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Abstract

The D-meson spectral density at finite temperature is obtained within a self-consistent coupled-

channel approach. For the bare meson-baryon interaction, a separable potential is taken, whose

parameters are fixed by the position and width of the Λc(2593) resonance. The quasiparticle peak

stays close to the free D-meson mass, indicating a small change in the effective mass for finite

density and temperature. However, the considerable width of the spectral density implies physics

beyond the quasiparticle approach. Our results indicate that the medium modifications for the

D-mesons in nucleus-nucleus collisions at FAIR (GSI) will be dominantly on the width and not, as

previously expected, on the mass.
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I. INTRODUCTION

Understanding the properties of matter under extreme conditions of density and temper-

ature is a topic of high interest over the last years due to the direct implications in heavy-ion

experiments as well as in the study of astrophysical compact objects like neutron stars. The

CBM experiment of the proposed project FAIR (Facility for Antiproton and Ion Research)

at GSI (Darmstadt) [1] will investigate highly compressed nuclear matter, permitting the

exploration of the QCD phase diagram in the region of high-baryon densities. In particular,

the research program will be focused in obtaining the in-medium modifications of hadrons

in dense matter, such as mesons containing charm or anti-charm quarks [2, 3].

The medium modifications of mesons with charm, such as D and D̄ mesons, have been

object of recent theoretical interest [4, 5, 6, 7, 8, 9] due to the consequences for J/Ψ suppres-

sion, as observed at SPS energies by the NA50 collaboration [10]. Furthermore, changes in

the properties of the charmed mesons will have a strong effect on the predicted open-charm

enhancement in nucleus-nucleus collisions [11, 12]. However, the open-charm enhancement

is a matter of recent debate, since the latest results on dimuon production by the NA60

collaboration are not consistent with an enhancement of open-charm [13].

A phenomenological estimate based on the quark-meson coupling (QMC) model predicts

an attractive D+-nucleus potential at normal nuclear matter density ρ0 of the order of -140

MeV [4]. The D-meson mass shift has also been studied using the QCD sum-rule (QSR)

approach [5, 6]. Due to the presence of a light quark in the D-meson, the mass modification

of the D-meson has a large contribution from the light quark condensates. A mass shift of

-50 MeV at ρ0 for the D-meson has been suggested [5]. A second analysis, however, predicts

only a splitting of D+ and D− masses of 60 MeV at ρ0 because the uncertainties to which

the mass shift is subject at the level of the unknown DN coupling to the sector of charmed

baryons and pions [6]. The mass modification of the D-meson is also addressed using a chiral

effective model in hot and dense matter [8]. Similar results to the previous works on QMC

model or QSR are obtained at T=0 with the interaction lagrangian of chiral perturbation

theory. However, a larger mass drop is observed (∼-200 MeV) at T=0 when a SU(4) chiral

effective model is used. In this case, the attraction is reduced to ∼-150 MeV at T=150 MeV.

In all these investigations, the D-meson spectral density in dense matter is not studied. In

our previous work [9], the D-meson spectral density is obtained by including coupled-channel
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effects as well as the dresssing of the intermediate propagators, which are not considered in

the QMC models, the QSR approach or the chiral effective models. These effects turn out

to be crucial for describing the D-meson in dense matter [9], as already pointed out for the

K̄ meson in the nuclear medium [14, 15, 16, 17]. Thus, the attraction felt by the D-meson

is strongly reduced, as reported in [9].

In this letter, the spectral density for the D-meson not only at finite density but also at

finite temperature is studied using a self-consistent coupled-channel G-matrix calculation.

The medium effects at finite temperature like the Pauli blocking on the nucleons in the

intermediate states and the effects coming from the dressing of the D-mesons and nucleons

are investigated. Our calculation indicate that the in-medium properties of D-mesons in

heavy-ion collisions will be dominantly on the width and not on the mass, contrary to

previous expectations [12]. Therefore, open-charm enhancement will only be observed at

FAIR if the off-shell behaviour of the D-mesons in this hot and dense matter is taken into

account.

II. FORMALISM

In this section, we extend the model of Ref. [9] to finite temperature. We calculate the

single-particle potential of the D-meson at finite temperature in symmetric nuclear matter by

performing a self-consistent coupled-channel calculation taking, as the bare DN interaction,

a separable potential model for s-wave. The parameters of this model, i.e, coupling constants

and cutoffs, are determined by fixing the position and the width of the Λc(2593) resonance.

We only allow for the transition to channels with up, down and charm-quark content keeping

SU(3) symmetry, since these are the channels lying close to the DN threshold (see Ref. [9]).

The introduction of temperature in the G-matrix calculation affects the Pauli blocking of

the nucleons in the intermediate states together with the dressing of D-mesons and nucleons.

The G-matrix equation at finite T reads formally as

〈M1B1 | G(Ω, T ) | M2B2〉 = 〈M1B1 | V | M2B2〉 +
∑

M3B3

〈M1B1 | V | M3B3〉
QM3B3

(T )

Ω − EM3
(T ) − EB3

(T ) + iη
〈M3B3 | G(Ω, T ) | M2B2〉 , (1)

where V is the separable potential and Ω is the starting energy. In Eq. (1), Mi and Bi

represent, respectively, the possible mesons (D, π) and baryons (N , Λc, Σc), and their

3



corresponding quantum numbers, such as coupled spin and isospin, and linear momentum.

The function QM3B3
(T ) stands for the Pauli operator. For the DN states, the Pauli operator

reads QDN(T ) = 1 − n(kN , T ), where n(kN , T ) is the nucleon Fermi distribution at the

corresponding temperature, while the Pauli operator is unity for the rest of the meson-

baryon states.

In this work, not only D-mesons but also nucleons are dressed accordingly. The nucle-

onic spectrum at finite T , EN (kN , T ), and chemical potential, µ, that enters in the Fermi

distribution, are obtained from a temperature-dependent Walecka-type σ − ω model with

density-dependent scalar and vector coupling constants (for details see Ref. [17]). The D-

meson potential at a given temperature is then calculated according to

UD(kD, ED, T ) =
∫

d3kN n(kN , T ) 〈DN | GDN→DN(Ω = EN + ED, T ) | DN〉 . (2)

As already pointed out for the case of T=0, this is a self-consistent problem for the D-meson

potential, since the effective interaction G depends on the D-meson single-particle energy,

which in turn depends on the D-meson potential.

After achieving self-consistency for the on-shell value UD(kD, ED, T ), one can obtain the

complete energy dependence of the self-energy ΠD(kD, ω, T ) by

ΠD(kD, ω, T ) = 2
√

m2
D + k2

D UD(kD, ω, T ) . (3)

This self-energy can then be used to determine the D-meson single-particle propagator in

the medium

DD(kD, ω, T ) =
1

ω2 − m2
D − k2

D − 2
√

m2
D + k2

DUD(kD, ω, T )
, (4)

and the corresponding spectral density is

SD(kD, ω, T ) = −
1

π
Im DD(kD, ω, T ) . (5)

This simplified self-consistent scheme proved to be sufficiently good for the K̄ case, as already

shown in Refs. [16, 17].

III. RESULTS

We start this section by discussing the effect of finite temperature in the D-meson spectral

density. In Fig. 1 the D-meson spectral density at zero momentum is shown as a function
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of the D-meson energy, for different densities at T=120 MeV, for a cutoff Λ = 1 and a

coupling constant g2 = 13.4, one of the sets of parameters that reproduce the position and

width of the Λc(2593) resonance (see Ref. [9]). The temperature is chosen in accord with the

expected temperatures for which D-mesons will be produced at FAIR . The spectral density

at zero temperature for nuclear matter saturation density, ρ0 = 0.17 fm−3, has also been

included. Note that for our present results we have performed a self-consistent treatment

for the D-meson potential dressing not only the D-mesons but also the nucleons in the

intermediate states. This calculation lies in between the two limiting calculations performed

at zero temperature [9], where only the D-mesons, or, repectively, the D-mesons, nucleons

and pions were dressed. As compared to these previous calculations at zero temperature, we

observe an increased attraction of -23 MeV for ρ0 at T=0, due to the attractive potential felt

by the nucleon, which moves the DN threshold to lower energies, i.e. closer to the Λc(2593)

resonance.

Once finite temperature effects are included, the quasiparticle peak of the spectral density

for kD = 0, defined as Eqp
2 = m2

D + 2mDReUD(kD = 0, ω, T ), moves closer to the free mass.

This expected behaviour is due to the fact that the Pauli blocking is reduced with increasing

temperature since the Fermi surface is smeared out with temperature. This behaviour was

already reported for the case of K̄ mesons [17, 18]. Furthermore, structures present in the

spectral distribution are also washed out with increasing temperature. This is the case for the

structure observed at energies around 1700 MeV for ρ0, which corresponds to the Λc(2593)-

hole excitation. This situation is similar to the case of the K̄N , where the hyperon-hole

excitations were also diluted at finite temperature [17]. Note that only the D-meson spectral

density at zero momentum has been shown, since a smooth dependence in momentum is

obtained. Furthermore, the D-mesons produced in central nucleus-nucleus collisions have

only small momenta in the rest frame of the hadronic fireball [12].

At finite density but zero temperature, works based on the QMC model [4] and QCD

sum-rules [5] predict an attractive D+-nucleus potential with depths ranging from -50 to -

140 MeV. These results are comparable to the ones obtained from an interaction lagrangian

based on chiral perturbation theory, as reported in Ref. [8]. However, in the same work,

when an effective chiral Lagrangian model is used, an even larger drop of the D-meson mass

at T=0 is obtained (∼-200 MeV). This investigation also addresses finite temperature effects,

which reduce the attraction to -150 MeV for the latter case. In the present calculation, the
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coupled-channel effects, together with the self-consistent treatment of the D-meson mass,

are responsible for the reduced attraction felt by the D-meson (-23 MeV for ρ0 at T=0), as

reported in our previous work [9]. The self-consistent coupled-channel effects result in an

overall reduction of the in-medium modifications independently of the in-medium properties

of the intermediate states [9]. The previous works based on QCD sum-rules, QMC models or

chiral effective lagrangians do not considered this coupled-channel structure and, therefore,

do not generate dynamically the Λc(2593) resonance. However, only a detailed comparison

between models will be possible once the basic assumptions of each model, which are based

on the unknown DN interaction, will be constrained by the experimental data. Furthermore,

finite temperature effects result in a less attractive D-meson potential. At zero momentum,

D-mesons at ρ0 and T=120 MeV interact with only a few MeVs of attraction.

We have also obtained the decay width of D-mesons in nuclear matter, which has not

been studied in previous calculations [4, 5, 6, 8]. We observe a considerable broadening of

the spectral density as density increases at T=120 MeV due to the different decay channels.

The strength of the spectral density at the quasiparticle peak is reduced by a factor of about

three when the density changes from ρ0 to 3ρ0. Therefore, we conclude that the spectral

density of D-mesons in a hot and dense medium develops a considerable width, while the

quasiparticle peak stays close to the free mass.

In order to better visualize the previous discussion, we plot in Fig. 2 the evolution of the

quasiparticle peak together with the width of the D-meson spectral density as a function of

the temperature for different densities (up to three times normal nuclear matter density).

For zero temperature, we observe a change of the D-meson mass with respect to its free value

between -23 MeV for ρ0 and -76 MeV for 3ρ0. For higher temperatures, the quasiparticle

peak gets close to the D-meson free mass (-1 MeV for T=120 MeV and ρ0). The width

turns out to be sizable and varies smoothly with temperature. The width at T=120 MeV

increases from 52 MeV to 163 MeV running from ρ0 to 3ρ0.

The reduced attraction felt by the D-meson in hot and dense matter together with the

large width observed have important consequences for the D-meson production in the future

CBM experiment at FAIR. A calculation for open charm within the HSD transport approach

in Au+Au collisions at 25 AGeV [12], which might be accessible at FAIR, suggests an

enhancement of the D-meson yield by about a factor of 7 compared to the bare-mass case

[12], using the D-meson mass shift predicted by QCD sum-rules [5]. Our present calculation
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at T=0 predicts that the D-meson in nuclear matter feels an attraction of -23 MeV at ρ0,

roughly half of the D-meson mass shift obtained by QCD sum-rules. Furthermore, finite

temperature effects dramatically decrease this value to only a few MeVs of attraction for

T=120 MeV. Therefore, if only the in-medium mass shift is considered, the D-meson yield

is expected to lie very close to the free case. The inclusion of a considerable width of the

D-meson in the medium could lead to an enhanced production. This effect should be then

the object of further analysis.

The importance of the Λc(2593) resonance for the D-meson subthreshold production as

well as the magnitude of the elastic D-meson cross sections close to DN threshold can be

easily inferred from Fig. 3. This figure shows the elastic in-medium transition rates for D+n

(D0p), the counterparts in the charm sector of K̄0n (K−p), from ρ0 to 3ρ0 at T=120 MeV

as a function of the center-of-mass energy. The in-medium transition rates are calculated

from the off-shell in-medium G-matrix elements at finite temperature according to

PMi+Bi→Mf+Bf
(s) =

∫

d cos(θ)
1

(2sMi
+ 1)(2sBi

+ 1)

∑

i

∑

α

G†G (6)

where M and B represent the initial and final meson-baryon states. The sums over i and α

run over initial and final spins, while sMi
, sBi

are the spins of the particles in the entrance

channel. Once the transition rates are known, the cross sections can be easily determined

by multiplying with the phase space available.

We observe an enhanced transition rate for energies around the Λc(2593) resonance mass.

The maximum enhancement is reduced by a factor of about 4 as density increases from ρ0

to 3ρ0. This is a consequence of the dilution of the Λc(2593) as the density is increased.

This has been observed for the Λ(1405), which is the counterpart of the Λc(2593) resonance

in the strange sector [14, 15, 17]. On the other hand, the transition rates close to the DN

threshold are very small. This leads to cross sections on the order of 1 mb for the range of

densities studied. This is in contrast to what is obtained, for example, for the K−p elastic

cross section. The Λc(2593) lies about 200 MeV below the DN threshold and, therefore,

does not drive the behaviour of the cross sections at low momenta, contrary to the Λ(1405)

for the K̄N case. Larger cross sections (on the order of 10 mb) for the D/D̄ mesons with

mesons and baryons have been used in order to account for the open-charm production in

nucleus-nucleus collisions [12]. This is based on predictions of elastic cross sections for the D

and D∗ scattering with mesons [19]. Therefore, further studies of the in-medium D-meson
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cross sections for the D-meson production at FAIR are needed.

IV. CONCLUSIONS

We have performed a microscopic self-consistent coupled-channel calculation of the spec-

tral density of a D-meson embedded in symmetric nuclear matter at finite temperature,

assuming a separable potential for the s-wave DN interaction. The parameters for the sep-

arable potential, such as coupling constants and cutoffs, have been fitted to reproduce the

position and width of the Λc(2593) resonance.

The quasiparticle peak of the D-meson spectral density at finite temperature stays close

to its free position for the range of densities analyzed (from ρ0 up to 3ρ0) while the spectral

density develops a considerable width. Therefore, the quasiparticle picture might not be a

reasonable approximation at high temperature. On the other hand, the small shift of the

D-meson mass in the nuclear medium is in stark contrast with the large changes (-50 to -200

MeV) claimed in previous works, based on QCD sum-rules, QMC models or chiral effective

lagrangians [4, 5, 6, 8]. In our model, the self-consistent coupled-channel effects result in an

overall reduction of the in-medium modifications independently of the in-medium properties

of the intermediate states. Furthermore, this self-consistent coupled-channel calculation also

allows for the determination of the decay width of the D-meson, which was not reported in

previous calculations.

However, the present coupled-channel approach to the D-meson properties in the nuclear

medium at finite temperature is, as the first of its kind, exploratory and can be meliorated by

improving the bare hadronic interaction. An extension of our SU(3) model for up, down and

charm-quark content to a SU(4) model that incorporates other channels with strange-quark

content deserves further investigation. The introduction of chiral constraints for energies

close to the DN threshold is also an interesting topic that is left for future work.

The in-medium effects devised in this work can be studied in heavy-ion experiments at

the future International Facility at GSI. The CBM experiment will focus on the investigation

of open charm [2, 3]. Our results imply that the effective masses of D-mesons, however, may

not be drastically modified in dense matter at finite temperature, but D-mesons develop

an important width in this hot and dense environment. Therefore, the abundance of D-

mesons in nucleus-nucleus collisions should be calculated in transport theory beyond the
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quasiparticle picture. Our calculation indicates that the medium modifications to the D-

mesons in nucleus-nucleus collisions will be dominantly on the width and not, as previously

reported, on the mass.
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FIG. 1: D-meson spectral density at kD = 0 and T=120 MeV as a function of energy for different

densities, together with the D-meson spectral density at kD = 0 and T=0 MeV for normal nuclear

matter density ρ0.

11



1780

1800

1820

1840

1860

1880

E
qp

(M
eV

)

ρ0
2ρ0
3ρ0

0 50 100 150 200
T(MeV)

0

50

100

150

200

 Γ
 (M

eV
)

free D mass 

FIG. 2: Quasiparticle energy and width of the D-meson spectral density at kD = 0 as a function
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mass energy for different densities.
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