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Conjectured QCsD phase diagram

early universe

Theoretical questions:
LHC quark—gluon plasma
RHIC related to chiral & deconfinement transition
SPS <yy> ~ 0
FAIR/JINR

e CEP: existence/location/number

¢ Quarkyonic phase: coincidence of both transitions
AGS quark matter atu=0& u>07

SIS

Temperature

¢ relation between chiral & deconfinement?
chiral CEP/deconfinement CEP?

¢ finite volume effects?

<yy>#0

crossover

hadronic fluid — ]

superfluid/superconducting

phases ? =» lattice comparison
ng=0 ng>0 25C <\;7\p> +0 CFL * role of fluctuations? so far mostly mean-field
vacuum nuclear matter | ,eutron star cores results effects of fluctuations are important

u e.g. size of critical region around CEP

at densities/temperatures of interest

. | e What are good experimental signatures?
only model calculations available

=» higher moments more sensitive to criticality
deviation from HRG model for

=» can one improve the model calculations?

=» remove model parameter dependency

non-perturbative continuum functional methods

=» complementary to lattice
= no sign problem >0 = chiral symmetry/fermions/small masses/chiral limit
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Conjectured QCsD phase diagram

early universe

Theoretical questions:
LHC quark—gluon plasma
RHIC related to chiral & deconfinement transition
SPS <yy> ~ 0
FAIR/JINR

e CEP: existence/location/number
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AGS quark matter atu=0& u>07

SIS

Temperature

¢ relation between chiral & deconfinement?
chiral CEP/deconfinement CEP?

¢ finite volume effects?

<yy>#0

crossover

hadronic fluid — ]

superfluid/superconducting

phases ? =» lattice comparison
ng=0 ng>0 25C <\;7\p> +0 CFL * role of fluctuations? so far mostly mean-field
vacuum nuclear matter | ,eutron star cores results effects of fluctuations are important

H e.g. size of critical region around CEP

e What are good experimental signatures?

=» higher moments more sensitive to criticality

Method of choice: Functional Renormalization Group (FRG)
e.g. (Polyakov)-quark-meson model truncation

* good description for chiral sector
* implementation of gauge dynamics (deconfinement sector)
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Agenda

* QCD-like model studies
chiral and deconfinement aspects
two and three flavor

e Mean-field approximation vs.

Renormalization Group methods

* role of baryons - two color QCD
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Polyakov-Quark-Meson (PQM) Model

Chiral effective model:

e quarks: ¥
e mesons: o, T

e gauge fields: A in D, = 0, +1iA, — Polyakov-loop (PQM) model

PQM Lagrangian: [BJS, J. Pawlowski, J. Wambach 2007]
Leom = Y (D+glo+iy°RT) —uy°) ¢
1 1 .

+§(8u0)2 + 5(({9#7?)2 + V(o)

e ———————————————————————————————————————————————————
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Mean-Field Approximations (MFA)

Integration of quarks, neglect bosonic fluctuations
Grand potential
Q(T, JU 0') — Qvac + QT + VMF (U) ("‘Z/{Poly(q)) )

vacuum term: sharp three-momentum cutoff

A g3
d”p
Qvac(A) = — / (QW)B\/ﬁZ—Fm?]

for each cutoff: adjust model parameters like fr, My, My

standard MFA: no-seaterm A = ()
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Chiral transition

Fluctuations of oder parameter — oo at 2"¥ order transition
critical fluctuations =» phase boundary?

How can we probe a transition?

n

: N X) .
B singular behaviour in p(X) with X =T, pu,...

oxn
_ O™p(T, ) freeze-out close to chiral crossover line
B higher order cumulants ¢,, = =
O(u/T)
| | | | | | | | | | | |
... more sensitive to criticality 70 T, [MeV]
T 2nd order, O(4) 165 |
vy 2nd order, Z(2) ]gg 62.4 2
.. 1st order 150 750 .0 4 -
''''' NN 145 | 173
crossover 140 | |
LGT: To(ug)
Cleymans: PRC 73, 034905 (2006)
== Andronic: PLB 673, 142 (2009)
4 STAR: PRC 79, 034909 (2009)
@« Becattini: PRC 85, 044921 (2012)
«#« ALICE prelim: arXiv:1210.7724 M{3 [MeV]
K e | | | | | | | | | | | |
....................... SR | 0 25 50 75 100 125 150 175 200 225 250 275

[HotQCD, QM 2012]
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Hadron Resonance Gas (HRG) Model

HRG model versus experiment
[Andronic et al. 2011]

HRG model: good lattice data description
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Role of vacuum term in (P)QM models

Fluctuations of higher moments exhibit strong variation from HRG model

[Karsch, Redlich, Friman, Koch et al. 2011]
B — turn negative

B higher moments: R, = Cn/Cm

B regions where R, » < 0 along crossover in the phase diagram

unquenched PQM MFA QM MFA w/o vacuum

210 160

205 150

200 | 140 [
= 195 | = 130 |
= 190 ¢ > 120 r
= 185 | 110 |

180 | 100 |

175 | ———— crossover ] 90 | ———— crossover !

e CEP L e CEP )
170 N 80 - - - -
0 20 40 60 80 100 120 140 160 180 0 50 100 150 200
u [MeV] u [MeV]

role of vacuum term in (P)QM models see  [BJS, M. Wagner 2012]
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Role of vacuum term in (P)QM models

Fluctuations of higher moments exhibit strong variation from HRG model

[Karsch, Redlich, Friman, Koch et al. 2011]
B — turn negative

B higher moments: R, = Cn/Cm

B regions where R, » < 0 along crossover in the phase diagram

unquenched PQM MFA QM MFA w/o vacuum
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role of vacuum term in (P)QM models see  [BJS, M. Wagner 2012]
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]
Mean-Field PQM  N=2+1

Two improvements: an effective unquenching
1. sea contribution 2. matter back-coupling

uglue“g/ue) — UYM(tYM)
no-sea: red dashed line _
sea: green line (vacuum term included)

[Herbst, Mitter, Stiele, Pawlowski, BJS, Schaffner-Bieleich in preparation 2013]

K I s A S S S S S S L —— — 6 T ' T ' T ' T { ' T ' T
—— sea, Poly-BNL, m, =400MeV, T3"® =270 MeV '
—— no-sea, Log, m, =500 MeV, Té‘,'“e =210 MeV

o
(&)
T I 1T

Wuppertal-Budapest
Borsanyi et al.,
JHEP 11, 2010

N
LI l T LI

sea, Poly-BNL
m, =400 MeV, T2"® =270 MeV

no-sea, Log
m, =500 MeV, T2"® =210 MeV

e HotQCD ]
Wuppertal-Budapest

scaled pressure p/ T*
on
[
|
scaled trace anomaly (€-3p) / T*
w
|

0.5F

—_—
—_— — —

0 L . . . L . , | ) ) | , ) | ] 0 | . | 1 | : | .
-0.9 -0.6 -0.3 0 0.3 0.6 -0.4 -0.2 0 0.2 0.4 0.6

reduced temperature t reduced temperature t

JUSTUS-LIEBIG-

27.06.2013 | B.-J. Schaefer | Giessen University | 11 LINI‘I.IERSITAT
GIESSEN




Matching the scales with FRG

Map between Yang-Mills and glue potential:  #ym (Zgiue)

L. M. Haas, RS, J. Braun, J. M. Pawlowski, J. Schaffner-Bielich, PRD 87, 076004, 2013

G orv e ———— 0.15
4 -
N —— Yang-Mills

0.1}

0.05F}

B* Upoop [Adl

— IyM (tglue) tym = 0.57 Iglue 6tYM/ atglue <1

= Ugne (1, ®) = Uym (tym(2) , D)

R. Stiele Heidelberg University Thermodynamics, Phase Structure & Nucleation in the PQM model

JUSTUS-LIEBIG-

27.06.2013 | B.-J. Schaefer | Giessen University | 12 UNIVERSITAT
GIESSEN




Mean-Field PQM  N=2+1

an effective unquenching

Ugiue(tgiue) = Uym(tym)

Two improvements:

1. sea contribution 2. matter back-coupling

no-sea: red dashed line

sea: green line (vacuum term included)
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]
Functional RG (FRG) Approach

2
B I'.[¢] scale dependent effective action t=In(k/A)  Ryregulators T'}? = gq}gg
scale q
o A FRG (average effective action)
§ bare action Fk:—>oo
z
B 1 1
v effective average action I %, 8t Fk [¢] — ETr atRk 2)
k+ Akk T omentum shell T D"+ Re
3 kO I :
2 kL[] ~ 5
= effective action Fk—>0
0 B [Wetterich 1993]
B Ansatz for I';;:  Leading order derivative expansion arbitrary potential V

, - 1 1 . J
L'y, = /d4xcj[zyua“ — g(o+iTTYs)|q + i(auU)Q + 5(8M7T)2 + Vk(¢2)

A S
Viena (¢%) = Z(OQ—I—W —v
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FRG and QCD

full dynamical QCD FRG flow: fluctuations of
gluon, ghost, quark and meson (via hadronization) fluctuations

Braun, Haas, Marhauser, Pawlowski; 2009

~

OTHlg] =|; N B 3L
Y Xd o
. )
in presence of dynamical quarks: \f\
gluon propagator modified: 7001 50>

= pure Yang Mills flow + matter back-coupling

pure Yang Mills flow I SN
replaced by eff. Polyakov-loop potential Up,,: OpL'k [‘- =3 T y
(fit to lattice YM thermodynamics) N X
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FRG and QCD

full dynamical QCD FRG flow: fluctuations of
gluon, ghost, quark and meson (via hadronization) fluctuations

Braun, Haas, Marhauser, Pawlowski; 2009

- Glue potential
4 ® N\ 4' I ' | ' |
[ \
&Fk[qﬁ] = % = ; ORT.;B Vglue[AO]
N 7 -
. O
02+ \\ ra
N //
\f' ! \ //
in presence of dynamical quarks: 04} \\\ I y
gluon propagator modified: _ ST T -
— T=195MeV
vang Mills fl back i 0.6/~ T-208Mev -
= pure Yang Mills flow 4+ matter back-coupling e
- | —— T=220 MeV
T=225 MeV
. ] : | L | ) | !
038, 0.2 04 0.6 0.8 1
pure Yang Mills flow BgAo
replaced by eff. Polyakov-loop potential i4p,,: 27

(fit to lattice YM thermodynamics) [Haas, Stiele, Braun, Pawlowski, Schaffner-Bielich, (2013)]
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FRG and QCD

full dynamical QCD FRG flow: fluctuations of
gluon, ghost, quark and meson (via hadronization) fluctuations

Braun, Haas, Marhauser, Pawlowski; 2009

~

O L'k[¢] = '

in presence of dynamical quarks: \f\

gluon propagator modified:

B |t
|
-
~
|
+
B |t

= pure Yang Mills flow + matter back-coupling

pure Yang Mills flow

replaced by eff. Polyakov-loop potential Up,,:
(fit to lattice YM thermodynamics)
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FRG Quark-Meson Ns = 2

w/o To(u)
200 .F—.:..—..—...—.::~
150 | T
= m=138 MeV| "\
= 100 | 5,
LAl IR ¥, crossover "\
—-—-- & crossover \
50 | ---- & crossover :\
——— x 1st order a
_____ o(T=0)/2 / \
0 l 1 \

u [MeV]

O 50 100 150 200 250 300 350

T m_=138 MeV
S
~ \\.‘_ R
~ \\.\ e
RN
he |
---------- X, crossover NN
N \
—-—-- & crossover \.‘:\
----- d crossover W\
—— x 1st order N
————— o(T=0)/2 /‘ \

0 50 100 150 200 250 300 350
u [MeV]

[Herbst, Pawlowski, BJS 2010,2013]
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FRG Quark-Meson

Pressure and interaction measure in comparison with lattice data (polynomial Polyakov-loop potential)

[Herbst, Mitter, Stiele, Pawlowski, BJS, Schaffner-Bieleich in preparation 2013]

Ni=2

3.5 ' , , 8 . , . :
Wuppertal-Budapest, 2010 Wuppertal-Budapest, 2010
3 | PQM2 FRG 7t — —e- —1 HotQCD N,=8, 2012
- - o- -1 HOtQCD N;=12, 2012
25 | 6 PQM2 FRG - :
zp - ¢
5 T,ngT o il
2 | 1S gt
IS & 4| . i
- 157 . : ; @
. 3 3 i o
1 o |
05 ¢} 1|
. 0 e
-06 -04 02 0 02 04 0.6 -06 -04 -0.2 0 02 04 06
t t
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FRG Quark-Meson

Pressure and interaction measure in comparison with lattice data (polynomial Polyakov-loop potential)

Nf = 2+1

[Herbst, Mitter, Stiele, Pawlowski, BJS, Schaffner-Bieleich in preparation 2013]

3.5

3 L

2.5
2

P/

1
0.5

1.5 |

————  Wouppertal-Budapest, 2010
PQM FRG
----- PQM eMF

(e - 3P)/T*

-06 -04 -02 0 02 04 06
t

O =~ N W & O O N @

Wuppertal-Budapest, 2010
HotQCD N,=8, 2012

+ HotQCD Ny=12, 2012

PQM FRG P
TR

PQM eMF 158 5

PQM MF P

-06 -04 -02 0 02
t

04 06
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FRG Quark-Meson

Pressure and interaction measure in comparison with lattice data (logarithmic Polyakov-loop potential)
Nf= 2+1

[Herbst, Mitter, Stiele, Pawlowski, BJS, Schaffner-Bieleich in preparation 2013]

PT*

3.5 ' —— Wup;;ertaI-Bu'dapest, 2010 - — WuppelrtaI-Buda'pest, 2010
3 | PQM FRG 7 + +~—e— HotQCD N=8, 2012
..... PQM eMF - - o~ -+ HotQCD N;=12, 2012
o5 | 6 1 PQM FRG -
| - PQM eMF 50 -1 g
2 T{ o — PQM MF .~"'§j5-?--..?.. :
o 4 | Sy
5| ;
. © 3
1 o |
05 ¢} 1+
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Role of Baryons?

Statistical-thermal model analysis

High chemical potential: baryons more important but usually neglected in FRG

_ ] 0.18 L
in stat. model: e.g. peak in
ratios “the horn” 0.16 - N
0.14 —
0.12+ ]
5 i |
o
<)
0.1 —
= i Meson Dominated \\ |
\
\
008_ \ Baryon -
) \\ Dominated
\
0.06 — \\
\
[~ \
\
0.04 \ _
0™*0"20 30 40 50 60 70 80 90 100 A I RO U Y EU NPU EO
Vs (GeV) 0 0.1 0.2 03 04 0.5 0.6 0.7 0.8
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N =2QCD

QC2D becomes simpler: no sign problem
lattice simulations < functional methods

inclusion of baryonic degrees of freedom simpler:
Scalar diquarks play a dual role as bosonic baryons
relativistic analog of models for ultracold quantum gases

color-neutral bound states of two quarks (bosonic [anti]ldiquarks)

enlarged flavor symmetry: SU(4) = SO(6) (u = 0)

replaces usual chiral SU(2); x SU(2)r x U(1)5

B Symmetry breaking:  SU(2N;) — Sp(N;)  [or SO(6) — SO(5)

=?» 5 Goldstone bosons: 3 pions and 2 (anti)diquarks
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Quark-Meson-Diquark (QMD) Model

Chiral effective model:

e quarks: 1
e mesons: o, T
e diquarks (baryons): ReA,ImA

e gauge fields: AZ in D, =0, + 1A, — Polyakov-loop extended (PQMD) arxiv:1306.2897
model

QMD Lagrangian: [N. Strodthoff, BJS, L. von Smekal 2012]
Lomp = Y (D +g(o+i°7F) — ) ¢
+ (A (TP SY) + AW Y 12507))
1 1 S
"‘5(6#0)2 T 5(({9#7?)2 + V(o)
1 %k
45 (0 — 2000 A) (9, + 20 80)A
L - __
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Phase diagram in MFA

Influence of Q2,,c on CEP for various A’s compared to dimensional regularization

m no diquark condensation

Z(X) 1 | 1
A =0MeV c—
----------------------- A = 300 MeV  me (d = 0)
......... A =500 MV me : :
= A = 650 MoV —— m O(6)-symmetric potential
150 dim. reg. =—— 5
Vmr = Vur(@”) where
> ¢ = (0,7, ReA,ImA)
= 100 }
= =» 1-dim. field variable
50 | - e 1% order chiral transition
e CEP around pu =~ 2.5m,
0 1 1 1
0 0.5 | 1.5 2 2.5

M [mg]

[N. Strodthoff, BJS, L. von Smekal; 2012]
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Phase diagram with FRG

e no diquark condensation:

e 0(6)-symmetric potential Uy = Uy(¢?)

T [MeV]

> "typical” RG phase diagram
back-bending 1t order line with a CEP

150 F

50 +

------------- ————
———
rea.

A

0

1.5

plmg)

e chiral condensate (gq)/{gq)o

[Strodthoff, BJS, von Smekal; 2012]
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Including diquarks

SO(6) — SO(3) x SO(2)

Symmetry breaking

)

qq

<

need two condensates: chiral: (qg) and diquark condensate:
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diquark condensation at u, = mg/N;

[N. Strodthoff, BJS, L. von Smekal 2012]
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Phase diagrams

[N. Strodthoff, BJS, L. von Smekal 2012]

FRG versus MFA: TCP is a MFA artefact

200

150 F

T [MeV]

100

50

2 QMD MF A = 600 MeV
e QMD RG

o

0 0.5 | 1.5
Iz

T [MeV]

250

200

150

100

50

with collective baryonic fluctuations

QMD RG (A = 0) =wesesees 7
QMD RG

e
EH L LT
~ LL]
'''''''
bl
bl
u

diquark
condensation

0.5 1
u [my]

e no low-T 15 order transition,
no CEP at y ~ 2.5 m, !
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Summary & Conclusions

e QCD-like model studies for two and three flavors

e effects of quantum and thermal fluctuations
on QCD phase structure

e QCD for two colors: towards an understanding of
role of baryons on phase structure

e existence of critical points in phase diagram

functional approaches (e.g. FRG) are suitable and controllable tools

to investigate the QCD phase diagram and its boundaries
N -
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