feyman diagrams)
+ OPACITY expansion (N=1,23,..)
+ Kinematical cuts

Crex, L%u”
RO(S U logE
N(E) A, u

 L/A=1,2,34

AEgy~

AE (GeV)
o

g 08 = AEuc” (num resuls) E-dependent AE energy loss
Z:: = - : E-independent AE/E
O e = In the window

E (GeV) 3< E<10-15GeV



|nitial parton distributions before and after quenching

-l Befor e quenching:
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- AUAU spectra
© 102 T=200 MeV _
T L 3 = binary scaled pp spectra
c 10 Y | - - <-galowp_T
= T . primary partons =*
= 1 3 % ] : .
< h\3 o <-u alowp T p_T >p_c: polinomial
_ . p_T<p_c:suppressed or
10 A"
. . R\ saturated
Critical region 2 | =X\
— LF -
10 K
> ;
: = Before quenching p—T p_C
_3 “‘ -'-“. - = .
e p.=2.0 GeV ™ f":-.‘_ T 9 80 % of dE_T/dy (y:O)
10
—5 . **""- ﬂ‘“"-, ~
10 After quenching < s L,
L/A=4 *~~._‘_<—"L_:I~.n -
10 ° i et
o 2 4 &} 8 10 12



|nitial parton distributions before and after quenching

- After quenching:
% Au+Au —> g,u,l, s'*=200 GeV RHIC — pQCD
S 102 T=200 MeV radiated gluons =
g L " thermal bath (T=200 MeV)
e % | = hot dense matter formation
5:_ TE“ 3
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Thermal --- Non-thermal distributions!1?! HADRON SPECTRA



Exciting resultsfrom RHIC at Vs= 130 and 200 A GeV -- 1’

PHENIX Caoll., D. d'Enterria, hep-ex/0209051, QM02 Conf.
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Hard physics: pion production in AA collision at high- Py

Perturbative QCD calculationsin NLO for heavy ion collisions:
geometrical overlap + shadowing, multiscattring, jet-quenching, ...

dO_AB 2 2 - dO‘pp
E,———= [ d°bd’r t,(F)tz(b—F|) E,—5—®S(...)®M(...)®Q(...
d’p. d*p,
[\:‘i 1.4 3
1.2
] d+Au
0.8
0.6
Au+Au

0.4

0.2




Har d physics: pion production in AA collision at high- Pt
Au+Au collisionsat 17, 62.4 , 200 A GeV

L/A —» [Tp(t)dt  Opacity > color charge density

|. Vitev (nucl-th/0404052) S. Mioduszewski's comparision
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"Testing deconfined matter around phase transition"

1111101

Hadronization models and descriptions

(Phenomenological descriptions.)



Quark matter formation in heavy ion collisons

Lattice-QCD results at finite density, SU(3), Nf=2 u>0 (2002, Fodor et al.)
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Crossover phasetransition at small and intermediate baryon densities:
What is the microscopical mechanism of the hadronization ???7?
|> = QUARK COALESCENCE asone possibility

WE WANT TO FIND SOME "DECONFINED" PHASE !!



Quark matter formation in heavy ion collisons

Lattice-QCD resultsaround T ¢, SU(3), Nf=0,2,4 u=0 (1990- ...)
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Understanding in a quasiparticle picture: M(Q) =300 MeV, M(G)= 500-800 MeV
[L.P, Heinz U., 1996, PRC51,3326]
= Quark and antiquark dominated matter (QAP)
HADRONIZATION < QUARK COALESCENCE (ALCOR'95)
(‘'Cross-over' phasetransition) (T.S. Biro, P.L., J. Zimanyi)
Interior of quark stars (G.G. Barnafoldi, B. Lukacs, P.L., 2003)



Quark matter formation in heavy ion collisons

Lattice-QCD resultsaround T _c, SU(3), Nf=0,2,4 u=0
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= GLUON numbers are strongly suppressed at T_c and they will decay

QUARK-ANTIQUARK PLASMA



QUARK COALESCENCE: meson production in bulk quark matter

Meson production: binding of aquark and an antiquark, g+q = M
(constituent quark model, non-relativistic approx.)

--- (anti)quarks are inside a deconfined phase [QGP, QAP, COM]
= asymptotic wave functions do not exist inside deconf. phase!!!!

--- the interaction between quark and antiquark drives the meson production
= non-relativistic V(gg) potential (lattice-QCD resultsaround T_c!)

--- direct calculation of coa escence matrix € ements

= V12(r) Is an effective coal escence potential: V,= -y (1A

= many coalescence channels exist (T, p, K, K*, ¢, ...)
--- Introducing 142 — 3 coalescence cross section  [e.g. ALCOR, PLB347,1995,6]:
2
m 2m m a : :
0 (k)= —2 L2 1M, =16m2yma p? _ - a: Bohr radius
472\ (m,+m,) (1+(ka)?)
--- quark coalescence rate: | &®P,d*P, f,(Py) fo(Py) 01pVi

(0 13V) =
T [ ERER (P (P
Can we use such a non-relativistic approximation ?7?? Quark mass !?!
m(q)=330 MeV, T=175 MeV *»> OK




Quark matter formation in heavy ion collisons

ALCOR model for quark matter hadronization [Zimanyi J., Biro T.,L.P.
PLB347,6, 1995 |

Massive quarks and antiquarks arethe basicd.o.f. u,u0,d,d,s,s

Quarks from nucleus are melted (stopping) AN(U) _ 5 o, N((UT))
Newly produced light quark-antiquark pairs dy ” dy
Newly produced strange quark-antiquark pairs d':'j<8> _ dN<O<|SS>>

y y
Attractive potential between (anti-)quarks V()= — o g A0

r

Heavy hadron resonances are produced -> decay

RESULT: analysisand understanding of the
particle numbersand their ratios + energy dependence

Input parameters: P;uny=(dd);(s8)=f* ((ub)+(dd)); a4




Quark matter formation at RHIC at vs =130 & 200 A GeV

ALCOR model for quark matter hadronization 2004 April
ALCOR | ALCOR Au+Au STAR |ALCOR| STAR | ALCOR
! . dX/dy or R | 130 AGeV 200 AGeV
N AGeY [ 200 |>
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reproduces most of the K7 0061 +0.04 | 015 | 0.16+£002 [ 0.150
bulk properties at RHIC energies K= n 0146 £0022 | 014 | 015+£002 | 0142
(artice umbers atios yr [ustam | oo o
- . { : ! Ak AL
their energy dependence) =/ | 0.006+ 0,001 | 0.007 | 0.007+0.001 | 0.008
i HTE55 | 285 317
oK 0404013 | 037 | 055+015 | 037
Aty 030 | 0244004 | 039
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Quark matter formation at SPS at E(beam) = 158 & 80 A GeV

ALCOR model for quark matter hadronization

ALCOR || ALCGR
158 GeV || Bl Ge D
fit
New pairs. dNg/dy | 123 88 AA;'
Strangeness, f, .26 (.30 /
Stopping, in % 14, Al /
luteraction, gy .7 (1.9

Quark-coalescence:

reproduces most of the
bulk properties at SPS energies
(particle numbers, ratios,

their energy dependence)

2004 April

Ph+Ph NAL ALCOR| NA#9 [ ALCOR
dX/dyor R | 158 AGeV 80 AGeV

0 175449 175 | M04+7 | H
K 16.8 4 0.8 181 | 17406 | 112
KK 06E005 | 062 | 0ATL006 | 046
= 0334004 | 036 .31
K’ 206+ 13 01 [ HeE1I | A2
z 1494008 | 184 181
i QOTE0OL | 0070 [0033£0.004 [ 0031
/A 014840015 | 0138 | 007900 | 0.006
i 122 4 0.03 019 | 013400 | 017
' 046401 .34 4l
=/ 0.009 £ 0.000 | 0.0105 0,013
= et 0.0022 +0.0006 | 0,002 0.0023
{0 /n (0085 + 0.002 | 0.0022 10022
i (0.00065 + 0.00007 | 0.00078 0.00097




Color partcle densities --- quarksor gluons ???

Ropidity densities — color particles

%‘15{}0 % SM1/2  Quark-coalesc Jet-quench
N Quaok coalescence (tot) (Gev)  dNg/dy dNg/dy  L/A
<1400 ALCOR, dN, /dy
17.3 7104100  400+100 15+.5
2Rl 624 1000100  700+100
1000 200.0 1400+100 1100+100 35+.5
ALCOR  I.Vitev P.Leva
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600 _
Quench: earlier stage
400
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|nitial parton distributions from perturbative QCD
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Befor e quenching:

AUAU spectra
= binary scaled pp spectra

soft parton spectra:
only estimate based on
energy conservation

Non-perturbative QCD =

soft parton spectra:
calculation directly

Duality:
gluon field <= gluon particles

Kinetic theory:
pair production from
strong fields



| nitial gluon distribution from non-perturbative (lattice-) OCD

A. Krasnitz, Y. Nara, R. Venugopalan, PRL 87 (2001) 192302.
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The 5003 gluon momenturn distribution can be fitted
by the following function:

1 _an
TR dodkr

where [.(kr /A is

I - .
= = felbr/Ai), (3]
R-

I = alexply k7 + w3/ Tar) — 117" (kr/As = 3)
# ”J-"'ljhEr4W1'TJ“'-"lJ1‘L'rJ lkr/A, = 3)
(4]

with oy = 00295, m = 006TA,, T = 0934, and
g, = 0033 At low momenta, the functional fom is
approximakly that of a Bess-Emstein distribution in two
dimensions even though the underlying dynamics is that
of classical fields. The functional form at high momentum
is moteeated by the lowest order perturbative caleulations

Non-thermal distributions (Tsallis-distribution) --- T.S. Biro, A. Parvan

V. Toneev



|nitial parton distributions from kinetic theory in strong field
V.V. Skokov, P. Levai, in preparation

(Chromo-) Electric field impulse
| 1 (overlapping heavy ions)

o\ Boson production by Klein-Gordon eg. + A*(t)
I .\\" _ - -
| - | Fermion production by Dirac eq. + A"(t)
Num. RS TN e
Simulations NHLAN
H a5 - 4
- | . -.__'-'\"-'_'h“-‘-".':-.—.'".w."_.u._a-.‘____q | Ferml On+
e ~|antiferm.
1810 | o s— Boson
Low-p_ T spectra High-p T spectra

Fermion dominance, 90 % of ¢ in fermion-antifermion pairs!!



SUMMARY:

Ultrarelativistic heavy ion collisions:

phase structure of strongly interacting matter;
EOS,
hadr onization;

Early stage: parton matter with high energy densities (QCD)
Later stage: quark-antiquark dominated deconfined matter

How hasthe parton matter been produced?
How hasthe QGP - QAP transformation happened?

Application of non-perturbative QCD and
effective QCD methods.

EXPERIMENTAL DATA from RHIC and LHC!
Strong demand for theoretical investigations!!!



