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Summary. — We review recent work regarding the role of light scalar resonances at
finite temperature for chiral symmetry and U(1) 4 restoration. The results obtained
are based on unitarized Chiral Perturbation Theory and Ward Identities and are
directly connected with presently open problems within the QCD phase diagram.

1. — Motivation

Hadronic matter under extreme conditions such as finite temperature and/or chemi-
cal potentials in connection with the QCD phase diagram has been thoroughly studied
lately, through theoretical models based on effective theories including Chiral Pertur-
bation Theory (ChPT) [1-12], lattice simulations [13-23] and experimental results from
Heavy-Ton Collisions [24,25]. Although most of the relevant physics within the QCD
phase diagram has been understood, there are still some open problems [12, 20, 21].
Among them, we will be interested here in the relation between the Chiral Symmetry
Restoration (CSR) and U(1)4 asymptotic restoration, which affects the very nature of
the transition and has many theoretical and phenomenological consequences depend-
ing on how effective U(1)4 restoration is at the QCD chiral transition temperature
T. ~ 155MeV [1,9,10,12,16-19,26-33]. In addition, as discussed below, an important
role in this context is played by thermal resonances, i.e., resonances generated within
the heavy-ion or thermal environment, whose spectral properties can be considerably
modified due to the interactions among particles in the thermal bath.

The main observables regarding CSR are the light quark condensate (gq); = (au +
dd) = (qiq;), the order parameter of the chiral transition, and the light scalar suscepti-
bility xg, defined as the two-point light gg correlator at vanishing four-momentum. On
the one hand, the inflection point of (Gg); at the crossover-like transition temperature
T, signals CSR for physical masses, while the condensate vanishes at a lower T, in the
light chiral limit m, = mg = 0, where the transition is of second order, and yg peaks
for physical masses and diverges in the chiral limit at T, [13,14,34]. On the other hand,
screening masses and susceptibilities in different channels provide also relevant informa-
tion, as they would become degenerate at chiral and/or U(1) 4 restoration. Such chiral or
U(1) 4 partners are particularly useful regarding the effective theory description, as com-
mented below. Consider for instance the lightest meson states in the scalar/pseudoscalar

Creative Commons Attribution 4.0 License (https://creativecommons.org/licenses/by/4.0) 1



2 A. GOMEZ NICOLA et al.

nonets for isospin I = 0,1/2, 1, whose corresponding quark bilinears degenerate as
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where ¢ stands for the state corresponding to the a(980) and oy, 7; would correspond
to the light-quark part of the fy(500)/fy(980) and n/n’, respectively. The states con-
nected through a SU(2)4 transformation are chiral partners, i.e., those whose associ-
ated screening masses and susceptibilities should become degenerate for T' > T, while
those connected by an U(1)4 transformation would degenerate asymptotically for large
temperatures.

Lattice simulations yield the following degeneration pattern: for Ny = 2 + 1 light
flavors. i.e., including strangeness, chiral partners degenerate reasonably around 7, while
U(1)a partner degeneration takes place at a significantly higher temperature, typically
around 1.3 T, from which the system would reach a O(4) x U(1) 4 restoration pattern [17,
22]. The case of the K — k sector deserves some additional comments: while that pair
degenerates both by SU(2)4 and U(1)4 transformations, lattice results indicate that
both symmetries need to be restored for K — x degeneration. In the particular Ny = 2
case, results are qualitatively different, being compatible with a strong U(1) 4 restoration
at T, in the chiral limit [16,18,19,22]. An important deal of theoretical work in the last
few years has been devoted to explaining the differences in the behavior of these two
cases, as summarized below.

2. — Ward Identities and partner degeneration

Ward Identities derived formally from the QCD generating functional have proven
to be a very valuable tool to explore the degeneration of chiral and U(1)4 partners
[7-10,12,33,35,36]. Let us summarize here some relevant results in those works. The
following WI is particularly revealing in that respect,

mns _ Mg L mm — 2
) B (T) = = [ (T) = X ()] = ==
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where Xf;‘“z’” (T) are pseudoscalar susceptibilities corresponding to (¢,¢p) correlators,

Ns = 15755 and Xop is the topological susceptibility corresponding to the U(1)4 gluon
anomaly operator. Now, one can perform a SU(2) 4 transformation rotating the bilinears
m — & keeping 1 invariant and since (07) is a scalar-pseudoscalar correlator, it vanishes
by parity. Therefore, x5 vanishes if chiral symmetry is completely restored and, since
XF" — x2™ in (1) vanishes when both chiral and U(1)4 are restored, the above WI is
consistent with U(1)4 restoration at exact CSR. Such a result is compatible with the
Ny = 2 lattice results in the chiral limit since in that degenerate limit CSR is exact
at T,.. Nevertheless, the effect of both strangeness and a nonzero physical quark mass
will generate a gap between chiral and U(1)4 restoration, as observed in Ny = 2 + 1
simulations. Such behavior has been checked in a U(3) ChPT calculation, showing in
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Fig. 1. — Susceptibilities in the K — k sector extracted from the WIs in (2) and the quark
condensate lattice values in [14,15].

particular that the transition temperatures of chiral and U(1)4 degeneration of different

partners tend to coincide in the light chiral limit [10]. In addition, (1) establishes that

Xtop(T') behaves as an order parameter of O(4) x U(1)4 restoration, as confirmed by

theoretical analyses [33,37,38] and lattice simulations [39]. Two additional important

WIs are those pertaining to the I = 1/2 sector since they clarify the role of strangeness,
{@@(T) +2(ss)(T)

(2) XB(T) = - s NA(T) = <c7q>;(21 ?SSMT)-

Thus, taking into account that, due to CSR, (Gq);(T) decreases with 7" much more
abruptly than (5s)(T), the identities (3) imply, on the one hand, that & (T') should
decrease monotonically, while x&(T") peaks above T¢. [35]. The behavior of x%&(T") below
such peak is controlled by CSR, the slope increasing with stronger CSR effects, like
reducing the pion mass. Above the peak, U(1) 4 restoration operates, driving x% towards
degeneration with ng . In fig. 1, we plot the lattice x** susceptibilities “reconstructed”
from the WI (3) from condensate data, since there are no direct lattice determinations
of susceptibilities available in those channels. One can clearly observe the behavior we
have just commented on.

3. — Thermal resonances

The role of thermal effects in light hadron resonances has been recently proved to be
crucial to explain many properties of the QCD phase diagram, in particular those related
to CSR and the U(1)4 symmetry that we are interested in here. Thus, in [6,7,11] it
has been shown that the thermal f,(500) generated from the Inverse Amplitude Method
(IAM) unitarization of 77 scattering at finite temperature [40] dominates the scalar
susceptibility through the saturation relation

3) 0
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Fig. 2. — Unitarized scalar susceptibilties xs (left) and x% (right) within the TAM thermal
resonance approach. In the left panel, the lattice points come from [13], and xs(0) is chosen to
match the ChPT value in [41]. The bands correspond to the LECs uncertainties.

where MZ(T) plays the role of the f,(500) thermal mass, degenerating with the pion mass
as T approaches CSR [12], and is given by M3 = M? — T2 /4, being s, = (M, —iI',/2)?
the pole of the resonance in the s-complex plane in the second Riemann sheet across the
thermal unitarity cut. It is worth pointing out that at finite temperature, scattering of
the incoming and outgoing particles with thermal bath components modifies the 7' = 0
unitarity relation in two main aspects [7,36,40], namely, phase space factors are corrected
with Bose-Einstein thermal distribution functions and new Landau-like pure thermal cuts
appear for the case of unequal masses.

In fig. 2 we see that the unitarized saturated scalar susceptibility reproduces the ex-
pected transition peak and is compatible with lattice results below and around the peak
within the uncertainty range of the Low Energy Constants (LEC) of the ChPT NLO
Lagrangian, unlike the purely perturbative ChPT result [41], which is monotonically
increasing and lies well above the lattice points for temperatures approaching the tran-
sition. The same approach has been followed for the thermal K§(700) or x resonance,
generated from 7K scattering at finite temperature [35,36]. In this case, the unitarized
saturation approach reproduces the expected peak for x§ explained in sect. 2. In fig. 2,
we show the result for x§ within this approach, confirming the expected behavior to-
wards the light chiral limit, seen also in fig. 1. In the SU(3) limit ms — my, one finds
X% — xs as expected. Thermal resonances in the vector channel p(770), K*(890) have
also been studied, with results compatible with heavy-ion phenomenology [6, 36].

4. — Conclusions

Thermal resonances and Ward Identities play a crucial role in understanding key
properties of the QCD phase diagram, like those related to chiral and U(1) 4 restoration
reviewed here. The lightest scalar thermal resonances saturate the corresponding sus-
ceptibilities in those channels, giving rise to results compatible with lattice and WI when
those resonances are generated from unitarized meson-meson scattering.
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