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QCD symmetries and breaking patterns

Z(3) center symmetry of SU(3). exact for infinitely heavy quarks

SU(3), x SU(3)r exact for massless m,, mg, ms
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The 3-flavor QM model

effective chiral theory with quark fields g(x) and meson fields
¢a(x) = (0a(x) + ima(x)), a=0,...8
(Gell-Mann Levy 'c’ model)

QM model (N = 3)

Low=3a(i)— GT,(0s+ i7s72)) a+ Ly T = /2

Ln = Tr(0.0'0"¢) — m*Te(¢'¢) — M[Tr(6'¢)I
AT 6) + ¢ (det(¢) + det(qﬁ))
+Te[H(¢ + ") ¢ = Taa; H = Toh

only (ho, h3, hg) are non-zero:

/‘)07507 h3:h8:O—>mu:md:ms
ho;éo, h3:0,h87é0—>mu:md§£ms

seven parameters fixed to meson sector in the vacuum
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in contrast to the NJL model the QM model is renormalizable
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_ Location of the CER

location of the (chiral) CEP strongly depends on the mass of the 'sigma’ meson

PDG: f,(600) mass=(400..1200) MeV ~—  broad resonance
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_ Including the Polyakovl 8

Polyakov loop variable:
1 1T
O() = 1 (TeP(R);  P(X) = Pexp i / drAy(%, 7)
c 0

Lagrangian:
Leou = Lom+ GraAsq —U(D, D)
effective Polyakov loop potentials:

polynomial (Ratti et al. PRD 2006)

o 2D o 4 137) — 2 (02 1 8%) 4 2 (jop + 8

T To\2 To\3
by(T) =ao+ a1 (?0) + a2 (%) + a3 (?0)

with
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Including the 'Polyakov loop’

Polyakov loop variable:

1T
()= 1 (TeP(R));  P(R) = Pesp <i / drAu(, T))
c 0
Lagrangian:
Lo = Lom+ GraAsq—U(P, D)
effective Polyakov loop potentials:

polynomial (Ratti et al. PRD 2006)

Upoly _ ba(T) w0 @2y B3 (w3 L 33\ 1 BPa a2 1 160212
7o = 2 (10 +18P) = 2 (00 + ) + Z (o + )

T To\2 To\?
by(T) = a0 + a1 (70>+az (%) + a3 <70>

0.8 |

with

T
1

— 0.6 [
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Including the 'Polyakov loop’

logarithmic (Fukushima PL 2004)

Z/{Iog
T4

= —3a(T)80 + b(T)In [1 - 650 + 4 (0 + 5°) ~ 3(30)’]

a(T) =a0 + a1 (2) +a (2)2; B(T) = b <$>3

ap = 3.51 s ay = —2.47 s ay) = 15.2 ) b3 =—-1.75

with

'strong coupling’ (Fukushima PRD 2008)

Uruku b /T4 = T2 3, %3
= — 25 [54e 77 T0® 41 (1—6¢¢—3(¢¢) F 4P+ B ))]

with

a=664MeV , b= (196.2MeV)’

does not contain contributions from transverse gluons
N¢ depencence of Ty (Schaefer et al. PRD 2007)

N, [ 0 1T 2 [2+1] 3 |
[ TolMeV] || 270 | 240 | 208 | 187 | 178 |
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grand canonical potential

Q(T, ; 0x,0,,®,®) = U(0x,0,) + Qg (ax,ay,d),&)) +U (¢,&>)
mesonic potential

2

U(ox,0y) = m? <0,2< + Uf,) — hxox — hyo, — ﬁafay
Al oo 1 4, 1 4
t 500yt g (M + X2) oy + 3 (2A1 +2X2) oy

fermionic part
QaQ(UX7 Oy, Cb’ &)) =

T Y /(;’3I;3 {In [143(0 + Ge Enr 1)/ T) e Eas i/ T . g6 )/ T]
Iy
f=u,d,s

+In [1 4 3( + Pe Eartun)/ Ty Eqrtnn)/T | e—3(Eq,f+m)/T]}
mean field approximation
o0 o 00 0Q
9o 07, 00 08, ° @




lattice data: Bazavov et al. arXiv:0903.4379 [hep-lat] my ~ 220 MeV
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without Ua(1) breaking with Ua(1) breaking
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PQM Phase diagraim A
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at high temperature: p/T* is a polynomial in /T

high temperature < ideal relativistic gas

@lw - 27':’;3 (/Ooodkkzln(l—|—zexp{—e(k)/T})

+ /Ooodkkzln(l+z_1exp{—e(k)/T})> 2= exp(u)T)

QCD at order O(g?): (Nr = 2)
ultra-relativistic limit e(k) = k

SRR O 10)
2
s (F )
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EoS "only’ requires coeff. at ;x = 0 (at least in principle)
Taylor expansion:

p(T,ﬂ):zzozc"(T)(%)" with Cn(T)Z%%

high-temperature limit:

|u:0

2
(T —o0) = —7N;2157r
(T - o0) = —NCGNF

Nc:Ng
@(T—o) = o7
(T —00) = 0 for n>4
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Taylor expansion:

£ Sen(8) =ora(t) ra(®) va (5

n=0
number density: % =20 (%) +4cy (%)3 + 605 (%)5 R

L X A% AN
number susceptibility: ?‘; =20+ 12¢ (?) + 30cs (?> 4.

TECHNISCHE
UNIVERSITAT
DARMSTADT



Taylor expansion:

P S (§) =ava (s e () sa(4) e

number density: % =20 (%) +4cy (%)3 + 6¢s (%)5 4.
4

ibility: X9 — A% "
number susceptibility: = 2c 4+ 12¢4 T + 30cs T 4

lattice results : Miao et al. arXiv:0810.0375 [hep-lat]
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Ther

Taylor expansion:

bty =20 () e () 60 (5) -

nun be| SUSCeptibiIity: —X - 2C2 + 12C4 ( ) 30C6 ( ’ ) o
’ 2 I
I QM (NF = 2 + 1) M. Wagner et al. ’09
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Higher-order de

'algorithmic differentiation’: M. Wagner et al '09
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Fini

pressure number suscept.
w/T=0.8 w/T =0.8
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Taylor expansion:

p(T, 1) :icn(T) (%) with o(T) = 19°(p(T,p)/T*

7 ] n
T pre n! o(p/T) luco
radius of convergence:
1/2 1/(2n—2
Oon / o /(2n—2)
rh = or pp=|—
C2n2 C2n P2
T generic picture

. .. root of c2
estimate CEP from Taylor coefficients? s — 5
root of cg

. Co
(ﬁ> = lim —
T/c n—oo \| | Cont2
= lim r,= lim
o ™ T alh P \ [T

[C. Schmidt '08]
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M. Wagner et al '09

rn: solid lines pn : dashed lines
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Summary and Conclusions

findings:
o based on relevant symmetries of QCD the PQM model incorporates
chiral symmetry breaking and (stastistical) confinement
o parameters determined in the vaccum
o location of the CEP depends on o-mass
o lattice EoS and fluctuations at ;1 = 0 well reproduced by mean-field
approx.
o assess properties not easily accessible on the lattice (pole masses,
chiral limit,..)
o test latttice procedures for the CEP (convergence of Taylor
expansion)
outlook:
o singularity in the complex p-plane
o fluctuations beyond mean-field via RG
o transport properties
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