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We study D and D mesons at finite temperature using an effective field theory based on chiral and
heavy-quark spin-flavor symmetries within the imaginary-time formalism. Interactions with the light
degrees of freedom are unitarized via a Bethe-Salpeter approach, and the D and D; self-energies are
calculated self-consistently. We generate dynamically the D{(2300) and Ds(2317) states, and study their
possible identification as the chiral partners of the D and D ground states, respectively. We show the

evolution of their masses and decay widths as functions of temperature, and provide an analysis of the
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chiral-symmetry restoration in the heavy-flavor sector below the transition temperature. In particular, we
analyse the very special case of the D-meson, for which the chiral partner is associated to the double-
pole structure of the D§(2300).
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1. Introduction

The idea that chiral partners become degenerate above the chi-
ral restoration temperature T, [1,2] has motivated a large amount
of works in which low-lying hadronic states of opposite parities
have been studied in a thermal medium and their masses have
been seen to merge at large temperatures T > T.

The canonical example resides in the light-meson sector, where
the pseudoscalar isotriplet (7r) and the scalar isoscalar (o me-
son) acquire similar masses above T, . This system has been stud-
ied in the linear sigma model [3], the (P)NJL model [4-6], the
quark-meson model [7] and others. On the other hand, vector
and axial vector interactions, that have been studied in the (P)NJL
model [8], and gauge linear-sigma model [9] for example, allow
one to study the chiral symmetry restoration of the p and the a;
states [2]. Opposite-parity diquarks also present such degeneracy
in the (P)NJL model [10], whereas there exist also indications from
lattice-QCD calculations of the chiral restoration of opposite-parity
baryons [11,12].
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In many of the theoretical models, the parity partners are fun-
damental degrees of freedom, e.g. # and o in the linear sigma
model [3], and interactions in a thermal/dense medium dress them
producing in-medium mass modifications. In another set of mod-
els, e.g. the NJL and PNJL model, the parity partners (either 0 /0~
or 17/17) are not part of the degrees of freedom of the La-
grangian, but are instead generated from few-body dynamics, like
those implemented by the Bethe-Salpeter equation for a quark-
antiquark pair. In this case, masses and decay widths seem to
converge in the chirally-restored phase [6].

All these models provide insights of the effects of chiral restora-
tion, both below and above T,. However one should keep in
mind that—although well-motivated by the QCD symmetries and
dynamics—they are not usually the correct effective field theory
(EFT) of QCD. In the light-meson sector, for instance, we know
that the low-energy effective theory is chiral perturbation theory
(ChPT) [13]. It can lead to model-independent results, also at fi-
nite temperatures. However, this approach is valid at low energies
and temperatures, always below T,, and only timid indications of
a chiral-symmetry restoration can be expected from it.

Even if limited to T < Ty, this chiral approach is quite inter-
esting because a combined picture of the chiral partners comes
into play. The negative parity partner 7 is a degree of free-
dom of the Lagrangian [13], whose vacuum mass is dressed by
interactions with the whole set of (pseudo-) Goldstone bosons.
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However, the positive parity partner (o) is not part of the La-
grangian. In unitarized versions of ChPT [14,15] it can be asso-
ciated to the J® = 0" resonant state, appearing in the scalar
isoscalar channel of the meson-meson scattering amplitude. This
state—experimentally identified with the scalar fy(500) of the Par-
ticle Data Group [16]—can be generated at finite temperature as
well [17,18]. This scenario, where one of the chiral companions is
a degree of freedom of the theory and the other a dynamically-
generated state, is the one we consider in this work.

In this letter we focus on light-heavy meson systems and look
for the thermal effects on the D and D mesons properties, and
of their chiral partners. For this goal, we extend previous results
in a more complete and consistent approach using a hadronic
EFT. The spirit is similar to Ref. [19] where a chiral SU(4) effec-
tive Lagrangian at leading-order (LO) was used (see also [20] for
a use of the same EFT). However, in the present work, we con-
struct the interactions based on an effective Lagrangian based on
SU(3) chiral, and heavy-quark symmetries. This effective theory
at next-to-leading-order (NLO) has been well studied in vacuum,
and its low-energy parameters fixed by lattice-QCD fits [21-23].
The dynamics of the light-heavy meson systems is computed at
finite temperature in the framework of the imaginary-time formal-
ism (ITF), and we use unitarity and self-consistency as our guiding
principles.

An important goal of this work is to study the spectroscopy
of the heavy-light sector at finite temperature. This means that
we are interested in accessing not only the masses and decay
widths of the D and D mesons, but also of the states which
appear dynamically upon unitarization, namely the D{(2300) and
D;,(2317) states. It happens that these scalars, positive parity
states could be associated with the chiral partners of the ground
states. Therefore, we can describe the temperature dependence of
their masses/widths in view of the possible restoration of chi-
ral symmetry in heavy-light systems. Limited by low tempera-
tures (below T, ) we simply provide qualitative indications on how
these states approach the chiral transition, not being able to de-
scribe what happens above it. Moreover we discuss a new peculiar
picture of chiral companions as the D{(2300) is described by a
double-pole structure. This is a new scenario for chiral symme-
try restoration as one needs to study simultaneously the evolution
with temperature of three states.

2. Effective Lagrangian and unitarized interactions at T # 0

At T < T, and assuming no baryon density, the thermal
medium is essentially composed by the lighter mesons of the
pseudoscalar meson octet. Their interactions at low energies are
governed by ChPT, based on chiral power counting. The heavy
J™ =0~ mesons, D and Ds, propagate through this medium be-
having as Brownian particles, suffering from collisions with any of
the light mesons. The interaction of the D-mesons with light par-
ticles is described by an effective Lagrangian based on both chiral
and heavy-quark symmetries [24,25]. We use the version at NLO
in the chiral expansion, similarly as in [21-23,26-29].

The LO Lagrangian reads
Lio = (V*DV,, Dy —m?3(DDT)

— (V¥D*'V,, D}y + m3 (D*’ D}
g *F
— Du"Dy + —=—(D*uy VgD
,u,) sz < noo BYv
— VgDhug Dyl et (1)

+ig(D**u, DT

where D denotes the antitriplet of 0~ D-mesons [D =
(D® D* D{)], and similarly for the vector 1~ states [D}, =

(D*® D*+ Dit) ] (not used in this work)]. The light mesons
%

are encoded into u, = i(ud,u — ud,u’), where u is the uni-
tary matrix of Goldstone bosons in the exponential representation.
The bracket denotes the trace in flavor space and the connec-
tion of the covariant derivative V,D® = 3, D™ — D®T'# reads
Iy = %(uTauu + uHMuT).

The NLO Lagrangian is given by

Lnio = —ho(DD") () +) + h1(Dx4DT) + ha(DDT) (utuy,)

+ h3(Dutu, DTy + ha(V,, DV, DT) (uHu")

+hs(V, D{u*, u"}V, D) + ho(D* D) (x1)

— 1 (D x4 D}y — ha(D* D}y (u”uy)
— h3(D*u"u, D) — ha(V,, D™V, D31 (")
— hs(V,,D** {u", u"}V, D3, )
where x; = u'xu’ + uyu, with the quark mass matrix y =
diag(m%,m2,2m% —m2).

For more details we recommend Refs. [26,27,22,28]. The low-
energy constants (LECs, h; with i =0 5), have been revisited in
this work in view of the recent study [23] based on lattice-QCD
data.

The effective Lagrangian at LO+NLO provides the tree-level scat-
tering amplitude for D and D mesons with light mesons,

1 G ij ij
7 [ (s — u) — 4CThg +2CVn,
by

- 2C24(2h2(p2 - pa) + ha((p1 - p2)(P3 - P4)

Vii(s, t,u) =

+(p1-pa)(p2- Pz)))
+ ZC;js (h3(P2 -pa) +hs((p1- p2)(p3 - pa)

+ (1 pa)(p2-p3) ) | 3)

where p; and p; (p3 and p4) are the momenta of the incoming
(outgoing) mesons and Cig 0,1,24,35 are the isospin coefficients (see
Table II in [22]). The i, j indices denote channels with given values
of strangeness S and isospin I.

This amplitude is used as the kernel of an on-shell Bethe-
Salpeter equation within a full coupled-channel basis, T =V +
VGT, where T is the unitarized amplitude and G is the light-heavy
two-body propagator, which contains medium effects (see Fig. 1a).
In IFT, after a Matsubara summation and a continuation to real en-
ergies, the loop reads

Gpo(E, f?' T)
/d /d ,Sp(@,G; T)Se (@', p—G; T)
(271)3 E—w—ow +ie
[1+ f(w, T)+ f(o, T, (4)

where D denotes the heavy meson and & the light meson. The
vacuum contribution of the above loop function needs regulariza-
tion. While a dimensionally regularized loop is used in [23], with
subtraction constants fitted to lattice-QCD data, we employ a cutoff
scheme, a procedure which simplifies the numerical treatment at
finite temperature. The value of the UV cutoff is chosen such that
the loop functions in both schemes agree at threshold. To simplify
further, we eliminate the channel dependence by choosing a com-
mon value of 800 MeV, which is close to the obtained values for
the different channels. We checked that our results for the scatter-
ing lengths at T =0 are consistent with those obtained in [23].

At T # 0 the internal meson propagators receive medium cor-
rections due to the light meson gas. In ChPT the pion mass and
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Fig. 1. (a) Bethe-Salpeter equation. The T-matrix is solved self-consistently with
dressed internal heavy-meson propagator. (b) Dressed heavy-meson propagator. (c)
Heavy-meson self-energy. The heavy meson is dressed by the unitarized interaction
with pions (T-matrix, red dot).

decay constant do not appreciably change with temperature up to
two-loops and even in unitary extensions of it [30,31]. In addi-
tion, the pion damping rate is very much suppressed at the tem-
peratures explored in this paper, so we have decided to use the
pion vacuum spectral function for all temperatures. For the D me-
son, we consider its medium modification through a self-consistent
scheme consisting in using the T-matrix (Fig. 1a) to dress the

propagator (Fig. 1b) with the D-meson self-energy (Fig. 1c) which
E ﬂQJU—f@mT)<_1>

reads,
d3
d f Q= _
2m)3 wr E2 — (wy — Q)2 +ie g
xImTpz(Q,p+qT). (5)

Mp(E,p;T) =

The D-meson spectral function to be used in the loop function
is therefore,

. 1 .
Sp(w,q; T) = —;lmDD(w, q;:T)

= Lim ! )
o \@?-q2-m} —Tpw.qgT) )’

This set of equations is solved iteratively until self-consistency is
obtained.

3. Dynamically generated states at T =0

Let us first discuss our findings at T = 0. In order to do
so, we analytically continue the energy to the complex-energy
plane and look for poles in the appropriate Riemann-sheet (RS)
of the T-matrix, to find bound, resonant and virtual states. The
pole position ./sg provides the pole mass, Mg = Re.,/sg, and
the width, I'g/2 = Im,/sg. We also report the coupling, lgi| =2 =
BT#(S)/85|5=$R, of each pole to each of the channels i that the
pole can couple.

In this letter we focus on the sectors (S, I) = (0, %)—with three
coupled channels, viz. D7 (2005.3), D1(2415.1) and DK (2464.0)
—and (S, I) = (1, 0)—with two coupled channels, DK (2364.9) and
Dsn(2516.2), where the number in parentheses gives the corre-
sponding threshold energy in MeV. We use the Fit-2B set of LECs
used in [23], as it is the preferred one in that work and also the
most similar to the one employed in [22]. Our results for the dy-
namically generated 0T partners are summarized in Table 1.

In the sector with (S, 1) = (0, %) we find two poles in the com-
plex energy plane. Both correspond to the experimental Dg(2300)
state [16]. This double-pole structure has been previously analyzed

in [23,29]. The lower pole appears just above the first threshold
in the (—,+,+)' RS of the T-matrix around 2080 MeV. The na-
ture of the higher pole is a bit more complicated. We find it above
the DsK threshold as a pole in the (—, —, +) RS, but for some val-
ues of the parameters of the model [23,29] the pole appears in the
same sheet between the Dn and DK thresholds or below the Dp
threshold?, strongly coupled to the DK channel in all cases. The
dependence on the parameters is described in detail in Ref. [23],
but notice that it only brings slight modifications in the pole po-
sitions. Such an effect is not much relevant for our temperature-
dependence study, as all parameters are fixed at T =0.

Both poles have a considerable decay width so they are not
close to the real energy axis. As we will see later, their reflection
on the real axis will leave a peculiar structure, which one identifies
with the experimental D{(2300). The lower pole couples mostly
to D, with reasonably large coupling to DsK, whereas the higher
one couples to all the channels but with a larger coupling to DK.

In the (S,I) = (1,0) sector the situation is somewhat clearer.
We find a single pole on the real axis, which we identify to the
bound state D};(2317). It has sizable couplings to both DK and
Dg¢n, but it cannot decay to any of them as the phase space is
closed at T =0.

4. Spectral functions, masses, and widths at T # 0

We now present the results of our study at finite temperature.
To begin with, we dedicate a few lines commenting on the limiting
temperature in our approach, apart from the evident restriction
T < Ty already mentioned.

Light mesons composing the thermal bath are described by
ChPT. According to its power counting the temperature is a soft
scale contained in the expansion parameter T/(Cf;), with C a
numerical factor. For example in the massless case one has C =
/8 [32]. In the massive case, the first works established a limit-
ing temperature of T ~ 150 MeV [33], but in practice, this value
should be reduced to T ~ 100 MeV, when pions start having typi-
cal energies probing the p meson peak [30,31].

However the unitarized version of ChPT extends the validity of
the theory to higher energies, therefore increasing the maximal
temperature even above T = 150 MeV [17,30,34]. In particular, the
application of the same unitarization method used in this work to
the light sector [35] allows us to explain meson-meson scattering
up to /s = 1.2 GeV (see also [36] for the same conclusion using an
alternative unitarization method). On the other hand, at T = 150
MeV the mean thermal energy of a pion is (E;) =475 MeV, and a
pair of pions colliding head-on will have a typical /s >~ 950 MeV,
which can be described by the unitarized theory. For a D — 7
head-on collision one has a typical /s >~ 2.6 GeV, which is near
the higher pole of the D{;(2300) resonance, and therefore within
the validity of our theory. While for kaons the typical thermal en-
ergies are higher and can exceed /s = 1.2 GeV, a generic collision
will not occur head-on and the typical /s decreases below the
limit. In conclusion, we determine that T = 150 MeV should be
a reasonable limiting temperature for our theory. Of course, one
should take the results around this value with caution, because
the fastest mesons might lie outside the validity of the theory and,
in addition, the deconfined phase will start playing a role in the
system.

The spectral functions of the D and Ds; mesons follow the stan-
dard definition in terms of the retarded propagator, see Eq. (6).

T The notation indicates the RS of the loop function for each of the coupled chan-
nels (+ for first and — for second).

2 We note that the (—, —, +) RS is only connected to the real energy axis in the
region between the Dn and the DK thresholds.
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Fig. 2. Upper plots: spectral functions of the D- (left) and Ds-mesons (right) at different temperatures from 0 to 150 MeV. Lower plots: imaginary part of the Dt — D7 and
DsK — DgK scattering amplitudes in the (S, I) = (0, %) sector (left) and the DK — DK amplitude for (S, I) = (1, 0) (right) at the same values of the temperature.

They are shown on the top panels of Fig. 2 at zero trimomentum,
as functions of the energy and for different temperatures (coloured
lines). The mass shift and widening of both states with temper-
ature is evident, being these effects stronger for the D-meson,
whose mass decreases considerably with T. The properties of the
dynamically generated states are directly obtained from the imagi-
nary part of the amplitudes T;; as a proxy for their spectral shape.
It is presented in the bottom panels of Fig. 2, with i denoting the
channel to which the state couples most, i.e. D (DsK) for the
lower (higher) pole of the D{(2300) in the (S,I) = (0, 1) sector,
and DK for the pole of the D};(2317) in the (5,1) =(1, 0) sector.
In the S =0 case peculiar structures appear, which are produced
by the interplay of the position of the resonance to some nearby
channel thresholds. Still the evolution of the peak and width of the
amplitudes with T is evident. For the S =1 sector the situation is
clearer, but one can observe that, in addition to the typical ther-
mal widening, more strength is visible on the right-hand side tail
producing a totally asymmetric distribution. The reason lies in the
fact that the unitary DK threshold is lowered due to the decrease
of the D mass and its widening with temperature, hence opening
the phase space for decay into this channel at smaller energies.
Finally in Fig. 3 we represent the evolution of the masses and
decay widths with temperature. Differently from the T =0 case,
the results of which we presented in Table 1, we find the determi-
nation of the poles in the complex energy plane unfeasible. Apart
from complications tied to the analytic continuation of imaginary
frequencies to the different RSs, a numerical search on the com-
plex plane within self-consistency is computationally challenging.

Table 1
Poles and the corresponding couplings to the coupled channels of the physical
D(2300) (first two poles) and Dy, (2317) (last pole).

(S, D RS Mg I'r/2 &l
(MeV) (MeV) (GeV)
D§(2300) 01 (- ++ 20819 860 lgnx| = 8.9
|gpn|=0.4
lgp,l =54
(= =) 2521.2 121.7 |gpr|=6.4
‘gDr;‘ =84
lgp,k| =14.0
D;‘O(2317) (1,0) (+,+) 2252.5 0.0 |lgpk|=13.3
‘gDsn| =92

Therefore, the mass and width will be obtained from the po-
sition and the half-width at half-maximum of the peak of the
spectral functions in the real-energy axis. For the ground states,
D and Ds, this method is totally acceptable as the quasi-particle
approximation is entirely justified. However, for the dynamically
generated states—at least in the S = 0 channel—this entails more
problems because their poles are located far from the real axis and
the width is not a well-defined concept. In view of these prob-
lems, we establish the following strategy, the details of which will
be given in a subsequent publication,

e For the lower resonance in the (S, 1) = (0, %) sector we as-
sume a Breit-Wigner-Fano shape [37], which takes into ac-
count the interaction between the resonance and the back-
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Fig. 3. Temperature evolution of the mass (left panels) and width (right panels) of the chiral partners in the (S, I) = (0, %) sector (upper panels) and in the (S,I) = (1,0)
sector (lower panels). The ground-state 0~ partners are represented with circles and the dynamically generated 0" partners, the two poles of the D{(2300) and the
D},(2317) pole, with upward/downward triangles and squares, respectively.

ground corresponding to the higher resonance. The mass and
width of the fit at T =0 are in very good agreement with the
values of the pole mass and the width in Table 1.

For the higher resonance in the (S, 1) = (0, %) sector we sub-
tract the background contribution of the lower resonance and
then fit a Flatté-type distribution that describes the shape of
resonances in the proximity of a threshold [38], extended here
to the three coupled-channel case. We note that this fitting
procedure is very sensitive to fitting details. We present here
the results for the masses and widths with fitting parameters
constrained by the behaviour of the T-matrix around that res-
onance as seen in the lower left panel of Fig. 2. We defer a
thorough study of the uncertainties tied to the fitting proce-
dure to a subsequent publication.

For the resonance in the (S,I) = (1,0) sector we again fit a
Breit-Wigner-Fano distribution, although a simple fit with a
Breit-Wigner gives the same results for T < 120 MeV.

From the results in Fig. 3 and in comparison with previous

works, we list the following observations:

1. The ground state D mass has a sizable decrease of Amp ~ 40
MeV at the highest temperature T = 150 MeV. This reduction
is consistent, albeit twice larger, with that observed in [39],
where a more phenomenological approach is used to com-
pute the D-meson propagator. Our reduction, on the other
hand, is smaller than the one reported in Ref. [40], that uses
non-unitarized ChPT. However, in the SU (4) effective approach
of [19] no significant modification is reported. In our present
work the two poles of the D{(2300) have a more stable trend.

They slightly move downwards, moderately distancing from
each other. Therefore, in this sector we cannot conclude that
masses of opposite parity states become degenerate close to
Ty, although the temperatures studied might be still low for
the chiral symmetry restoration. In [41] a large reduction in
the mass of the positive-parity D meson partner, of around
150 MeV, is found at T = 150 MeV, but using a constant D
mass as an input of the sum-rule analysis. An even larger re-
duction of close to 200 MeV is seen in the results of [40].

. The width of all states in the non-strange sector increases with

temperature. The ground state shows a width of around ~ 70
MeV at T =150 MeV, consistent with [19] and the estimates
of Refs. [39,42]. The widths of the two poles of the D(2300)
obtained from the fits increase moderately with temperature
with respect to their vacuum value.

. In the strangeness sector we observe a clearer picture. The

parity partners seem to decrease their mass with temperature,
in a similar amount for both states, reaching a reduction of
~ 20 MeV for the 0~ state and ~ 19 MeV for the 0" state at
T =150 MeV. Consequently, they are still far from chiral de-
generacy. These behaviours seem to be compatible with the
low temperature trends seen in the linear-sigma model calcu-
lation of [40].

. The decay widths of both strange partners increase from zero

at similar rates. The width of the D};(2317) is comparable to
that acquired by the D ground state at T = 150 MeV. We note
that, whereas the width of the latter is only due to medium
effects, the D},(2317) also contains the additional contribution
of the decay into DK states due to the reduction of the mass



6 G. Montafia et al. / Physics Letters B 806 (2020) 135464

and the widening of the D-meson. We are not aware of any
previous result to compare to in this sector.

Apart from the above comparisons with previous models, un-
fortunately there is no solid data from first principles to compare
to. However, in spite of the limitations in obtaining reliable infor-
mation from finite temperature lattice QCD simulations tied to the
difficulties in extracting the spectral function from the lattice cor-
relators, we can still aim at a qualitative comparison. We note that
a recent lattice-QCD calculation [43] presents the spectral func-
tions of D and Ds channels at different temperatures. The analysis
in that paper concludes that no medium modification with respect
to the D and Ds ground states is seen up to Ty, where T, ~ 185
MeV in that work. Given the precision of the lattice-QCD data
this might be well in agreement with our findings here, as our D
(Ds) mass shift is only 2% (1%) of the mass itself. As a pion mass
of my; ~ 380 MeV is used in [43], it would be interesting to re-
address our calculation with a heavier pion mass and analyze the
effects on the charm meson properties for temperatures T < T.

5. Conclusion

In this letter we report our findings on the properties of heavy-
light mesons at finite temperatures. Using a thermal effective field
theory based on chiral and heavy-quark symmetries at NLO, and on
the basis of unitarized scattering amplitudes and self-consistency,
we have obtained the temperature dependence of the spectral
functions of the chiral partners, D and D{;(2300), as well as those
of the Dy and D} (2317) mesons.

From these spectral functions, we have extracted the depen-
dence of the masses and widths of the mesons with temperature.
In the (S,1) = (0, %) and (S,I) = (1,0) sectors we do not observe
a clear tendency to chiral degeneracy. However, we are limited
by the low-temperature application of the hadron effective theory
and, from the results of effective models in the light sector [5,44],
such degeneracy might occur at higher temperatures, T > T,.

One of our main results is that the chiral partner of the D
meson, the D;(2300), has a double-pole structure in the complex-
energy plane, and it is unclear at this point how the chiral sym-
metry restoration should be realized. Will both poles merge into a
single one before becoming degenerate with the ground state? Or
will only one pole survive and become degenerate with the ground
state at T > T, while the other follows a different path?

Finally, we should mention that these results are important
for a realistic analysis of heavy-ion collisions using appropriately
medium-modified properties and/or heavy-flavor transport coeffi-
cients [28,45-48]. This is mandatory to understand the mecha-
nisms of charm production and properly characterise the decon-
fined and hadronic phases. We plan to address studies in that
direction in the future.
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