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QCD Phase Transitions

QCD: two phase transitions: carly universe
ALICE quark-gluon plasma
@ restoration of chiral symmetry RHIC
[0 _
SUL+r(Ny) — SUL(Nf) x SUR(Ny) 5| CBM <Yu>1D
g_ SPS quark matter
= <gy>>0
order parameter:
hadronic fluid crossover ]
@) > 0 < symmetry broken, T < T, superfluid/superconducti
94 = 0 & symmetric phase, T > T, phases ?
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associate limit: m; — 0 m

chiral transition: spontaneous restoration of global SUL(Ny) x SUr(Ny) at high T
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QCD Phase Transitions

QCD: two phase transitions: carly universe
ALICE quark-gluon plasma
@ restoration of chiral symmetry RHIC
. [0} —
@ de/confinement (center symmetry) 5 | CBM <Gy~ [0
g_ SPS quark matter
order parameter: = <Py> >0
[ { = 0« confined phase, T < T hadronic fluid s:rperfluid/supercm
> 0 < deconfined phase, T > T, phases ?
ng=0 ng>0 2SC  <yyg¥>0 CFL
vacuum nuclear mattel  neutron star cores

B
1 i/ dtAo(T,X) M
&= —(trPe Jo )

" [ e[ [
associate limit: my — oo -

= related to free energy of a static quark state: ® = ¢4
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QCD Phase Transitions

QCD: two phase transitions: carly universe
ALICE quark-gluon plasma
@ restoration of chiral symmetry RHIC
@ de/confinement 5 | CBM <Py> [0
g- SPS quark matter
. . = <gy>>0
At densities/temperatures of interest
. . hadronic fluid < X —]
only model calculations available superfluid/superconducti
phases ?!
ng=0 ng>0 2SC  <yyg¥>0 CFL
vacuum \ nuclear mattel  neutron star cores

n

effective models:

@ Quark-meson model or other models e.g. NJL
@ Polyakov—quark-meson model or PNJL models
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o Two-Flavor Quark-Meson Model
> Mean field approximation
> Renormalization Group study

o Polyakov—Quark-Meson Model

o Three-Flavor Quark-Meson Model

o ...with Polyakov loop dynamics
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T [MeV]

@ Lagrangian:

Mean field analysis
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Mean field analysis

@ Lagrangian:

1 1
Lam = 2l — 8o +iFF)lg + 5 Ouo)’ + 3 (@7 + 2 (0P +7 ) —co

2
@ Mean field analysis
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Mean field analysis

@ Lagrangian:

iy - 1 1 o A R
Lam = li7.0" = g(o+i7715)lq + 5 (0u0) + 3 (0,7 + 3 (0" +7 =)’ —co
@ Mean field analysis
160 . . . . ——
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10 | - crossover || @S mq decreased
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120 15> chiral limit
100 m =138 MeV 1 noCEP
3
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Phase diagram in (7', g, my)-space

Chiral limit: (m, = 0) SU(2) x SU(2) ~ O(4)-symmetry — 4 modes critical o, 7 )

T
Q critical line, mq= 0
’0(4) universality General properties
m
g r' tricritical point, m, =0 o
» @ chiral limit

tricritical point
(Gaussian fixed
point)

i)

w
triple line, my = 0
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Phase diagram in (7', g, my)-space

Chiral limit: (mg = 0) SU(2) x SU(2) ~ O(4)-symmetry — 4 modes critical o, 7 )

my # 0: no symmetry remains — only one critical mode o (Ising) (= massive) J
T
critical line, mg= 0
’0(4) universality General properties
m
9 i tricritical point, my; =0 e
¥ @ chiral limit

3d-Ising universality
» line of end points,

mg £ 0

HB

surface of 1st order
transitions

WL

triple line, my = 0
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tricritical point
(Gaussian fixed
point)

@ finite my,

critical endpoints
(3D-Ising class)
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Functional RG Approach

I'«[¢] scale dependent effective action ; ¢=In(k/A); Rx regulators

FRG (average effective action) [Wetterich]
1 1 @ 8Ty
OLk[p] = =Tr QR | ——— o Iy =
2 @ 4+ R 5656
@ Ansatz for T';: (LO derivative expansion — arbitrary potential V)

1 1
Ty = / d'xqliyu0" — g(o+iT7Y5)lg + 5(0u0)" + 5 (Ou7) + Vi(4”)

A =
Viea(¢°) = 1(02—&—71'2—\22)2 —co
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Chiral Phase Diagram Ny = 2 & m, ~ 280 MeV

[BJS, J. Wambach, '05 & '06]

RG analysis:
0(4) ~ SU(2) x SU(2) chiral limit
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Chiral Phase Diagram Ny = 2 & m, ~ 280 MeV

[BJS, J. Wambach, '05 & '06]

RG analysis:
0(4) ~ SU(2) x SU(2) chiral limit no spinodal lines!
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RG Phase Diagram

m. ~ 138 MeV

200 ; : .
e TCP > bending usual for RG
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Charts of QCD Critical End Points

model studies vs. lattice simulations

Black points: models
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Red points: Freezeout points for HIC
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lattice methods:

@ reweighting
@ imaginary pp

@ Taylor expansion
around up =0
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Comparison with scalar x, : MF—RG
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[BJS, J. Wambach *06]
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o Polyakov—Quark-Meson Model
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Polyakov—quark-meson (PQM) model

o Lagrangian Leom = Lqm + Lpol  With Lol = —g70Aog — U($, B)

1 polynomial Polyakov loop potential: Polyakov 1978
Meisinger 1996
Pisarski 2000

u(?;qﬁ)_ b(TTO)qbqb——(qS +¢)+%(¢q§)z

with
bz(T, T()) =aog + al(To/T) =+ az(T()/T)2 + a3(To/T)3
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Polyakov—quark-meson (PQM) model

o Lagrangian Leom = Lqm + Lpol  With Lol = —g70Aog — U($, B)

1 polynomial Polyakov loop potential: Polyakov 1978
Meisinger 1996
Pisarski 2000

Uod) BTy b (0, 5) 4 2 (g

T4
with
bz(T, T()) =ao+ a; (To/T) =+ az(T()/T)2 + a3(To/T)3
2 logarithmic potential: Réssner et al. 2007
Uo - _ _
oo — La(T)3o+ b(T)n [1 660 +4 (6 +5) ~ 3 (50)’]
with

a(T) = ao + a1 (To/T) + a2 (To/T)>  and  b(T) = b3(To/T)’
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Polyakov—quark-meson (PQM) model

o Lagrangian Leom = Lqm + Lpol  With Lol = —g70Aog — U($, B)

1 polynomial Polyakov loop potential: Polyakov 1978
Meisinger 1996
Pisarski 2000

Uod) BTy b (0, 5) 4 2 (g

T4
with
bz(T, T()) =ao+ a; (To/T) =+ az(T()/T)2 + a3(To/T)3
3 Fukushima Fukushima 2008
Uruw = —bT {54e‘”/ "6 + In [1 646+ 4 (¢3 + 433) _3 (<;3¢>)2] }
with

a controls deconfinement b strength of mixing chiral & deconfinement
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Polyakov—quark-meson (PQM) model

o Lagrangian Leom = Lqm + Lpol  With Lol = —g70Aog — U($, B)

1 polynomial Polyakov loop potential: Polyakov 1978
Meisinger 1996
Pisarski 2000

Uod) BTy b (0, 5) 4 2 (g

T4
with
bz(T, T()) =ay + ai (To/T) + az(T()/T)2 + a3(To/T)3
in presence of dynamical quarks: Ty = To(Ny) BJS, Pawlowski, Wambach, 2007

N o |1 | 2 |241] 3
To [MeV] [[ 270 [ 240 [ 208 | 187 [ 178
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Polyakov—quark-meson (PQM) model

o Lagrangian Leom = Lqm + Lpol  With Lol = —g70Aog — U($, B)

1 polynomial Polyakov loop potential: Polyakov 1978
Meisinger 1996
Pisarski 2000

Uod) BTy b (0, 5) 4 2 (g

T4
with
bz(T, T()) =aog + al(To/T) =+ az(T()/T)2 + a3(To/T)3
in presence of dynamical quarks: Ty = To(Ny) BJS, Pawlowski, Wambach, 2007
N Lo |t |2 2413
To[MeV] [ 270 [ 240 [ 208 | 187 [ 178
pw#0: To=To(Ny, ) ¢+
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Finite temperature and © =0

[BJS, Pawlowski, Wambach '07]

Numerical results:

order parameters T-derivatives of order parameters
1.4 ‘ ‘ ‘ ‘ ‘ 0.1 . . .
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Finite temperature and © =0

[Laermann et al.]

Numerical results:

order parameters lattice

m/T = 0.08

120 140 160 180 200 220 240 v R aE s
T MeV]
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Phase diagrams ...

[BJS, Pawlowski, Wambach '07]

in mean field approximation e for PQM model

chiral transition and ‘deconfinement’ coincide
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Phase diagrams ...

[BJS, Pawlowski, Wambach '07]

o for PQM model

in mean field approximation
@ for QM model

chiral transition and 'deconfinement’ coincide
(lower lines)
200 ‘ ‘ : : ‘
1st order
crossover
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150 ¢ 1
3
= 100 r 1
|_
50 1
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Phase diagrams ...

[BJS, Pawlowski, Wambach '07]

in mean field approximation e for PQM model
chiral transition and 'deconfinement’ coincide @ for PQM model
with

p-modification

200

1st order in Polyakov loop
crossg\llzeg . potential
150 | R (lower lines)
3
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Pressure

@ perturbative pressure of QCD with Ny massless quarks

T w0t (1) e (5)
N1 N, S(BY + = (&) .
T = )45’L f{60+2 ) T i \7
o Ny =2: lattice: N, =4,6; =0
1 -
— W20 Mev 1
1= 168 MeV R
08 =270 Mev ] 08 |
06 | 06
& &
= 04t S g4l
02} 02|
0 : s 0
0 50 100 150 200 250 300 350 0

T [MeV]
[Ali Khan et al. '01]
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o Three-Flavor Quark-Meson Model
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Mass Sensitivity (lattice, Ny =

Columbia plot: [Brown et al. '90]
Ng =2 Pure
Nee2 o Gauge
Txf ~ 175 MeV 1st 7 T, ~ 270 MeV
2nd order Q(der
7 0@4)? )
tric s ’
m_ -} crossover
s , 4 Nf =3

/

phys. point ,~ Ng =1
7

mg v
2nd order
y 22
s order
TV ~ 155 MeV ol
0 my , my e
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Mass Sensitivity (lattice, Ny

Standard scenario: m.(u) increasing

Nonstandard scenario: m.(u) decr.

Real world

ical point

confined

Color superconductor|

Real world ——
w Heavy quarks

confined

Color superconductor

[
V.
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[de Forcrand, Philipsen: hep-lat/0611027]
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Ny = 3 quark-meson model

@ Lagrangian £ = Lquark + Lmeson
. Aa .
Lquark = q(i) — g?(aa + iv57ma))q

Lmeson = 1r(0,¢' 0" @) — m*tr(¢'d) — M1 (tr(¢'$))*
—atr((¢7¢)?) + ¢ (det(¢) + det(o"))
+irH(¢ + ¢')

fields: ¢ = Z (00 + ima) and H = %ha

o, scalar and m, pseudoscalar nonet
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Chiral symmetry restoration

[BJS, M. Wagner, arXiv:0808.1491]

- two condesates: nonstrange o.(T, 1) and strange oy (7, wy)

with (solid) and without (dashed) U(1)4 anomaly

120 ‘
GX
100 r Oy 1
oy > almost no effect due U(1)4

80 t anomaly

60 |
> T. depends on m,

Oy, Oy [MeV]

40

20 1

0 n n n n n
0 50 100 150 200 250 300 350 400

T [MeV]

B.-J. Schaefer (KFU Graz) 24/39



Chiral symmetry restoration

[BJS, M. Wagner, arXiv:0808.1491]

- two condesates: nonstrange o.(T, 1) and strange oy (7, wy)

with (solid) and without (dashed) U(1)4 anomaly
120

Oy
100 r Oy

> almost no effect due U(1)4
80 | \ 1 anomaly

60 |
> T. depends on m,

Oy, Oy [MeV]

40

20 | L ] D= g = s

0 — > p. depends on m,
0 100 200 300 400 500 600 700 800
1 [MeVv]
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Phase diagram Ny = 3 (= pg = ps)

[BJS, M. Wagner, arXiv:0808.1491]

m, = 600 MeV (lower lines), 800 and 900 MeV
PDG: f,(600) mass=(400...1200) MeV
=» influence of existence of CEP!

250 : . ‘
crossover
1st order
200 CEP ]
< 150 1
(]
=
~ 100 1
50 1
0

0 50 100 150 200 250 300 350 400
u [MeV]
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In-medium meson masses

[BJS, M. Wagner, arXiv:0808.1491]

> genuine problem of linear sigma model w/o quarks at finite T
— negative meson masses
> but not in this approximation
->Ward identities, Goldstone theorem etc. are all valid in-medium e.g.
hx :f‘rrmzr

similar in strange sector

> At low temperatures: mesons dominate
At high temperatures: quarks dominate
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In-medium meson masses

[BJS, M. Wagner, arXiv:0808.1491]

masses with ~ U(1)4 anomaly

1400 —_— 1600 R T
1200 1400 r 1
1000 1200
1000
> 800 >
= = 800
s 600 s s00
400 400
200 200 | o |
K _____
0 P 0 P
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 40C
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In-medium meson masses

[BJS, M. Wagner, arXiv:0808.1491]

masses without U(1)4 anomaly

1200 — 1600 —
1000 | A 1400 + 1
1200
= 800 oo | = 1000
[ m
S 600t \ {1 = 800
= R s
400 | ] 600
/ ag 400
200 F g ----- ] 200 | M e |
0 ‘ ‘ ‘ ‘ ‘ T[1 n" ...... ‘.... 0 ‘ ‘ ‘ ‘ ‘ K _4_‘4_
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In-medium meson masses

[BJS, M. Wagner, arXiv:0808.1491]

M [MeV]
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Mass sensitivity

RG arguments predict for Ny = 3 1st-order in chiral limit

> my/my = 0.49 (lower line), 0.6,0.8...,1.36 (upperline) my = 138 MeV

with U(1)4, me = 800 MeV

" crossover
1st order
CEP

T [MeV]

0 1 1 1 s
0 50 100 150 200 250 300 350 400

u [MeV]
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Chiral critical surface

(my = 800 MeV)

[BJS, M. Wagner, arXiv:0808.1491]
@ chiral critical surface in (m~,mg) plane

with U(1),

without U(1),

hysical point 522, hysical point
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Chiral critical surface for different m,,

[BJS, M. Wagner, arXiv:0808.1491]
@ chiral critical surface in (m, mg) plane

=» cuts along fixed m, /my ratio through physical point

m} = 138 MeV, mg = 496MeV (physical point)

200 : : 450
180 | my,= 700MeV | 200
160 | m,= 800MeV |
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300 f
5 @
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40 s m,= 800MeV
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0 0 05 1 15 2
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w v
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o ...with Polyakov loop dynamics
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Thermodynamics Ny =2 + 1

[BJS, M. Wagner; to be published '08]

2 2
—] ks
SB limit: T4 =2(N? 1)90 +NNeTes
1 1
0.9 0.9
0.8 - 0.8 r
0.7 - 0.7 -
o 06 o 06F
& 05+ g 05+
= 04t = 04t
03 1L — QM ] 03 1L PQM pol
02| —— PQMlog | 02| —— PQMlog |
01| PQM pol | 01 | PQM Fuku |
'0 ‘ ‘ . —— PQM Fuku '0 ‘ ‘ ‘ ® Lattice
05 1 15 2 25 3 35 4 05 1 15 2 25 3 35 4
TITy TITy

my ~ 220 MeV N =8
[Cheng et al. '08]
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Thermodynamics Ny =2 + 1

[BJS, M. Wagner; to be published '08]

2 2
T
SB limit: 28 — (W2 — 1) L NN
= A Vo0 +NNegg
16 T T T . 8
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t o8t Ei al
6 r L 3L
—— QM
4 —— PQM log 2r
2t PQM pol 1t
—— PQM Fuku
0 ‘ ‘ ‘ 0
05 1 15 2 25

TITy

B.-J. Schaefer (KFU Graz) 31/39



Thermodynamics Ny =2 + 1

[BJS, M. Wagner; to be published '08]

7’ Tr?
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Thermodynamics Ny =2 + 1

[BJS, M. Wagner; to be published ’08]

size of the critical region:

0.2 : : ‘
— Rg=2 0.01 | — Rg=2
0.15 | — ngg - EBfg
o Rg=  Ry=
ol 0.005 |
(8] o
= |
> 005 o 0
e e
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01— : ‘ ‘ ‘ e
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Finite density extrapolations Ny =2 + 1

[BJS, M. Wagner; to be published *08]

Taylor expansion:

p(Top) _ 3 eu(T) (%) with ¢, (T) = %%

high temperature limits:

7NN, w2
co(T — 00) = 186 ’
o o0y = M0

NNy
el —o0) =10

en(T — o00) =0forn > 4.
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Finite density extrapolations Ny =2 + 1

[BJS, M. Wagner; to be published '08]

Taylor expansion:

nl o (u/T)"

first three coefficients: ¢o: pressure =0

(T 1) = icn(T) (%)" with ¢, (T) = iw

14
12 ¢

1t
0.8
0.6 |
0.4
0.2

TITy TITy
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D

B.-J. Schaefer (KFU Graz)
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AplT 4

Finite density extrapolations Ny =2 + 1 PQM

w/T=0.8
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B.-J. Schaefer (KFU Graz)
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Finite density extrapolations Ny =2 + 1 PQM

w/T=0.8 w/T = pe/T.
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Quark-meson model study for Ny = 2

=» Mean field versus RG

Influence of fluctuations on phase diagram
Findings:
> MF phase diagram: no TCP (in chiral limit) found

> RG phase diagram: two TCP’s (in chiral limity & CEP found

> Size of critical region via susceptiviliies: “compressed” with fluctuations

Quark-meson model study for Ny = 3

=» Mean-field approximation
no need for Optimized Perturbation Theory

with and without axial anomaly

B.-J. Schaefer (KFU Graz) 37/39



Polyakov—quark-meson model study for Np = 2

=» mean-field approximation

Findings:
> Parameter in Polyakov loop potential: Ty = To(Ny, )
pure gauge: Ty ~ 270 MeV 1 "
Nf =2: Ty ~ 210 MeV .

0.8

> Chiral & deconfinement transition coincide o6

Plpsg

> Mean-field approximation encouraging

Quark-meson model is renormalizable
— no UV cutoff parameter (cf. PNJL model)

0.4

0.2

> Taylorcoefficient c,(T) — high order

> useful to develop general arguments to determine CEP location
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Outlook

> include quark-meson dynamics in PQM model and for Ny = 3 with FRG

> include glue dynamics with FRG — full QCD
(step by step)
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