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Quark-Hadron-Lepton Universe

Work with Jean Letessier (‘Hadrons from QGP’ book)
and Mike Fromerth, astro-ph/0211346.

Our objective is to study the conversion of Quark Universe into
the hadronic phase, and to understand the dynamics of matter-
antimatter annihilation and hadron disappearance in the range
300 < T' < 3 MeV and emergence of particle content as seen to-
day.

There are a few tacit assumptions:

a) the dark energy does not matter in early Universe, e.g. it is
Einstein’s A

b) the dark matter does not populate visible matter

c) dark matter is either ‘cold’ or ‘warm’ and not ‘luke warm’; mass
outside range of our study

d) there are 3 neutrinos and antineutrinos which have each two
components
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Universe Hadronization: When and How?
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Two dynamical equations:
Entropy conserving expansion:

dE +PdV =TdS =0, dE=d(V),
dV  3dR  3dR de :

V R’ R e+P’
Contraction of the Einstein equation

é = —3%(6 + P)

R — 29uwR + Avgu = 87GT,,

in Friedmann-Lemaitre-Robertson-Walker coor-
dinates,

R  87G A k
— E_l____

RZ 3 3 R?
A = 0 and flat £ = 0 universe, combine, use latent

heat, only massless particles count:
o 1287G
ep=€—B=3P,=3P+3B, ¢ = 3
GENERAL ANALYTIC Solution:

in QGP book, original, not seen published:
€EQGP = BCOthQ(t/TU),

¢ (e — B)?,

With time constant:

—Jee =25, /B s By=0.45Y

TU=\/55r7
327GB fm

Pressure (upper) and temperature (lower part) in the Universe, as function of time, in the
vicinity of the phase transition from the deconfined phase to the confined phase. Solid lines,
BY* = 195 MeV; dotted lines, B'/* = 170 MeV (lower part) and B'/* = 220 MeV (upper part) all
for o, = 0.6.
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PARTICLES IN THE EARLY UNIVERSE

The understanding of equations of state of QGP and Hadron Gas
phase allow precise exploration of the conditions in which matter
(protons, neutrons) formed. We need to obtain all chemical poten-
tials 1 Neutrino oscillations close system of equations!

Objectives

1) Describe in quantitative terms the chemical composition of the
Universe before hadronization and at hadronization:

T ~ 160 MeV t ~40us,

2) Understand the quark-hadron phase transformation dynamics,
baryon number distillation;

3) Describe the composition of the Universe during evolution to-
wards the condition of neutrino decoupling

T~1—-3MeV t~10s
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Chemical potentials

e Photons in chemical equilibrium, assume the Planck distribu-
tion, implying a zero photon chemical potential; i.e., 1, = 0.

e Because reactions such as f + f = 2v are allowed, where f and
f are a fermion — antifermion pair, we immediately see that
py = —p; whenever chemical and thermal equilibrium have been
attained.

e More generally for any reaction v;A; = 0, where v; are the reaction
equation coefficients of the chemical species A;, chemical equi-
librium occurs when v;u; = 0, which follows from a minimization
of the Gibbs free energy.

e Weak interaction reactions assure:

fhe = fve = fy — My, = Pr — [, = Apu, flu = fhd — D, fbs = fbd
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e The experimentally-favored “large mixing angle” solution is cor-
rect, the neutrino oscillations v, = v, = v, imply that:

Hy, = //LVM = Hp. = Hy,
and the mixing is occurring fast in ‘dense’ matter.

® There are three chemical potentials which are ‘free’ and we
choose to follow the following: 14, 1., and .

e Quark chemical potentials can be used also in the hadron phase,
e.g. X’ (uds) has chemical potential jis0 = p1, + g + fis

e The baryochemical potential is:

| 3 3

3
Ho = 5ty + n) = 5ka + ) = 3a = SO = 3pta — (ke — pv).
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Chemical Conditions

Three chemical potentials obtained solving the three available con-
straints:

i. Charge neutrality () = 0) is required to eliminate Coulomb energy.
This implies that:

ng = Qiniu,T)=0,

where (); and n; are the charge and number density of species 1.

ii. Net lepton number equals net baryon number (L = B): often used con-
dition in baryogenesis:

np, —np = Z (Lz — Bz) nz(,ul, T) — O,

1

iii. Constant in time entropy-per-baryon (S/B) 1.e. the Universe evolves
adiabatically,

g _ 2_i Oilpi; T) — 45714 1010
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TRACING p; IN THE UNIVERSE
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Entropy per Baryon in the Universe

n=ng/n,=55+15x10"1
|

: I
|
1 | G. A. Steigman, astro-ph/0202187 (2002)
n | -
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This yields S/b ~ 4.510" — note that the information is for ‘small’ T.
So if ‘free’ baryon number was smaller /larger in the QGP Universe,
S/b was larger/smaller.
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TRACING pg IN A UNIVERSE
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Mixed Phase

Many properties of the Universe jump as one compares QGP with
Hadron Phase. Thus we introduce the mixed hadron-quark phase
and parametrize the partition function during the phase transfor-
mation as

In Ziot = fucIn Zyg + (1 — fug) In ZQGP

fuq represents the fraction of total phase space occupied by the HG
phase.

The three constraints are accordingly modified, e.g.:
G G
Q =0=nd" Voar + 16" Vic = Vier (1 = fuc)ng + fuc ne
where the total volume V} is irrelevant to the solution. Analogous

expressions can be derived for . — B and S/B constraints.

We assume that mixed phase exists 10 us and that fig changes lin-
early in time. Actual values will require dynamic nucleation trans-
port theory description.
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Charge and baryon number distillation

Initially at fiq = 0 all matter in QGP
phase, as hadronization progresses
with fgg — 1 the baryon component
in hadronic gas reaches 100%.

The constraint to a charge neutral
universe conserves charge in both
fractions. Charge in each fraction
can be finite.

baryon number fraction
o
3]

01y , _
0.05 |- _ .
I i 0 0.5 1
Em o)) E— \ fue ] .
& Tl 1Even a small charge separation in-
i o 1troduces a finite non-zero Coulomb
-0.05 |- - potential and this amplifies the
i —— HG i . :
- |---- QGP J existent baryon asymmetry. This
01 L | 1 mechanism noticed by Witten in
° f?_;z lhis 1984 paper, and exploited by A.

Olinto for generation of magnetic
fields.
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Hadronic Universe Hadron Densities
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Universe Lepton Densities
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Energy in luminous hadronic Universe

-2 photons and leptons
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NEXT: Kinetic theory to establish time constants for particle yield

cealtilibration
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Towards particle yield equilibration

Tutorial — Strangeness production (with Berndt Muller, Jean Letessier and others)

e production of strangeness in gluon fusion |GG — ss

strangeness linked to gluons from QGP;

@ g9 B s (© s

«
wnl
wnl

e coincidence of scales:

777/3zcrc_>7_sg7_QGP_>

strangeness a clock for reaction

e Often |s > ¢|—
strange antibaryon enhancement and

at LHC also (anti)hyperon dominance of (anti)baryons.
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Kinetic description of strangeness production
The generic angle averaged cross sections for (heavy) flavor s, s
production processes g+ g — s+ 5 and ¢+ q — s+ 5, are:

B 2ma’ 4m?  m _ 7 31m?
O gg—ss(S) = > [<1+ p + S2>tanh Wi(s) — <§+ . )W(s)] :

5 ns(s) = ST (1 L 2m ) W(s).  W(s) = /1—dmi/s

27s S
oa L - QGP Strangeness production cross sections:
Solid lines qq — s5; dashed lines gg — ss.
0.2 |- -
% ) __ a) TOP for fixed oy = 0.6, ms; = 200 MeV;
— i b) BOTTOM: for running a,(+/s) and ms(+/s),
o 0.4 — ]
E 1 with gy, = 0.118. my(My) = 90 + 20% MeV,
- i ms(1GeV) ~ 2.1my(My) ~ 200MeV.
o F ]
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S Collision rate
o~ 260 Mev (x8) | The collision distribution functions as
< 06 - 320 MeV (x4)— function /s:
c - 500 MeV ]
= oga b i
— T 1 a) for quarks,
N7 02 . | b) for gluons.

N S POV SN i

Computed for temperature 7' = 260 MeV,

T g — — Ay = 1.5 (dotted lines, amplified by factor
R N | 8); T = 320MeV, A\, = 1.6 (dashed lines,
—~ CHTN © amplified by factor 4); and T = 500 MeV,
ny o1k N b 1 Aq=1.05 (solid lines). In all cases vy, v, = 1.
L1 \‘.\x..\"'\r-\-ﬁxlm-m\_\ ] E
’0 1 2 3 4 5 Gluon collisions dominate!
s [GeV]
P AT N1 % Vvnl s
9Ts3/? & v dp, T
Pq’uqzo - Ard Z(_)Hlﬁ \/_ —1\—1lept/T -1~
s = q J0 5% Aq € +
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Thermal average of reactions
Kinetic (momentum) equilibration is faster than chemical, use thermal particle
distributions f(p1,7T) to obtain average rate:

<O'U 1> — fd3p1 fd3p2012U12f(ﬁ17T)f<ﬁ27T)
T [y [ dBpof (1. T) (52, T)

Invariant reaction rate in medium:

—S8S 1 —8S ]—SS q—SS S5— q $5— q
AY9I5 — §p3(t) (o0)II75 AT — (1) pa(E) (o0) T AT — () ps(t) (o),
1/(1+46; ) introduced for two gluon processescompensates the double-counting of
identical particle pairs, arising since we are summing independently both react-

ing particles.

This rate enters the momentum-integrated Boltzmann equation which can be
written in form of current conservation with a source term
Ops  OUpy

Ondy = ot T or AITTIS o AU ASST09:00
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Strangeness density time evolution
in local rest frame (¢) we have :

d,OS dp§ 1 sS ]—S5 55— q
= — = 50,1 (G0)F 7 + py(t)pg(t){o0)T ™ = py(t) ps(t) (o) 7"

. dt 2

Evolution for s and s identical, which allows to set p4(t) = ps(?).

Use detailed balance to simplify

dps pL(t) s
=A(1l-—-—+ A — A99755 1 A99—5S
dt ( pA(cc)) i

The generic solution at fixed T (p « tanh) implies that in all general cases there
is an exponential approach to chemical equilibrium

Ps <t>
p3°

with the characteristic time constant 7.:

—1—e

1 ps(00) 1234 — 12—34
Ts = (A~ AT ) A = 1+512p1 p3osv)r
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Characteristic time constant and ~,-evolution

1 | ‘ | | ‘ | | ‘ | |
200 <200 300 3900

T [MeV]

0ocD gives 7; similar to lifespan of the plasma phase!
Strange quark pair production dominated by gluon fusion: G+ G — ss, also some
(10%) qq — ss, present; this is due to gluon collision rate.

ENTROPY CONSERVING expansion i.e. at SPS 7%V =Const. (not yet long.
scaling):

dT’ des Vs Kl(z)
o, T
! (dT TR

mes

) =1 -2, ) =n,t)/n®, z2=—", K;: Besself.

dt ° T

Once 7, known, (p(t)) = (pi(t)) = [ da®p(T(t,2))y(T(t,x), T(t, 2));
evolution till ¢ — ¢,,but effectively production stops for 7" < 180 MeV.
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What about charm? m, — m,

We expect that thermal charm production is of relevance only for
T — m.1GeV) ~1.5GeV, probably not accessible.

104 I "l‘ T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T N:

o O as(Myz) = 0.118, |
Y me(Mz) = 0.7+ 7% GeV -

102 = =
o a ) :
LL\ : ......... :
ol s .

]L 7\ ‘ I ‘ I ‘ L] ‘ L1 ‘ L1 ‘ I ‘ L1 ‘ [ \7

200 300 400 500 600 700 800 900 1000

T [MeV]
Lower dotted line: for fixed m.= 0.9 GeV, a, = 0.35;
upper doted line: for fixed m.=1.5GeV, a,=0.4.
Equilibrium density for p>°(m. ~ 1.5 GeV).

Charm is produced relatively abundantly in first parton collisions. Benchmark:
10 cc pairs in central Au—Au at RHIC-200. This yield is greater than the expected
equilibrium yield at hadronization of QGP.
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Another key property: entropy in QGP — degrees of freedom g
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Q7

g% in QGP

A2
_ T e
77 g0 ettt
7 90 Apcrt 90
Q _

Upper frame: fixed s/S

green solid line s/S5 = 0.03

blue dot-dashed s/S5 = 0.04.

red dotted 2-flavor QCD —u, d, G}

Bottom:
2+1-flavor QCD with m, = 125 + 35 MeV
dashed: equilibrated u,d, s, G system
solid lines: strangeness contents

increasing with decreasing temperature

s = (300 — T)) /160
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Measure of s-enhancement at RHIC and LHC: Strangeness / Entropy

s/S: ratio of the number of active degrees of freedom in QG plasma,

For chemical equilibrium IN PLASMA:

s¥ 1 N B %TB(WS/T)QKﬂms/T) 1 — 0.09%6
SO T dAng+ns+ng+ng+ng  (g2n2/45)T3 + (geng/6)p2T — 35

with O(a,) interaction s/S — 1/31 = 0.0323

CENTRALITY A, and ENERGY DEPENDENCE: 1& — 1
Chemical non-equilibrium occupancy of strangeness 7
5% 0.0379
ST 046 + 0.173+ 0.5+ 0.057,3(In A,)?

— 0.0372,

Analysis of experiment: we count all strange/nonstrange hadrons
in final state, we use Fermi model (statistical hadronization) to ex-
trapolate to unmeasured particle yields and /or kinematic domains,
and evaluate resonance cascading:

s¥ count of primary strange hadrons

Y

SQ (nonstrange + strange) entropy = 4 number of primary mesons + . ..
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s/S QGP and HG comparison in chem. equilibrium
We compare deconfined quark-gluon plasma with hadron gas
at a common measured 7. This is a phase enhancement of strangeness needed
to understand hadronization, not an experimental enhancement.

0.034C mmmrrrr e s & s s m F = e e
Strangeness to entropy ratio
ddd ok | g s/S(T;up = 0,us = 0) for the
0.032 i - chemically equilibrated QGP (green,
1 solid line for m, = 160 MeV, blue
0.03 | dash-dot line for m, = 90 MeV); and
% for chemically equilibrated HG (red,
@ dashed). The excess of SPECIFIC
o.o28 .- | strangeness not assured if QGP not
______ 1 chemically equilibrated. @ However,
Y | since QGP is a high entropy and
e strangeness density phase, in abso-
,x"‘ HG | lute terms, there is both entropy and
0.024F  .°” 1 strangeness excess ALWAYS when
o 1 QGP is formed.
00%40 150 160 170 180 190

T[MeV]

Note that much (30% at LHC!) of HG phase strangeness invisible, in hidden
strangeness states 1,7/, ¢
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NEXT: SHOW MECHANISM OF CHEMICAL EQUILIBRATION FO

Work with Inga Kuznetsova



