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Abstract
On the role of QCD in Cosmology: some time ago the proliferation of hadrons of increasing

masses turned the early universe into an unpredictable opaque state. QCD the modern theory

of strong interactions of hadrons was bringing new light into the game.
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From quarks to ...

How QCD made early cosmology predictable

Looking back in time in
�
�

�
�the early history of our universe :

The universe is expanding according to Hubble’s law velocity = H × distance
(cosmological solutions of Einstein-Friedmann equations). The further we look
back in the past, the universe appears to be compressed more and more. We
therefore expect the young universe was very dense and hot:
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From quarks to ...

At Start a Light-Flash: à Big-Bang (fireball)
Light quanta very energetic, all matter totally ionized, all nuclei disintegrated.
Elementary particles only!: γ, e+, e−, u, ū, d, d̄, · · ·

Processes: 2γ ↔ e+ + e−

2γ ↔ ū + u, d̄ + d
...
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Particle–
Antiparticle
Symmetry!

'

&

$

%

quantum fields
in full

blossom

* Digression into high energy physics: example LEP
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From quarks to ...

e+e− Annihilation at LEP

Mini Big Bang !

• What happens in Electron Positron Collisions?

Matter and Antimatter annihilate to pure light or heavy
light (Z’s), which re-materializes in new forms of matter

(mostly showers of unstable particle).
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From quarks to ...

�

�

�

�
Science Fiction as Reality!

Theory: Matter ↔ Antimatter Symmetry [Dirac 1928, Andersen 1932, . . .]
To every particle there exists an antiparticle

of opposite charge
Nature: in our universe today: antimatter is missing [got lost somehow]!
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From quarks to ...

Energy versus temperature correspondence:

1◦K ≡ 8.6× 10−5eV
(Boltzmann constant) ⇒

temperature of an event
T ∼ 1.8× 1011 × T�

In nature such temperatures only existed in the very early universe:

t = 2.4√
g∗(T )

(
1MeV

kT

)2
sec.

↓
t ∼ 0.3× 10−10 sec. after B.B.

early universe

0◦K ≡ −273.15◦ C absolute zero temperature
T� ' 5700◦ K surface temperature of the Sun
�

�

�

�
LHC looks further back in time: tLHC ∼ 1.185× 10−15 seconds A.B.B.
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From quarks to ...

History of the Universe (continuation)

10−43 sec. quantum-chaos
... ???

2× 10−6 sec. quark-gluon plasma, nucleon–antinucleon annihilation

Relict: nB/nγ ' 10−9
matter
visible
today

2 sec. electron–positron annihilation
200 sec. Helium synthesis

→ yields more neutrinos ! have tiny masses may contribute
substantially to matter density of the universe

400’000 years Hydrogen recombination
universe transparent, almost no free charges anymore,
photons decouple and cool down further,

500’000 years from now on matter (neutral atoms) dominates
1 Billion years stars, galaxies, clusters of galaxies, · · · form

13.7 Billion years today
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From quarks to ...

“Annihilation Drama of Matter”

10−35 sec.

X

X̄

???

· · ·

· · ·

q

q̄

e−

e+

ν

ν̄
γ

X, X̄–Decay: ⇒ { q : q̄ = 1,000 000 001:1

e− : e+ = 1,000 000 001:1

10−30 sec.

W

W̄

q

q̄

e−

e+

ν

ν̄
γ

1.2× 10−15 sec. LHC events

0.3× 10−10 sec. LEP events

qq̄ → γγ:

10−4 sec.

q e−

e+

ν

ν̄
γ

e+e− → γγ:

1 sec.

q e− ν

ν̄
γ
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From quarks to ...

“Nucleo-Synthesis”

After 400 000 years: light atoms (electrically neutral)

H : He ∼ 3 : 1
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From quarks to ...

together 98% of baryonic matter !
Where are the γ’s ?

⇒ Cosmic Microwave Background (today: T ' 2.725◦ K)
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From quarks to ...

Early Simplicity

Surprisingly, the early universe was much simpler than it
is today, for several reasons:

1) Everything was spread out uniformly.
2) Atoms & light were in thermodynamic equilibrium,

which is a particularly simple physical state.
3) Changes due to expansion are also simple.

Particle number in Thermal Equilibrium:

n Fermions
Bosons

=
g

2π2~3

∫ ∞

mc2

√
E2/c2 −m2c2

exp
(

E−µ
kT

)
± 1

E dE

c2

Statistical occupation probability (quantum statistics).
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From quarks to ...

Fermions can occupy a state 0- or 1-times (Pauli-Principle),

à weight factor
(
exp

(
E−µ
kT

)
+ 1

)−1

Bosons can occupy any state arbitrarily often,

à weight factor
(
exp

(
E−µ
kT

)
− 1

)−1

g is the spin multiplicity
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From quarks to ...

Limiting cases

In the relativistic limit (kT � mc2) one has

nBosons = 4
3nFermions = ζ(3) g

π2

(
kT
~c

)3

εBosons = 8
7εFermions = π2g

30

(
kT
~c

)3
kT

sBosons = 8
7sFermions = 2π2g

45

(
kT
~c

)3
k

p Fermions
Bosons

= 1
3ε Fermion

Bosons

In the non-relativistic limit (kT � mc2) the difference between Fermions and
Bosons disappears:

n = g

(
kT

~c

)3
√(

mc2

2πkT

)3

exp
(
−mc2

kT

)
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From quarks to ...

s =
mc2n

T
, ε = nmc2 , p = nkT

Energy density of the relativistic components: Stefan-Boltzmann law

ρc2 =
π

30
g∗

(
~c

kT

)3

kT

with g∗ the effective number of relativistic degrees of freedom = sum of all
contributions of the relativistic particle species.
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From quarks to ...

Scanning the Standard Model from the heavy to the light
particles
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From quarks to ...

Leptons τ−, τ+ 1776.84± 0.171 MeV spin= 1
2 g = 2 · 2 = 4

µ−, µ+ 105.658 MeV
e−, e+ 0.510999 MeV

12
Neutrinos ντ , ν̄τ < 18.2 MeV spin= 1

2 g = 2
νµ, ν̄µ < 190 keV
νe, ν̄e < 2 eV

6

Weak bosons W± 80.403± 0.029 GeV spin= 1 g = 3
Z 91.1876± 0.0021 GeV

Photon γ 0 (< 6× 10−17 eV) g = 2
11

Higgs H > 114.4 GeV spin= 0 g = 1
1
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From quarks to ...

�

�

�

�
FFFthe QCD part FFF

Quarks t, t̄ 171.3± 1.6 GeV spin= 1
2 g = 2 · 2 · 3 = 12

b, b̄ 4.20+0.17
−0.07 GeV 3 colors

c, c̄ 1.27+0.07
−0.11 GeV

s, s̄ 105+25
−35 MeV

d, d̄ 3.5− 6.0 MeV
u, ū 1.5− 3.3 MeV

72
Gluons 8 massless bosons spin= 1 g = 2 · 8 = 16

16

Remember: QCD = asymptotic freedom�
�

�
�strong interactions = weak at short distances strong at long distances
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From quarks to ...

In nature today: hadrons only = color singlets, [color unobservable!] à
Confinement

Hadrons are made of Quarks and Gluons

QUARKS are permanently confined inside HADRONS

In early universe: hundreds of hadrons à quark-antiquark-gluon soup [36+36+16]
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From quarks to ...

All SM : gf = 72 + 12 + 6 = 90 ; gB = 16 + 11 + 1 = 28

Thus the total energy density

ρ(T ) =
∑

ρi(T ) =
π2

30
g∗(T ) T 4

which in general defines an effective number of degrees of freedom g∗(T ).

If all particles are ultra relativistic

g∗(T ) = gB(t) +
7
8

gf(T )

with gB =
∑

i gi is the sum over relativistic bosons and gf =
∑

i gi the sum over
the relativistic fermions.
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From quarks to ...

If all SM are relativistically excited we have

g∗(T ) = 106.75

Mass effects can be taken into account as done above for electrons and positrons
in the discussion of the e+e−-annihilation. Mass effects manifest themselves
slightly different in energy density ρ, pressure p and entropy density s. Therefore

ρ(T ) =
π2

30
g∗(T ) T 4 ; p(T ) =

π2

90
g∗p(T ) T 4 ; s(T ) =

2 π2

45
g∗s(T ) T 3

define slightly different effective numbers of degrees of freedom when masses play
a role. Numerical results are shown in the following figure.
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From quarks to ...

The functions g∗(T )) (solid), g∗p(T ) (dashed), and g∗s(T ) (dotted) calculated for
the SM particle content.

In the following we will often adopt the convention to express temperatures in
energy units, as E = kB T (hence 1 ◦K ∼ 8.6× 10−5 eV) is a universal relation
and as particle physicist we are more familiar with energy units.
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From quarks to ...

The thermal history of the universe as a scan of the SM:

T event g∗(T ) comment
∼ 200 GeV all states relativistic 106.75
∼ 100 GeV EW phase transition 106.75
< 170 GeV top annihilation 96.25
< 80 GeV W±, Z, H annihilation 86.25
< 4 GeV bottom annihilation 75.75
< 1 GeV charm, τ annihilation 61.75
∼ 175 MeV QCD phase transition 17.25 (u, d, g → π±,0, 37→ 3)
< 100 MeV π±, π0, µ annihilate 10.75 e±, ν, ν̄, γ left
< 500 keV e± annihilation 7.25

Time after B.B.: t = 2.4√
g∗(T )

(
1 MeV

kBT

)2

sec.
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From quarks to ...

Quark-Gluon Plasma: The Stuff of the Early Universe
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From quarks to ...

QCD under extreme conditions:

r High temperature matter: early universe

r High density matter: in neuron stars and other supernova remnants
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From quarks to ...

r Laboratory test to come: heavy ion collisions RICH/Brookhaven, LHC/Geneva

Nuclei in collision:
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From quarks to ...

QCD phase transition:
�
�

�
�insulator ↔ metall, hadrons get “ionized”
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From quarks to ...

Physics of the early universe:

à Entropy per co-moving volume is conserved

à All entropy is in relativistic species Expansion covers many decades in T, so
typically either T � m (relativistic) or T � m (frozen out)

à All chemical potentials are negligible

Entropy S in co-moving volume (Dc)3 preserved

g∗S effective number of relativistic species

Entropy density S
V = S

D3
c

1
a3 = 2p2

45 g∗S T 3

à T = (g∗S)−1/3 1
a ; a spacial radius of universe
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From quarks to ...
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From quarks to ...
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From quarks to ...
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From quarks to ...

Broniowski, et.al. 2004

How many hadrons?
Density of hadron mass states dN/dM increases exponentially:

dN
dM ∼Ma expM/TH (TH ∼ 2×◦ K = 170 MeV)
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From quarks to ...

from P.
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From quarks to ...

Before [QCD] we could not go back further than 200,000 years after the Big
Bang. Today since QCD simplifies at high energy, we can extrapolate to very early
times when nucleons melted to form a quark-gluon plasma. David Gross, Nobel
Lecture (RMP 05)
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From quarks to ...

Cosmological phase transition....

...when the universe cools down below 175 MeV

10−5 seconds after the big bang...

Quarks and gluons form baryons and mesons

before: simply not enough volume per particle available

related baryogenesis? hadrons condense (get masses), others phase transitions
earlier?

Electroweak phase transition T= 150 GeV (∼ 1/
√√

2GF GF Fermi constant)

∼ 6× 10−12 seconds after big bang

fermions, W and Z bosons get mass

Standard model: cross over transition baryogenesis if 1st order bubble formation
“out of vacuum”
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From quarks to ...

QCD at High temperature, at high T less order more symmetry (magnets crystals):

l Quark-gluon plasma

l Chiral symmetry restored (no pions, no quark condensates)

l “Deconfinement” (no linear heavy quark potential at large distances)

l Lattice QCD simulations: both effects happen at the same temperature

QCD - phase transition

Quark-gluon plasma Hadron gas
v Gluons: 8× 2 = 16 v Light mesons: 8
v Quarks: 9× 7/22 = 12.5 v (Pions: 3)
v DOF: 28.5 v DOF: 8
Chiral symmetry Chiral symmetry broken
Large difference in number of degrees of freedom !
Strong increase of density and energy density at Tc !
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From quarks to ...

quark-gluon plasma

“deconfinement”
quark matter: superfluid

B spontaneously broken

vacuum

nuclear matter: B,I spontaneously broken

S conserved

〈qq〉 6= 0

〈q̄q〉 6= 0

〈q̄q〉 6= 0

1st order

2nd order ?

T

µ

QCD phases: ms > mu, md

➨

➨
?

pion’s

protons, neutrons etc
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From quarks to ...

v Is B broken spontaneously? Could it be responsible for matter-antimatter
asymmetry? Likely not: need B − L conserved!

v What about dark matter? Is it frozen energy? Is there a phase transition like in
baryonic sector? and, and, and ?
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From quarks to ...

Summary

l QCD new type of QFT: particle ↔ fields intrinsically non-perturbative,
confinement & asymptotic freedom

l Baryonic matter (98%) binding energy (induced by interaction,
frozen energy, condensed energy bags)

l Debris of hadrons produced at higher and higher energies ends in simple
quark-gluon plasma (early universe)

l Extend our understanding of early cosmology from QCD phase transition (175
MeV; about 2× 10−5 seconds back to the electroweak scale [200 GeV; about
6× 10−12 seconds A.B.B.])

l To go deeper back in time wait for news from the LHC!

A real new challenge for QCD: the LHC
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From quarks to ...

Paul Hoyer HU QCD lectures 2008

7

CERN, Geneva
LHC

F. Jegerlehner 38



From quarks to ...

r In fact: LHC is designed to look for states and new forms of matter which
existed in the early universe but have not yet be seen!

r At least find the guy responsible for electroweak symmetry breaking, the Higgs
boson, which gives mass to quarks leptons and the weak gauge bosons�

�

�

�
“Hunting for the ghost in the LHC tunnel”

r LHC 27 km beam line: is operated at a temperature of only 1.9 K (-271◦C) the
coldest spot in the universe and producing hottest spots since 10−15 seconds
A.B.B.

l the QCD plasma is a prediction of latice QCD, so far not establised
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From quarks to ...

experimentally.
�

�

�

�
ALICE detector should shed new light on QCD quark gluon plasma

R≫ R≫ R≫

l Will it be possible to see the quark-gluon plasma ? and to measure the QCD
phase-transition temperature experimentally?
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http://www.youtube.com/watch?v=umFupRwWdJo&NR=1
http://www.youtube.com/watch?v=ictBOjWcVAg
http://www.youtube.com/watch?v=uJqGRzgad3s&feature=related


From quarks to ...

Thanks

Thanks for your attention!
Thanks for the kind hospitality at Katowice!�

�

�

�Dziȩkujȩ bardzo!
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