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QCD possesses (almost) the SU(3) x SU(3) chiral symmetry. At low energy, the pertinent degrees of
freedom are the mesons.

3 Wigner realization : for each meson, a chiral partner with (almost) the same mass exists. False
experimentally

3 Spontaneous chiral symmetry breaking

At contrary to the vector mesons, the pseudoscalar octet is off-scale light :

Spontaneous chiral symmetry breaking phenomenon from SU(3) x SU(3) to SU(3) = octet of
(almost) Goldstone bosons, the pseudoscalar octet.

¥ Case of the n

The pseudoscalar 7 meson is not of the Goldstone type. Classically, QCD Lagrangian possesses (almost)
the U(Ny) X U(Ny) symmetry. In fact, the Adler—Jackiw—Bell U 4(1) anomaly breaks this symmetry
to SU(Ny) x SU(Ny) and explain the large mass of the 1 even if quark masses are zero.

Origin of this anomaly : interaction with instantons change chirality.




Nambu-Jona-Lasinio effective models
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Motivated by the underlying symmetry of QCD (Ginzburg-Landau theory)

% Extended NJL Lagrangian

Ly = Lo+ L4+ Ls
Lo = q(iv"'0,—m)q
Ly = Gy [(@Aaq)2 + (qi75>\aq)2]
Le = QD(f%%ET qPLq + f%%’gr qPrq)

g = (u,d,3), m = diag(m,, mg, ms), PL.rp = EF%; Aa, a € [0, 8]: Gell-Mann matrices in flavor
space
Invariant under global color symmetry SU (N..)
L4 has UL (3) x Ugr(3) chiral symmetry (G1 mimicks a frozen gluon propagator)
L = Ux(1) anomaly break Ur(3) X Ur(3) to SUL(3) X SUR(3)
mmetr




PNJL model (Polyakov — Nambu — Jona-Lasinio)
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Lpnir = q (v, D" — 1) q
+G4 [((iq)2 + (cii'yﬁq)z}
—U (®[A], ®[A];T) + 11a7v00
where ¢ = (qy, qq) are the quark fields ;
DH = gF—3 AH -
AP = g At (z)2e8h A” and AY = —iAy

The two-flavor current quark mass matrix is 1Mo = diag(m,, mq) and we shall work in the isospin
symmetric limit with m,, = mqy = mg ; G1 is the coupling strength of the chirally symmetric

four-fermion interaction.
U (P[A], ®[A]; T) : Polyakov loop potential (mimicks a static background gauge field)




The PNJL model (Polyakov — Nambu — Jona-Lasinio)

Lpnsr= q (v, D* — 1) qg+ Gy [(GQ)Z + ((773’757_"61)2}
~U (®[A], ®[A;T) +1a70g
where ¢ = (qu, qq) are the quark fields and D* = 9" —7A*

AlGeV] | Gi[GeV™?] | mo [MeV] || |(dhubu)|? [MeV] | fr [MeV] | ma [MeV] || [ 255 MoV
0.651 5.04 5.5 251 923 139.3

%€ Polyakov loop in imaginary time and Polyakov gauge A,, = 6,4A4
B

L (¥) = Pexp [z/ dr Ay (2, 7')] = effective field ® = NL Tro L
0 @

Ay = iAY : temporal component of the Euclidean gauge field (A, A4), P : path ordering.

1 =

0.8

¥ Effective potential U{(®, ®;T): Ty = 270 MeV
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T < 1Ty
Color “confinement”
(®) = 0 — no Zs breaking
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Lattice results (pure gauge)
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(a): Polyakov loop (Lattice : O. Kaczmarek, F. Karsch, P. Petreczky, and F. Zantow, Phys. Lett. B
543, 41 (2002) ). (b): Pressure, entropy and energy density (scaled) (Lattice : G. Boyd et al., Nucl.




Schwinger—Dyson equations at the Hartree level
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artree approximation:
Calculation of the quasi-quark Hartree propagator S(pn = iwn,ﬁ),
quadri-momentum p = (p,, P) with p, = iw,
and w, = (2n + 1)7T (Matsubara frequency for a fermion)
Free propagator in the background field Ay: = —(p — mo+(u —iAy))"!
X =TIy, M = {Scalar, Pseudoscalar} I's =1, 'y, = iys7"°
e = 2(1: coupling constant in the scalar-pseudoscalar channel

(Schwinger-Dyson equation)




Mean field equations
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rand potential at finite temperature and density
The solutions of the (mean) field equation at finite temperature and density are obtained by minimizing
the effective grand potential.

_ (m — m0)2 / d3p
Q = U ((P,e,T) + — 6N — F
( ) 2G, T Ja (2m)° !
d3
— 2N;T p3 {Trc In [1 + Le_<Ep_“)/T] + Tr.1n [1 + LTe_(Eer”)/T] }
A (27)

E, = \/P? + m? : single Hartree quasi-particle energy (or constituent quark mass).
With 8 = 1/T,

Troln [14 Le™ /T = 10 [1 4 307 (7r7#) 4 382/ (Frmn) 4 =00 (Fome)

Trln [14 Lle” (P57 = 10 [1 4 38e P 1#) 4 3pe 2 (Frtn) 4 =90 (Fpte)
_ £ i

est




From NJL to PNJL
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Summations over Matsubara frequencies:

with 2§ = In (1 -+ Le_B(Ep_“)) (for the case F'(E, + w + iA4) one uses
z, =ln (1 + LTe_ﬂ(EPJF”)))

1 1
f(Ep — ,LL) — 1+ erB(Ep_N) — f;_(Ep) = FTI‘CF(EP — U — 1A4)
(CI) + 2@6_5(%_“)) e P (Ep—n) Sk e—38(Ep—n)
f;(Ep) —

14+ 3 (<I> + i)e_ﬂ(Ep_“)) e~ B(Ep—1) + e 38(Ep—n)




Phase diagram: critical behavior
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Chiral crossover and deconfinement: mean field results for 4 = 0
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Left: scaled chlral condensate and Polyakov loop ®(T") as functlons of temperature at zero chemical

of 8(1,0 . )



Metastability (SU(3))
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Part Ill: Confined Chiraly Symmetric phase
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Exploring the CCS phase with mesonic cdrrelations
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Chiral crossover and deconfinement: mean field results for 4 = 0
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Left: scaled chlral condensate and Polyakov loop ®(T") as functlons of temperature at zero chemical
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Mean field results: ©u # 0
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Constituent quark mass (a) and Polyakov loop (b) as functions of temperature for different values of
the chemical potential.




mean field calculation
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Order parameter: mean field calculation
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Schwinger—Dyson equations at the Hartree4+RPA level

S— {x:FM,Mz{S, S=IL Iy = iys57"

% Hartr roximation: -
artree app e = 2(1: coupling constant

sie 4 Q @ :QEm_mo
H

p = (p07ﬁ) — (an + u — ZA475) d4p 1

. d4p 1 d3p m — mqog = iQGlNCTI‘fD/
z//\ 2m)t _TNcTrCzn:/A (27)3 } A (2m)4P —m

% RPA (ring) : Correlators of current operators carrying the quantum numbers of physical mesons.

CMM(g?) = g [ dize'?® <o ‘T (JM(:E)JL(O)) ‘ 0> - @

Jp®(x) = q(x)iys7%q(x) (pseudoscalar isovector current: pion) )

d4

= I, (¢°) = /A( )4Tl“l’757' S(p + @)ivs7"S(q) @
.

Js(x) = q(z)q(x) — (q(az)q(w)) (scalar isoscalar current: sigma)

- 1) = [ A+ st |




Spectral function

G W e

The spectral function of the correlator CMM js:

MM, = MM
F" " (w,q) =3mC = 8m

In particular at ¢§ = 0, w < 2m and Sm I, = O:

FMM () = 2LG15 (1 L 2G1HMM(w)) .

The spectral function has a Dirac peak at the meson mass ; the disintegration channel M — qq is
closed. If the mass is above 2m, the meson has a width due to the decay into two quarks because NJL

or PNJL models do not confine really the quarks.




PNJL masses and spectral functions for m and o, ©t = 0

~005 01 015 02 025 03
T (GeV)

__________ o — 5
0.1- ~2m- Af
0O 005 01 015 02 025 03 0
T (GeV)
10—
; T=05T ™
8-
N,q>-: 6_ o-min
§ [T=T17""=0277Ge\
o 4f A




Meson masses, © = 0.27 GeV et u = 0.34 GeV
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Mesonic spectral functions as a probe of the phase properties
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Spectral functions Spectral functions
S T=150MeV ;u=0 | [ s . T=150 MeV ; u=400 MeV ]
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Mesonic spectral functions as a probe of the phase properties

el :
Spectral functions
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Mesonic order-like parameters

kR -3 Te =
Chiral restoration: m, — m, (normalized at one in the vaccuum) — A

¥ Deconfinement: ~v =T, /A = decay width (o — @q)
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Conclusions
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More and more effective models that use inputs from lattice QCD — interpretation and extension of
LQCD results:

e PNJL and PQM models class
e LQCD Gluon propagator plugged in a NJL model (P.Costa, O.Oliveira, P.J.Silva)

e The PNJL reproduces well at the mean field level the lattice calculations.

e PNJL calculations can be directly deduced from NJL ones (not only for one loop calculation, but to all orders) by a
redefinition of the usual Fermi — Dirac distribution function.

e PNJL results does not destroy the important features like chiral restauration, Goldstone character of the pion, etc.

e The introduction of gluons in NJL via a background temporal gauge field embedded in the Polyakov loop add some
statistical confinemen to the NJL model. No mechanism for true confinement in PNJL ; yet The results are improved in
the right direction (quarks more “bounded” in meson below Tt and less bound above T¢) compared to NJL.

e Elongation of the critical region in the PNJL model ; mean field critical exponents are obtained.
e Effects of the TCP on the CEP are seen.

e Exploration of the quarkyonic phase: the mesonic correlations are sensitive to this regime.
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Baryon number susceptibility and specific heat

L

The baryon number susceptibility and the specific heat are the response of the baryon number density
pq(T, 1) and the entropy S(7, i) to an infinitesimal variation of the quark chemical potential © and
temperature, given respectively by:

T [0S
Xq = (%> : and C = — (—) :
ow ) o V- \oT/,

oL N, 2 -
The baryon number density is given by p, = — /p dp (fo(p,T) — fo(p, T)) where fo(p,T)
~ T
and fgo(p, T') are the occupation numbers modified by the Polyakov loop.




Phase diagram and critical region
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Fluctuations around the CEP
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Left panel: Baryon number susceptibility as function of u for different T" around the CEP in PNJL
model: TFF = 169.11 MeV and T = TFF + 10 MeV. Right panel: specific heat as a function of
T for different values . nd the CEP: PP = 321.32 MeV and CEP 4 10 MeV.




Critical behavior
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Critical exponents

T —
Quantity C.E./path PNJL NJL Universality

e/ e 0.66 & 0.01 0.66 & 0.01 2/3

Xq e/ ot 0.69 & 0.02 0.66 & 0.01 2/3

Ve | —e 0.51 & 0.01 0.51 & 0.01 1/2

E o = 0.63 £ 0.02 0.59 & 0.01 2/3

4 a1 = 0.53 4+ 0.01 0.45 4 0.01 —

C o f 0.69 & 0.01 0.69 4 0.01 2/3

o/ ; 0.50 =+ 0.01 0.40 = 0.02 1/2

Critical exponents (C.E.): the arrow — e (

CEP (TCP) for u < uFF (T < TTCH).

; ) indicates the path in the p (7")— direction to the
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A [GeV] | g [GeV™2] | m [MeV] (Db} |2 [MeV] | £r [MeV] | mx [MeV] | M [MeV]
Set A 0.590 2.435 6.0 2415 92.6 140.2 400
Set B 0.651 5.04 55 251 92.3 139.3 335

Table 1: Set of parameters (A, g, m) used in the pure NJL model and the physical quantities choosen
to fix the parameters. The constituent quark mass obtained is also included.

Parameter set Regularization TCET MeV] | pCFF Mev] || THCF [Mev] | p!¢F [MeV]
procedure (chiral limit) (chiral limit)
Set A Case I: A — oo 172.48 286.35 206.50 192.87
Case II: A = cte 169.11 321.32 207.66 270.80
Set B Case I: A — oo 87.99 328.84 162.39 253.06
Case II: A = cte 87.71 329.51 163.06 268.05

Table 2: Location of the CEP and the TCP at the (T, u) plane
regularization procedures.

for both sets of parameters and




Isentropic lines and third law of thermodynamics
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Phase diagram: evolution with the strange quark mass
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Phase diagram: evolution with the t’Hooft interaction
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Meson masses : NJL vs. PNJL at 1 = 0 GeV
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Specificity of PNJL vs. NJL
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Owing to the previous result, it is not possible to compare directly PNJL and NJL. We rescaled the
temperature to study NJL vs PNJL in three sectors: below T, around T, and above T..

¥ Two definitions for the chiral T,
At the chiral limit, the restauration of the chiral symmetry characterizes itself by m(T — T.) — O

AND m, = m, (strictly speaking, F(w) = F,(w)).

When we add an explicit symmetry breaking, (1mg # 0), none of these phenomena occur.

ad ,
™ and T7~™"" as the minimum of m,(T").

One defines T X~ """ as the maximum of

We will use Tc"_mi" as our rescaling temperature (temperature characteristic of the restauration of the
chiral symmetry i.e. fr — 0).




Meson masses : NJL vs. PNJL at 1 = 0 GeV
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Comparison NJL vs. PNJL: width of the o
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Mesonic correlation functions at finite temperature and density in the Nambu-Jona-Lasinio model with a




Comparison between o spectral function in NJL and PNJL




As an intermediate conclusion : Two evidences of confinement ?
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1
0.8
e 0.6
=
= 0.4
0.2 Quantitative improvement of both
05 : T3 5 results toward confinement, at mean
T/T, ' field order (n,) and at RPA order (width)
ol | —Nr L No confinement mechanism: there is no
— PNJL dynamical gluonic degrees of freedom
] or other features which would explain
n=0 ] qualitatively the description of the quark

confinement.




