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o Two Flavor Quark-Meson Model
> Mean field approximation
> Renormalization Group study

o Polyakov—Quark-Meson Model
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Conjectured QCD Phase Diagram

QCD: two phase transitions: FAIR, Darmstadt
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Conjectured QCD Phase Diagram

QCD: two phase transitions:

@ restoration of chiral symmetry
@ de/confinement

order parameter:

= 0 < confined phase,
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Nc

8
i/dTAo(T,)_c’)
P(X) =Pe 0

associate limit: my — oo

-> related to free energy of static quark
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Conjectured QCD Phase Diagram

QCD: two phase transitions: FAIR, Darmstadt
% 200F m
@ restoration of chiral symmetry 2 |5 Quarks and Gluons
. : %‘ Critical point?
@ de/confinement g i\ o,
‘é /’elb@,)
o 100.1 = Hadrons ’%
= g $ %"b,
& & £ %,
/ Color Super-
Neutron'stars  conductor?
0 ! e
Nuclei

Net Baryon Density

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
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The chiral Ny = 2 quark-meson model

@ Lagrangian:
1
Lam = qliu0" — glo+iTmys)lg + 5 (6 o) + (0.7 + (0 +i’ =) —co

@ Mean field analysis

=» partition function:

1T

Z(T,u) = /DZ]DqDUDfr' exp /dtd x (Lgm + 1gv0q)
0

o — (o) = ¢,
m — (m) =0,

integrate quark/antiquarks
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The chiral Ny = 2 quark-meson model

@ Lagrangian:
. - 1 | AP A R
Lom = qliv,0" — g(o+iT7ys)]g + E(aua)z + 5(‘%”)2 + Z(JZ‘FWZ—VZ)Z —co

@ Mean field analysis

Grand canonical potential

Qg (1 ®) = —2N N1 ; In(1 (Eq w)/1 In(1 —(Eq+p) /T
W( ’ ) cIVf (2 )3 Il( + e ) Il( o )

[Scavenius et al. '01]
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T [MeV]

@ Lagrangian:

Mean field analysis

7P+ 2 (cr +7 =) —co

rs - 1 2 1
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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
® CEP CEP — T-axis
120 15> chiral limit
100 m =138 MeV 1 noCEP
3
S 80r 1> atpu =0
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40 .
— truncation effect
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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# )

critical line, mg= 0
0O(4) universality General properties

»

tricritical point, m; =0
»

@ chiral limit
tricritical point
(Gaussian fixed
point)

A3

triple line, mg = 0
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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 )

my #0: no symmetry remains — only one critical mode o (Ising) (& massive) J

critical line, mg= 0

’0(4) universality General properties
’trlcrltlcal point, my =0 o chiral limit
3d-Ising universality tricritical point
. ) (Gaussian fixed
» line of end points, .
point)
mg * 0
@ finite my,

critical endpoints

surface of 1st order (3D-lsing class)

transitions

NERRNNY

triple line, mq = 0
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Functional RG Approach

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

FRG (average effective action) [Wetterich]

1 1 52F
atFk[¢] = ETF ORy <> ; FIEZ) _ k

F]g) + Ry B 6¢6¢

talks by J.M. Pawlowski, F. Marhauser, H. Gies
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RG analysis

@ Ansatz for I';: LO derivative expansion — arbitrary potential V;
. sy 1 1 R
D= [ dsalind” — glo+i7@)la + 5 0u0) + 50,7 + Vi(&)

Vk:A(¢2) = %(02—&—7?2—1/2)2 —co
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RG analysis

@ Ansatz for I';: LO derivative expansion — arbitrary potential V;

1 1
Ty = /d“xq[ma“ — glo+iT7ys)|g + 5((%0)2 + 5(8”7?)2 + Vi(9?)

flow for grand canonical potential

[BJS, J.Wambach]

K13 Ex 1 E,
OU(T, ;) = 2 {E— coth (ﬁ) + coth (ﬁ)
NNy Ej—p E +p
- L Jtanh [ =L h
i {oon (B o (57
E. = 1420, /K + 4¢°Q /K,
o~ (qq),  U=0U/0p et

Ex=1+420,/k, E,=1+g¢" /K

o quark fluctuations: chiral symmetry breaking

@ meson fluctuations: chiral symmetry restoration
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Chiral Phase Diagram Ny = 2 & m, ~ 280 MeV

O(4) ~ SU(2) x SU(2)  chiral limit
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Chiral Phase Diagram Ny = 2 & m, ~ 280 MeV

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

200 m. ~ 138 MeV
e TCP
2nd TCP > bending usual for RG
150 :
> 2nd tricritical point
3
s 100 ¢ :
': > features
parameter independent
50y | butlocations TCP/CEP
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0 : : : : e : [BJS,Wambach ‘05 & 06]
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Charts of QCD Critical End Points

model studies vs. lattice simulations

Black points: models

200

T,
MeV
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Lines & green points: lattice

Red points: Freezeout points for HIC
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lattice methods:

@ reweighting
@ imaginary pp

@ Taylor expansion
around up =0
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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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o Polyakov—Quark-Meson Model
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Polyakov—quark-meson (PQM) model

@ Lagrangian Lpam = Lqm + Lpol

@ Polyakov loop potential: Polyakov 1978
Pisarski 2000

Lol = —g10Aoq — U(9, B)
polynomial version:

Ratti et al. 2004
Dumitru, Pisarski 2004
Friman, Redlich, Sasaki 2006
= first-order transition at 7, = 270 MeV

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

@ Lagrangian Lpam = Lqm + Lpol

@ Polyakov loop potential: Polyakov 1978
Pisarski 2000

Lol = —g10Aoq — U(9, B)
polynomial version:

Ratti et al. 2004
Dumitru, Pisarski 2004
Friman, Redlich, Sasaki 2006
= first-order transition at 7, = 270 MeV

w#0:  To=To(Nys, 1) BJS, Pawlowski, Wambach, 2007

¢# "
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Mean-field approximation

@ grand canonical potential:

QT, 1) = U($, ) + Vienorm ((0), 0) + Qq(T, )

with fermi contribution:

d*p — (B, — _(E,— _3(E,—
QTM — 72NfT/(2ﬂ.)3 {1n|:1+3(q/)+¢e (Ep #)/T)e (Ep #)/T%f 3(Ep #)/T:|

+ ln[1—|—3(q§ + ¢e_(EP+1U‘)/T)6_(E1)+H)/T_’_e—3(Ep+u)/T] }
Ep = /p* +m3

0 _ 9 _, o0

a0 s 2

@ three EoM:
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Mean-field approximation

@ grand canonical potential:

QT, 1) = U($, ) + Vienorm ((0), 0) + Qq(T, )

with fermi contribution:

d*p — (B, — _(E,— _3(E,—
QTM — 72NfT/(2ﬂ.)3 {ln[l+3(d)+¢e (Ep H)/T)e (Ep #)/T%f 3(Ep H)/T:|

+ 1n|:1+3(q75 _|_ ¢e_(E1)+N)/T)e_(E11+N)/T+e_3(Ep+ﬂ)/T] }

E, = ,/pz-‘rm‘z{

@ confined phase ¢ =0: =» only “3 quark states”
-» pressure for the PQM model more suppressed in broken phase

compared to pure QM model
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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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Finite temperature and © =0

[BJS, Pawlowski, Wambach '07]

Numerical results:

order parameters T-derivatives of order parameters
1.4 ‘ ‘ ‘ ‘ ‘ 0.1 . . .
10 | _ ] —— 0lag)/oT

(a9) 008 | — 9®/aT

08 r
06 r
04
02

O L L L L L
T [MeV] 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

200 ‘ ‘ : : ‘
1st order
crossover
CEP ]
150 | 1
3
= 100 + 1
|_
50 t+ .
0 ! ! ! ! ! !
0 50 100 150 200 250 300 350

u [MeV]
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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
CEP ]
150 ¢ 1
3
= 100 r 1
|_
50 1
0 ! ! ! ! ! !
0 50 100 150 200 250 300 350

u [MeV]
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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
= 100 ¢ |
|_
50 |
0

0 50 100 150 200 250 300 350
u [MeV]
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o Three Flavor Quark-Meson Model
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Chiral symmetry restoration

[BJS, M. Wagner, work in progress]

- 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]
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Chiral symmetry restoration

[BJS, M. Wagner, work in progress]

- 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)

me = 600 MeV (lower lines) and m, = 800 MeV
PDG: f5(600) mass=(400...1200) MeV
=» influence of existence of CEP!

200 ‘ ‘ ‘ : : ; ‘
crossover
180 1st order

160 CEP o
140 | 1

120 r 1
100 r 1
80 1
60 1
40 1
20 1
0 L L L L L

T [MeV]

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

> genuine problem of linear sigma model (w/ and w/o quarks) finite T

— negative meson masses

=» usually: Optimised Perturbation Theory

=» here: novel approximaion
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In-medium meson masses

> generalize tree-level Ward identities to finite T, pr

hx :fﬂ-mi- - hx :.fﬂ’(T7 .uf)mzr(Ta /“Lf)
similar for strange sector
1

hy = \[Zme?( - \ﬁfnmi

masses with ~ U(1)4 anomaly

1400 1600
1200 1400 r 1
1000 1200
< 1000
3 800 3
= ™ 0 = 800
600 | . . 1
= 8 = 600
400 f \ o . 1 400
200 : -------------- 4I n’ .......... i 200 L n .......... B
0 m----- 0 K -----
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 40C
T [MeV] T [MeV]
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In-medium meson masses

> generalize tree-level Ward identities to finite T, pr

hx :fﬂ-mi- - hx :.fﬂ’(T7 .uf)mzr(Ta /“Lf)
similar for strange sector
1
hy = V2fxmy — — >
y fxkmi ﬂf

masses without U(1)4 anomaly

1200 1600
1000 | ] 1400 ¢ ]
1200
S el | = 1000
[ R @
= 600 {1 = 800
s =
400 | , 2 ] 600
7 g ----- 400
200 ; _.._n._m_,._x._-_,rl rl ---------- 7 200 - n’ .......... |
0 m----- 0 K -----
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T [MeV] T MeV]
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In vacuum: physical (n,n’) close to (ns,n0)
=> mixing angle 6,

=» pseudoscalar and scalar mixing angles
as a function of T (for . = 0)
with and without U(1)4 anomaly

40 ‘ \ — : : ‘ > without U(1)4 anomaly:
30 frmme e n — ns and n — s
20 f
10 f
o S SR
g -10 N
20 1 O, W/ Up(1) -----
-30 ¢ O W/ Up(1) ——
40 ¢ Og WIO Up(L) -oovevvees
S0 Qp WIo.Up(1). -]
-60 ‘ ‘

0 50 100 150 200 250 300 350 400
T [MeV]
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In vacuum: physical (n,n’) close to (ns,n0)
=> mixing angle 6,

=» identity switching above T.

950 [ — > without U(1), anomaly:
900 | n' — ns and n — nns
850 r h ( ) |
= > with U(1)4 anomaly:
2 800 ,
=3 n — nNs
s 750 r ;
700 | ; n' oo ] n — ns for T > 250 MeV
‘,' r] _____
650 | .' Ng oo 1 . . .
nNz > no Witten-Veneziano relation
600 : : ‘ has been used
160 180 200 220 240 260 280 300

T [MeV]
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Chiral critical surface (my = 800 MeV)

@ chiral critical surface in (m, mg) plane

with U(1)4 without U(1)4

2

'4,:;%::33;;;% physical point ",':,';;g:::;'gz;;';:::;%
S &
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g S 5 s
300 ///II//,,'/I//"’/JI"’/"’ SN 300 i %
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100 ity 100 it
75

=
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Summary & Outlook
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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

Quark-meson model study for Ny = 3

=» novel approximation
no need for Optimized Perturbation Theory

with and without axial anomaly
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Polyakov—quark-meson model study for Np = 2
=» so far mean-field approximation

Findings:
> Parameter in Polyakov loop potential: Ty = To(Ny, )

pure gauge: Ty ~ 270 MeV N
Ny =2: Ty ~ 210 MeV .

0.8
> Chiral & deconfinement transition coincide

1

0.6

Plpsg

> Mean-field approximation encouraging

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

0.4

0.2

Outlook 0

> include quark-meson dynamics in PQM model with RG

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