Qua ntum Field Theory in Extr eme Envir onments Saclg/Paris 2%\pril 2009

Happy Brthday , gan-Paul & larry

Modelling the CHIRAL and
DECONFINEMENT TRANSITIO NS

WolframWeise L‘ H U H H
Technische Universitat Miinchen

QCD SYMMETRIES and SYMMETR Y BREAKING P AT TERNS

Dynamicaknta nglement of
CHIRAL andDECONFINEMENT transitions

Role of theAXIAL U(1) ANOMAL Y

PHASE DIA GRAM at pPniteBAR YON DENSITY
NUCLEAR MA TTER, CRITICAL POINT , and all that ..

Technische Universitat Minchen TI-I."



LATTICE QCD THERMOD YN AMICS :
CHIRAL and DECONFINEMENT TRANSITIO NS

spontaneousl broken chir al symmetry
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McLetran,S\etitsky (1981)

POLYAK OV LOOP dynamics <> Conbnement )

| Pisarsky (2000) I
@thesns of/ Fuk ushima (2004) PNJL MODEL J
‘ Ratti, Thaler W.W. (2005) |

ontaneous J

NAMB U & JONA-LASINIO  «> Chir a\OS ymmetry
model Breakmg

Nambu.bna-Lasinio (1961)
_ Fermion (quark) Polya kov | oop
@ Action effective Ha mlltonla n effective potentlal
1=1/T * "

S(t,rhry= d3x 1 T4 | +H(' RO _U(" T)
0 %

@ |dentify dominantollectiv e degrees of freedom
(— order pa rameter S)

@ (duarks asquasipa rticles with dynamicayl generated masses
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Sletch of (non-local) PNJL MODEL

Action
fr=1/T ¢ " 4
s, 1T,y = dr o d3 T+ HO LT, ) XU(",T)
0 Y T
Fermionic Ha miltonia ndensity (NJL):
Non -local
_ | fermion
H=1ilT#& +$mg! B! +V(I,17 | inter action
chir al
inva riant
Tempor al back groundg auge beld ! =!3"3+!1g"g | SU(3)
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potential T < T, T > Te
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Polya kov Loop Ef fectiv e Potential

OPURE GLUEKGattice Thermodyna

from
mICS

e Minimization of U(! (T),T) =1 p(T) R-Pisarsky(2000)

K.Fukushima (2004)
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entr opy density ,pressure
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lattice results:
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brst or der phase tr ansition
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S.RS8ner C.Ratti, W.W. PRD 75 (2007) 034007

Tc(puregauge)! To" 270M eV
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Non-Local PNJL ModelGAP EQU ATIO N | (Nt =2)

O momentum de pendent , dyna mical qua rk mass

GlC(IO! q)
M(q)
M = mo+ 4N;N: G !
)= mo+ NNG [ Gant @R :
P
0.4 dyna mical @ correlation lengthd ~ 0.35fm
N T (typical instanton size)
>3 }L\ j/(non jocal PNJL e coupling stength’ G " 1.25fm

@ consistent with self-enexg

(lattice QCD) from Dyson-Schwinger calc
\'11/ PO.Bowman et al(2002) (Landau gauge)
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T.Hell,S.RS8ner M. Cristoforetti, W.W.

Phys.Rev. D79 (2009) 014022
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THREE -FLAVOUR non-local PNJL MODEL

Kobayashi-Maskea

@ includes: plus «t Hooft interaction
q q breaksaxial U (1)
chiral irvariant K[det B(1! "g)! + det ¥(1+ "5)! ]

- my Ms "gu#t="dt# "gsH

IN: + G,K out:

3.0MeV | 70MeV 1 (0.304GeV)® | ! (0.323GeV)?
m; Mk m- m- fi fk
out:

139 MeV | 495 MeV | 547 MeV | 964 MeV | 92.8 MeV | 110.1 MeV

T.Hell, S.RS8ner M. Cristoforetti, W.W.
Phys.Rev.D79 (2009) 014022
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Entanglement ofCONFINEMENT

and
SPONT ANEOUS CHIRAL SYMMETR

Y BREAKING

Thermodyna mics of the PNJL model
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S.RSssner C. Ratti, W.W.

T.Hell,S.RSssnerM. Cristoforetti, W.W.
Phys.Rev. D 75 (2007) 034007

Ptys.Rev. D79 (2009) 014022
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Entanglement ofCONFINEMENT and
SPONT ANEOUS CHIRAL SYMMETR Y BREAKING

Nf=2+1
Thermodyna mics of the PNJL model
In comparison with_attice QCD  (with almost plysical quark masses)
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Beyond Mean FieldMesonic Ex citations

contribution of mesonic quark-antiquark modes toegsue

o4 | —wer K Ny =2+ 1
== - MEY
3t Kk
— - MF
% p---o---
ol p+k
1}

mesons T.Hell, S.RSssner
M. Cristoforetti, W.W.

(2009)
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Non-zero QU ARK CHEMICAL PO TENTIAL

@ Taylor expansion of pgssue:

p(T, )= T cn(T)

n

1! Co SB-limit

0.8 |

0.6 |

m attice

04
—— PNIJL

0.2 |

T/T.

S.RS8&ner C.Ratti, W.W.
Phys.Rev. D 75 (2007) 034007

u''n
T

0.1!
SB—-limit
0.5 1 1.5 2
T/T.
Lattice:
C.RAllton et al.

Ptys.Rev. D 71 (2005) 054508
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e Example: quark umber cunulant ratioR} , =

I5.F

10.¢

Cumula nt R atios

S.Ejiri,E KarschK. Redlich
Phys.Lett.B 633(2006) 275

$ lattice
— PNJL

12 cy
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S.RS8ner C.Ratti, W.W.
Phys.Rev. D 75 (2007) 034007
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Lattice:
C.RAllton et al.
Phys.Rev. D 71 (2005) 054508
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PHASE DIA GRAM and CRITICAL POINT I
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T.Hell,S.RSssner
M. Cristoforetti, W.W.
Phys.Rev.D79 (2009)
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PHASE DIA GRAM

@ |ssues:=) Critical P oint

=» Diquarks andCSC Phase

) K.Fukushima (09)
Crossover Existence a nd | ocation
of critical point(s)
- o™ - crucially de pendent on
g AXIAL U(1) ANOMAL Y
o3 2-nd
EY) /
! 1-st
N
2-nd?
>

YamamotgHatsudaBaym (2007)

@ Location (and existence) af itical point

- @ 101$) K Y

T 'MeV"

K. Fukushima (2008)

120

critical
point :

Role of
axial a nomaly

K!1.4Kg Nf:2+]_ -

K!1.2Ko

K! Ko -
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K!0.8Ko

K!0.7Kp

K1 0.656Kg =
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] | ] ] L]

300

320 34C
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N. Bratovich,T. Hell,S.RS8ner W.W. (2009)

(s) depends sensigly

on quark masses, axial U(1)a nomaly , etc....

&
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NUCLEAR THERMOD YN AMICS

nuclea r matter :equation of state
NUCLEAR ——— ..lq... -
CHIRAL (PION)DYN AMICS - pressue
BINDING & SATURA TIO N: 3:‘ 3-loop

I INn -medium
Yukawa A ChEFT
+ Van der W aals -

N’:zz:ﬁ:z:z?%

[ T =25MeV

P [MeV/im]

e! 2m r =0
V(r) . 6 P(m' r) o - o.losl . o|.1 - o.|15' T 02
’ ' [fm¥  baryon density
+ >< Liquid - GasTransition at
S . Critical Temperatue T, = 15 MeV

...plus contact terms (empirical: T, = 16 - 18 MeV)

S.Fritsch, N. Kaiser W.W.: Nucl.Ptys. A 750 (2005) 259
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NUCLEAR MA TTER EQU ATIO N of STATE
VIRIAL EXP ANSIO N

P=!'T1+B
y ——
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CHIRAL C ONDENSA TE at bnite DENSITY

T 4 T A
coexistence
Prst
?
(‘ order = B s
0 > 0
baryon chemical potentiajlg baryon density!
" in-medium ) I
. | M N Ch”" al ----------
Sigma termmq I effectve | = T e
\_Peld theory
N ‘
| 1] ' " n 2 - Vo~
'qq..! = 1# - Noo1# 3pF2 + _#_ Eint(pF)
'aq”" f2 m# 10M % #m? A
(T =0) / 7

(free) Fermi gas
of nucleons

nuclear interactions
(dependence on pion mass)
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CHIRAL C ONDENSA TE: DENSITY DEPENDENCE
Symmetr ic Nuclea r Matter
: I | ' T ' 1
@ In-medium ] T=0.
Chir al -
Effectiv e o SR -
Field Theory - ST chir al in -medium
oL g (") ~d dyna mics |
(NLO 3-loop) _ (" = 0) '\\,\f m, = 0.14GeV
constrained g 041~ chiral limit s g
. . - ) '\.\
realistic nuclea r ¢ o leading ~.__ |
equation of state ., order 'Y
_ (Fermi gas)
N. Kaiser Ph.de Homont, W.W. POE
Phys.Rev.C 77 (2008) 025204
O0 | O.|05 | Ol.l | 0.|15: | O|.2 | 0.|25 | 0|.3
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@ Substantiathange of symmetry br eaking scena rio
between chiral limitmg = 0 and plysical quark mass4 ! 5M eV

@ Nuclea r Physics would bevery dif fer ent in thechir al limit !
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Conclusions

e Entanglement cEHIRAL andDECONFINEMENT
crossover transitions in QCD

B transition temperatues (at zeo chemical potential)
coincide In PNJL models and on thé.attice

e PHASE DIA GRAM atlowT, largeBARYON DENSITY
CRITICAL POINT , and all that ..

» basicall unkno wn
» role ofaxial U(1)anomaly

» constr aints fromrealistic nuclea r EoS

tha nksto:
Nino Bratovic Marco Cristoforetti Thomas Hell
Norbert Kaiser Claudia Ratti Simon RSssner
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Supplementa ry
Mater Ials




(!'! 3P)/T*

PNJL model vsLattice QCD Thermodyna mICS

e PRESSURE andENERGY DENSITY atzewo chemical potential

p=11(T,u=0)
—— MF+" #) [ Inter action
- — - MF IIII measur e

T.Hell, S.RS8&ner M. Cristoforetti, W.W.
Phys.Rev.D79 (2009) 014022
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lattice data:
FEKarsch et al. arXiv:0804.4148 [hep-lat]
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0.25;

0.2t

0.15;

0.1¢

0.05;

Sound V elocity : PNJL and LATICE QCD

@ PNJL

S.RSssnerTh.Hell, C. Ratti, W.W.
arXiv:0712.3152 [hep-ph]

Nf:2
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T / GeV

@ PNJL model works
Active degees of feedom aound critical temperatug T > T.:

Quarks asquasipa rticles interacting withPolya kov loop
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@ Lattice Ni=2+1
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Non-zero QU ARK CHEMICAL PO TENTIAL I

@ Role of CONFINEMENT(POLYAK OV loop dynamics)
suppession of quark mpagator irOérbiddenO egion
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Phys.Rev. D 68 (2003)
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