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of Syste

J.C. and H. Satz, Zeitschrift fuer Physik C57, 135 (1993)
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Thermal Equilibrium

In thermal equilibrium
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Full Hydrodynamic Flow

Bjorken scaling + Transverse expansion

After integration over mr

aNi/dy NP
dN;/dy ~ N?

where N? is the particle yield
as calculated in a fireball AT REST!

Effects of hydrodynamic flow cancel out in ratios.
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Thermal Equilibrium
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Thermal Equilibrium
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Thermal Equilibrium
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Thermal Equilibrium

= g’ﬁTm [K1(T)+3 KZ(T)]J

“ = {f« () + 4k () - e ()] o7
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Chemical Equilibrium

In equilibrium
Ev+Ex+---=E3+Es+Es+ - (1)

for the chemical potentials

pttpp = p3t pa+ps )
As an example
4+ pemo+p+ad (3)
leads to
[ix0 + Hp = g0 + Hp + [0 (4)
which leads to
firo =0 (%)



Statistical Model

Chemical Equilibrium

In equilibrium )
B+B—~B+B+B+B (6)

dE = —pdV + TdS + pgdNp + pgdNj

Due to baryon number conservation one has

Npg — Ng = constant

and
dNg = dNj

The energy is a minimum for

dE = (ug + png)dNg =0 (7)

B = —iB (8)
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Chemical Equilibrium

In equilibrium

d®p
Ng=gV / (27)3

_ d®p Y
Vo=V [ e (7 7)

Ng = Ng—pug=0
NB_MUBZO
Ng — ug <0

IN IV
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Chemical Equilibrium
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Statistical Model

The number of particles of type i is determined by:

a® E; n
s G (5)

For bosons:

d®p 1
N/VQI/(27T)36X E i
P\T 7

For fermions:
d®p 1

N=Va @ (E
exp To7 + 1
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Chemical Equilibrium

Only conserved quantum numbers matter for chemical
equilibrium: In equilibrium

pi = Biug + Qipq + Sips + Cipc + . (9)
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The Role of Resonances

Example: p’s

p— ntrT

Final, observed, number of 7=t is given by
N+ = N+ (thermal) + N, +(resonance decays)

depending on the temperature, over 80% of observed pions are
due to resonance decays



Statistical Model
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Importance of Resonances.
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Strangeness saturation?
2 , ! ' | ,
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Strangeness saturation?

d3 E: ,
N =5 Vg / (ZF’)OS exp (—T’ + ?)
with

~vs < 1 strangeness under-saturation
~vs = 1 strangeness in chemical equilibrium
vs > 1 strangeness over-saturation
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Strangeness

SPS data.

| Measurement |

Pb—Pb 158A GeV

+m7)/2. ] 600+30
Kt 95 +10
K- 50 +5
K 60 £12
p 140£12
p 10 +£1.7
¢ 7.641.1
=" 4.42+0.31
= 0.74+0.04
A/A 0.240.04
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SPS data.

SPS: Chemical Freeze-Out Parameters:

T = 156.0 +2.4MeV
ug = 239+ 12MeV
vs = 0.862+0.036

F. Becattini, J.C., A. Kerédnen, E. Suhonen and K. Redlich
Physical Review C64 (2001) 024901.



South Africa and the University of Cape Town Statistical Model Strangeness E7 /N, vs. E/N Dependence on the Size of Syste

AGS
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AGS data.

Measurement

Au—-Au 11.6A GeV

Participants 363+10
K+ 23.7+£2.9
K~ 3.76+0.47
mt 133.7+9.9
A 20.34+2.74
p/mt 1.2341+0.126

p

>0.0185+0.0018
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AGS data.

AGS: Chemical Freeze-Out Parameters:

T = 130.6+5.5MeV
ug = 594+ 26MeV
vs = 0.883+0.124

F. Becattini, J.C., A. Kerdnen, E. Suhonen and K. Redlich
Physical Review C64 (2001) 024901.
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SIS data.

Measurement

Au-Au 1.7A GeV

7T/p
K+ /mt
L

n/m°

0.052+0.013
0.003+0.00075
2.05+0.51
0.018+0.007
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Strangeness

SIS data.

SIS: Chemical Freeze-Out Parameters:

T 49.7 +1.1MeV
ug = 8184+ 15MeV
vs = 1 (fixed)

J. C., H. Oeschler and K. Redlich)
Physical Review C59, (1999) 1663.
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RHIC data.

J. C., B. Kdmpfer, M. Kaneta, S. Wheaton, N. Xu, Phys. Rev. C71, 0409071 (2005)

Ratio Experiment Central Mid-Central Peripheral

wé)/wé) BRAHMS 0.9904-0.100

PHENIX 0.960-+0.177 0.920+0.170 0.933+0.172
PHOBOS 1.000-0.022

STAR 1.000-+0.073 1.000+0.073 1.000 =+ 0.073

K(;) /K PHENIX 1.152-£0.240 1.2924-0.268 1.3224-0.284
PHOBOS 1.0994-0.111

STAR 1.109-+0.022 1.105-+0.036 1.12040.040

By /Pe1y PHENIX 0.68040.149 0.67140.142 0.71740.157
B2)/Pe2) BRAHMS 0.650-+0.092
PHOBOS 0.6004-0.072

STAR 0.71440.050 0.724+0.050 0.764+0.053

Aay/ N PHENIX 0.75040.180 0.798+0.197 0.795+0.197

Ay /N2 STAR 0.7194:0.090 0.739+0.092 0.744+0.100

2(+2) 2 STAR 0.8404-0.053 0.8224+0.114 0.815+0.096
at/a- STAR 1.062+0.410

Kay/™(2) PHENIX 0.15140.030 0.134+0.027 0.116+0.023

STAR 0.15140.022 0.14740.022 0.130+0.019

Kg/w(;) STAR 0.13440.022 0.13140.022 0.108+0.018

Pay/ 5 PHENIX 0.049-+0.010 0.047-+0.010 0.045+0.009

Pe)/ ™z STAR 0.069-+0.019 0.067+0.019 0.067+0.019

A1)/ ) STAR 0.043-+0.008 0.043+0.008 0.039+0.007

Ae) /7 PHENIX 0.072+0.017 0.068-+0.016 0.07440.017

< KO > /73 STAR 0.039+0.011 E
¢/75) STAR 0.0224-0.003 0.021+0.004 0.022+0.004
STAR 0.00934+0.0012 | 0.0072+0.0011 | 0.00604+0.0008
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RHIC data.

RHIC: Chemical Freeze-Out Parameters:

T = 169 +4.2MeV
ug = 39.6+6MeV

J. C., B. Kdmpfer, M. Kaneta, S. Wheaton, N. Xu
Phys. Rev. C71, 0409071 (2005)



South Africa and the University of Cape Town

Statistical Model

E/Nin 1999
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Statistical Model

E/Nin 2000

Strangeness E7/Ngp vs. E/N Dependence on the Size of Syste
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E/Nin 2005
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Chemical Freeze-Out: Status in 2005

O- 2 T I T I T I T I T
0.15 |
=
38 o1 _
'_
0.05 ————— E/N=1.08GeV \\ 1
. \
- CoST=7 R a
n+n, = 0.12/fm
0 1 I 1 I 1 I 1 I 1
0 0.2 0.4 0.6 0.8 1

Hg (GeV)

V. Magas and H. Satz, Eur. Phys. J. C32 115 (2003).

P. Braun-Munzinger and J. Stachel, J. Phys. G:Nucl. Part. Phys. 28 1971 (2002).
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Chemical Freeze-Out: Status in 2005

0.2 T
015 -
= C ]
8 oaf- —
— B i
0.05 [ Q\;
ol v v v b b 1]

o 02 04 06 08

Mg (GeV)

T(ug) = 0.169 — 0.189.2 + 0.165u% — 0.229,5,.
J. C., H. Oeschler, K. Redlich, S. Wheaton 6
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up as a function of /syn

by (GeV)

01 1 ||||||;L|0 1 ||||||:|:|00 |||||:||‘|000
Vs, (GeV)
1.273 GeV
18(V's)

T 140258GeV /5
This predicts at LHC g ~ 1 MeV.

J. C., H. Oeschler, K. Redlich, S. Wheaton
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T as a function of \/syn

0.2
RHIC
0.15 —
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9 0.1
H
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oL A | R |
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This predicts at LHC T ~ 170 MeV.

J. C., H. Oeschler, K. Redlich, S. Wheaton



Strangeness

Energy Density
u E w =)
g =] g =

§

g

0 . I. L |

0.05 0.1
Net Baryon Density

J. Randrup and J.C., Phys. Rev.

C74 (2006) 047901
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Strangeness

Hadronic freeze-out
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J. Randrup and J.C., Phys. Rev. C74 (2006) 047901
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Will it be possible to determine directly E/N ?

E: energy of primordial hadrons
N: number of primordial hadrons



South Africa and the University of Cape Town Statistical Model Strangeness E7/Ng, vs. E/N Dependence on the Size of Syste

—~
m
-
~
Il
—~

Esing)
(E)

NP



gy e 5 1500

Low energy limit
Tm
" ~1.8Gev

High energy limit




South Africa and the University of Cape Town Statistical Model Strangeness E7/Ng, vs. E/N Dependence on the Size of Syste

However

E+ : subtract my for baryons
add my for antibaryons.



N

decays  primordial

N

tJ

Primordial vs Final State Hadrons

—  EBE/N = 1.08 GeVWV
L L MR S T | L L P S |
1 10 100
VSNN (GeWV)

J.C., R. Sahoo, D.K. Srivastava, S. Wheaton
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J.C., R. Sahoo, D.K. Srivastava, S. Wheaton



Er/Ngyvs. E/N
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Er/Ngyvs. E/N

Transverse Energy per Charged Hadron

—e—i

— E/N=1.08 GeV

L | L | L | L |
50 100 150 200
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J.C., R. Sahoo, D.K. Srivastava, S. Wheaton



T (GeV)

Er/Ngyvs. E/N

Lines of constant E.[jNCh

6 0.8 1

02 I 04 0
Uy (GeV)

J.C., R. Sahoo, D.K. Srivastava, S. Wheaton



Er/Ngyvs. E/N

E7/N.» mainly follows T and is determined by
E/N,
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Centrality Dependence of the Baryon Chemical

Potential
400 - v I - T :
350 |- -
300 = |
K
lo & 4_' i
250 H§ -
; LA F. Betamini eril. (4m) —@—igpsHE
L
= 200} .
=2
£ 150 (- -
100 [~ -
50 [~ |
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ol L L I . 1 .
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part

J. C., B. Kampfer, P. Steinberg and S. Wheaton, Journal of Physics G30 S595-S598 (2004).



South Africa and the Universit

Centrality Dependence of the Chemical Freeze-out

T (MeV)

Temperature
200 T ; T T T T
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180 |- N
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J. C., B. Kdmpfer, P. Steinberg and S. Wheaton, Journal of Physics G30 S595-S598 (2004).

400

in the Size of Syste
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08} RHIC il -

Pb+Pb HE

Sitsi o
¥

0 100 200 300 400

J. C., B. Kdmpfer, P. Steinberg and S. Wheaton, Journal of Physics G30 S595-S598 (2004).



The NA49 Collaboration has recently performed a series of
measurements of Pb-Pb collisions at 20, 30, 40, 80 and 158
AGeV beam energies . When these results are combined with
measurements at lower beam energies from the AGS they
reveal an unusually sharp variation with beam energy in the

A/ (), with () = 3/2(7" + n~), and K* /=" ratios. Such a
strong variation with energy does not occur in pp collisions and
therefore indicates a major difference in heavy-ion collisions.
This transition has been referred as the “horn”.
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The Elephant in the Room

9

Friese o
. v
Dinkelaker 3 ¢
Blume ¥ o7 '
X !
Speltz 3 e .
= Ly |
I
4 —
2
) 4 !\ AGS (midrapidity)
5 A ACS .
< B NA49 preliminary
B NA4S
STAR (midrapidity)
L ® BGRAHMS
A
L 10 10~
s[GeV]

Difficult to avoid, Hard to Model
- But no unambiguous corroborating evidence @



Strangeness in Heavy lon Collisions
VS

Use the Wroblewski factor

N = 2 (ss)
° " (ub) + (dd)
This is determined by the number of newly created quark —

anti-quark pairs and before strong decays, i.e. before p’s and
A’s decay.

Limiting values :
As = 1 all quark pairs are equally abundant, SU(3) symmetry.
As = 0 no strange quark pairs.
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—— Freeze-out Curve
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Statistical Model

Strangeness

E7/Ncp vs. E/N Dependence on the Size of Syste
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J. C., H. Oeschler, K. Redlich and S. Wheaton, Physics Letters B615 (2005) 50-54.
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J. C., H. Oeschler, K. Redlich and S. Wheaton, Physics Letters B615 (2005) 50-54.
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T (GeV)

J. C., H. Oeschler, K. Redlich and S. Wheaton, Physics Letters B615 (2005) 50-54.
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J. C., H. Oeschler, K. Redlich and S. Wheaton, Physics Letters B615 (2005) 50-54.
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J. C., H. Oeschler, K. Redlich and S. Wheaton, Physics Letters B615 (2005) 50-54.



Maxima in Particle Ratios predicted by the Thermal Model.
Ratio Maximum at | Maximum

VS (GeV) Value

A/ (7) 5.1 0.052
= /rt 10.2 0.011
K+ /m* 10.8 0.22
Q /nt 27 0.0012

J. C., H. Oeschler, K. Redlich and S. Wheaton, Physics Letters B615
2005) 50-54.
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