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Thermal hadron resonances in chiral andU (1) 4 restoration
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We review recent work on thermal resonances and their connection with chiral symmet&y(&hd restoration within the QCD phase
diagram. In particular, th¢, (500) and K (700) states generated fromr andx K scattering within Unitarized Chiral Perturbation Theory
(ChPT) at finite temperature allow one to describe scalar susceptibilities, which combined with Ward Identities yield interesting conclusions
regarding the interplay between chiral aliid1) 4 restoration, key to understand the nature of the transition.
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1. Introduction the number of light flavors, the pairg® — ¢;, 6 — 7, and
K?—k can be connected by the chiral group. In other words,
The analysis and understanding of the QCD Phase Diagragey hecome chiral partners, so that any observable calculated
is one of the major research lines in hadronic physics whergom their correlators, such as susceptibilitips=¢ 0 corre-
considerable progress has been reached within recent yeafgsor in Fourier space) or spatial screening masgés=( 0,
mostly from lattice field theory and theoretical developments ;1 . +) would degenerate for two given chiral partners
based on effective theories [1-7]. The coincidence of dejn the regime of exact chiral restoration. That would be the
confinement and chiral symmetry restoration in {#e1.5)  casee.g for N; = 2 massless quarks at the QCD transition
plane of temperature and baryon chemical potential allowgemperaturer’, [13]. We recall that in the physical case of
one to use genuine chiral-restoring observables as signals gff = 2 + 1 massive flavours the transition far; = 0 is
the transition, as we will see here. In fact, although observigst likely a crossover &, ~ 155 MeV [1-5]. In addition,
ables related to deconfinement, such as the trace anomaly, §fe scalar susceptibility,e. theo; p = 0 correlator, develops
others indicating chiral symmetry breaking, such as the lighl peak around’. which is actually one of the more reliable

quark condensategg),, receive contributions from many soyrces for establishing the chiral restoration crossover in the
massive hadronic states and require the implementation @ttice.

Hadron Resonance Gas (HRG) based approaches [8-12], we ag a honus, the previous operators provide also informa-
will focus here on those for which an effective theory ap-tjon apout the possibility of the restoration of #g1) 4 sym-
proach based only on light hadronic degrees of freedom Prnetry, which was predicted long time ago as an asymptotic
vides the dominant physical description. That is the case Ofyechanism rather than a sharp transition [14—17]. The rele-
observables constructed out of the following quark bilinears,gnt issue here, which is still under study in the community,

in the light channels: is whether sucli/(1) 4 restoration takes place close enough
I=0:0, =0 (S), m = idyysty (P), to the ch|r§\I transition. Should that be the case, it would af-

B ~ fect many interesting aspects of the phase diagram such as the
I'=1:7%=1ihyys7 (P), 0 = P17 (5), order and universality class of the transition [13, 18]. There

b7 b b b are also phenomenological consequences such as the reduc-
[=1/2: K =ipysA'y (P), w7 =A% (), (1) tion of then’ mass, since its main contribution comes from
with a = 1,2,3, b = 4,5,6,7. We denote by, the light the U(1)4 axial anomaly [19]. As a matter of fact, Bose-
quark(u, d) field doublet in flavour space; the isospin as well Einstein correlations can be fitted experimentally with a re-
as the pseudoscalaP) or scalar §) character of each oper- duced in-mediumy’ mass [20]. Such decreasing trend is also
ator are indicated, and® and \* denote respectively Pauli measured in the lattice [21].
and Gell-Mann matrices. From the viewpoint of the bilinear operators considered

The lowest lying states in the hadron spectrum withabove, nowr® — §¢, o — i and K® — x” can be connected
the quantum numbers of the above quark operators are they a U (1) 4 rotation and therefore degeneration of observ-
f0(500) (o7), mostly dominated by its light quark component, ables for those pairs would be the relevant signal to study the
the light component of the (1;), the pion %), theaq(980)  strength of/ (1) 4 breaking at the chiral transition. Note that
(6%), the kaon ) and theK (700) (k). the K’ — « degenerate both for chiral aft(1) 4 restoration.

The interest to study the above hadronic states in con- The results obtained by lattice collaborations regarding
nection with the QCD transition is that for exact restorationdegeneration of chiral anti(1) 4 partners show some ten-
of the chiral symmetrySU(N;)y x SU(Ny)a, with Ny sion among them. On the one haid; = 2 analyses close
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FIGURE 1. I = 0 (left) andI = 1/2 (right) scalar susceptibilities within the saturation approach, from [34] and [37] respectively. In the

left panel, the lattice points are from [1], only points uglto~ 155 MeV are included in the fit and the uncertainty corresponds to the 95%

confidence level. In the right panel the uncertainty bands correspond to variations within the LEC uncertainty range.

to the light chiral limit show compatibility between chiral and the role of the scalaf,(500) p = 0 self-energy [34]. In
U (1) 4 restoration and a small gap between them for massiv€ig. 1a) we show the result of a fit to lattice data of the satu-
quarks [22—-24]. On the other hand, including strangenessated susceptibility within the unitarized ChPT approach, as
i.e.for Ny = 2+ 1 simulations, and physical massé1) 4 given in [34]. The fit parameter, denoted Asis just a nor-
symmetry is still significatively broken at the chiral transi- malization constant, which takes the valdepr = 0.15
tion [25]. As we will see below, our recent analysis basedwhenys(0) is chosen as the scalar susceptibility calculated
on Unitarized Effective Theories and Ward Identities helpsin ChPT [35, 36] with the low-energy constants (LEC) used
to reconcile those results and emphasizes the role of thermad [34]. These results show that the expected peak of the
resonances. scalar susceptibility around the transition is well reproduced
just with the therma,, (500) and the fit parameter lies within
2 Th le of th | the ChPT value. Actually, even without fitting, the LEC un-

) e role of thermal resonances certainty covers already the lattice points belbw In addi-

The spectral properties of resonances develop a depender%%n’ when companng th's. umtgnzgd satqrated approaqh with
with temperature and chemical potentials when those resg: HRG calculation there is a significant improvement in the
nances are generated and decay inside the thermal bath f8 mer_overthe latter, which actually fits r_1umerica|ly the lat-
in-medium environment. In some particular cases, such ddCe Points but does not have a peak profile [34].

pendence, which can be inferred from hadron effective theo- A Similar approach has been followed for the= 1/2

ries, turns out to be crucial to explain some of the aspects gic@lar susceptibilityi.e., that corresponding to the chan-
the QCD phase diagram discussed in the introduction. nel [37]. In that case the relevant processris scattering
A remarkable example is th(500) (formerly known at finite temperature and the saturated approach is carried out

aso) resonance. The nature and even the existence of th4§iNg @), now for the K x (700) thermal pole. The result
state has been the object of a myriad of studies in the paé? also given in Fig. 1b) for one of the unitarization methods

and is nowadays firmly established as a broad pole in the se8iVen in [37] (other methods give similar results). A very
ond Riemann sheet of the — J — 0 7 scattering am- interesting conclusion for this channel is that a susceptibil-

plitude [26-28], which is successfully described as dynamilly Peak also appears, but now significatively abdve As

cally generated within unitarized effective theories [29, 30].We Will discuss in Sec. 3, the presence of that peak and the
Its thermal dependence has been obtained from a Chiral Pdpehaviour of the susceptibility around is directly linked to
turbation Theory (ChPT) calculation of the unitarized finite- (€ intérplay between chiral aid(1) 4 restoration, providing
temperaturerr scattering amplitude [31,32] and the connec-direct quantitative information about the role of strangeness
tion with chiral symmetry restoration has been established b"d quark masses in that context. Actually, note that as the

obtaining the scalar susceptibility through the following sat-<&0N mass is reduced towards the pion one, the susceptibility
urated approximation [33, 34] peak becomes more pronounced and the peak temperature de-

creases, approachiAg. This is nothing but a natural conse-

xs(T) N MZ(0) 2 guence of approaching the regime of degener&8@&®) fla-
xs(0) — MZ(T)’ vor symmetry as long as the quark masses are concerned. In
such regime, the scalar/pseudoscalar nonet members tend to
whereM? is the real part of the resonance peje= (M — degenerate. In particular, in that limit the poles of the scalar

il"/2)? of thewrr unitarized scattering amplitude, which plays K¢ (700) and the octet component of tiig(500) become de-
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FIGURE 2. a) Evolution of different degeneration temperatures with the pion mass, from [42]. b) Topological susceptibility at finite temper-
ature from [44]. The lattice points in the right panel correspond to [45, 46] while the bands reflect the LEC uncertainty. ¢) Reconstructed
kaon and kappa susceptibilities, from the analysis in [37] with condensate lattice points taken from [3].

generate [38] and so they do theind K pseudoscalar states vanishes from parity conservation. Thus, if we combine such
[39]. Thus, the susceptibility peak in thechannel inherits  parity argument with the WI given in Ec3), one arrives to
naturally the properties of thechannel one as the kaon mass the conclusion, at least for these channels, that exact chiral
drops. Another interesting limit displayed also in Fig. 1 is thesymmetry restoration implies exab(1) 4 restoration since
light chiral limit, for which, as we will see below, we expect xs qisc requiresboth symmetries to be restored so thaand

that thex-channel peak flattens for temperatures above tha; degenerate.

peak, due to a more rapid degeneration beweem idued K The above conclusion based on WI is totally consistent
states. with the result obtained in lattice simulations ff; = 2,
which are compatible witl/ (1) 4 restoration close t@.. as
the chiral limit is approached. Confirmation of the above re-
sults has also been obtained within a redé(®) ChPT cal-
culation [42]. In that work, degeneration &f(1) 4 partners
A series of recent works has shown that Ward Identitiegakes place above the chiral ones for physical meson masses,
(WI) derived formally from the QCD generating functional consistently with lattice analyses. As the light chiral limit is
can be used to relate susceptibilities and quark condensat@gproached by reducing the pion mass, one obtains the result
in different channels, which is indeed quite useful regard-shown in Fig. 2 for the degeneration temperatures of different
ing the issues commented above for the QCD phase digartners. Namely, we denote By andTj the chiral restora-
gram [33, 37,40-42]. In particular, the following identities tion temperatures corresponding#o- o degeneration and
turn out to be quite relevant for our present discussion: the vanishing of(gq),, T2 corresponds to th& (1)4 ™ — ¢
z my degeneratiorT,; stands for the chiral and (1) 4 restoration
Xp(T) = =2 xs5.disc(T); (3)  ofther — 1, partners {5 qis. vanishing) whilek —  chan-
s nels degenerate dt,. It becomes pretty clear that all those
2 Xtop(T) 1 degeneration temperatures tend to coincide as the light chiral
limit is approached, confirming our previous remarks based
on WI. On the other hand, a remarkable result, which will

3. Ward identities for susceptibilities and con-
densates

= 2mm, [my (qq), (T) + m?xl}i] @

(q9), (T) + 2(s5)(T)

mpms

Xp(T) =~ My + m, ; () help to understand the role of strangeness, iskhat x de-
~ B ° generation almost coincides with thhe— 6 one even for the
X5(T) = (99), (T) — 2<5$>(T)_ (6)  physical pion mass and is therefore linked t61) 4 degen-
ms —my eration. The latter conclusion has also been confirmed by a
Here, m; = m, = ma x4 is the pseudoscalar PNJL-model analysis of meson screening and pole masses,

combined with lattice data [43].

As for the identity 14), it establishes the topological sus-
ceptibility as an alternative measure of joint chiral &nd ) 4
restoration, providing a neat separation into one contribution
proportional to the light quark condensate plus another one
where then; susceptibility enters. The first contribution is
responsible for chiral restoration and dominates for low tem-
discussed above, thg field can be transformed intd by  peratures and up to the chiral transition, while the second one
a chiral SU(2) 4 rotation, under which the, field remains accounts mostly for the residu&l(1) 4 breaking above the
invariant. Therefore, should the chiral symmetry be exactgchiral transition. That behaviour has indeed been reproduced
X’ would be degenerated with the= 0 Jn correlator, but  also withinU(3) ChPT in [44]. The advantage of that for-
the latter is odd under parity transformations and thereforenalism is that it incorporates naturally the effectotoops,

crossedn;n, susceptibility withns = i5yss, Xx5.disc =
(1/4) [xp — x3] with x5, xp, x5, x§ thenm, mm, KK,
kK susceptibilities, respectivelyop = (—1/36)x 2" is the
topological susceptibility ang#4 is the correlator of the
anomaly operatad(z) = (3¢?/327%)G4, G with G¢, the
gluon field tensor.

The interest of the identity3] lies in the fact that, as
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which turn out to be of the same order as those,dk, and  and, together with our previous WI and effective theory ar-

n ones. Actually, the dominant contribution to the topologi- guments, suggests that such peak and its behaviour above it
cal susceptibility, both at zero and finite temperature, comes an indication of howl/ (1) 4 is restored above the chiral
from the lightest states,e., the pions, as it can be seen al- transition, quantifying the role of strangeness throygd).
ready from the leading order ChPT contribution (temperaturéhe previous argument is further supported by the lattice, as

independent) Fig. 2 shows, where the kaon and kappa susceptibilities are
5 reconstructed using identitieS)¢(6) and the quark conden-
U(3),LO0 _ 10 Mgm 7 sates obtained in the lattice collaboration [3]. In particular,
Xtop <qq>l 2 — ( ) . . . S
2 Mg + 6Bom from our previous arguments, as the light chiral limit is ap-

proached we expect a more rapid growth just below the peak,

_ 0 . . . .
where(gg), is the quark condensate in the chiral I'qMO from chiral restoration, and a flattening just above it from the
stands for the anomalous part of themass andn™" = fasterl/(1) 4 K — « degeneration.

Z m; ' which shows clearly the dominance of light

=u,d,s .
states. Also for that reason the finite-temperature analysis i#. Conclusions

this formalism captures reasonably well results from the lat-

tice, even for temperatures well above the ChPT applicability-ight thermal resonancef, (500) and K (700) are key to
range, as it is shown in Fig. 2. understand chiral antf (1) 4 restoration. Combining effec-

Finally, identities |5)-(6) open up the possibility of con- tive theory approaches with Ward Identities supdo(t) 4
sidering theK — « sector for the study of the strangenessrestoration for fully restored chiral symmetry and allows one
effect in the interplay between chiral abt{1) 4 restoration ~ t© understand the role of_quark masses and strangeness in the
and explain also the behaviour found for the susceptibility inPhysical regime of massive quarks aNg = 2 + 1 flavors.
the kappa channel from the thermal resonance method dis-
cussed in Sec. 2. Thus, those identities predict a constantikcknowledgments
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