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Abstract

I discuss the masses of chiral partners in the context of chiral symmetry restoration at
finite temperature. Using the Nambu-Jona-Lasinio model I first remind the usual situa-
tion where two mesons of opposed parity become degenerate above the chiral transition
temperature. Then I consider an effective theory for D mesons where the positive parity
companion presents a “double pole structure”. In this case three different masses need
to be analyzed as functions of the temperature. I suggest a possible restoration pattern
at high temperatures when the back-reaction of the quark condensate is incorporated.
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1 Introduction

For N; flavors of quarks with nearly zero current masses, the QCD Lagrangian presents an
approximate chiral symmetry SU; (Ny) x SUR(Ny ), which is spontaneously broken in vacuum
down to SUy (N¢). Then, the effective masses of low-energy excitations with negative and pos-
itive parities (7t and o/ f;(500), respectively) become splitted. Nevertheless it is accepted that
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the presence of a medium can restore the chiral symmetry at high temperatures or densities
following a phase transition, which can be of first-, second-order or a crossover.

In this contribution I focus on chiral symmetry restoration at finite temperature, reflected
in a partial degeneration of chiral partner masses for T > T., where T, is the transition tem-
perature. In QCD with physical quarks, the chiral transition at vanishing net-baryon density
is known to be an analytic transition [1]. Different lattice-QCD calculations at finite tem-
perature show this degeneracy for the screening masses of mesonic excitations with different
spins [2,3].

In Ref. [4] I classified different effective field theories (EFTs) of QCD according to the nature
of the chiral partners. These could be either fundamental degrees of freedom—represented by
quantum fields in the effective action—or generated dynamically via a few-body (e.g. Bethe-
Salpeter) equation. In both cases the temperature modifies the propagation of the particles
incorporating corrections to their masses. In the former case the fundamental states acquire
quasiparticle properties in the medium, while in the second case the emergent collective exci-
tations have a temperature-dependent pole mass, due to thermal corrections in the few-body
equation. The classification introduced in Ref. [4] is summarized in Table 1 for the 7t/o system.

JP — 0+
P =0 Fundamental d.o.f. Dynamical d.o.f.
Linear o model
[5], [6], [7] Chiral perturbation theory
Fundamental d.o.f. Quark-meson model (81, [9]
[10], [11]
Nambu-Jona-Lasinio model
. [12], [13]
Dynamical d.o.f ] Polyakov-NJL model
[14], [15]

Table 1: Different models/effective theories where the chiral partners 7(J¥ = 07)
and o(J? = 0%) can be both fundamental degrees of freedom, dynamically generated
states, or a hybrid scenario with one fundamental and one emergent state.

I first review the case where both chiral companions are generated dynamically. Thus the
7 and o are described by collective mesonic excitations emerging out of the quark-antiquark
attractive interaction. For this goal I focus on the Nambu—-Jona-Lasinio (NJL) model of inter-
acting massive quarks in Sec. 2. Then I consider a novel case where one of the chiral partners
is a dynamically generated state, but presents a “two-pole structure”. This is exemplified by
the positive parity D;(2300) resonance (chiral partner of the D meson). As a function of the
temperature, the evolution of its pole mass was considered in Refs. [16,17]. This case is dis-
cussed in Sec. 3, where I conjecture on the possible chiral restoration pattern for three states
when the transition temperature is approached. Conclusions are given in Sec. 4.

2 Two chiral partners: Nambu-Jona-Lasinio model

I start by reviewing the common situation with two chiral companions. In particular I cover
the case where both states are emerging out of the Bethe-Salpeter equation for the quark-
antiquark scattering. For this goal I use the NJL model [12,18] which describes the low-energy
interaction of quarks and antiquarks.

The minimal NJL Lagrangian contains two flavors (u and d) of quarks interacting locally
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in both scalar and pseudoscalar spin channels with the same coupling G,

Ly, = Z P (i@ —moyy

l=u,d

+QZZ[('L/31' iys T55) (Wx iys Th) + (P I Tiw;) (Y I Tﬁﬂ/)z)], @)

a ijkl

where the quark field is labeled with flavor indices i, j,k,I = {u,d}, T (a = 1,2,3) are the
flavor generators of SU;(2) algebra, and I is the 4x4 unit matrix of Dirac space.

The bare quark masses m; are dressed by the effects of interactions. At mean-field level
these are given by the quark condensate [15,19],

m; = mo—4G{(Y;)) . 2

This condensate acts as an order parameter of the chiral transition, when considered a
function of the temperature. Using the imaginary-time formalism it reads,

(i) =N tr, ) f . 3)
n q

qg—m;

where N, = 3, tr, denotes the trace in Dirac space, and Zn f . is the Matsubara summation
followed by the 3-momentum integration. Notice that ¢* = (iw,, q).

The transition to the chirally-restored phase at high temperature is not only signalled by
the quark condensate but also by the quark mass (2). Both are shown in the left panel of
Fig. 1 as functions of the temperature. I used the parameter set of the Ny = 2 NJL model given
in [20].
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Figure 1: Left: Quark mass (blue) and quark condensate (red) as functions of the
temperature of the 2-flavor NJL. model within the mean-field approximation. Right:
Diagrammatic solution of the T-matrix equation (6) in terms of the quark-antiquark
interaction vertex of the NJL. model G (represented by the black circles).

Mesonic states can be generated after solving the Bethe-Salpeter equation for the quark-
antiquark scattering. It is given within the random-phase approximation using the imaginary
time formalism [12,15]. Suppressing unnecessary flavor indices, the equation reads,

T(p)=G+G1(p) T(p), 4
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where p = (iv,,, p), and the quark-antiquark propagator is also calculated at finite temperature
as,

H(ivm,p)z—ZJ tr, [2 S (iw,, k) QS (iw,—iv,,k—p)], (5)
n Jk

where S denote (anti)quark dressed propagators, and 2 contains (apart from flavor and color
factors) the two possible Dirac structures iy and I, needed to generate pseudoscalar and scalar
meson excitations. The quark-antiquark propagator provides a non-trivial analytical structure
to the final scattering amplitude 7 (p). The solution of the two-body equation (4) reads

_ 9
1-G1(p)’

where the external Matsubara frequency iv,, is eventually extended to the entire complex
energy plane z. A diagrammatic version of this equation is given in the right panel of Fig. 1.
Notice that the denominator can accommodate poles in different regions of the complex plane
signalling the generation of bound and scattering states.

For example, in the J* = 0~ channel in vacuum and at low temperatures, the pion excita-
tion emerges in the real axis as a quark-antiquark bound state. This is seen in the left panel of
Fig. 2 for T = 25 MeV, where the first Riemann surface of 7 (p) is plotted.

T(p)= (6)
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Figure 2: Left: 7 pole in the complex energy plane of the first Riemann surface at
T = 25 MeV. Middle: No pole in the complex energy plane of the first Riemann
surface at T = 250 MeV. Right: 7 pole after analytic continuation to the second
Riemann surface at T = 250 MeV.

At high temperatures the quark mass decreases, see Fig. 1, and the pion mass starts to
increase becoming a resonant state with a thermal decay width. It is natural that no such
solution can be obtained without an analytic continuation to the second Riemann sheet of
T(p) (see middle panel of Fig. 2). Previous studies in the NJL model avoided this analytic
continuation by introducing some approximations or assuming a quasiparticle picture even
when the decay width can become of the same order as the pion mass. However it is not
difficult to perform the required analytic continuation of the quark-antiquark propagator above
the two-quark mass threshold. For a complex value of the energy 2,

' (z,p; T) =1 (z,p; T) — 2iImI (2, p; T) for Re z > 2my(T) . (7

After this analytic continuation, the 7 matrix in the second Riemann surface acquires a
pole with finite imaginary part as seen in the right panel of Fig. 2. The pion generated as
T = 250 MeV is interpreted as a resonant state.

A plot of the m and o masses (real parts of their pole positions) as functions of the tem-
perature is given in Fig. 3. Their large splitting at low temperatures vanishes around T = 250

4
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MeV, where chiral symmetry is effective restored. The imaginary part of the poles—interpreted
as thermal decay half width—is represented as a band around the masses. This decay prob-
ability into quarks become also equal in both sectors at high temperatures, pointing to a full
degeneracy of the spectral shapes in this region. Chiral symmetry is restored for states not
originally present in the effective Lagrangian.
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Figure 3: 7 (red solid line) and o (blue dashed line) masses as functions of the

temperature, below and above the chiral phase transition (signalled by the quark
condensate in black line). The decay width is plotted as bands around the masses.

3 Three chiral companions: Covariant chiral EFT

Now I turn to a case belonging to the class of the upper right corner of Table 1. Here the
negative parity state is part of the initial degrees of freedom, while the positive parity com-
panion is generated via a two-body equation. The novel feature is that the emergent state
is not identified with a single pole of the scattering amplitude, but it consists of a “two-pole
structure”. The example is taken from charmed mesons at finite temperature, as presented
in Refs. [16,17]. Three chiral states are found in the nonstrange sector S = 0 corresponding
to the D and Dj(2300) partners, while in the strange sector S = 1 one finds the usual parity
doublet with the D; and D},(2317) mesons.

Open charm mesons can be studied with an EFT approach implementing a combination
of chiral and heavy-quark symmetry in a covariant way [21-24]. Details of the effective La-
grangian can be found in the recent [17] (and references therein), where both heavy (D, D,)
and light (7,K,K,n) ground states are the fundamental degrees of freedom. The EFT pro-
vides the tree-level amplitudes for heavy-light meson scattering. At leading order [23, 25]
(see also [16,17] for next-to-leading order results),

Vikoks = ki ko) = <% [k + ko) — (k= kp)?] ®
4f2
where C, are known isospin coefficients, and f, is the pion decay constant. Eq. (8) includes
all possible elastic and inelastic channels (given by the corresponding C).

The s—wave projected amplitudes from (8) can be incorporated into a Bethe-Salpeter
equation—similar to the one in the NJL model in Eq. (4)—to calculate the resumed (and uni-
tary) scattering amplitudes 7. Applying the “on-shell factorization” method [26] to simplify
the equation one gets,

T)=V(s)+V(s)Gy(s) T (s), 9
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where the two-meson propagator G,(s) plays the same role of the quark-antiquark propagator
in the NJL model (5). The formal solution is also similar to Eq. (6),

V(s)
1-V($5)Gyl)

but in this case it is fully given in a coupled-channel approach (see details in [16,17]).

Looking for poles of Eq. (10) in the complex energy plane of the different channels, one
finds the dynamically-generated states. In vacuum, the poles in the S = 0 channel are shown
in the left and middle panels of Fig. 4 and correspond to the D;(2300), the chiral partner of
the D meson. In the S = 1 channel one finds the pole on the right panel of Fig.4 which is
identified with the very narrow D};(2317), the chiral companion of the D;.

T(s)= (10)
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Figure 4: Generated poles at T = 0 in the heavy-light meson system. Left: Lower
pole of the Dj(2300) resonance. Middle: Higher pole of the D;(2300) resonance.
Right: Pole of the D,(2317) bound state. Figure taken from [4].

Both poles in the left and middle panels correspond to the physical resonance Dj(2300).
It is known that this state consists of a “two-pole structure” [27, 28], where both poles share
the same quantum numbers and can interfere at the real energy (physical) line. Nonetheless
they couple with different strength to the possible decay channels [17].

Focusing on the masses of these states (together with those of the ground states, D and D)
one can extend the T-matrix equation (10) to finite temperature. This has been performed in
Refs. [16] using the imaginary time formalism. It is important to mention that self-consistency
is required at finite temperature as the thermal corrections to the meson propagators need to
be introduced in the T-matrix equation.

The resulting thermal masses are given in Fig. 5 as functions of the temperature. The
left panel shows the S = 0 case with the ground state and the two poles of the D;(2300)
resonance. The right plot contains the S = 1 case with the D and the D},(2317). Solid lines in
Fig. 5 represent the results containing the only effect of the pion in the heavy-meson dressing,
while the dashed lines account for the additional K,K contribution. Due to the Boltzmann
suppression the kaonic contribution is very small even at T = 150 MeV.

There is a general mass dropping with temperature which, in relative terms, is very small
ca. ~ 2% of their vacuum values. Given such a tiny mass reduction even at the highest
temperature, and the fact the EFT cannot be applicable beyond it [16], one concludes that no
mass degeneracy is expected from the accounting of the thermal effects alone. It is also not
possible to conclude the precise pattern between the two poles of the D;(2300) resonance, as
both follow in parallel a reduction of Am ~ —10 MeV at T = 150 MeV. In Ref. [17] we studied
the case where the pion mass receives a thermal correction—due to interactions with other
light mesons—but no significant different picture was obtained.

From the study of the NJL model (but also other EFTs) it is clear that the effect of the
thermal chiral condensate—whose decrease manifests the approach to the chiral transition—
is a key ingredient to account for the mass degeneracy. In the worked approximation such

6



3. THREE CHIRAL COMPANIONS: COVARIANT CHIRAL EFT CONTENTS
2450 ’ . ooc0F '
230 peeozooyr 2250 F
—. 2410f ] — ooqof Do(2317) T I IR ]
T 20007 o 7 o T
= D;(2300)° | = 2230F E
= op80F—— _ = > >
- e - - -
= 2060F ] S 1970 E
- T = 1960f D
= 1860 F BN
1\‘1)(» b 1950 F S
N 1940 3

1820 150 0 25 50 75 100 125 150

T [MeV]

100 125

0 2‘-—1 -—J.U 7‘-')
T [MeV]
Figure 5: Thermal masses of chiral partners in the D-meson sector. Left: S = 0

channel with the D meson and the D;(2300) resonance (double pole). Right: S =1
channel with the D; meson and the D},(2317) bound state. Figure taken from [16].

an effect does not appear, and the model does not know about any phase transition at high
temperature.

The reduction of the chiral condensate seen in lattice-QCD calculations should affect the
pseudo-Goldstone bosons properties. At low temperatures, where chiral perturbation theory
is applicable, this effect can be seen at the level of the Gell-Mann-Oakes—Renner relation at
finite temperature [29,30]. In particular, f(T) acquires a reduction when the temperature is
increased toward the transition temperature [29,30],

f(T)
frt,O =1

T2
- — .
1217,

(11)

according to chiral perturbation theory at leading order (and also linear sigma model [6]).

As a simple calculation to gauge the dependence of f,. on the charmed mesons masses, I
apply a reduction to this parameter from its vacuum value to the vacuum calculation of the
T-matrix equation (10) [4]. This isolates the effect of f,, as pure thermal effects played a
small role in the meson masses (cf. Fig 5).

In the right panel of Fig. 6 I present the masses of the two chiral partners in the S = 1
channel as a function of f,./f.(T = 0). The (input) mass of the D, is kept fixed, but the
modification of f, produces a bound state with a sizable mass reduction approaching closely
to its chiral partner, as expected. In the left plot I show the location of the poles in the complex
energy plane for the S = 0 case. The ground state (triangle) is fixed, and both poles (lower
pole in circles, higher pole in squares) get a reduction of their masses (real part), but a much
stronger decrease of their widths (imaginary part), when f,. takes 60% of its vacuum value.

As described in Ref. [4], the additional account for the reduction of the ground states
(specially the pion mass) gives an extra decrease of all generated masses of Am ~ —100 MeV.
In particular, the lower pole of the D;(2300) gets bound (moving to the first Riemann surface)
and becoming very close to the D-meson mass, while the higher-pole mass lies still ~ 200
MeV above them. This preliminary result—albeit rather simplified—points to a sequential
degeneracy pattern in which the lower pole first becomes degenerate with the ground state,
and only at higher temperatures the upper pole joins them.
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Figure 6: Pole positions of the meson charm states as functions of f,i, when it is
reduced with respect to its vacuum value. Left: (J,S) = (0,0) channel where the
“two-pole structure” of the D;(2300) is generated. Right: (J,S) = (0, 1) sector where
the bound state D,(2317) appears.

4 Conclusion

In this contribution I have considered the mass degeneracy of chiral partners at high tempera-
tures, where chiral symmetry is expected to be partially restored. I have described two effective
models, the Nambu-Jona-Lasinio model for quarks and a covariant chiral EFT incorporating
heavy-quark symmetry for D mesons.

In the first case, both chiral partners (7 and o) are dynamically generated, with masses
modified by the temperature. On the other hand, the chiral model contains the negative parity
state as fundamental degree of freedom, while the positive parity is dynamically generated.
Other options can be classified according to Table 1. In both models the generated states follow
from the solution of a two-body equation: the Bethe-Salpeter equation in the NJL. model, and
the T-matrix equation in the chiral EFT.

In the NJL model the masses of the two chiral partners can be followed below and above
the transition temperature and the degeneracy is clearly observed above T,. In the covariant
chiral EFT three different states [a double pole structure D;(2300) plus the ground state D]
appear in the (J,S) = (0,0) channel. Unfortunately this model is applicable below T, and no
definite information above chiral degeneracy can be obtained in the self-consistent calculation.

When the thermal dependence of f, is accounted for, it is seen that both poles move sub-
stantially in the complex energy plane becoming more bound and less massive. I showed how
the lower pole approaches the ground state when f, is 60% of its vacuum value, while the
higher pole still remains more massive. This points toward a sequential degeneracy pattern of
the chiral symmetry restoration [4]. If such pattern is supported by a more rigorous calcula-
tion, its experimental verification could be attempted in heavy-ion collisions at high energies.
One would need to reconstruct the D;(2300) resonance into different s—wave decay modes,
D and DK, as the two poles couple more strongly to each of them (lower pole to the former,
and higher pole to the latter [17]).

Funding information This research was funded by the Deutsche Forschungsgemeinschaft
(German Research Foundation) grant numbers 411563442 (Hot Heavy Mesons) and 315477589
- TRR 211 (Strong-interaction matter under extreme conditions).
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