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In this work we study the implications of light-quark pionic matter at finite temperatures on the
properties of open and hidden charm mesons. The meson-meson interactions are described by
means of a chiral unitary approach accounting for coupled channels and the finite temperature
effects are included using the Imaginary Time Formalism. The key observables presented here
are the spectral function and the pion-induced width at finite temperatures for the mesons D, D∗

and most importantly J/ψ . As a subsequent application the charmed-meson spectral functions
are used to describe the behaviour of a dynamically generated X(3872) in a hot pion bath.
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1. Introduction

With a new generation of heavy-ion-collision experiments operational or under construction
–LHC, FAIR or NICA– there is a demand for theoretical predictions of hadronic properties at tem-
peratures and densities far from standard nuclear physics scenarios. Among the various subjects,
the study of the J/ψ stands out as a candidate to signal deconfinement, according to the Matsui and
Satz prediction [1]. A quark-gluon plasma (QGP) produced in the collision would screen the cc̄
interaction or ionize the charmonium state. Either way, this would lead to a suppression of events.

However, although in previous experiments such a drop was actually seen [2], it still remains
unclear whether this is indeed related to the formation of a QGP.

The inelastic interactions of the J/ψ with the surrounding hadronic medium, accounted for
in the ’co-mover’ models, offer alternative mechanisms to explain the drop in the J/ψ production
that either do not involve the transition to QGP state or, at least, reduce the number of J/ψ during
the evolution in the hadronic phase of reaction, and thus have to be taken into account.

Obtaining the properties of the D and D∗ mesons in hot pionic matter, which we consider to
be the first level approximation of the matter generated in ultrarelativistic heavy ion collision, will
be one of the main topics of the present study. While interesting in itself, the study of these
mesons is also closely related to that of the J/ψ through coupled-channel effects. Therefore,
the second focus will be on studying the properties of the hidden charm J/ψ meson under the
same conditions. Such a combined effort will provide a comprehensive understanding of how the
properties of open and hidden charm mesons are modified when interacting with pionic matter at
non-vanishing temperatures.

With the spectral functions for charmed mesons we are also able to study the behaviour of the
X(3872) under the assumption that it is formed from charmed meson interactions. This provides
an additional tool in determining its true nature.

2. Theoretical Framework

We start by briefly recalling the main features of meson-meson scattering in a chiral SU(4)
as used in Ref. [3]. For further reading see e.g. Refs. [4, 5]. Here the potentials for pseudoscalar-
pseudoscalar and pseudoscalar-vector scattering will be derived from the Lagrangians

LPPPP =
1

12 f 2

〈
JµJµ +Φ

4M
〉

LVPVP =− 1
4 f 2

〈
JµJµ

〉
, (2.1)

where the vector currents for pseudoscalar and vector mesons are given by

Jµ = (∂µΦ)Φ−Φ(∂µΦ), Jµ = (∂µVν)V
ν −Vν(∂µV ν), (2.2)

respectively, with the SU(4) pseudoscalar and vector multiplets Φ and Vµ , respectively. This allows
us to calculate the Weinberg-Tomozawa-like potentials for the coupled channel interactions Dπ,Dη

and D∗π,D∗η in the open-charm sector and J/ψπ,ηcρ,DD̄∗+ c.c. in the hidden-charm one. For
a detailed discussion of the amplitudes we refer to Ref. [3]. At this point we only state the most
striking feature in the hidden-charm sector. All interactions that do not contain the charmed meson
pair vanish at the order we are studying including J/ψπ→ J/ψπ . This has important implications
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as will be discussed further down the line. The S−wave projections of these amplitudes V can
be used as the kernel for the Lippmann-Schwinger Equation. Using the on-shell formalism this
simplifies to a simple algebraic equation that can easily be solved as T = (1−V G)−1V~ε ·~ε ′

T = (1−V G)−1V~ε ·~ε ′ , (2.3)

for the scattering of vector mesons off pseudoscalar ones, while for the purely pseudoscalar case
one simply needs to remove the polarization vectors~ε,~ε ′ from the previous equation. The diagonal
matrix G contains the two-meson loops calculated using dimensional regularization. For more
details on this see Refs. [4, 5].

From here on we focus on how the meson-meson interactions are modified by a surrounding
pion medium at finite temperatures. For brevity we will focus on the main results and refer to
Ref. [3] and references therein for more details. The modifications will be two-fold. First, we will
use the Imaginary Time Formalism (ITF) to incorporate the impact of finite temperatures. This
will be done by modifying the propagators and through the loops also the unitarized amplitudes.
Secondly, we will dress the propagators for the mesons M with the self energy obtained from
closing the pion line in the Mπ → Mπ scattering amplitude. This way the dressed propagators
account for the pion bath. As these dressed propagators affect the amplitudes, the process needs to
be iterated several times to be self-consistent.

In ITF the zeroth components of the four-momenta are modified using q0 → iωn = i2πnT
with the discrete Matsubara frequencies ωn = i2πnT and replacing the zeroth component of the
loop integrals with a sum over these frequencies. As mentioned above, in ITF the interactions
remain unchanged and only the propagators are modified. The meson propagator becomes

DM(ωn,~q;T ) = [(iωn)
2−~q 2−m2

M−ΠM(ωn,~q;T )]−1 . (2.4)

Once the sums over the Matsubara frequencies are performed one may analytically continue the
result to external frequencies ω + iε . In the case of the two-meson loop at finite temperature we
find

GMM′(p0,~p;T ) =
∫ d3q

(2π)3

∫
dω

∫
dΩ

SM(ω,~q;T )SM′(Ω,~p−~q;T )
p0−ω−Ω+ iε

[1+ f (ω,T )+ f (Ω,T )] .(2.5)

Here f (ω,T ) = [exp(ω/T )− 1]−1 is the meson Bose distribution function at temperature T and
SM(ωn,~q;T ) =−(1/π)Im(DM(ωn,~q;T )) is the spectral function of the meson M. For details of the
regularization and a more detailed discussion of how the finite temperatures affect the individual
loops and, consequently through unitarization, the amplitudes see Ref. [3].

The self energy of a meson M is obtained from closing the pion line in the Mπ→Mπ T -matrix
element TMπ . After applying the ITF Feynman rules and carrying out the Matsubara sum we find
for real energies p0

ΠM(p0,~p) =
∫ d3q

(2π)3

∫
dΩ

f (Ω,T )− f (ωπ ,T )
(p0)2− (ωπ −Ω)2 + iε

(
− 1

π

)
ImTMπ(Ω,~p+~q;T ). (2.6)
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Figure 1: Spectral functions of D, D∗ and J/ψ at temperatures T = 50,100,150 MeV. Notice that for D
and D∗ we use a linear, for J/ψ a logarithmic plot.

3. Results

In Fig. 1 we show the spectral functions of D, D∗ and J/ψ resulting from their interaction with
the hot pion bath as a function of the energy at increasing temperatures T = 50,100,150 MeV. In
the case of the charmed mesons we see how the strength spreads considerably when increasing
the temperature from 50 to 150 MeV. In other words, the spectral function of the charmed mesons
broadens significantly in a finite-temperature pion bath. The situation is obviously different for
the J/ψ spectral function. Notice that in this case we have also included the J/ψ vacuum width
of ΓVac

J/ψ
= (93± 3) keV [6]. On one hand this makes the numerical determination of the spectral

function easier, on the other hand it gives an intuitive measure of the impact of the pion-induced
width. The large self-energy for the charmed mesons made this incorporation irrelevant there.

The J/ψ spectral functions at the temperatures T = 50 MeV and T = 100 MeV are indistin-
guishable from the vacuum one. One needs to go to temperatures as large as T = 150 MeV to start
seeing noticeable broadening of the J/ψ spectral function compared to its free case shape. The rea-
son for this is basically two-fold. First, all interactions that contribute to the J/ψ are weak which
leads to a lower self energy. Secondly, due to the absent leading interaction for J/ψπ scattering
this process has to go through a charmed meson pair. This, however, corresponds to a significantly
larger threshold and has therefore less impact at energies close to the mass of the J/ψ .

While a broadening spectral function for T = 150 MeV can be seen from our results, it still
remains similar to the vacuum case. From this we can conclude that the J/ψ retains most of
its shape in hot pionic matter. A suppression in the detection of J/ψ mesons in a hot pionic
medium should therefore not be attributed to the interaction with the surrounding hadrons. Thus,
if observed, such a drop might indeed point towards the detection of a QGP.

To demonstrate the impact of increasing temperatures we use a more illustrative quantity, the
width of the mesons M obtained from the surrounding pion

ΓM = ImΠM(p0 = mM,~p = 0)/mM. (3.1)

Fig. 2 shows the temperature behaviour of ΓM for the three mesons in question, D, D∗ and J/ψ . Let
us discuss the final results which correspond to the last iteration at each sub-figure of Fig. 2, namely
n = 3 for the charmed meson case and n = 4 for J/ψ (see Ref. [3] for more details on iterations). In
the case of the charmed mesons we see a slow rise in the single MeV region for temperatures below
100 MeV and a sharper rise beyond that up to around 70−90 MeV for temperatures approaching
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Figure 2: We show the pion-induced width as a function of the temperature. To illustrate the process of
achieving self consistent results we show this for different iterations n.

Figure 3: Real part of the DD∗ loop (left panel), imaginary part of the DD∗ loop (central panel), ab-
solute value of the unitarized amplitude for DD∗ scattering. All quantities are shown at temperatures
0,50,100,150 MeV. In the right panel we use a vertical line to represent the X(3872) at T = 0 MeV.

200 MeV. Compared to the hadronic width of the D∗ in the vacuum of the order of 100 keV this
means an increase of 2-3 orders of magnitude depending on the temperature. The general behaviour
is similar for the J/ψ albeit suppressed by 2-3 orders of magnitude. Only at temperatures around
150 MeV the pion induced width exceeds the vacuum width ΓVac

J/ψ
= (93±3) keV [6].

As a further application of the spectral functions we study the X(3872). In our model the
X(3872) is a dynamically generated state in the channels D∗D̄+ c.c. and D∗s D̄s + c.c. with
IG(JPC) = 0+(1++) and is dominated by the former. So, naturally, it has to be sensitive to they way
the charmed mesons are modified in a hot pionic medium.

The left and central panel of Fig. 3 show the real and imaginary part of the DD∗ loop, respec-
tively. The changes to the loop are not dramatic, yet, interestingly, the most pronounced changes –
at least for the imaginary part – occur in the region right below threshold (c.f. the zoom-in shown
in the inlet). This has implications for an X(3872) that is generated in unitarized amplitudes with
these loops. The non-vanishing imaginary part below threshold means that the state obtains ad-
ditional width, the change in the real part moves the peak position. Our results for the unitarized
amplitude for DD∗ scattering at various temperatures are shown in the right panel of Fig. 3.

The behaviour of the X(3872) presented here is a unique feature of the molecular interpreta-
tion and is due to the relatively strong interactions of the charmed mesons with the pion bath. A
conventional charmonium χc1(2P) or a compact tetra quark state would barely change its behaviour
under the same circumstances. So an experimental confirmation of this could be seen as a strong
hint that the X(3872) has a dominant molecular component.
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4. Summary

We have calculated the behaviour of the charmed mesons and the J/ψ in a pion bath at finite
temperatures using unitarized SU(4) chiral amplitudes. Using the ITF formalism we obtained
observables that are relevant for understanding the behaviour of mesons containing charm quarks
in hot mesonic matter, most notably the induced width and spectral function.

We find that the charmed D and D∗ mesons acquire a substantial width, reaching values in the
30−40 MeV range at T = 150.

The modification of the J/ψ meson properties by a hot pion bath is substantially more mod-
erate, even at temperatures of around T = 150 MeV the J/ψ retains most of its shape in hot pionic
matter. Consequently, an observed drop in J/ψ detection should indeed point towards the forma-
tion of a QGP, the interaction with the surrounding hadrons being essentially negligible.

Our results can be used as input in theoretical simulations of open and hidden charm meson
propagation in a hot pion gas, aiming at understanding the transition from a hadronic to a QGP
phase.

As an application of the spectral functions we have calculated the behaviour of an X(3872)
generated from charmed meson interactions and shown that in this picture the state becomes
broader while its position slightly moves.
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