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QCD Theory and (local) NJL model

enengy): almost free quarks, interactions can be
jurbation: theony.

-Conimement (IEH1GeV): highly non linear, confined quarks. At this range of
CHEergies mesonic properties -such asi masses, coupling and decay constants,

mixing angles, etec- cannot be studied directly from continuum QCD.

Non-local interactions are proposed to solve standard NJL problems:

* Absence of a confinement mechanism
* Regularization must be added to remove divergences



Non-local extended NJL mr

L. .. =q(p) (p—m) g(p) '3 (p—pH+L,, .i0

Lo oz = = Liakp. DD (PP P P ') Py D))

Non-local color currents

after Fierz transformations jﬂ(p’p e (2. p )cY(p)Taq(p)

Gluon effective ab ' N ab ' '
propagator: Dyv(plapzap 1ap 2) _g,uvé D(plapzap 17p 2)

Four point interaction Kernel

K(p,,p,s0',0%)=8(p,p") D(p, 0,05 0') 80y D)

K(p,P;p,P)=-K,g(p)g(p)O, wFE

The use of non-local interactions has the advantage that, with an adequate
selection of the form factor(s), it could be achieved that the fermion propagator

has no real mass poles. So the quarks don't appear as asymptotic states, which
could be interpreted as realization of confinement in low-energy QCD.




Non-local extended NJL model with WFR

S, = [d* | PGP
nt to separable form of gluon propagator

j, (%) =Id4z g(P(x+4
J () = [d'2 f (P (x+35

Bosonization (Hubbard-Stratonovich) and Mean Field Aproximation

Dynamical mass function M(p)
Wave function renormalization Z(p)

S. Noguera, N. N. Scoccola, Phys.Rev. D78 (2008) 114002.



Non-local extended NJL mc

Para meterizatio

Exponential ( )

Lor WFR
—-—--Exp no WFR
¢ Lattice

. 7
Parameterizations /

Exponential ( )

Lattice adjusted Lorentzian ( )

1+azfz(p) a,—m, Q.




Nonlocal PNJL model: includi

We incorporate the Polyakov loop using covariant derivative

D, saﬂ —iA

u

Assuming that quarks move into a color gauge field

@=iA, =igd,G"A" /2

And the traced Polyakov loop (parameter of the

confinement) results: @ =1Tr exp(i®)

Using the named Polyakov gauge, the matrix ¢J

has diagonal representation: ¢y = @A, + @A,

In order to keep Q, ., real valued :

50 100 150 200

@=0; ®=L1[1+2cos(@/T)]




Non-local extended PNJL model at finite T and /

a(T), b(T)
fitted to

UD,T) = E—%a(T)(I)2 +b(T)In(1 —6D* + 8P’ —3(1)4)g4 lattice QCD

results.

S. Roessner, C. Ratti and W. Weise, Phys. Rev. D 75 (2007) 034007
G.A. Contrera, M. Orsaria, N.N. Scoccola, Phys. Rev. D 82 (2010) 054026



Regularization

and needs to be reqularized. We use

rom Q,., by setting 0,=0,=0.

* Q, is a constant fixed by the conditio®;;, =0 at T=u=0

reg

. freiS the regularized expression for the thermodynamical
potential in the absence of fermion interactions. It is given by

with E = Jpi+m’

D.G6mez Dumm and N.N. Scoccola, Phys. Rev. C 72 (2005) 014909.



What could be determined with Qs (T, L)

* Mean field values o,, and @ at a given T and

“gap” equations

p = 260 MaV
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What could be determined with AviNTy

e Specific heat:

0
1000
— =0 MeV
D = Megp

— =250 MeV

750

e Chiral susceptibility:

* Quark number susceptibility:

U ————4
120 140 160 180 200 220 240
TiMeV]
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Phase diagrams
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Phase diagrams: Spinodal differe
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CEP verification: Critical exponents (firs

where |h — hl 1s the distance to the critical
point in the (u,T) plane and y,, y and a are o8
the corresponding critical exponents. 1 070£001 ™

1st Order
- Crossover
—— Upper Spinodal
Lower Spinodal

For trajectories which are not tangential to the
critical line, they should be y =Yy = a=2/3.




CEP verification: Critical exponents (firs

where |h — hl 1s the distance to the critical
point in the (u,T) plane and y,, y and a are o8
the corresponding critical exponents. 1 070£001 ™

1st Order
- Crossover
—— Upper Spinodal
Lower Spinodal

For trajectories which are not tangential to the
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CEP determination: Set of equations

the CEP determination can be performed by solving

ations:

reg reg res
agZMFA - agzMFA - agZMFA

Jdo, Jd0, oD

T.u T.u T.u

LENMT. BT _ AL (UT. DT

a1 i .

with

Y. Hatta, T. Ikeda . Phys. Rev. D 67 (2003) 014028
G.A. Contrera, M. Orsaria, N.N. Scoccola, Phys. Rev. D 82 (2010) 054026
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00,00,
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do acp2 30 v

o) 2_02_902_QE| %CD P
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CEP verification: finite quark ma
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CEP verification: more results !

Data: Book2_LogT
Model: Linear_exponential

Chi*2/DoF

R"2

P1
P2
P3
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Chemical potential in the Polyakov-loop ¢

Th = 208 MeV which corresponds to 2 flavors case. Then, following Ref [1], we used
also a polinomial ansatz for 4 given by

bo(T) .o b
2 @ 6

Us(D.T") = [

_ b
(@2 + D%) + Z“@“} T4 (10)

with the temperature-dependent coefficient

bo(T) = ag + ay (%) + ao (%)2 + aa (%)3 (11)

and the following set of parameters, ag = 6.75, a; = —1.95, as = 2.625, ay = —7.44,
by = 0.75, and by = 7.5.

In a more recent work [3] it has been proposed the following p-dependent loga-
rithmic potential:

Us(®, T, it) = (aoT* + arp* + aaT?* )% + a3 Ty In (1 — 602 + 802 — 30* 12)

where the parameters are ag = 1.85, a; = 1.44x1072, as = 0.08, a3 = 0.40.
In the same way, we propose a polynomial potential which include this p-
dependence. So we have:

Uy (P, T) = {@2 - %@3 +®%) + b—‘lqﬂ} T (13)

with the T-p-dependent coefficient

(T, ) = oo+ ex(u/ T + s/ )+ a1 (1) o

and the same set of parameters as in the polinomial case, but adding the p related
ones ¢y = 30/(7m?) = 0.4342 and ¢; = 15/(77*) = 0.02199
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Preliminary results: Pressure & Pressure d

Set C - Log and Poly_Dex-Sch - T0=208.0 MeV - mu=0,0
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® Lattice QCD, Allton et al. (2003)
—— nonlocal rank-2 PNJL, set C, Log Potential

0,0
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T/T
C

The pressure difference AP=P(T,)-P(T,0) is very sensitive to the formfactor par

and in particular to the vector meson coupling which is important at nonzero L.



Development : vector interactions + color

| Set B - y=200 MeV - RRW SelB-p-200MeY- RRW

Gv=0,1 Gs| Gv=0,1 Gs
- -Gv=0,2 Gs| - - -Gv=0,2 Gs

T (MeV)

D. Gémez Dumm, D.B. Blaschke, A.G. Grunfeld, N.N. Scoccola, Phys.Rev.D 78, 114021 (2008).
K. Fukushima, Phys.Rev.D 77, 114028 (2008).
C. Sasaki, B. Friman, K. Redlich, Phys.Rev.D 75, 054026(2007).



Vector coupling effects on Phase diagra
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Constrain P-DSE models with lattice date
a solution for the Stephanov problem
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Constrain P-DSE models with lattice d
a solution for the Stephanov problem
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Development : Beyond mean Field - I

(0 =iTrin(S7") + iTr(28) + W(S) + U(D, D) - (),

MF + 1/N.
cimmmm MF
- 1/N.

e

P I T I NI |




T=0, Hybrid Equation of State

£
>
L
=
a¥

no diquark coupling
=0, no vector coupling

Flow constraint
Daniclewicz et al.
Science (2002)

DBHE - set A
DBHEF - set B

—-+—— DBHF-setC

DBHF
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[

| [~ h-070 g-0.05
_—— h:U‘:I‘d-, g:[}ﬂi‘
" |— DBHF (Bonn A)

= h=diquark
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(Danielewicz et al.)
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| —- h-074g-007
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Conclusions - Outloc

- The Polyakov-DSE (nonlocal PNJL) model provides a model framework which
is suitable to
address lattice QCD data for:

- quark propagator (vacuum and finite T, U ; quark mass and flavor
dependence, ...)

- order parameters (chiral condensate, traced Polyakov loop, ...)

- equation of state (dependences on T, |, | I ; quark masses ...)

- meson properties (masses, spectral functions, correlation functions, ...)

- It allows to extrapolate to the “Terra Incognita” of the phase diagram and
predict its structure

- Microscopically based EoS for the exotic QCD degrees of freedom region
FuditercsvgRpment needed to include consistently the hadronic phase of QCD by gc
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Set A - Chiral limit

CEP determination: Landau exp

In the chiral limit (m=0), the condensate <qq> vanishes
at T'=1 (M), around this point we can perform

-50
190 195 200 205 210 215 220
T (MeV)

A

Where the coefficients () , A and C are functions of u,T, ® and 0 ,» glven by

with

C>0 —— 2nd order transition at A=0.

We observed that C=0 — the transition stops to be 2nd order.
C<0 — Ist order phase transition




CEP determination: Chiral Iim

Set B Set C
T.(0) 206.6 205.9 200.7
Hrop 16.2 86.1 125.7
Trop 204.8 109.2 104.6
pe(0) 207.6 285.5 268.2 | n=10mev
| T_TCEPl /TCEP | T_TCEPl m CEP

Set C Yeh Ty ik

! .. Point in 1 — 1.00(1) 0.00(1)  0.00(1)
Chiral limit results ‘ ‘
2nd order Tt 1.00(1) 0.00(1) 0.00(1)
\ critical line MF exponent 1 0 ()
o — 1.00(1) 0.51(1)  0.50(1)
TCP T 1 1.00(1) 0.51(1)  0.50(1)

MF exponent 1 1/2 1/2




Phase transition thermodynami
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New improvements to the model: Adjustme

1
U, d*,T) = {—EH(T)-M)* +b(T)In[1 - 660" + 40> +4(0%)" - 3(‘1”1’*)2]’]"4-

T To\? T
ﬂ(T)=ﬂu+a1(?ﬂ)+ﬂz(Tﬂ), biT)=b3(

T T
<q0=/<gg=,—
- = |l

T, =208 MeV

/ /,A;f“ _ =
T =180 MeV [ e
0.5 \ / - - / _ =
!

U.ﬂ == = — = —

EIZD
T, MeV]

T
200

7,=208MeV T T *a

The values of a; and bs are fitted [9] ro lattice QCD results, which
in absence of dynamical quarks lead to a deconfinement temper-
ature Ty =~ 270 MeV. However, as mentioned above, it has been
argued [23] that in the presence of light dynamical quarks this
value has to be modified accordingly, e.g. Tp = 208 MeV for Ny =2
and Ty~ 180 MeV for Ny = 3. Effects of this change in Ty will be

0.10 4 T, =180 MeV

I =270MeV 7

MeV ]

0,05 4

0,00

T T T T T T T T T T T
120 140 160 180 200 220 240
T [MeV]
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