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Phase diagram of QCD: a short introduction




Phasendiagram of QCD
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Phasendiagram of QC
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Phasendiagram of QC
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Phasendiagram of QC
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Confinement
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Confinement

Bali et al. ‘94

\ string breaking at r ~ 1.1fm
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Confinement

Order parameter ~ (q)’

b — 6—%517(16(00)

e Confinement: o =()

e Deconfinement: ® # 0

® Polyakov loop

. 1/T
¢ = g(TrPeXp{ig/ droAo}
0




Confinement

Order parameter ~ (q)’

b — 6_%617(1(?(00)

e Confinement: b =()

e Deconfinement: ® £ ()

Symmetry

°* /3 -symmetry: ¢ — 2q

e broken by dynamical quarks

string breaking at r =~ 1.1fm l




Confinement

Order parameter ~ (q)’

b — 6—%517(16(00)

e Confinement: o =()

e Deconfinement: ® # 0

Mechanism?

e not fully resolved




Chiral symmetry breaking




Chiral symmetry breaking

Generation second third
Mass [MeV] 1150-1350 170x10°

chiral symmetry 8uari c t’;
uar S

Mass [MeV] - (4.1-4.4)x10°

\/ chiral symmetry breaking: Am ~ 400MeV \/

2 light flavours, one heavy flavour 2 + 1

Generation first second third
Mass [MeV] | 1.5-4 | 1150-1350 170x10°
chiral symmetry breaking Quark U c t
Quark d S b
Mass [MeV] | 4-8 (4.1-4.4)x10°




Chiral symmetry breaking

Generation ' second third

Mass [MeV] 5- 1150-1350 170x10°
Quark C t
XX Oz
>< Quark S b

Mass [MeV] - - (4.1-4.4)x10°

—
% chiral symmetry breaking: Am =~ 400MeV

Ao [(G9)% — (G759)°]

\

2 light flavours, one heavy flavour 2 + 1

Generation | first second third
Mass [MeV] | 1.5-4 | 1150-1350 170x10°

: 1 7] Quark U :
mass term: (4q) 4q Quar ; b
Mass [MeV] | 4-8 - (4.1-4.4)x10°
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mass term
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Order parameter

= (qq)

chiral condensate

e chiral symmetry: o =10

e symmetry breaking: 0 7%~ 0

Symmetry
® SUL(Nf) X SUR(Nf)

e broken to SU(Ny)




Chiral symmetry breaking

Order parameter

o = (qq)

chiral condensate

e chiral symmetry: o =10

e symmetry breaking: 0 7%~ 0

A

< Chiral symmetry breaking directly sensitive to size of azg_>

Braun, Gies ‘06




Quark-Gluon-Plasma meets Cold Atoms

Condensation phenomena
Cold Atoms

x( <= Ultracold atoms
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Quark-Gluon-Plasma meets Cold Atoms

Condensation phenomena === (functional RG-flows)
QCD Cold Atoms

77 - X N
\Q‘b

Hadronisation ule formation

Atom
--- M >> Molecule
h 1
. l talks of Stefan Florchinger
Anti-Quark Atom Richard Schmidt
+Baryoeba

\ / Gies, Wetterich ‘01
Condensation IMP 05

Flérehinger, Wetterich ‘09
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Phase diagram of QCD: Results




Quark confinement & chiral symmetry breaking




Continuum Methods
The Functional RG

e |Introduction to Functional RG flows & some results in QCD (talks)

* Integrals from differential equations: The FRG-idea in 0+0-dimensions
http://www.thphys.uni-heidelberg.de/~pawlowsk/NPgauge/bonus/idea.pdf

e |[ntroduction to the Functional RG & QCD flows
http://www.thphys.uni-heidelberg.de/~pawlowsk/talks/graz.pdf

e Confinement & chiral symmetry breaking from Functional Methods
http://www.thphys.uni-heidelberg.de/~pawlowsk/talks/berlin08.pdf



http://www.thphys.uni-heidelberg.de/~pawlowsk/NPgauge/bonus/idea.pdf
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http://www.thphys.uni-heidelberg.de/~pawlowsk/talks/graz.pdf
http://www.thphys.uni-heidelberg.de/~pawlowsk/talks/berlin08.pdf
http://www.thphys.uni-heidelberg.de/~pawlowsk/talks/berlin08.pdf

Confinement

Continuum methods === (Functional RG-flows)

RG-scale k: t =1lnk Braun, Gies, JMP ‘07

| / N

V[Ao] = =5 Trlog({AA)[Ag] + O(,{AA)) — Trlog(CC)[Ao] + O(3:(CC)) + O(V"[Ao))
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Confinement

Continuum methods

Braun, Gies, JMP ‘07

V]Ag) = —%Tr log (AA)[Ag] + O(8,(AA)) — Trlog(CC)[Ag] + O(9,(CC)) +

. N
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Confinement

Continuum methods




Confinement

Continuum methods

TC = 284 j: 1OMCV T(;/\/_ — 0.646 j: 0.023 lattice: T¢/ /T = .646

T = 295 MeV

Braun, Gies, JMP ‘07



Confinement

Continuum methods

TC =~ 284 :t 10MCV TC/\/_ — 0.646 :I: 0023 lattice: Tc/ /O
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Confinement

Continuum methods

Fischer, Maas, JMP ‘08 Braun, Gies, JMP ‘07
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Dual order parameter

| attice & Continuum QCD

Op = (O[> Fy])  with  g(t + B8, %) = —* ™ by (t, z)

@ary chemical potential u = 2mwif /(3 for 1y = eQWi@

1
o 627m'gz —l / do 096—2777;9 @ammeter for Conﬁ@
0

Dual order parameter

o | attice Gattringer ‘06
Synatschke, Wipf, Wozar ‘08

Bruckmann, Hagen, Bilgici, Gattringer ‘08

® COntinuum Fischer, '09; Fischer, Mueller ‘09
Braun, Haas, Marhauser, JMP ‘09 === C_imaginary chemical potential




Dual order parameter

Continuum methods === (Functional RG-flows)

Op = (O[* 0 Fy])  with  g(t + B8, &) = —*"hy(t, z)

@nary chemical potential p = 27i6/3 for 1y = e%i%

1
b= 2T — / df Oge 2™ @ammeter for conﬁ@
0

'fermionic pressure difference’ p(T,60) ~ P(T,0) — P(T,0) fr(T,0)

//0.1 T [GeV] 3
@d Ap: no Roberge-Weiss periodicity
Braun, Haas, Marhauser, JMP ‘09




Full dynamical QCD: N_f = 2 & chiral limit

Continuum methods === (Functional RG-flows)

* RG-flow of Effective Action (Effective Potential) @E;@

/®\ .
AVEES -L - +3 |

uark quantum
¢ flow of gluon propagator

pure gauge theory flow  +




Full dynamical QCD: N_f = 2 & chiral limit

Continuum methods

fz(T)/1(0)
Dual density
Polyakov Loop
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T [MeV] see also Poster by Lisa M. Haas

Braun, Haas, Marhauser, JMP ‘09




Full dynamical QCD: N_f = 2 & chiral [imit

Continuum methods

180 200
T [MeV]

:@on of dual density from Polyak@

Braun, Haas, Marhauser, JMP ‘09




Full dynamical QCD: N_f = 2 & chiral [imit

Continuum methods & lattice

(mpatible with Karsch et al *08

f(T)/f.(0 |
71:()75() /\

Dual density
Polyakov Loop
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. . . . . . . . . compatible with Fodor et al '087?
150 160 170 180 190 200 210 220 230 175MeV ~ T, cons > Tty ~ 150MeV
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Braun, Haas, Marhauser, JMP ‘09



Full dynamical QCD: N_f = 2 & chiral limit

Continuum methods

/3 271/3
210 see also Poster by Lisa M. Haas

@nical potential : y = 2wt 10

Braun, Haas, Marhauser, JMP ‘09



Full dynamical QCD: N_f = 2 & chiral limit

Continuum methods & lattice

agreement lattice results
| <= Kratochvila et al ‘06 & Wu et al ‘06

adjust 8-fermi interaction

Polyakov-NJL model

/3 on/3 Sakai et al ‘09
2710

Braun, Haas, Marhauser, JMP ‘09

0/(1/3) 0/(m/3)




Chiral phase structure at finite density




Phase diagram of QC
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Summary & outlook

e Phase diagram of QCD

e Confinement & chiral symmetry breaking at finite temperature
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Summary & outlook

e Phase diagram of QCD

e Confinement & chiral symmetry breaking at finite temperature

fr(T)iz(0) ———
Dual density
Polyakov Loop
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¢ Dynamical hadronisation

QCD flows dynamically into hadronic effective theories

e Next steps: real chemical potential & 2+1 flavours

work in progress




Summary & outlook

e Phase diagram of QCD

e Confinement & chiral symmetry breaking at finite temperature

¢ Dynamical hadronisation

e critical point and phase lines in effective theories
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Summary & outlook

e Phase diagram of QCD

e Confinement & chiral symmetry breaking at finite temperature

¢ Dynamical hadronisation

e critical point and phase lines in effective theories

ysics topics and Observables

o H ad ron |C pro pert | es The equation-of-state at high pg

+ collective flow of hadrons
« particle production at threshold energies (open charm) }:gﬁ;;gmes

e Deconfinement phase transition at high pg
. g . + excitation function and flow of strangeness (K, A, Z, Z, Q)

o « excitation function and flow of charm (J/y, y', D9, D%, A,)
N eXt Ste p ﬁ + charmonium suppression, sequential for J/y and y' ? ‘

Top-down meets bottom-up QD critical endpoint

+ excitation function of event-by-event fluctuations (K/m,...)

Onset of chiral symmetry restoration at high pg
+ in-medium modifications of hadrons (p,»,p —e*e-(u*y-), D)

predictions? clear signatures?

Reﬂ ne eﬂ:eCt |Ve h ad fon |C th eo r| es B2 —» prepare to measure "everything" including rare probes

»057 ¢ — systematic studies! (pp, pA, AA, energy)
‘4 Claudia Hol @aim: probe & characterize the medium! - importance of rare probesl!




Summary & outlook

e Phase diagram of QCD

e Confinement & chiral symmetry breaking at finite temperature

e Dynamical hadronisation

e critical point and phase lines in effective theories

e Hadronic properties

e non-equilibrium physics

e QGP meets Cold Atoms




Additional material

Chiral phase structure at finite density




Chiral phase diagram

T =2 ~ 175 MeV

2nd order

¥ 0(4)?

.,-"".r‘lf= 3

? phys. crqs‘énver
point i

2nd order

¥ 2(2)

T ~ 155 MeV

oo |Ta ~ 270 MeV

- Gauge

mge ~ 2.5 GeV

nf=1

m§it ~ 200 MeV

Karsch et al. ‘03




Critical point

| |

130 1 TEO4
O pm - - SDQ2 LTE03

-~

170 &
LRO4 :

¢ € PNJLO06
CJTO2

NJL8%b
NJLO1 4

2 © $e
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O | | | | |
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LB, MeV
PNJL: Meisinger et al ‘03, Fukushima '03,
Ratti et al ‘06, Megias et al ‘06, Sasaki et al ‘06, ... M. Stephanov ‘07




Critical point

Strategy: tune my for 2nd-order P.T. at # = 0, then turn on infinitesimal u
Does the transition become 1rst-order (l&7) or crossover (right)?
Answer: little change (— surface almost vertical)

- e mel) _ L2
2007: measure 8B, under du? — crossover: meoy = 1-3-3(5) ()

de Forcrand et al ‘07




EoM of:

+ quantum
fluctuations

Phase diagram of QC

Polyakov - Quark-Meson model

U, D] + Vo, 7]

Polyakov loop meson fermionic determinant
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Phase diagram of QC

Polyakov - Quark-Meson model

chiral crossover
deconfinement | 0
- 1st order guarkyonic phase !

CEP

Coincidence via
quantum
fluctuations

50 100 150 200 250 300 350

u [MeV] Schaefer, JMP, Wambach ‘07




Phase diagram of QC
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