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Introduction /
Formulation of the problem

Restoration of symmetries and deconfinement (QGP) are ex-
pected to occur under extreme conditions (ultra relativistic
HIC, interior of neutron stars).

Questions:

1) Which symmetries are restored?
o SU(Ny) @ SU(Ny) only?
e Both SU(Ny) @ SU(Ny) and Ua(1)?

e T'wo possible scenarios in the last case (Shuryak 94):
(1) TC << TU(l) 7
(2) TC ~ TU(l) ?

2) Which observables should signal the restoration
of symmetries?



Generalities about and Uy(1) in QCD

e QCD Lagrangian - symmetric under U(N;) ® U(Ny) trans-

formations. Dynamical symmetry breaking:

Ny =3 — 9 Goldstone bosons; 7' problem:;

_I’_

e Breaking of U4(1) at the quantum level (e.g by instan-

tons):

m% ~ 1GeV; only 8 Goldstone bosons;

_I’_

e Explicit breaking of SU(3) @ SU(3):

4

Pseudoscalar and scalar mass spectrum;
Flavor mixing - violation of the OZI rule: 6p, 05 # from ideal

mixing angles

Restoration of symmetries should have consequences
on the spectrum of scalar and
pseudoscalar mesons as well as in the mixing angles.




Effects of restoration of symmetriesl

Vanishing of symmetry violating observables
: quark condensates, f;
e U4(1) : topological susceptibility y

Note: when the current quark masses are different from zero
the symmetry violating quantities go to zero asymptotically
— only effective restoration of symmetries

Degenerescence of chiral partners

e Whether \; and U,(1) are restored at the same
point or not, when they get both restored, ay,
o, ', n, fo, 7,... are all degenerated.



Effective restoration of U (1) symmetry
with temperature

The topological susceptibility, y, is essential to study the
Ua(1) problem: is related with m, (Witten-Veneziano formula),

2N
f—;Xp/u7'ef<O> - mz/ + m”2// - 2m%° <1>

Several studies link the decrease of the topological susceptibility with restora-

tion of U4(1) symmetry

Lattice results indicate a sharp drop of the topological susceptibility at

the deconfining temperature; results with density are not yet available.

Model approaches:

e Chiral models include an anomaly term that breaks the
axial symmetry;

e Effective restoration of the axial symmetry may be achieved
by assuming that the anomaly coefficient is a dropping
function of the temperature:

— phenomenological approach (Kunihiro 89)

— lattice inspired (Schaffner-Bielich 00, Fukushima et. al. 01)



Outline of the present work I

1) We work in the SU(3) NJL model, including the
’t Hooft determinant;

2) We get the coefficient of the anomaly term as a
function of 7" from ), which is modeled as a Fermi
function from lattice results (M. C. Chu et al., 95, B. Alles
et al. 97);

3) We extrapolate a similar approach to cold quark
matter in weak equilibrium;

4) We discuss the restoration of 3 and Ux(1) by:

e analyzing the convergence of scalar and pseu-
doscalar mesons (chiral partners);

® g, p mixing angles.



Model and forma,lz'sml

e SU(3) NJL model with ’t Hooft determinant.
The Lagragian is:
s A gs 8 —\a \2 /. a N2
L= q(i0-v—m)qg+ X[(q\q)”" + (q(ivs)\"q)7]

2 a=0
+ gpldet[g(1 — 75)q] + det[g(1 — v5)q]] . (2)

Gap Equations:

M, =m; —2g5 << Giq; >> —2gp << qjq; >><<qrq >>| (3)

Meson effective action = Meson Propagators, girgg, f17q45---

Two cases will be studied:

e Finite temperature and zero density;

e Asymmetric quark matter with strange quarks in ( equi-
librium, at zero 7.

e P. Costa et al., EPL (02), P. Costa et al., PLB (03), P. Costa et al.,
PRC (04)



™ and ap propagators

The masses of the 7’ and @, mesons can be determined via
the condition

(1 — Kpg Juu(Py = M0 40 P=0)) =0 (4)
with:

[
Kp = gs + gp << 55 >>; (5)

[
Ks = gs — gp << 55 >>; (6)

[
Jii<P()> — 4(21i(T7 Mi) + P(?I%Z(P()? T, Mi>>; <7>

n and o propagators:

The masses of the » and ¢ mesons can be determined via the
condition

D, (my.,0) =0, (8)

where

Dys=(A+C)—(C— A?+4B. (9)




n' and f, propagators

The masses of the 7/ and /;, mesons can be determined via
the condition

D 4. (my 5,,0) =0, (10)
where
D,y =(A+C)— /(C+ A2+ 482, (11)
with
A = FPys — Allyp;
. B = —FPyg — Allpg;
C = Py — Allgg;
A = PyPss — P;

Poo = 95F 29D (<< Ququ >> + << Gaqa >> + << s g5 >>);
o ! Pis= 5590 (<< Ququ >> + << Quga >> —2 << Qs qs >>);
Pes = gst3gp (2 << ququ >> 42 << qaqa >> — << (s §s >>);

Moo = 5 (Luw(m?) + Laa(m?) + Is(m?)) ;
® 3 llps = i (I ( ) + Tgg(m ) 2]S$(m2))
Ilgs = % (I ( ) + Idd( —|— 4135 )) :



The topological susceptibility I

The topological susceptibility is given by
X(k?) = [ d'z e 70| TQ(2)Q(0)|0)connecteds  (12)
where ()(x) is the topological charge density.

The general expression for y in NJL model has
been obtained by Fukushima et ol 01:

X = 4952 (0) < Guqu >°< @5 ¢ > +H11i5(0) < Gu qu >
+ {L<q Gu > (< qsqs > — < quyq >)(H88)t
\/g u u S S u u HSO
1 Ios)’
x 2K (1—201K)"
1 - - B H88)
X 9 —F7=<Ququ > (< gsqs > — < qu Qu >
{\/§ ( ) (H08
1

_ ; _ Iso
+ —<QUQU><2<QSQS>+<CIUQU >>< )H (13)

S



Results at T'# 0 and p=0 I

200

« Lattice
Fitted

160 -

)(1/4 (MeV)

(MeV)

M

= 20- >

L e e =t Continuun

(MeV)

M




o '~ 250 MeV: degenerescence between the chiral
partners (7,0) and (ag,n)

4

Effective restoration of SU(2) symmetry
e '~ 350 MeV:

— (ap, o) become degenerate with (7, 77), show-
ing an effective restoration of both SU(2) and
axial symmetries.

—y — 0

4

Effective restoration of both chiral and axial
symmetries

e Without the restoration of U,(1) symmetry:

— ay mass never meets the 7’ mass

— 0 mass never meets the 1 mass

e 7 and f;, masses do not show a clear tendency
to converge



Results at T'=0 and p # 0 I
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e pp =~ 3.0py : degenerescence between the chiral
partners (7,0) and (ag,n)

4

Effective restoration of SU(2) symmetry

e pp > 4.0p:
=0
—4.0p9 < pp < 4.8pp:
* (ag, 0) become degenerate with (7, 1)
— pp > 4.8p¢:
x 1 and 1’ change identities

* (ag, o) become degenerate with (7', 1)

4

Effective restoration of both chiral and axial
symmetries



Mixing angles:
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e In both cases mixing angles = ideal values, at p,
T where Ux(1) symmetry is effectively restored

e Change of identities of 1 and 7/ at pg > 4.8py: Op
changes sign



Summary I

e We have explored a framework to investigate
possible restoration of chiral and axial symme-
tries with temperature and with density;

e We implement a criterion which combines a lattice-
inspired behavior of the topological susceptibil-
ity with the convergence of chiral partners;

e SU(2) ® SU(2) is restored at moderate tempera-
ture (density);

0

e U,(l) is restored when o, 7', ay and 7(1)') are de-

generated, and v — 0;

e Our results are compatible with Shuryak’s sce-
nario (1) (TC << TU(l));

e Full restoration of U(3)® U (3) are not yet visible.



