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Heavy ion collisions

Heavy-ion collision timescales and “epochs” @ RHIC
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Phase diagrams & order parameters
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Phase diagrams & order parameters

) typical phase diagram phase diagram of QCD
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Phase diagrams & order parameters

Phase diagram of cold atoms phase diagram of QCD
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Temperature T

Phase diagram of QCD
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QCD, asymptotic freedom and all that
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QCD, asymptotic freedom and all that

Action and interactions

QCD action Sqcp

Yang-Mills gauge fixing
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QCD, asymptotic freedom and all that

Action and interactions

QCD action Sqcp
Yang-Mills gauge fixing
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QCD, asymptotic freedom and all that

Action and interactions

QCD action Sqcp
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QCD, asymptotic freedom and all that

Action and interactions

QCD action Sqcp

Yang-Mills gauge fixing
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QCD, asymptotic freedom and all that

Running coupling at low and high energies
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QCD, asymptotic freedom and all that

Running coupling at low and high energies
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QCD, asymptotic freedom and all that

Running coupling at low and high energies
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QCD, asymptotic freedom and all that

Running coupling at low and high energies
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Confinement
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Confinement

Free energy /' ; of a quark - antiquark pair
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Confinement

Free energy I, of a quark - antiquark pair
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Confinement

Free energy I, of a quark - antiquark pair
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Chiral symmetry breaking Am,sg ~ 400 MeV
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Chiral symmetry breaking

A
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Chiral symmetry breaking
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Chiral symmetry breaking

e Chirality for massless particles chiral symmetry

Right-handed: Left-handed: — . Ay
. 2
® - e - | | A
= NE
e Order parameter
% — {(q
f; o <qq>chira| condensate /d4gj )\TP [(qQ)Z _ (qf}%q)z}

Chiral symmetry og=10(0

0000000000
200000000008
FOO00000000Y

0000000000
Y ¥
20000000000
Y ¥

Symmetry broken O # 0

<:::> 200000000009
Y Y

[

(]
0000000000

e Meson potential

Y
..gfl Y Y
1 a8 \r
Vs B
LISy 7 ﬁ%
{ LS 400000000008
Y A 4
\—\/',/

mass term: (¢q) qq

chiral symmetry broken

26



Chiral symmetry breaking
A glimpse at chiral symmetry breaking in QCD within the FRG

Flow for four-fermion coupling )\w - )\w kQ with infrared scale £
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Chiral symmetry breaking
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Chiral symmetry breaking

anomalous chiral symmetry breaking

eAxialU(1) ¢ — €75%g  with current 5.0 X qY5Yuq

classically \ % >K\+ S=+1
Dyl =1

e Anomalous breaking of the axial U(1)

K K° -
quantum Q\;X Q=0 sz

Nonet of pseudoscalar mesons
Ny

Op(Js,u) = Wewp(,(F“ F5 ) m,, ~ 960 MeV

urv = po
axial anomaly

induced by instantons

SU(2) t 1O Plots from Ford, JMP ‘05
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Chiral symmetry breaking

anomalous chiral symmetry breaking

eAxialU(1) ¢ — €75%g  with current 5.0 X qY5Yuq

classically \ % >K\+ S=+1

e Anomalous breaking of the axial U(1)
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Nonet of pseudoscalar mesons
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Chiral symmetry breaking

anomalous chiral symmetry breaking

eAxialU(1) ¢ — €75%g  with current 5.0 X qY5Yuq

classically \ % >K\+ S=+1
Dyl =1

e Anomalous breaking of the axial U(1)
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quantum Q\;X Q=0 Q=+1

Nonet of pseudoscalar mesons
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Op(Js,u) = WEWP(,(F“ F5 ) m,, ~ 960 MeV

uv= po

axial anomaly fermionic zero modes

‘t Hooft determinant
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Chiral symmetry breaking

anomalous chiral symmetry breaking

eAxialU(1) ¢ — €75%g  with current 5.0 X qY5Yuq

classically \ % X’@ S=+1
Dyl =1
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Chiral symmetry breaking

physical masses

2 light flavours, one heavy flavour 2+1
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Functional Methods for QCD

FunMethods: FRG-DSE-2PI-...
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FRG for QCD

FunMethods: FRG-DSE-2PI-...
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Functional Methods for QCD

JMP, AIP Conf.Proc. 1343 (2011)

glue hadronic

quantum fluctuations quantum fluctuations
PSUN .
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free energy quark RG-scale k: t =1Ink

quantum fluctuations

Yang-Mills:
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Functional Methods for QCD

JMP, AIP Conf.Proc. 1343 (2011)

Ol |¢] =

free energy

glue hadronic

quantum fluctuations quantum fluctuations
1 _ \ L1
2 \ / 2
‘o e - ®

quark RG-scale k: t =1Ink

quantum fluctuations

=Gluons have cost us decades

"Fermions are Straig htforward though ‘physically’ complicated

" no signh problem

= chiral fermions

*bound states via dynamical hadronisation

Complementary to lattice!
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Functional Methods for QCD

JMP, AIP Conf.Proc. 1343 (2011)
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free energy
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Yang-Mills theory
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Functional Methods for QCD

JMP, AIP Conf.Proc. 1343 (2011)

Ol |¢] =

free energy

quark
quantum fluctuations

NJL-type models
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Functional Methods for QCD

JMP, AIP Conf.Proc. 1343 (2011)

Ol |¢] =

free energy

quark
quantum fluctuations

NJL-type models

PNJL models
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Functional Methods for QCD

JMP, AIP Conf.Proc. 1343 (2011)

Ol |¢] =

free energy

hadronic
quantum fluctuations
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quark
quantum fluctuations

Quark-hadron models
quark

anti-quark

*bound states via dynamical hadronisation
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Functional Methods for QCD

JMP, AIP Conf.Proc. 1343 (2011)
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*bound states via dynamical hadronisation
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Functional Methods for QCD

JMP, AIP Conf.Proc. 1343 (2011)

9 hadronic
& quantum fluctuations
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(\i' Quark-hadron models
0 quark

‘You name it, we do it’

& John Thomas
o QGP meets cold atoms-Episode III
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anti-quark

*bound states via dynamical hadronisation
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Functional Methods for QCD

JMP, AIP Conf.Proc. 1343 (2011)

hadronic
quantum fluctuations

0T [6] = - +11

free energy quark
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Quark-hadron models
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Functional Methods for QCD

JMP, AIP Conf.Proc. 1343 (2011)

glue R hadronic
quantum fluctuations ""'-~-.._qyantum fluctuations
/ ® Ne > ®
o _ 1 [ \ 1§
{Lklo] =5 = — 5 i
2 \ / 23
N / e
.. . \/_—V‘
free energy e quark
el quantum flyctiations

flow of gluon propagator

N

pure glue flow + + e

Naturally encorporates PQM/PNIL models as specific low order trunations
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Dynamical hadronisation

down ;
up @ strange
@ . O,
Quarks Gluons
b . €
bottom t charm

top

Gies, Wetterich '01
JMP ‘05
Florchinger, Wetterich '09
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Chiral symmetry breaking
A glimpse at chiral symmetry breaking in QCD within the FRG

Flow for four-fermion coupling )\¢ - )\w k2 with infrared scale £

. T\ - T\ - T
2Ny + A(E) )\?p + B(E) Ay Qg + O(E) o+ -

kO My
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Dynamical hadronisation

kO Ay

Flow for four-fermion coupling )\¢ - )\w k2 with infrared scale £

:23\¢+>@<+:§/\%\/<+ § §
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Dynamical hadronisation

Full bosonisation )\¢ = (
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Dynamical hadronisation
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Full bosonisation )\w = (
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Dynamical hadronisation

20
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Full bosonisation )\w = (
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Dynamical hadronisation

Braun, Fister, Haas, JMP,

Full bosonisation )\¢ =0 in prep
0l Low energy models initial scale
| — Ayy=90 GeV
e AUV=10GCV
e AUV=5 GeV
e AUV=2G€V
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Gauge symmetry, gauge fixing & regularisation

Corfu, ERG2010, JMP

"AN00080
Gluons
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Gauge symmetry

*non-Abelian gauge symmetry: U = e’ € SU(N)
0p i gA, - U 'gA U —iU'9,U

= classical action is invariant under gauge transformations

1
SYM [AU] — SYM [A] with SYM [A] — 5 / tr Fil/

and field strength
F$, = 0,4, —0,A, +igf* A A°
"gauge symmetry <—> redundancy in field degrees of freedom
»gauge fixing (necessarily breaking of gauge invariance)

*gauge invariant variables (hecessarily non-local)
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Gauge fixing

*gauge fixing and ghost term (Jacobian), e.g. covariant gauge (9“14“ — (O

%L(8A>2+/9608D°C

»Slavnov-Taylor identities for effective action I'[¢] with ¢ = (A, C, C)

0w (I' — Se1) + loops = 0

* BRST Master equation with anti-fields

/5r ST
o 0000

(Mfor anti-fields ¢~ are the symmetry transformatiE
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Regularisation

* Cut-off term

1 _
§/A-R;§‘-A+/C-R,f-0

*Slavhov-Taylor identities for effective action F[¢]

1
0, (I' — Se1) + loops = QTI' (URkU_l) Gr|o]

Bonini, Ellwanger, Litim,

- - N Marchesini, Morris, JMP, Reuter,
* BRST Master equation with anti-fields Weber, Wetterich, ....

5T 6T *
| Ga55 = ATlb.o"

@ME - modified STI/modifie@

Igarashi, Itoh, Itou,
Kugo, Sonodo, ...
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Gauge invariant flows

"covariant cut-off

Morris 99
Morris, Rosten’06
Arnone, Morris, Rosten’06

tr/F’uV C_l(Dz/k‘z) F,LLI/ \ Rosten’10

Polchinski flow

*SU(N) ——= spontaneously broken SU(N|N)
* Pauli-Villars fields

Locality?
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Gauge invariant flows

"covariant cut-off

Morris 99
Morris, Rosten’06
Arnone, Morris, Rosten’06

tr/F’uV C_l(Dz/k‘z) F,LLI/ \ Rosten’10

Polchinski flow

*SU(N) ——= spontaneously broken SU(N|N)
* Pauli-Villars fields

Complicated
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Gauge invariant flows

"covariant cut-off

Morris 99
Morris, Rosten’06
Arnone, Morris, Rosten’06

tr/F/W C_l(Dz/k‘z) F,ul/ \ Rosten’10

Polchinski flow

*SU(N) ——= spontaneously broken SU(N|N)
* Pauli-Villars fields

Remarks

" Polchinski flow: well-suited for formal developments

» Wetterich flow: well-suited for numerics
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Gauge invariant flows

"covariant cut-off

Morris 99
Morris, Rosten’06
Arnone, Morris, Rosten’06

tr/F’uV C_l(Dz/k‘z) F,LLI/ Rosten’10
*SU(N) ——= spontaneously broken SU(N|N)

= Pauli-Villars fields

Results

*two-loop YM beta function & one-loop QCD beta function

Manifestly gauge invariant
*one loop computation for thin Wilson loops

*speculation of infrared slavery scenario

within ?renormalised? strong coupling expansion
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Gauge invariant flows

m geometrical approach Branchina, Meissner, Veneziano '03
JMP '03

du(A) = Au T ay T O(a®)
= effective action only depends on gauge invariant part of ¢

" Non-locality & modified Nielsen identity JmpP03
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Gauge invariant flows

n geometrical a pproach Branchina, Meissner, Veneziano 03
JMP 03

du(A) = Au T ay T O(a®)
» effective action only depends on gauge invariant part of ¢

"Non-locality & modified Nielsen identity Jmp o3

Results

UV-IR stable gravity
Donkin, JMP, 12

e bi-metric expansion
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Gauge invariant flows

*background field approach Reuter, Wetterich '94

ou(A) = A, +ay

=linear split in ¢

*background gauge invariance & modified fluctuation STIs

Reuter, Wetterich '97
Freire, Litim, JMP '00
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Gauge invariant flows

*background field approach Reuter, Wetterich '94

ou(A) = A, +ay

=linear split in ¢

*background gauge invariance & modified fluctuation STIs

Reuter, Wetterich '97
Freire, Litim, JMP '00

== gauge-fixed setting

see gravity talks
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Gauge invariant flows

*background field approach Reuter, Wetterich '94

=linear split in ¢

*background gauge invariance & modified fluctuation STIs

Reuter, Wetterich '97
Freire, Litim, JMP '00
Remarks

*‘single metric’ truncation in YM

one loop beta function non-universal! Litim, JMP '02

"'Einstein-Hilbert’ truncation in YM
@COhfineme® see confinement section
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Gauge invariant flows

Curci-Ferrari-Delbourgo-Jarvis model

Tissier, Wschebor ‘08, '10

*Massive deformation of Yang-Mills theory

*Relation to Yang-Mills theory?

=‘Lifting the Gribov ambiguity’

60 | | — | | | | | Serreau, Tissier '12

see talk of J. Serreau
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Approximation scheme

down
up @ s?range
s SLEALED
Quarks Gluons
b C
bottom G\? charm

top
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Approximation scheme

Yang-Mills DSE Matter

1 g/
8‘3 - - > - - > - = - - > - > - >— + - > )—/)— > T -5 - > - >—

//®\\
R ON O

2PI-resummation

DN | —

Ay,

+ matter-
contributions hlo, 7] o
V:eff [07 7?7 AO]
—0 R O
%33% @@999999 B @ l
jo] 25,
s@ﬁé@é % ------- O ------ "
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Outline

= Motivation
=QCD

= Asymptotic freedom and all that
= confinement
» chiral symmetry breaking

" Functional methods for QCD
* FRG for QCD
* Dynamical hadronisation
» Gauge symmetry, gauge fixing and regularisation
= Approximation scheme

=Results

» Yang-Mills theory at zero and finite temperature
* Many-flavour QCD
= Phase diagram of QCD

sSummary & outlook
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then you run ...
Corfu, ERG2010

Results

DSE: see talk by R. Alkofer
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then you run ...
Corfu, ERG2010

Yang-Mills theory at zero and finite temperature
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Confinement
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Confinement

Free energy I, of a quark - antiquark pair

/

Order parameter ~ {q)

| e Confinement $ =()

. v *Deconfinement @ £ ()

qu ~ or

string breaking at r ~ 1fm

&S 2

) r

e st Polyakov loop

| YT
% 0 < ‘ <I>=§<T1"7Dexp{zg/0 droAo})
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Confinement

Effective Polyakov loop potential

1

uv . (2) . = (2)_
' [AO] b 29, o log SAA [AO] QTr log SCC [AO] Gross, Pisarski, Yaffe '81
Weiss ‘81
081 SU(2
ﬁ4VUV [AO] : ( )
0.6 i
0.4/
0.2+
| gBAG
T 3
5 T 7 2 T
1 C . C 0-3
SU(2) : ®|Ap| = cos §ﬁgAO with Ag = Aj o

Effective potential

V{Ao] = — 5 Trlog{AA)[Ag] + O(8,{AA)) + Tr log(CC)[Ag] + O(8,(CC)

free energy
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Propagators

FRG: Fischer, Maas, JMP '08

2 2 lattice: Sternbeck et al. ‘06
p~ (A A)(p”) )
48% 6.0 —e—
324, 6.0 ——
324, 5.8 =—i—
484 5.7 —w—
3 1 564, 5.7  w—tgp—
2 L
1t
perturbative
0 3 4 5 6

p |GeV]

Propagators phenomenologically well described in 1/N expansion
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Propagators

Pure Yang-Mills, T'=10
4

lattice: Sternbeck et al. ‘06

p° (A A)(p?)

484,
324,
324,
484,
564,

6.0 =—e—

6.0 =t

5.8 —i—

5.7
5.7

von Smekal, Hauck, Alkofer '97

Lerche, von Smekal, Phys. '02
Fischer, Alkofer, Phys.Rev. ‘02

JMP, Litim, Nedelko, von Smekal '03; JMP '06 (unpublished)

—— Fischer, Maas, JMP'08

p |GeV]
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Confinement

,®.
%éfé e Thermal gluon propagators

Fister, JMP '11

5 5 I ‘
- Longitudinal Propagator G, ] " Transversal Propagator G 1
41 N FRG: T =0 . 41 —  FRG:T=0 .
I —— — FRG: T =0.361T. | I —— — FRG: T =0.361T, |
————— FRG: T = 0.903 T, . f - ==== FRG: T =0.903T, 1
3L — - — FRG: T =181T. i 3L — - — FRG: T =181T, i
- ) o Lattice: T =10 ] o Lattice: T =10 .
< Lattice: T'=0.3617T, | i < Lattice: T'=0.3617T, l
=~ B Lattice T7=0.903T. |- -/ B Lattice 7=09037. |1
2r R (0] Lattice: T =1.817T, ] 2° (o) Lattice: T =1.817T, ]
1+ 1 i

0 O 1 1 1 1 1 1 1 1 1 1 1 1 1 1 l
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 20
p [GeV] p [GeV]
X g/ Lattice: Maas, JMP, Spielmann, von Smekal ‘11
at - — > - - > - = = - > - > - > + - > >—/>— > T - - > - >

see talk of L.Fister

+ RG-dressed gluonic vertices

confirmed with the full system, JMP, Fister, in prep
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Chromo-electric propagator

Confinement

| | I I Maas, JMP, Spielmann, von Smekal 11
06l | O 324 3d . o
L |0 64°x4 o ° :
_osE | © 128°x4 e LB
% F |7 256°x4 58" - Dy, (0) = (A A)r(0)
D 04k |+ 1286 = 6.7 -
Q I =%
| 5
%03_ 5 o S ]
A, eees” | Electri i for SU(2)
0.2 — ecCtric screening mass 1or
S8885555 5 =
0.1+ | % | l
I S, !
| | | | | | | | S [ T
O07 0.8 0.9 1 1.1 1.2 1.3 14 8 - 4d I
-1/2 et
To Q 11—
v ~1 ]

critical scaling in Landau gauge props on the lattice?

0.5 ¢
DL(O)_1/2OC |T—TC|V—|—--- i LI . :!
FRG I B
—1/2 1/ T,
D1,(0) x V7 [Ag| + - - v~ 0.68

global gauge fixing




Confinement
POSIN
%éi? Tl Order parameter

Braun, Gies, JMP ‘07

T. =276+ 10MeV T./+/o = 0.658 & 0.023
lattice : T, /\/o = 0.646

SU(2) & critical scaling: Marhauser, JMP 08

10 L L L e e e e e R

"Polyakov loop : SU(N), Sp(2), E(7): Braun, Eichhorn, Gies, JMP ’10
0.8 ; SU 3 @ 7 T T T T

L . 04 L T T T 4 .

: (3) ; 276 MeV B VAo
06 1 03¢ \/\/ _

! i 0.2 t
0.4 1 _ 295MeV. -7 |
021 : 286MeV .

I ] 280 MeV .
00 L 1 1 x ! ! xT/TCF /

0.90 0.95 1.00 1.05 1.10 1.15 1.20 1.25 276 MeV //’

0.6 0.8 1
1 1 @[4 1 =0 BgAo
DlAp| = =(1 4+ 2cos =BgAg 5Tl =

74



Confinement

Coulomb gauge

: T T TTTIT T T TTTIT | T T TTTIT | T T TTTIT T |||||_
-\ — gluon correlator o (FRG)
- — - ghost dressing d (FRG) &
3 o ghost dressing d (DSE) E
- = gluon correlator o (DSE) | .
- e /_/" =  Braun, Gies, JMP ‘07 _
: | = Confinement
| ‘.‘.\:.‘.‘l‘ ././ _|
E s.‘. ."~.~ /./ E
__ .~.~.\ __ .“ .x.
: ® o ; ‘I; O, g = — ¢ O o — ) o
: : 0@ o
i | | | T ...'.'."'100»»)» — «
1 1 11 1 1 11 1 1 11 111 1i | RN ,’&
4 2 0 2 4 e
10 10 10 10 - .._ ‘,‘ —3

n
P L

T _c, work in progress

Leder, JMP, Reinhardt, Weber '10
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Confinement & Thermodynamics
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Confinement & Thermodynamics

Pl P

03

L

0.1 F

I

0

L0

100

1000

IR

1.3

1.2

- —

1.1

09 |
0.8
0.7

0.6
0.5
0.4
0.3
0.2
0.1

" NLO Approximately Hard Thermal Loop |

Self-Consistent Perturbation Theory |
- HTL Phi-Derivable (Andersen, Braaten, -
- (Blaizot, lancu, Rebhan) Petitgirard, MS)
R oo |
L : vt
L * 4
b ’ —

<&
*
S _
e \ B
*  4d Lattice "Pure Glue" (Boyd et al)

£ -

3
L HTLpt NLO -
0 B HTpto B HTLpENLO

| 10 100 1000

T/,
Strickland

1'=0

A

Fister, JMP
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Confinement & Thermodynamics

san = [ -
- A

~ SN
iGT,k atRk /GT_O,k 6‘tRk

p p

see talk of L.Fister

10—
:Ao,min o ®© ® °
0.8 -
2 06
S TR
S~ |
E i
g:OA%
o FRG
0.2 e Borsanyi et al. -
O.()JV RS Y H T S S T S S O (NN S S SO SO AN SO S ST SO ST S S
0.5 1.0 1.5 2.0 2.5 3.0 3.5 40

T/T,
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Transport in QCD
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Transport in QCD

Extraction of (77/s)qcp from AuAu@RHIC

H. Song, S.A. Bass, U. Heinz, T. Hirano, C. Shen, PRL106 (2011) 192301

| hydro (1)/s)+UrQMD o0
025}
0.08
02} 0.16
w 0.24
OIS o
01f JKIN v % avey
= =0 0o 00 04 810
005} Aem wh Aeeedh 008 06 810
. e == =p =gy 016 09 810
0 . I ) 0—1-0&0 OI."'4 1'2. 810
0 10 20 30 40
(1/S) dN_ /dy (fm™)
0.16 | — T T T T
0144 Au+rAuRHIC i
] 20~30%
0.12 1 —
0.10 - _ -
0.08 -
@
0.06 + R
0.04 - —u—ideal -
T —eo—n/s=0.08
0.02 1 —A—p/s = 0.16 7
] / —v—n/s=0.24
0.00 — . — r
0 1 2 3 4 5 6 7
-t (fm/c)

| MC-KLN hydro (n/s) + UrQMD _ n/s | MC-Glauber  hydro (n/s) +Ul'Q.\{_D" ;)VOS
0.0 :
B B -  =-0108
(a) st 008 | ® Pt g™ o
B = 016 - b " 0.16
.24 - ﬁ‘..; - e 04
i S S i
P g
| | A
2 .12 t o 2 a2
i ot gdan [ o e’ 0 VA2H (e da
VAN TECHESAN v s VATECR
| | L | N R | L | N | R
10 20 , 30 0 10 20 , 30 -
(1/5) dN , /dy (fm ") (/S) dN , /dy (fm )

1< 4m(n/s)qar < 2.5

U. Heinz, talk at RETUNE '12
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Transport in QCD

fIOWOfIOT(ﬂ'
X , & &
o o ® o
O, — + \\,—}/ -+ — :

/07'('7'('

DO | —
[
[
DO | —

current approximation

‘Those are my methods (principles), and if
you don’t like them...well, I have others’

Groucho Marx

Prr — | >

IOT/L with MEM

pon(®) = 5 (N2 = 1) [ 55 (ko) = nlko + po) (Ver (R)pr (R)or(k + ) + Verpr(Rpy (k4 ) + Virpr (B
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Viscosity in YM

spectral functions

transversal spectral functions  Fister, M. Haas, JMP, in prep

T=0.361T, T=1.81T,

I1
0.8

longitudinal spectral functions
T=0.361T, T=1.81T,

20
'o.s 15

0.2 iy

=210

$10.03

£°0.02

S 15

S p/T1O 15 pr'10

- 0.04

o1 0
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Viscosity in YM

.®.
@ JN spectral functions

Fister, M. Haas, JMP, in prep

=2 Broad spectral function :

Gluon®s T=135T, transversal spectral function

A

0.3+

T=1.5T,

(=3

E. Bratkovskaya, talk at RETUNE '12
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Viscosity in YM

spectral functions

=2 Broad spectral function :

[ =
Gluon‘s A~ T=135T,

» . /7 S
p(w, k):
/
/// ™~
.'/‘ b G ~
./'/ >
I //
02:‘ . _/'/
P
0.1j ' :
‘ //' 0
0- £
0’ . s 2
4
Salil
) 8 ] 8
10 10

E. Bratkovskaya, talk at RETUNE '12

0.3+

0.24

o 0.14

0+

Fister, M. Haas, JMP, in prep

transversal spectral function

T=1.5T,

piT

16

A

8

LI

confirmed at T=0 with complex DSEs
Strauss, Fischer, Kellermann ‘12
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Viscosity in YM

PUN
o shear viscosity
Fister, M. Haas, JMP, in prep
1.4 * ® Nakamura (2005) [SU2)] |
* MEM results
=28 MERM fit I
1 * H Meyer (2007/2009)
W | | |
“} 0.8
0.6} " 5
s T W}é
0.2¢ i_ﬁ_}{u?/} -
AdS/CFT . - 1 S .

0 | 1 1

84



Many-flavour QCD

nearly conformal SU(N), see talk of H. Terao
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Many-flavour QCD

Braun, Gies ‘06 & '09

180 B JB H. Gies, '06 Braun, Fischer, Gies '10
160 | Ve
________________ Y hotQCD ‘10
140 + e /' lattice ] see also talk of H. Gies
— W Aoki et al. ‘09 1
6 120 ', b= —E(33 — 2Nf)oz§ - O(ozg)
= 100
l_<.> 80 | no chiral SB above
ol Nf* ~ 12
40
50 no asymptotic fredom
O- N¢. =~ 16
2
beyond Miransky
— 1 ﬁ _ 1 1 . Ncor}\srt.
(i) |5 ~ [T = T ()|5 ~ [Np — Nior|PTe” TV Vier

Quantum phase transition
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keep running ...

Phase diagram




Full dynamical QCD: N;= 2 & chiral limit

.. =N
éfé e @“ N Phase structure

Braun, Haas, Marhauser, JMP '09

1 B fn(T)/fn(O) - T
Dual density ------
0.8 Polyakov Loop ® 5 ~ Tconf ~ 180M€V
0.6 1
0.4 _ _
_ e Width AT, ~ +20MeV
02 Lo 1 | 1 7]
160 180 200
O 1 1 1 1 1 1 1 1 1
150 160 170 180 190 200 210 220 230
T [MeV]
1 Chiral condensate - ,P.O.IY,a.k.Q‘.’,I.O.QP ,,,,,,
. r@» —r—t—tr—p—r— | v ,'. —r— ] 1t Lren(T) X vy
- Continuum e : . o)
0.8 N=16 © os | o o
JN';‘:IQ @ ]
Nf =2+1 ' f’ .
) 0.6 0.6 | R 5@
4 F S N
0.4 oal o+ & MSORR e
stout cont. ——x—
SU(3) —a—
0.2
................ B , , T,
100 120 140 160 180 200 220 _ > 28 3
T [MeV] Budapest-Wuppertal 10 hotQCD '10
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Chemical potential

t

RW Endpoin
RW transition

.

»
chiral transition
QGP

(chemical potential)2

Hadrons

271
3

240

TAvhre .&oq
T
it

) .,,.....,

w\\\\\\

i Al 0’0.? 0
7 KRN
. - AWl
) g IIGIEEH X
7 ““‘\,,\\
—_ s
ﬂﬂﬂt’:ﬂt’ﬂﬂﬂ‘

T

p— pt+

Roberge-Weiss symmetry
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Chemical potential
Full dynamical QCD

Braun, Fister, Haas, JMP

: TCOI]
ol t(p)
r Tconf(o)
1.015 . @
0.8 -
0.6
0.4
02
0.00 | | 0.02 | | 0.04 | | 0.06 | | 0.08 | 0.10
GeV
au 1 [GeV]
0.1 0.2 0.3 0.4 0.5
506 I I I I I
5.04 * x g, <sign>~085(1) QGP 11.0
5.02 % _
o <sign> ~ 0.45(5) 4 0.95
5 | X %E
4.98 - %HH* <s.gn>~0.1(1) 1 0.90
4.96 E o :
: X
4.94 . 10.85 I:U
4.92 confined =
4.9 e 1 0.80
4.88 .
4.86
4.84 Azcoiti et al., 83 —e—i ] 0.75
482 | Fodor, Katz, 63
: de Forcrand, Kratochvila, rew., 63 A
4.8 de F., K., canonical, 67 | f 0.70
05 1 1.5 2

A

—

O. Philipsen ‘11

//// H%?"vy QGP phase
7
v v / //////////////,
5 ‘.
_§ Early \
) Universe 1st order
aQ region starts
-
o
Hadronic
(confined) phase
Baryonic chemical potential
A
Heav
///// on QGP phase
o N ///////
_g \Eorl Ob/////////
o Universe " %%
€ Z
o
Hadronic
(confined) phase

Baryonic chemical potential




Chemical potential

' +3{ = ; - '\ %
‘o~ @ o Full dynamical QCD @ o I+ @
[ Toont (1) Braun, Fister, Haas, JMP Herbst, JMP, Schaefer ‘12
12 == 200 .
- Teont(0) o see talk of T. Herbst
1.0{» s \\\\\\
1 50 B \\\ B
0.8 - \\\
>
0.6 - S 100 r N .
— AN
04 N
50 r ———- ¥ crossover ‘,\ 1
0-2r v 1st order J \\
| | | | | | | | | | | | | | O ° CEP
0.00 0.02 0.04 0.06 0.08 0.10
i [GeV] 0) 20 100 150 200 250 300
0.1 0.2 - 0.3 0.4 0.5 i [MeV]
5.06 : '. : ; ; Herbst, JMP, Schaefer '10
5.04 'L X Ko< 4, <sign>~0.85(1) QGP 11.0 Phase diagrlam of Iquantilc.ed PQIM-moclleI
5.02 S 200 ¢ |
' " <sign> ~ 0.45(5) 1.0.95
5 B = ’*E %
498 o S <sign>~ 0.1(1)
% : 1 0.90 -
4.96 e Fox X - 150
4.94 1 _ o {085 o >
49 t RN 1 0.80 - | -  Crossover
4.88 —— ® crossover
4.86 r . — i
480 L Fodor, Katz, 6‘; : Y CEP
| de Forcrand, Kratochvila, rew., 6, —
4.8 + de F., K, ca;?onic:;, 6|3 i . N 0.70 0 X fII‘St order ,
0 0.5 1 1.5 2 0 50 100 130 200 250 300 350
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Chemical potential

1 1

Polyakov-loop Potential

U[®, ]

Fit to YM-thermodynamics

P/Psp

0.8

0.6

0.4

0.2

_|_

Potential

Fermionic fluctuations Mesonic potential

Q[@, D, 0, 7] — Vi, 7]

One loop computation Fit of meson phenomenology

Meisinger, Ogilvie 96

Pisarski '00

Mean i’ield EoM .

| '
Fukushima '04

Ratti, Thaler, Weise ‘06
Megias, Ruiz Arriola, Salcedo ‘06

Ghosh, Mukherjee, Mustafa, Ray ‘06

- C. Sasaki, B. Friman and K. Redlich ‘06

—_ —» Schaefer, JMP, Wambach '07

0.5

1
T/T,

1.5 2 B

lattice data: Ali Khan et al ‘01

,®. ®
Polyakov-extended models éfé e + @*.
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Chemical potential

.®.
Dynamical Polyakov-extended models “1’@ ™

y =)L)

Polyakov-loop Potential
U[®, D] +-

Fit to YM-thermodynamics

quark fluctuations change glue dynamics

Toynm — To(Ny, p;mg)

estimated via HTL/HDL computation

Schaefer, JMP, Wambach ‘07

Fermionic fluctuations

T [MeV]

Potential

Herbst, JMP, Schaefer '10

Mesonic potential

Q[®, D, 0, 7] — Vi, 7]

fermionic fluctuations

200

150

100

50

mesonic fluctuations

Phaseldiagrarln of qualmtised IPQM-mtIJdeI

————— ¥ crossover
—— & crossover

---------- d crossover
e CEP

— v first order

FRG

0

50 100 150 200 250
u [MeV]

300 350
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Chemical potential

Polyakov-extended models as reduced QCD

Potential
Polyakov-loop Potential Fermionic fluctuations
U[®, D] + Q[®, D, 0, 7] +

/®\
OTk[0] = 3 — 'R +
\‘/

Flow equation for QCD

1
2

Mesonic potential

Vi, 7]

4
4
R
L
L
L
L]
L]
L
-
-
.
.
.
*

*

.
* -
* (S
£8
.
.
-
-
-
L]
L
L]
L]
‘e
e
", .
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Chemical potential

Polyakov-extended models as reduced QCD

Braun, Haas, JMP, in prep
Towards QCD IMP 10
Polyakov-loop Potential Fermionic fluctuations Mesonic potential
U|P, D + Qd, P, 0,7 + Vi, 7]

, &
\

DN | =
-
~

B*V[Ao]

2 QCD confirmation of

HTL/HDL quark estimate

-0.6H— t=-005YM u
t=0YM
H— t=0.05YM
— t=-0.05 glue
-0.8H—— t=0glue _
— t=0.05¢gl
1 g|ue 1 | 1 | 1 | 1 /BgAO
0 0.2 04 0.6 0.8 I 9r

(54V)g1ue[ta Ap| =~ (54V)YM tym(t), Aol
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Chemical potential

% ) - ; - o+ =0 )l
T, (1) - Tt (12) Braun, Fister, Haas, JMP
TX(O) s Tconf(o)
I Polyakov Ioop potent|al in full QCD
10 [ o = [ T T —
- s @ < ¢ SU( ) / 7
0.8 - oY ",
0.6 -
04
7 5
00— T= 1.05 Tegl
0.2 — i : iz g;g;l'll?cglue
ael| e |
‘ - S S S ‘ 0 — TI:O.QSTOCIZM ' 0I4 ' 0|6 ' ols 1 Bng
0.00 0.02 0.04 0.06 0.08 0.10 ’ ' ' ' o
[GeV]

2000
Critical point
unlikely for

KB
< 2
1

1360

500

PQM: Herbst, JMP, Schaefer ‘10 00
DSE: Fischer, Liicker, Mueller '11

0

Phase diagram of quantised PQM-model & DSE

X

-

~
~..
-

»+—a dressed Polyakov-loop
v--v dressed conjugate P.-loop

= —a chiral crossover
® chiral CEP
== chiral first order region

¥ Tirstorder

50 11% 159[M2é‘199 250 3980 350
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Chemical potential

Vs ® AN ® Ve ® AN ®
- 0= ) : e 9 4= )l )
o~ o Full dynamical QCD ‘o o’
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;éii'% Gj®+? keep running ...
Model results on the phase structure of QCD
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Relation between
chiral symmetry breaking & confinement

—@ﬂi
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Confinement & chiral symmetry

Braun, Janot ‘11

Braun, Herbst '12
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Deconfinement & baryonic fluctuations

- 3 )
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Deconfinement & baryonic fluctuations

Cf}
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N

P(N; T, u, V) =

Probability distribution P
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Gauge independence of chiral symmetry breaking
from )
four-fermi interactions %%f}-(,)‘ + @
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C.C. [GeV7]

Gauge-independence of chiral symmetry breaking

/®\
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\./

Aoki, Sato
chiral condensate constituent mass
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gauge-independence from beyond ladder resummation

see poster of D. Sato
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Vector couplings
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Relevance of vector couplings

Q

cf. NJL with vector
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Multi-scatterings
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Relevance of multi-scatterings

Multi-meson-quark scatterings

JMP, Rennecke, in prep
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Anomalous chiral symmetry breaking
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Strong magnetic fields
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Strong magnetic fields
chiral critical coupling @

Fukushima, JMP '12
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Volume-dependence of the chiral phase structure

- 30
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Volume-dependence of the chiral phase structur
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Isospin chemical potential




Isospin chemical potential
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QC2D
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Two-colour QCD
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[MeV]

Two-colour QCD

Khan, JMP, Rennecke, Scherer, in prep
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towards the full phase diagram

®a® phase-structure
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Summary & Outlook
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Outline

= Motivation
=QCD

= Asymptotic freedom and all that
= confinement
» chiral symmetry breaking

" Functional methods for QCD
* FRG for QCD
* Dynamical hadronisation
» Gauge symmetry, gauge fixing and regularisation

= Approximation scheme 6
"Results e

= Yang-Mills theory at zero and finite temperature o

= Many-flavour QCD 0

. &
= Phase diagram of QCD *
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sSummary & outlook
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