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Physical states

states of matter

e increasing energy—

Solid

The molecules that
make up a solid are
arranged in regular,
repeating patterns.
They are held firmly
in place but can
vibrate within a
limited area.

Liquid

The malecules that
maka up a liquid
flow easily around
one another. They
are kept from flying
apart by attractive
forces between them.
Liquids assume
the shape of

their containers.

E 2011 Encyclopaedia Britannica, Inc.

The maolecules that
make up a gas fly
in all directions at
great speads. They
are so far apart that
the attractive forces
between them are
insignificant.

e e

At the very high
temperaturas of
stars, atoms lose
their electrons. The
mixture of electrons
and nuclei that
results is the plasma
state of matter.
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emerge from gases by further supply of energy
charge-carrying ions and electrons become separated
electrons move freely

99% of the visible matter is in a plasma state!
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phase transitions
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o conversion of phases through pressure and temperature
o in 'phase transitions’ the material properties change drastically
o phases are displayed 'phase diagrams’
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12 crystalline (ice) und 3 amorphous (glas) phases known

phase diagram determined by chemical forces
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what happens ultimately to matter under heating
and compression?

early universe
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what happens ultimately to matter under heating
and compression?

neutron stars
(R. Tolman, R. Oppenheimer, G. Volkoff (1939))

inner structure

uter crust 0.3-0.5 km

‘____,..- |ons, electrons

nner crust 1-2 ke

—4—— electrons, neutrons, nuclei

outer core ~ 9 km
neutmn proton Fermi liquid
few % electron Fermi gas
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nner core 0-3 km
quark gluon plasma?
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what happens ultimately to matter under heating
and compression?

neutron star mergers
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what happens ultimately to matter under heating
and compression?

neutron star mergers

mean interparticle spacing
~ femtometers (1071°m) instead of nanometers (10~°m)

temperatures: 10° K - 10%? K

strong.interdction!
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matter under extreme conditions

quark gluon plasma ®
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initial speculations

E. Fermi: Notes on Thermodynamics and Statistics (1953)
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for the thermodynamics (partition function) the excitation
spectrum is needed

L. Boltzmann (1871)
E = mc? (Einstein (1905)
i (Planck ...(1900)
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for the thermodynamics (partition function) the excitation
spectrum is needed

L. Boltzmann (1871)
E = mc? (Einstein (1905)
i (Planck ...(1900)
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for the thermodynamics (partition function) the excitation spectrum is
needed

Nem) exponential increase!
L4
1000 ’
500 -

p(m) ~ m=2em™/TH: 3~ 5/2
— InZ(T) = [dm p(m)m>/2e=m/T

diverges at Ty!
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for the thermodynamics (partition function) the excitation spectrum is
needed

N(m) exponential increase!
1000

500

I_

100

s0]

1 I
0 500 1000 1500 2000

mass [MeV]
2500 3000

TECHNISCHE
UNIVERSITAT
¢ DARMSTADT

T.D. Cohen et al. JPG 39, 2012

~__ ochenWambach  Quark-Gluon Matter



Inflation
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VoLUME 25, NUMBER 13 PHYSICAL REVIEW LETTERS 28 SEPTEMBER 1970

ULTIMATE TEMPERATURE AND THE EARLY UNIVERSE*

Kerson Huang and Steven Weinberg
Laboaratory for Nuclear Science and Physics Depavtment, Massachusetts Institute of Technology,
Cambridge, Massachusetts 02139
(Received 5 August 1970)

The early history of the universe is discussed in the context of an exponentially rising
density of particle states.

There are now plausibe theoretical models* B=3.
for the thermal history of the universe back to (2) If particles fall on families of parallel lin-
the time of helium synthesis, when the temper- early rising Regge trajectories, their masses
ature was 0.1 to 1 MeV. Our present theoretical take discrete values m,, m,, *++, where
apparatus is really inadequate to deal with much

rias 2 e
earlier times, say when 72100 MeV, and in lieu Ly g S s @
of any better ideas it is usual to treat the matter Here o’~1 GeV~? is the universal Regge slope
of the very early universe as consisting of a and «, is a number, of order unity, character-
number of species of essentially free particles. izing the family. The extension of the Veneziano
But how many species? model” to multiparticle reactions requires® that
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in the 1960's it became clear that hadons have substructure

hadrons consist of quarks and gluons

Quantumchromodynamics (H. Fritzsch et al. 1973)

— Standard Model of particle physics
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asymptotic freedom at short
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QCD similar to Quantumelectrodynamics
but gluons are selfinteracting!

distances

‘April 2012

v Tdecays (N*LO)
8 Lattice QCD (NNLO)

& DIS jets (NLO)

o Heavy Quarkonia (NLO)

o e'e jets & shapes (res. NNLO)
® Z pole fit (N3LO)

PP —> jets (NLO)

=QCD 0o(Mz)=0.1184 +0.0007

10 Q[GeV] 100

1

D. Gross & F. Wilczek, D. Politzer 1973

color confinement at large

distances

quark-hadron transition

vacuum perfect paramagnet
g =00; g =0

— MIT bag model
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Chiral symmetry of the strong interaction

for vanishing quark masses QCD has an extra chiral symmetry

Right-handed: Left-handed:
. p . p
S S

left- and right-handed quarks do not interact!

— parity doublets in the hadron spectrum

but

chiral symmetry is sponateously broken by the
Nambu-Goldstone mechanism

the symmetry of the theory is not the symmetry of the
ground state!

in QCD quarks condense (gq) # 0

Jochen Wambach Quark-Gluon Matter
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spontaneously broken chiral symmetry

Energy (MeV)
Q, (1260)
fo@00- P 770)
1200) —
1 (140)

Goldstone mode
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f; (1420)

f1(1285)

o (1020)

o (782)

P-S, V-A splitting
in the physical vacuum
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quark-mass generation

1000000 -
100000 O QCD mass
W Higgs mass
10000 —
1000
100
i 19
1

u d s c b t
u, d quarks acquire most of their mass from ySB!
'constituent mass’

NJL model - Mq = Mmg — 2G<(_7q> ) TECHNISCHE
A UNIVERSITAT
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‘early’ phase diagram
N. Cabibo & G. Parisi, J.C. Collins & M.J. Perry 1975

4
Py
"quark-gluon plasma’
E. Shuryak 1975
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pressure
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another representation
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Quark-Gluon Plasma

Temperature T
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Matter

N CFL-KC, Crystalline CSC

Meson supercurrent Baryon Chemical Potential us
Gluonic phase, Mixed phase

T (K) @ s

Nuclear Superfluid
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exact computation of thermodynamic
quantities

at finite temperature and vanishing density
with "Monte-Carlo Methods’

"Lattice QCD’

5 kI1oP operations/s)i
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lattice QCD results
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lattice QCD results
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lattice QCD results

chiral condensate
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'dropping masses’

as the chiral condensate diminishes with increasing temperature and
density quarks loose their 'constitutent’ mass'’

1000000

100000 OQCD mass
W Higgs mass

10000
1000
100
10

if the hadron mass is directly related to the quark mass
hadrons should become lighter as well

mj, o< my, ((Gq))"
G. E. Brown and M. Rho 1991
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Heavy-ion collisions and photons

as compared to the size of the fireball photons have a long
mean free path

—  leave the interaction zone undisturbed
E. Feinberg 1976, E. Shuryak 1978

®
6o o°° 0 00 oo

e o ® ®
5\” N Nov
Freezeout
T>7fmlc

Hot Hadron Gas
5< 1T <7fmlc

Equilibrium QGP
2<1<5fmlc

eam direction’

Non-equilibrium QGP
03< T <2fmlc

Semi-hard particle production
0< 7T <03fm/c

+—
beam direction

Jochen Wambach Quark-Gluon Matter



10

10

10

ete - annihilation in the vacuum

= T =
E d . S ]
L w ]
- 3 loop pQCD B
Y Naive quark model -
E Pl E
e
r ;-;‘ ° Sum of exclusive . Inclusive ]
W 3 measurements measurements B

v .I ‘ 1 L L 1 ‘ L 1 L | 1 1 1 ‘ L 1 L 1 | 1 1 1
0.5 1 1.5 2 25 3

invariant mass (GeV /c?)

4 1 1
ks: RI=N Y €=3(-+-+-)=2
quarks ,» € <9—|—9+9>

Jochen Wambach Quark-Gluon Matter

TECHNISCHE
UNIVERSITAT
DARMSTADT



Dropping mass of the p-meson

dN “/dM [counts]
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dN““/dM |counts |

broadening of the p-meson
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H. van Hees and R. Rapp 2006
S. Damjanovic et al. 2006
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Rapp & W:;mhach, Ad‘v‘ Nucl.Phys. 2§, 1 (2009) Phys“ Rept. 363, 8§ (2002)‘ displayed en‘ergies Ihrouqh priv. chm,
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broadening of the p-meson

works also in other collision systems

0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1
dielectron invariant mass, M, (GeV/c?)

F. Geurts et al. 2013
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hadronic mass generation more complicate
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thank you for your attention!
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