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Introduction
°

Motivation

QCD phase diagram

Phase diagram in the T — up — p1 space

o At ug =0
é‘ = gﬁ.ﬂmﬂuld Quarks and Gl Te= 151(3) Mev
= SR> G ' A Y. Aoki,et al., PLB 643, 46
g 12 \ e~ (2006)
© Fansiion
é l g Haglrons / @ Is there a CEP?
@ H {., Quarkyonic phase ? . .
= & @ At T =0 in ug where is
Proto—
. J @\U\ Ne::(mm ColocSigms the phase boundary?
Ny Compast Stars Net baryon density n/ n, (] BehaViOr as a fU nCtion Of

no=0.16 fm~>

i/ ps?
Details of the phase diagram are heavily studied theoretically (Lattice,
EFT), and experimentally (RHIC, LHC, FAIR, NICA)



Introduction

QCD'’s chiral symmetry, effective models

Chiral symmetry, chiral models

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

U(3 L X U(?))R ~ U(3)\/ X U(3)A = SU(3)\/ X SU(3)A X U(l)\/ X U(].)A

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

j~

1)a term — broken through axial anomaly

n O

U(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 # ms (realized in nature)
Since QCD is very hard to solve — low energy effective models —
reflecting the global symmetries of QCD —— degrees of freedom:
observable particles instead of quarks and gluons

Linear realization of the symmetry — linear sigma model



The model
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Vector meson extended PQM model

Lagrangian (2/1)

L = Tr[(D,®) (D, ®)] — mTr(dTd) — A\ [Tr(dTd)]? — M Tr(dTd)?

o1
+ c1(det ® + det ®T) + Tr[H(d + oT)] — ZTr(wa +R2)

m% 2 2 .82 oy un pr
+TI’ 7]]'+A (L;1+R/1) +IE(Tr{LNV[L ’L ]}+Tr{RMV[R ?R ]})

hy
+ 5 Tr(@TO)Tr(L], + RY) + hoTr[(L,®)? + (PR,)?] + 2hsTr(L, ORM )
+ Wiy, D'V — geW (D5 + insPps) V,

D' = "D — g (LFD — DRM) — ieAl[Ts, ],
[¥ = OFLY — jeAE[Ts, L] — {0¥L* — ieA[Ts, L")},
R = OMRY — ieA¥[Ts, RY] — {0"R" — ieA[Ts, R},
DU = MW — GV, with GM=g.GI'T,.

+ Polyakov loop potential
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Vector meson extended PQM model

Lagrangian (2/2)

the matter and external fields are

8

b= Z(a, +im)T;,, H= Z h; T; T; : U(3) generators
i=0
8 8
R" :Z(Pft - Z(Pu‘*‘bﬂ i A :Z(SITI
i=0 i=0
V= (u,d,s)’

non strange — strange base:

EN = \/2/7350 + \/m&h
s = /1/3¢6 — \/2/3¢, £ (o, m, ol bl hy)

broken symmetry: non-zero condensates (oy/s)=0n/s
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Vector meson extended PQM model

Included fields - pseudoscalar and scalar meson nonets

nn+m + +
8 1 \/i s . K )
Ops = Y mTi= N s KO | (~@ivsq))
i=0 K~ KO s
on+af + +
S L e e
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), Ks(800 or 1430),

2 of £,(500, 980, 1370, 1500, 1710)
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Vector meson extended PQM model

Structure of scalar mesons

Mass (MeV) | width (MeV) decays
a0(980) 980 + 20 50 - 100 7 dominant
ao(1450) 1474 £ 19 265 + 13 mn, ™', KK

K.(800) = | 682+ 29 547 + 24 Kr
Ks(1430) 1425 + 50 270 + 80 K7 dominant
,(500) = o 400-550 400 - 700 7 dominant
(980) 980 + 20 40 - 100 7 dominant
f5(1370) 1200-1500 | 200 —500 | 7w ~ 250, KK ~ 150
fo(1500) 1505 + 6 109 +7 7w~ 38, KK ~ 9.4
f(1710) 1722+ 6 13547 A~ 30, KK ~ 71

Possible scalar states: gq, tetraquarks, glueballs
scalar gq nonet content: 1ag, 1 Ks, and 2fy: aj? — a0(1450),
K39 — K,(1430), 199 = £(1370), £-99 = f£,(1710)

Parganlija et al., PRD87, 014011

tetraquarks: f5(500), (980), a0(980), Ks(800) ?
glueballs: £,(1500) ?
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Vector meson extended PQM model

Included fields - vector meson

8
1
8 1
A = BT = —

Particle content:

nonets

K*t
K*O
ws
Ky
KY
fis

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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Vector meson extended PQM model

Spontaneous symmetry breaking

Interaction is approximately chiral symmetric, spectra is not
— SSB: ~ _
ON/S = ON/Ss T ON/S on/s =< Onys >

For tree level masses we have to select all terms quadratic in the

new fields. Some of the terms include mixings arising from terms
like Tr[(D,®)T(D,®)]:

N — fﬁ\/ : —g15/vff7v3w/v,
r—a . —gan(@ o + 80,70 + he,
s — fl!g : _\/§g105f158u7757 (1)

Ks— K’ - ’8;1(\/255 —5n)(K20" K2 + K2~ 0" KZ) + hec.,

K- K g; (Gn + V255)(KIP9,K° + K9, K™) + hec..
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Vector meson extended PQM model — Polyakov loop

Polyakov loops in Polyakov gauge

Polyakov loop variables: ®(X) = Trc,\fc(;) and ®(%) = %Lc(’?) with

L(x) = Pexp [ fo d7Ga(X, }
< signals center symmetry (Z3) breaking at the deconfinement
transition

low T: confined phase, (®(X)), <<T>_(>_<')> =0
high T: deconfined phase, (®(X)), (®(x)) #0

e Polyakov gauge: G4(X,T) = Ga(X), plus gauge rotation to
diagonal form in color space
o further simplification: X-independence

. !
— L =e% = diag(a, b, c) (e SU(NC)> . ab,cel

— use this to calculate partition function of free quarks on
constant gluon background
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Vector meson extended PQM model — 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 o=38(Eo—1a)

f(E, — pg) — fo (E) =
( p q) [ ( P) 143 (&) N q>e*5(EP*“q)> efﬁ(Epfuq) + ef3ﬁ(Ep7uq)

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

f(Ep + 1q) — fo (Ep)

143 (¢ + @e—ﬁ(spwq)) e B(Eptuq) + e—38(Eotuq)

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)) = O((kg — Ep))

H. Hansen et al., PRD75, 065004
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Vector meson extended PQM model — Polyakov loop

Polyakov loop potential

“Color confinement”

(®) =0 — no breaking of Z3

u(e) /T

vhorNve A

one minimum

o N ow & @

from H. Hansen et al.,

“Color deconfinement”
(P) #0 — spontaneous breaking of Z3
minima at 0,27 /3,—27/3
one of them spontaneously selected

u(e) /T

PRD75, 065004 (2007)
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Vector meson extended PQM model — Polyakov loop

Form of the potential

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

UM (o,e - _ _

5(00) 2o — 8 (031 ) + & (50)
3

with bz ( )—30+31 +32T2+a3;3

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

integration K. Fukushima, Phys. Lett. B591, 277 (2004)
Upg (¢,9) 1 3 5 3. &3 5)2
Dog 20— _1a(T)®® + b(T)In |1 — 6P + 4 (¢ +¢)—3(¢¢)}

i T) = Byall,  HT)=b1

with a( ) do + a1 T + an T2 ( ) 373

U™ (<D, CTD) models the free energy of a pure gauge theory
— the parameters are fitted to the pure gauge lattice data
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Vector meson extended PQM model — Polyakov loop

Improved Polyakov loop potential

Previous potentials describe successfully the first order phase
transition of the pure SU(3) Yang—Mills

< taking into account the gluon dynamics (quark polarization of
gluon propagator) — QCD glue potential

< can be implemented by changing the reduced temperature

T— Tglue TYM _ TYM
tglue = T _olue tym = —
Tcglue ’ TCYM

tYM(tglue) ~ 0~57tg|ue
uglue _ uYM _
?((D, ¢7 tglue) = W(q)? d), tYl\/I(tglue))

L. M. Haas et al., PRD 87, 076004 (2013)



eLSM at finite T/pp
0

Field equations for ¢y /5 and &, ®

Field equations for the condensates (gb,\,/g)

Hybrid approach: fermions at one-loop, mesons at tree-level
— calculate €2 the grand canonical potential

QT 1) = Unecon((9)) + Q85 + Qig(T, 1q) + UES(®, &, ty1ue(T))

o _ o L
85/\1_05‘5 N

TN=¢N,T5=P5

1.)

‘ 1 ‘ - -
mon + (Mt 302 6+ duowed — by + £ (), + (dd),) =0

mids + (M + o) 8% + Mdhds — hs + EEN(s5), =0

V2

3
(@) =~ [ 8 s (1= fa (Eo(p) = 5 (E4(p)



eLSM at finite T/pp
oe

Field equations for ¢y /5 and &, ®

Field equations for the Polyakov-loop variables

, 20!
21. 8(])78&)

£ (559)-
¢

ON=¢N,05=¢s

e PE () o—2BE(
s / < ® &)

q=u,d,s

)

d <U( ,®) > 2N Z / e BES (p) . o—28E; (p)

d@ I q=u,d,s ) gcT(P)
g(p) = 1+3(&+0ePE0)) PEP) 4 o305/ (0)
g, (p) = 1+3(¢+&>e—/35 )e BE7 (p) 4 ¢~36E; (p)

Ey(p) = Eq(p) F ug/3, Eujalp) = /P> +m’, VP +m?

=0

0



eLSM at finite T/pp
0

Meson masses

Curvature masses

2 azQ(Thu‘f)

_ _ 2 2 2
M = 90 Do, =m; p+ Domj o + ATmi
99’@ wlsb min

m?,, —> tree-level mass matrix,
AO/Tm%ab — fermion vacuum/thermal fluctuation,

H2qyac 3 3 m2 i n 1 m2 -
2 94 f 2(i) 2(i) 2 f 2 (i)
Agm; ,p = ——————— = ——F — + loy —)m m +m<7+|o —)m ],
s G~ 807, 15[( ~ +og 12 ) me ) 4 (2 tog 15 ) m2 )
52qth & 1 L m20) 2()
2 93 P + - 2 (i) f,aMf b
Arm; = —— =6 / |:(ff (p) + f, (P)) ("’F b 7)
D 901 200i b Imin f:uzd,s (2m)? 2E¢(p) f P 263 (p)
2(7) 2(7)
- M a Mt b
+ (87 () + B () et ],
g P 2TE(p)

(@)

,a

where m,% = Bm%/agp,-’a, m,g’(;zy = 82m%/84p,-’384p;,b



Meson masses

Curvature masses

Table

eLSM at finite T/pp
ce

. The first and second derivatives of the squared quark mass with

respect to the scalar (S) and pseudoscalar (P) meson fields evaluated at
the minimum in the N — S basis. In the first two columns a summation
over ¢ € {u, d} is understood.

i ab [ m0m gt m? §Z/g2 mOm?0 /gt /g

S 11 10% 0 0
z2, an —\22Z2, ¢s

S a4 0 Niﬁd)s 0 dN— \;§¢s

S NN %(bﬁ, 1 0 0

S SS 0 0 qﬁ% 1

P 11 0 Z? 0 0
Z)2<¢N \/52;2((255

P a4 0 dN+V20s 0 N+ 205

P NN 0 ,%N 0 0

P SS 0 0 0 72

ns



eLSM at finite T/pp
.

Parametrization at T = 0

Determination of the parameters

14 unknown parameters (mg, A1, A2, c1, m1, g1, 82, h1, ha, h3, ds,
py, Ps, gr) — determined by the min. of

Mo _ o2
X2(X17...,XN)=Z[Q'(Xl’mé’gt_v) @ ,

(X1, .. 7X/\/) = (mo, A1, Ao, ... ), Q,‘(X;[7 R ,XN) — from the
model, Q7" — PDG value, §Q; = max{5%, PDG value}

multiparametric minimalization — MINUIT

o PCAC — 2 physical quantities: f;, fx

@ Curvature masses — 16 physical quantities:
mu/d, Ms, My, mn, mn/, mg, mp, Me, MKx, mal, mle, mKl,
may, Mg,, meL me

@ Decay widths — 12 physical quantities:
M ok Tk ks Tay—mys Tar—sprs T A= kK Tagy Tks— K
F%Lﬁm,r%L_)KK,I'%H_)M,I'fOH_)KK



Results

Features of our approach

D.O.F's: scalar, pseudoscalar, vector, axial vector nonets,

°
° Polyakov loop variables with /Y™ or 148!
° constituent quarks

°

Four order parameters (¢y, ¢s, P, d) —
four coupled T /upg-dependent equations

Fermion vacuum fluctuations

Fermion thermal fluctuations

Fermion contributions to the tree-level meson masses —
curvature masses

@ + Thermal pion fluctuations for the pressure and other
thermodynamical quantities



Consequence of scalar mesons sector

Results

Mass (MeV) | width (MeV) decays
a0(980) 980 + 20 50 - 100 7 dominant
ao(1450) 1474 £ 19 265 + 13 mn, ™', KK
K.(800) = | 682+ 29 547 + 24 Kr
Ks(1430) 1425 + 50 270 + 80 K7 dominant
,(500) = o 400-550 400 - 700 7 dominant
15(980) 980 + 20 40 - 100 7 dominant
f5(1370) 1200-1500 | 200 —500 | 7w ~ 250, KK ~ 150
fo(1500) 1505 + 6 109 +7 7w~ 38, KK ~ 9.4
f(1710) 1722+ 6 13547 7~ 30, KK ~ 71

— We have 40 assginement possibilities!

Different parameterizations can give different thermodynamical

behavior




Results
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T dependence of the order parameters

With high mass scalars, meL = 1326 MeV

Condensates and Polyakov loop variables with vacuum fluctuations

180 - 1.2
160 - B o
L
140 1
120 | L 0.8
3 100
%% L 06 ©
2 80
60 - L 0.4
40 1
; L 0.2
20 1 ;
0 i ‘ ‘ ‘ N ——

0 100 200 300 400 500 600 700
T [MeV]



T dependence of the order parameters

Results
0®000

With low mass scalars, meL = 402 MeV

Ons [MeV]

160
140
120
100
80
60
40

20

Condensates and Polyakov loop variables with vacuum fluctuations

1.2
e -
1 \ - 0.8
q)N ‘\\4'"
. os A\ - 0.6
Q=" \
\ - 0.4
] \ L 0.2
\\\\,,
‘ ‘ ‘ ‘ e ()
0 50 100 150 200 250 300 350 400

T [MeV]

S
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T dependence of the order parameters

T. at ug = 0 for various parameterizations

Connection of mg, and T;; for the 40 scalar scenarios

1 | | 1
Ppoly —+—
0.9 F “Plo 109
Lattice T,
08¢ {08
0.7t 107
% 0.6 ¢ 1 0.6
S o05¢} ‘ 1 0s
ol / ——r;,j ) .
04 ¢ - 1o
03¢ {03
102
02 F - ]
%/ i 1o
01 ]
‘ ‘ ‘ ‘ ‘ | .
02 04 06 08 1 12 14 1s

my, [GeV]
40 parameterizations — all the possible combinations for the
masses of the scalar sector
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T dependence of the order parameters

pg, at T = 0 for various parameterizations

Connection of mgy and g . for the 40 scalar scenarios
f0_ Bc

5 ; ; 5
Ppoly ——/
45 Plog /1 45
/
4 / 1 4
35 F / 135
;‘ /
° 3t / E
O, " /
8} L — [\ a1
5 25 ¥/ 25
2 F ]2
15 115
1TF . 11
-
0-5 L L L L L L 0-5
02 04 06 08 1 1.2 1.4 1.6

my, [GeV]
40 parameterizations — all the possible combinations for the
masses of the scalar sector
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T dependence of the order parameters

Remarks

@ In all 40 cases the best x? solution was chosen

@ Only parameterizations, which produced Mg < 800 MeV can
have T. ~ 151 MeV (lattice data)

@ Only parameterizations, which produced Mgt < 400 MeV can
have 1°* order transition in ug = there is CEP

o If T, ~ 150 MeV and the CEP exists = m,; and my; are
also below 1 GeV

@ Important note: scale dependence — can change the
numbers



Critical endpoint

Results
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The phase boundary

T [GeV]

0.16

0.14

0.12

0.1

0.08

0.06

0.04

0.02

Phase boundary for ms =250 MeV

Myp, =250 MeV' ——

~
~

- CEP position: (828 MeV, 76 MeV)

0 01

02 03 04 05 0.6 0.7 0.8 0.9
np [GeV]

1

0.16

0.14

0.12

0.1

0.08

0.06

0.04

0.02

0
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Critical endpoint

CEP for different | masses

myo, dependence of the CEP

0.1 ‘ P Y A— 0.1
0.09 F _320 MeV 1 0.09
—~ T mfO L_345 MeV ...
0.08 F ~ 1 0.08
0.07 | 1 0.07
— 006 F 1 0.06
>
0] 0.05 | 1 0.05
o004t 4 0.04
0.03 | 4 003
0.02 | © 4002
0.01 1 0.01
0 I I I I I 0

0.8 0.82 0.84 0.86 0.88 0.9 0.92
ug [GeV]
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Subtracted condensate, pressure, energy density, etc...

Calculation of thermodynamical quantities

NTInZ)
v ¢

. 10(TInz) op
entropy density: s = vV oT ot
energy density (ug =0): e=—p+ Ts

pressure: p =

mesonic thermal 1-loop contribution to the pressure:

preon = QT = NT [ TP i (1 0
meson meson (27T)3

where,  w(p) =/p?+ m?

to compare with the lattice —
Oy — - Ds7

hy

subtracted condensate: A, =
Sy — - Pslr=0

interaction measure: //T* = (e —3p)/T*



Results

Subtracted condensate, pressure, energy density, etc...

The subtracted condensate

t dependence of subtracted condensate

1 =T T
) ™ from UYM
0.9 o \ from U T

3y glue
0.8 . continuum lattice estimate -

0.7
0.6
0.5
0.4
0.3
0.2

0.1

As




Results

Subtracted condensate, pressure, energy density, etc...

The normalized pressure

T dependence of pressure with thermal pions

5
4 % i
// *
/// *
v 3 ya
5
y""‘ %
K
2 /.
| %
/ )
1 5 pT*fromUyy —
J p/T* from U |
s . . . —glue
0 //@V continuum lattice estimate -
1

02 03 04 05 06 07 08 09 1
T [GeV]



Results

Subtracted condensate, pressure, energy density, etc...

Different mesonic thermal fluctuations to the pressure

Influence of the mesonic thermal fluctuations on p(T)

5
4.5
4
3.5 o
3
< yd
£ 25
o
2 iy
1.5 p/T* from Uglue T
1 p/T from Uy, with pi
p/T* from Ugiue With pi, K - i
05 i/ p/T from Ugiue With pi, K, sigma ,
0 P 4 continuum lattice estimate
0 0.1 0.2 0.3 0.4 0.5 0.6

T [GeV]



Results

Subtracted condensate, pressure, energy density, etc...

Interaction measure or trace anomaly

t dependence of interaction measure with thermal pions

7 —
// ~
6 R
/ N
5 A
/ ; )
< 4 “ .
£ [ f %
3 / :
2 /%
. Ly |=(e-3p)/‘|"14 fromUyy — |
L I=(e-3p)/T" from Uge
0 O B continuum lattice estimate -
-0.4 -0.2 0 0.2 0.4 0.6



Results

Subtracted condensate, pressure, energy density, etc...

Influence of thermal mesons on the interaction measure

Influence of the mesonic thermal fluctuations on the trace anomaly

7 —
// ~
6 > =
/ .
5 =
4 J: ‘ :
~ & . ,
E ) 0] D
3 5
| o
2 /L
5/ I=(e- Sp)/T from Uy, with pion
] ') I=(e-3p)/T* from Ug|ue with pion |
/Gp /T from Ug|ue with pion and kaon -
o L '""g‘i;»———f” continuum lattice estimate ~ ©
-0.4 -0.2 0 0.2 0.4 0.6



Results

Subtracted condensate, pressure, energy density, etc...

Equation of state at ug =0

Equation of state p(e)

0.0018
p(e) from Uy with only pion

0.0016 L p(e) from Uy, with only pion B

: p(e) from Uﬁ'“e with pion, kaon ----------

p(e) from Uglue with pion, kaon, sigma L

0.0014 continuum lattice estimate R B
0.0012 | :

0.001 | o ]

Q )
0.0008 E
o‘,‘.«""'
0.0006 - s i
0.0004 E
0.0002 i
0 Il Il Il Il
0 0.002 0.004 0.006 0.008 0.01



Results

T dependence of the (pseudo)scalar masses

w1, ag, fr masses

Masses with vacuum fluctuation
1100

1000 | .
900 | A
800 |
700F
600 |
500 |
400 |
300 |
200 |

1 00 | | | | | | |
0 50 100 150 200 250 300 350 400

T [MeV]

m [MeV]




T dependence of the (pseudo)scalar masses

K,n, K*, f{)H masses

m [MeV]

900
850
800
750
700
650
600

550

500
450

Results

Masses with vacuum fluctuation

0 50

100

150

200
T [MeV]

250

300



Summary

Summary

@ Thermodynamics of a vector meson extended Polyakov quark
meson was investigated

@ We used a hybrid approach: fermion vacuum /thermal
fluctuations (has the largest contribution), bosons at
tree—level (except in pressure and such)

@ We investigated the 40 possible scalar parameterization
scenarios

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

@ Various thermodynamical quantities were calculated, which
show quiet good agreement with lattice results, if we use the
improved Polyakov potential



Summary

Thermodynamics of a vector meson extended Polyakov quark
meson was investigated

We used a hybrid approach: fermion vacuum /thermal
fluctuations (has the largest contribution), bosons at
tree—level (except in pressure and such)

We investigated the 40 possible scalar parameterization
scenarios

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

Various thermodynamical quantities were calculated, which
show quiet good agreement with lattice results, if we use the
improved Polyakov potential

Model can be used to give predictions at finite densities
(masses, decay widths, thermodynamical quantities)

Summary




Summary

Thank you for your attention!



Summary

1 dependence of the m,n, 7', K masses

Masses with vacuum fluctuation
1100

1000 | .
900 | ;
800 |- -
700 |
600 |-
500 | 1
400 |
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200 |-
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0 200 400 600 800 1000 1200 1400 1600 1800 2000
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