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Heavy lon Collisions in ALICE

SQM
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Heavy lon Collisions in CMS
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Heavy lon Collisions in ATLAS

Run 169226, Event 379791
Time 2010-11-16 02:53:54 CET ».
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South Africa
The ALICE Collaboration

35 Countries - 124 Institutes - 158 MCHF capital cost

Sy wen  ALICE Members
(Tatal: 1199 Members®)
Semder e Armeia -
History of the ALICE Experiment: Spsin Ukrcine

1990-1996 Design Soutikores  Tellend e e Croatle

1992-2002 R&D P
2000-2010 Construction ‘%‘f f—

2002-2007 Installation el 1 |
2008 -> Commissioning

4 TP addenda along the way:

1996 Muon spectrometer .
1999 TRD v/

2006 EMCAL

2010 DCAL

*Alice Collaboration Data Base (ACDB) records, January 2012
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Particle Multiplicity in Heavy lon Collisions
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Particle Multiplicity in Heavy lon Collisions
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Particle Multiplicity in Heavy lon Collisions

About 16 000 particles are produced in a heavy ion
collision.

Hence: Use Concepts from Statistical Mechanics to
analyze the final state
e.g. use Energy Density, Particle Density, Pressure,
Temperature, Chemical Composition, ...



Heavy lon Collisons at the LHC Thermal Model Hagedorn temperature

Heavy lon Collisions at NICA/FAIR

Hadronic Gas before Chemical Freeze-Out

J.C. and H. Satz, Z. fuer Physik C57, 135, 1993.
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Thermal Equilibrium

In thermal equilibrium
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Thermal Equilibrium

Particle Number
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Thermal Equilibrium

Average Energy
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Thermal Equilibrium

d®p EN
M= av [ e (-7)

= gV

Hi

A 1 Tng(T) e7

Heavy lon Collisions at NICA/FAIR

(7).
(2 ) /x2 dx exp <— x2+m,2/T2>eT
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Full Hydrodynamic Flow

Bjorken scaling + Transverse expansion

After integration over mr

dN;/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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Chemical Equilibrium

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

for the chemical potentials

pttpp = p3t pa+ps e )
As an example
P +pem+p+a° (3)
leads to
[ix0 + Hp = g0 + Hp + [0 (4)
which leads to
firo =0 ()



Thermal 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 + pug)dNg =0 (7)

uB = —Up (8) SQM
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Chemical Equilibrium

In equilibrium
d®p

_ a°p E s
Vo=oV [ e (7 7)
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Chemical Equilibrium

No Chem. Equil.
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Thermal 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 + Cipe + . (9)



Thermal Model
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The Role of Resonances

Example: p’s
p— Tt

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



Thermal Model

The Role of Resonances

Resonances are very important in the thermal model.

Without resonances the thermal model
doesn’'t work.



Hagedorn temperature

THE HAGEDORN TEMPERATURE.



Hagedorn temperature

—— Hagedorn fit

T,=174 * 11

c=0.16*0.02 Gev ¥?

MeV

3 4
Mass m (GeV)

Keep on adding the number of hadronic resonances.

J.C. and Dawit Worku, Mod. Phys. Lett. A26 (2011) 1197; arXiv:

1103.1463

~



Hagedorn temperature

HADRONS DO NOT EXIST ABOVE THE
HAGEDORN TEMPERATURE.

Thermodynamic quantities like particle density, energy density,
pressure ,... all involve a summation over hadron species:

zj:exp?

and the sum becomes (t00) large due to the number of
resonances.
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Phase Diagram

Heavy lon Collisions at NICA/FAIR

Hadronic

Liquid-Gas




Hagedorn temperature
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Importance of Resonances.

0.0

T(thermal)/T(all)

| | |
100 125 150 175

Temperature

Heavy lon Collisions at NICA/FAIR
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Strangeness saturation?
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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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SPS data.

| Measurement |

Pb—Pb 158A GeV

+77)/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
ve = 0.862+0.036

F. Becattini, J.C., A. Kerdnen, E. Suhonen and K. Redlich
Physical Review C64 (2001) 024901.
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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 133.74+9.9
A 20.34+2.74
p/mt 1.234+0.126
p >0.0185+0.0018




Hagedorn temperature

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.



Hagedorn temperature

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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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)

Heavy lon Collisions at NICA/FAIR

Ratio Experiment Central Mid-Central Peripheral
wé)/wé) BRAHMS 0.9904-0.100
PHENIX 0.960+0.177 0.920+0.170 0.93340.172
PHOBOS 1.000-0.022
STAR 1.000-+0.073 1.000-+0.073 1.000 =+ 0.073
K(;) /K PHENIX 1.1524-0.240 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
B/ P PHENIX 0.6804-0.149 0.67140.142 0.71740.157
B(2)/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/ 72 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)/ ™5 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
®/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)
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E/Nin 2005

I i I i I i I i I i

o2+~ <E>/<N>=1.1 GeV ™|

<E>/<N>=1.0 GeV

[N
¢

Temperature (GeVé
o ¢
'_\

0.05

I~ 2 N



Heavy lon Collisons at the LHC

0.2

Thermal Model

Hagedorn temperature

Chemical Freeze-Out: Status in 2005
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0.1

T (GeV)

0.05

E/N =108 GeV
<<<<< — percolation

.......... gT=7

- _ 3
——== nn =012m

02

04

0.6

Hp (GeV)

Heavy lon Collisions at NICA/FAIR
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Chemical Freeze-Out: Status in 2005

0-2 _I LI L LI LI T _I
0.15 —
g B ]
= 0.1 —
= - -
0.05 R —
: 111 | 111 | | I I - | 111 | 1 :
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Hg (GeV)
T =0.166- 0.139 pu° - 0.053 p*
J.C., H. Oeschler, K. Redlich, S. Wheaton, SQM

PR C73, 034905 (2006)
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M. Floris: Nucl. Phys. A931, (2014) 103-112
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Hagedorn temperature

M. Floris: Nucl. Phys. A931, (2014) 103-112
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Hagedorn temperature

M. Floris: Nucl. Phys. A931, (2014) 103-112
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Phase Diagram

'EB'_'J" U'T”fersa _ The Phases of QCD

Quark-Gluon Plasma

Color
Superconductor

Chemical Potential

SOM

= S p—
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dN/dy ratio
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L J. Randrup & J. Cleymans
[Phys. Rev. C74 (2006) 047901]
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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. SOM
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Maxima in particle ratios : Wroblewski factor
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Maxima in particle ratios : K* /7
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Maxima in particle ratios : A/x*

02— Lines of constant A/TT ratio
0.160
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1 1 1 1 1 1 1 1 1
0O 0.1 02 03 04 05 06 0.7 08 09
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Temperature T [MeV]
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Thermal Model Hagedorn temperature

Good Luck NICA

Heavy lon Collisions at NICA/FAIR
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