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Motivation

QCD phase diagram

Phase diagram in the T — up — p1 space
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Details of the phase diagram are heavily studied theoretically (Lattice,
EFT), and experimentally (RHIC, LHC, FAIR, NICA)
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Previous results (with linear o-model)
Critical surface and the CEP

P. Kovdcs, Zs. Szép: Phys. Rev. D 75, 025015
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The surface bends towards the physical point == The CEP must exist
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Motivation

Previous results (with linear o-model)
The CEP at the physical point of the mass plane

P. Kovacs, Zs. Szép: Phys. Rev. D 75, 025015
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Addressed problems

o By adding more degrees of freedom to our model how does
the phase boundary change?

@ More specifically adding (axial)vector mesons to the model
how does the position of the CEP change?

@ What is the effect of the medium on the various masses?

@ Results will be closer to the Lattice?
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QCD'’s chiral symmetry, effective models

Chiral symmetry

If the quark masses are zero (chiral limit) => QCD invariant under the
following global transformation (chiral symmetry):

U(3 L X U( ) U(3)\/ X U( )A = 5U(3)\/ X 5U(3)A X U(l)\/ X U(l)A

(3)
U(1)y term — baryon number conservation
(1)

~

1) term — broken through axial anomaly
SU(3)a term — broken down by any quark mass

(
U(3)v term — broken down to SU(2)y if m, = my # mj
—> totally broken if m, # my # m; (realized in nature)
Since QCD is very hard to solve — low energy effective models can be
set up — reflecting the global symmetries of QCD — degrees of
freedom: observable particles instead of quarks and gluons

W

Linear realization of the symmetry — linear sigma model
(nonlinear representation — chiral perturbation theory (ChPT))
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Axial(vector) meson extended linear o-model with constituent quarks and Polyakov-loops

Lagrangian (2/1)

Lot = Tr[(D,®) (D, )] — m3Tr(dTd) — M [Tr(dTd)]? — N Tr(dTd)?
— %Tr(wa +R)+Tr [(”f + A) (L + Rﬁ)] + Tr[H(® + ¢7)]
+ cy(det & — det &1)2 + i%(Tr{LW[L“, L]} + Tr{R.[R", R]})

h
+ ?lTr(chcb)Tr(Li + R2) + hTr[(L,®)? + (PR,)’] + 2hs Tr(L, OR*OT).

+ g3[Tr(L L, LML) + Tr(R,R,R'R”)] + ga[Tr (L, LML, L")
+ Tr(RyR*R,R")] + g5 Tr (Lu L") Tr(R,RY) + go[Tr(L, L") Tr(L, L")
+ Tr(RuR") Tr(RyRY)] + W (i) — gr®s) W + Lolyakov

where
DHFO = 8“4) — Ig]_(LMq) — (DRU') — ieA'u[T?n (D]
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Axial(vector) meson extended linear o-model with constituent quarks and Polyakov-loops

Lagrangian (2/2)

8 8
¢ = Z(Ui +im)T;, H= Z h; T; T; : U(3) generators
i=0 i=0

8

8
RE= SO — BT L= (0 + BT,
i=0 i=0

LM = OHLY — jeAM[Ts, LV] — {0V L — ieAV[ T3, LM]}
RM = 9" RY — ieA*[ T3, R¥] — {0V R"* — ieA”[Ts, R*]}
v = (7,d,53)

non strange — strange base:

on = V/2/3p0 +1/1/3¢ps,
s = /1/3p0 — \/2/3¢ps, @€ (o,m, h)

broken symmetry: non-zero condensates {(oy), (05)<—dpn, Ps
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Axial(vector) meson extended linear o-model with constituent quarks and Polyakov-loops

Included fields - pseudoscalar and scalar meson nonets

nN+m + +
8 1 \/i s . K )
Ops = Y mTi= N el KO | (~@isq))

i=0 K- KO s
on+af + +

S N IR T

bs = oili=— a~ IN"3 KO Naiqj
— V2 o Ty S
=0 Ks K2 o

Particle content:

Pseudoscalars: m(138), K(495), n(548),7'(958)
Scalars: ap(980 or 1450), K5(800 or 1430),
(0w, 05) = 2 of £(500, 980, 1370, 1500, 1710)
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Axial(vector) meson extended linear o-model with constituent quarks and Polyakov-loops

Included fields - vector meson nonets

wy+p° + =+ \ ¥
8 } 1 2 P . K
|V T = - wN—p *0
§p VN N
= K*— K*O ws
f +0 14
; N
AR — T = — — fiy—al 0
Y ; SV N T

K KY  fis

Particle content:
Vector mesons: p(770), K*(894), wy = w(782),ws = ¢(1020)
Axial vectors: a1(1230), K1(1270), f1n(1280), f15(1426)
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Polyakov loop

Polyakov loops in Polyakov gauge

Polyakov loop variables: ®(X) = TrCN(X) nd ®(X) = %ji) with
L(x) = Pexp [i I8 dr A x,r)}

—— signals center symmetry (Z3) breaking at the deconfinement
transition

low T confined phase, (®(X)), <&>_(>‘<')> =0
high T: deconfined phase, (9(X)), (®(x)) #0
Polyakov gauge: the temporal component of the gauge field is time

independent and can be gauge rotated to a diagonal form in the
color space

Asd(X) = 3(X) A3 + ¢g(X)Ae; A3, Ag : Gell-Mann matrices.

In this gauge the Polyakov loop operator is
L(X) = diag(eiﬁd”“()?) i5¢>—(>?)’ e*i5(¢+(>?)+¢—(>?)))

where ¢4 (X) = +¢3(X) + ¢8(X)/V3
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eLSM at finite T/up
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Polyakov loop potential

“Color confinement” “Color deconfinement”
(®) =0 — no breaking of Z3 (P) #0 — spontaneous breaking of Z3
one minimum minima at 0,27 /3,—27/3

ue) /T

vhorNe s

one of them spontaneously selected

o r N w & @

from H. Hansen et al., PRD75, 065004 (2007)
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Polyakov loop

Form of the potential

I.) Simple polynomial potential invariant under Z3 and charge
conjugation: R.D.Pisarski, PRD 62, 111501

Uy (20) _ BN ge b (03 4+ §3) + b (3o)?
3
with by (T)=a0+a1 % + 2% + a3 %

[I.) Logarithmic potential coming from the SU(3) Haar measure of group

integration K. Fukushima, Phys. Lett. B591, 277 (2004)
Uel:0) — _1a(T)0d + b(T) In [1 — 60 +4 (93 +d3) —3 (<D<T>)2}

72 3
with a( T) = ag + al 0+ a T2’ b( T) = b3%

U (CD, 53) models the free energy of a pure gauge theory
— the parameters are fitted to the pure gauge lattice data
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Polyakov loop

Effects of Polyakov loops on FD statistics

Inclusion of the Polyakov loop modifies the Fermi-Dirac distribution function
(d_> + 24)675(5’7“‘7)) e P(Eora) 4 ¢=38(Ep—1a)

f(E, — g) — fo (E) =
( p q) [ ( P) 143 (&) N ¢e*5(EP*“q)> efﬁ(Epfuq) + e73ﬁ(Ep7uq)

<d> + 2&)673(5’*“‘7)) e*B(EPﬂ‘q) + e735(Ep+ll’q)

f(E, + — fy (E
(Ep + #q) > (Ep) 143 (¢+&>e_3(sp+uq)) e B(Eptuq) +e—3ﬁ(Ep+#q)

O, = 0= fH(E) = FB(E, £ 1)) &&= 1= fI(E) = f(Ep =+ pq)
three-particle state appears: mimics confinement of quarks within baryons

the effect of the Polyakov loop
is more relevant for T < T¢

at T = 0 there is no difference between
models with and without Polyakov loop:
©(3(uq — Ep)) = (kg — Ep))

H. Hansen et al., PRD75, 065004
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Equations of states

T /up dependence of the Polyakov-loops (EoS)

By deriving the grand canonical potential for Polyakov loops (£2)

according to ® and ¢
U(o, q>)) / e PE () o—2BE;(p)
— + — 0
do ( T q;,s (p) &4 (p)

d [(U(d,d) 2/\/ e PE (p)  o—2BE; (p)
00) 8 5 )

q=u,d,s
g;r(p) = 1+3 (¢ 1+ be PES (P)) ~BES(p) 1 ¢—3PE/(p)
& (p) = 143 ((D +de P > e” P) 4 e 3BE; (P)

Es(p) = Eq(P) F 18/3, Euja(p) = \/P? + m2, 4, Es(p) = /P> + m2



eLSM at finite T/up
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Equations of states

T /g dependence of the condensates (¢p/s)

Equation of state: <8£T°t> =0
UN/S T

Hybrid approach at T = 0: fermions at one-loop, mesons at
tree-level (their effects are much smaller)

At T # 0: first approximation — only fermion thermal loops
1 _
mion  + (/\1 + 2/\2> b + ModndE — hy + %FNC ((ut), + (dd),) =0

myds  + (A1 + X2) 0% + AMdyods — hs + %NC<5§>T =0

d3p 1

(q3), = —4m, / (1= 5 (Eo(p)) — i (Ea(P)))



eLSM at finite T/up
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Parametrization at T = 0

Determination of the parameters of the Lagrangian

14 unknown parameters — Determined by the min. of y?:

M 2
Qi(x1, -, xn) — Q7F
X2(x17...,xN):§{ 50, ,
where (x1,...,xn) = (mo, A1, A2, ...), Qi(x1,...,xn) calculated

from the model, while Q7" taken from the PDG
multiparametric minimalization — MINUIT

o PCAC — 2 physical quantities: f;, fx
o Tree-level masses — 16 physical quantities:
I”I”IL,/C/7 Ms, My, My, mn/, mg, My, Mg, MK, My, mle, mg,,
My, MK,, meL, meH
@ Decay widths — 12 physical quantities:
M Tomkks Tk =k Tai—smys Tar—sprs T A= kK Tagy Tks— K
F%L%M,F%L%KK,I'%HHM,I'fOH%KK
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T dependence

Behaviour of the order parameters
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Summary

@ An extended linear o - model was shown with constituent
quarks and Polyakov - loops

@ We used hybrid approach at T = 0: only fermion loops, since
it has the largest contribution

o At finite T/up there was 4 coupled equations for the 4 order
parameters



Summary

@ An extended linear o - model was shown with constituent
quarks and Polyakov - loops

@ We used hybrid approach at T = 0: only fermion loops, since
it has the largest contribution

o At finite T/up there was 4 coupled equations for the 4 order
parameters

Todo...
Finalize program code
Explore the phase diagram especially the CEP

Investigate the effect of meson thermal loops

Ll Ll

Calculate medium dependence of the meson masses



Summary

Thank you for your attention!
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