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Motivation: phase transition in RHIC at finite T' and high density
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Confinement and asymptotic freedom are difficult questions analytically and in simulation (Lattice QCD).
Besides finite density increases the difficulty (no lattice result at large density).

Surprinsingly, the PNJL model is “easy” to treat, understandand and it gives a good phenomenological
picture where it can be compared with LQCD, even if it only implements a statistical confinement.

— what kind of mecanism can we describe concerning the link between chiral transition and
deconfinement, in particular at high density.

e QCD at high density in the non-perturbative sector = one needs effective model.

e Phase transition study: need chiral symmetry + confinement (associated to Zs symmetry) = we use
the PNJL model, because we want to study the interplay between chiral restoration and deconfinement.

e Only with two flavors: indeed we want to detailed the mecanisms occuring at high density (driven by
the Fermi momentum) so we do not want to add other effects yet (strangeness, vector, etc.) that
could hide those.

e We will study mean field predictions and then use mesonic correlations as a probe of the phase
diagram.




The center symmetry of QCD at finite temperature

Finite temperature T : Equilibrium canonical ensemble = xg — x4 (imaginary time or euclidean
metric: quantum fluctuations <> thermal bath), x4 € [0,3]; B =1/T

The Euclidean QCD Lagrangian is invariant under a gauge transformation h:
A, — "A, =hA,h" —ihO,h" and ¢ — "q = hq with A, a gauge field, q a quark field.

From boundary condition in imaginary time:

A(fa T4 + /8) — A(a—r’:? ZB4) and Q(‘fa T4 + B) = _Q(fa £B4).

Hence the constraints:
"A(Z, x4+ B) = "A(&Z, x4) and "q(F, x4 + B) = — "q(&, z4).

Searching a solution of the constraints equations with

h(f, T4 + B) = fh(f, 33‘4)

where f € center of SU.(3) = Z3 = {z,],n = 1,2, 3} (2, = *"/3).
Since [f, A,] = 0 by definition, it follows:

"A(Z, x4+ B) = "A(Z, x4) (satisfies the constraint)

and "q(Z, x4+ B) = —z "q(&, x4) (breaking of Zs).




The Polyakov loop: an order parameter for deconfinement
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L
artition function of QCD in the presence of a static quark () at position R:

ZQ _ /DAue—SE(pure gauge) x Tr, ez’g fO’B dxy A4(ﬁ,x4)-

— . B —
One define the Polyakov loop: | L(R) = Tr. €' Jo dwa Ag(R.xyq) :

it is a color singlet with a Z3 charge (L — zL).
Its thermal expectation value is the so-called Polyakov loop:

— ]_ —> Z — R
B(R) = — < L(R) >4= G

c pureglue

F is the free energy associated to a static quark (test charge) added to the pure glue.

Two limit cases:

e ' — +o0 i.e. thereis a confinement of color charges: & — 0
e F' — 0 i.e. asymptotic freedom: & — 1

As a consequence, ® can be seen as an order parameter for the confined (® ~ 0) - deconfined (® ~ 1)
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Z:3 linked to confinement is spontaneously broken with temperature. To reproduce this
phenomenologically, one can choose a potential (~~ static gluon pressure term) with this form:

T < T}, Color “confinement”, T > T,, Color “deconfinement”,
(®) = 0 — no Zs breaking (®) # 0 —> Zs broken
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The PNJL model (Polyakov — Nambu — Jona-Lasinio) in a nutshell
| NN s o ¥ 3§
Lpnsr = q(yuD* — 1) g+ Gy [(«7(1)2 + (Gi'yﬁq)ﬂ (>W< =~ ><)

—U (®[A], ®[A]; T) (“”%m + mﬁ%) +1370q

%€ NJL parameters choosen to fit hadronic input in vaccuum

B
* Polyakov loop in imaginary time and Polyakov gauge: L (Z) = Pexp [z/ dxy Ay (T, w4)] =
0

Effective field & = NLC Trc L ; L transports the field A, from the point in space-time (&, 0) to (&, 8) = ® = 0:
confinement ; & = 1: free propagation (deconfinement)

¥ Effective potential U (®, ®; T) (gluon pressure): o5
_ 0.6
U, &T) _ b2 (T) ;T)ci@ _ 08 g3y <T>3) +%4 (®®)*and 04




Mean field grand potential
P e e
Grand potential at finite temperature and density: with £, = \/p2 + m?2
_ (m — frn,())2 d3p
Q=U(®,®,T) + —6Nf/—Ep—
A

2G) (27)°
d3

2Nf T/ (2 1;3 {Trc In |:1 —|— Le_(Ep_:“)/T] _|_ Trc In [1 _l_ LTe_(Ep+/~L)/T:| }

B (27
The propagation of the quarks into the medium filled with (background) gluon fields with pressure U
leads to statistical suppression of 1- and 2-quarks propagation (statistical confinement) :
Tr.ln |1+ Le (Fp=n)/ =1+ 3@e P (Fr—1) 4 357 20(Fp—r) 4 e—Sﬂ(Ep—u)]
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Cutoff of the model:
Set A 4 A

Set B —»  The model needs a cutoff in vaccuum: with A a

0

typical hadronic scale (A ~ 600 MeV).

In medium (thermal) part of the model: Boltzmann
factors are enough to regularize the integral but ...

p/ i

ST SRR ST S — — — — o
— =

B ol pressure with finite and infinite A: lack of high
/' - --Casel:A=cons  { momentum quarks to saturate the pressure (Stephan-




Effect of the cutoff
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Consequence on the Polyakov loop: With B = +o00: “faster” (stronger) crossover ; Also at

high density, the deconfinement crossover is larger ( “slower” transition) because of the Fermi motion
that acts as a large crossover field.
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Chiral and deconfinement crossover entanglement
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Left: Black: the order parameter < gq > (chiral symmetry) and ® (deconfinement) ; Red:
deconfinement thermal susceptibility x¢ = g—i ; green: susceptibility with m ¢, (i.e. solving the mean
field equations with m fixed to a given value) for seeing the deconfinement transition entanglement.
Right: ®-susceptibility for different values of . The solid lines represent x ¢ calculated with the Hartree
mass, the dashed lines x ¢ calculated with the constant mass (mean value between the mass at

(T = 0, w) and mg). From the green line, we cannot see the dashed lines because x4 is the same if




Deconfinement at high density: mean field phase diagram
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= kind of decoupling of deconfinement and chiral restoration at the Critical End Point (CEP).
In this model, 3 phases: chirally broken and “confined” ; chirally broken and “deconfined” ; chirally
restored and “deconfined” (QGP)

= tendancy to deconfinement at high density (even at vanishing temperature !), an effect driven by the
Fermi motion of quarks that broke Zs.

Note that the model is push above its limit (because of the lack of dynamical gluonic degrees of




Link between chiral restoration and deconfinement

C— | B .. .
Hence one can solve the mean field equation for ® for any mass (between mg and M g4rtree) Without
significant changes ; at the contrary, it is wrong for m or the condensate. It depends strongly on &:

® — 1 generates more quarks and more screening that breaks the condensate hence a faster chiral
restoration.

But is does not mean that chiral symmetry restoration cannot occurs before deconfinement at finite
density.

At zero density the Casher argument implies that confinement leads to chiral symmetry breaking. This
argument seems valid in the model for a variety of parameters (the quasi-coincidence to a few MeV
between chiral restoration and deconfinement is always present).

The Fermi motion plays an important role here: if u > 0 (. > pogp) it breaks Zs (it is no more a very
good symmetry of the system) = slow increases of ® that does not influence < gg > a lot anymore.
On the other hand p < q'q > is enough to restore the chiral symmetry.

The two transition seems to decouple at high density.




Spectral function Meson — qgq as a probe of the phase diagram
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Calculation of the mesonic polarisation with the ring approximation (the spectral function describes only
M — qq): we choose to remove high momentum quarks (B = A) from the quark loops as a reminder
of the QCD asymptotic freedom (high momentum quarks have a weak, negligible interaction for what
concern formation of bound states or resonances). Anyway, there is only a small quantitative difference
and it is “better” for sum rules (e.g. the V-A sum rule in the vector sector).

No confinement in the PNJL model (only an effect on the thermal bath via the suppression of 1- and 2-
quarks Boltzmann factor when ® ~ 0): in PNJL “deconfinement” means & — 1.

08 T T T T T T T T T T T T

M o0 / . . .
|| case 1: A — ’,ﬂi\ ' Consequence: the (mean field) quark density is
s | ~_ | vanishing in the vaccuum ; saturates SB limit

in QGP = deconfinement can be read in quark

on
B 04l / h=0.6Tc: abundances.
1 Set A

SetB | |

294 1 | Hence: the M — qq spectral function will be a

+ / _ tool to study the consequences beyond the mean
/ O field of the deconfinement.




Survival of resonant state after the chiral restoration ?

! Qualitative picture

Spectral functions
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Survival of resonant state after the chiral restoration ?
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Spectral functions
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The qualitative conclusions
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The deconfinement crossover induces very different behavior of the spectral function depending on the
density:

e at low density (below the CEP) vanishing of the spectral functions very close to the chiral restoration
= “fast” deconfinement that coincides with chiral crossover

e above CEP: vanishing of the spectral function “far” from the chiral transition = “slow” deconfinement
that ends well after the 1st order transition.

In the second case: possibility of the existence of a phase where chiral symmetry is restored but the
mesons are still confined (no definite answer because of the lack of confinement of the PNJL model but
an indication that it may be possible in full QCD).




Quantitative picture
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Criterion used to quantify what we can “see” qualitatively: standard deviation of the spectral function.
It presents (at moderate density) two plateaux at low temperature (narrow resonance) and high
temperature (spectral function ~ ImIIy).
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Comparison with mean field
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Left: ending points of the plateaux in the (7", 1) plane.
Right: superposition of the mean field phase diagram and the behavior of the mesons.

=> confirms the coherence of the model: the spectral function (the strength) picture follows the order
ndensate.




As a conclusion
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Does this CCS phase really exists (a hadronic spectrum chirally symmetrical composed of true bound
state) ? Too soon to know (and impossible to answer within the PNJL model). But at least, this
calculation indicates that the phenomenology of the phase transition at high density in future
experiment will be very different from the one at zero density:

e obviously because of the 1st order chiral transition
e but also because of this very slow breaking of Zs (indicating a “slow” deconfinement)




