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Motivation

• Heavy-ion-collision (HIC) programmes in on-going and upcoming
experimental facilities (RHIC, LHC, FAIR) highly demand the theoretical
study of hadronic properties under extreme conditions of temperature
and density.

• We focus on finite-temperature mesonic (pionic) matter to study the
high temperature and low density region of the QCD phase diagram
(matter generated in HICs in RHIC and LHC).

• Heavy mesons (D(∗) , D(∗)
s , B(∗) , B(∗)

s ) modify their properties in hot
pionic matter.

• Consequences in the behaviour of excited mesonic states, such as
D∗

s0(2317)
± and D∗

0(2300)
0 , dynamically generated in a heavy-light

molecular model at finite temperature.
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Model at T = 0

1

Chiral Lagrangian to NLO in the chiral expansion and LO in the
heavy-quark expansion

L(D(∗),Φ) = LLO(D
(∗),Φ) + LNLO(D

(∗),Φ)

D = (D0 D+ D+
s ) , D∗

µ = (D∗0 D∗+ D∗+
s )µ

Φ =

 1√
2
π0 + 1√

6
η π+ K+

π− − 1√
2
π0 + 1√

6
η K0

K− K̄0 −
√

2
3
η



Di (p1) Dj (p3)

Φj (p4)Φi (p2)

Vij(s, t, u) =
1

f2π

[Cij
LO
4

(s− u)− 4Cij
0h0 + 2Cij

1h1

− 2Cij
24

(
2h2(p2 · p4) + h4

(
(p1 · p2)(p3 · p4) + (p1 · p4)(p2 · p3)

))
+ 2Cij

35

(
h3(p2 · p4) + h5

(
(p1 · p2)(p3 · p4) + (p1 · p4)(p2 · p3)

))]
Cij

LO,0,1,24,35 : isospin coefficients of the scattering amplitudes of D(∗) , D(∗)
s

mesons with π, K, K̄, η mesons for the transition i → j.
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Model at T = 0
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Model at T = 0

2

Unitarization using the coupled-channel Bethe-Salpeter approach

Di Dj

ΦjΦi

=

Di Dj

ΦjΦi

+

Di Dj

ΦjΦi

Dk

Φk

Tij = Vij + VikGkTkj → T = (1− VG)−1V

- Loop function

Gk = i

∫
d4q
(2π)4

1

q2 −m2
D,k + iε

1

(P− q)2 −m2
Φ,k + iε

regularized with a cutoff |⃗q| < Λ
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Model at T = 0

Meson-meson molecules
• Identification of resonances in the unitarized scattering amplitudes
• Analytical continuation and poles in the complex-energy plane:

- Mass
MR = Re√sR

- Half-width
ΓR/2 = Im√

sR
- Coupling constants |gi|

strength of ith-channel
in the generation of
the resonance

- Compositeness Xi
amount of ith-channel
component of the resonance Re

√
s

Im
√
s

MR

ΓR/2
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Results at T = 0

Parameters of the model and poles: D∗
0(2300)

0 (before was D∗
0(2400)

0) and D∗
s0(2317)

±

h0 h1 h2 h3 h4M̄
(∗)
D h5M̄

(∗)
D Λ

0.033 0.45 −0.12 1.67 −0.02 −0.81 800 MeV
Values of the LECs and the cutoff Λ.

(C, S, I) Channels Threshold (MeV)
(1, 0, 1/2) Dπ 2005.28

Dη 2415.10

DsK̄ 2463.98

(1, 0, 3/2) Dπ 2005.28

(1, 1, 0) DK 2364.88

Dsη 2516.20

(1, 1, 1) Dsπ 2106.38

DK 2364.88

Channels in isospin basis.

(C, S, I) RS MR (MeV) ΓR/2 (MeV) |gi| (GeV) Xi
(1, 0, 1/2) (−,+,+) 2081.9 86.0 |gDπ| = 8.9 XDπ = 0.29 − i 0.27

|gDη| = 0.4 XDη = 0.00 + i 0.00

|gDsK̄| = 5.4 XDsK̄ = 0.01 + i 0.05

(−,−,+) 2521.2 121.7 |gDπ| = 6.4 XDπ = 0.02 + i 0.09

|gDη| = 8.4 XDη = 0.15 − i 0.27

|gDsK̄| = 14.0 XDsK̄ = 0.43 + i 0.49

(1, 1, 0) (+,+,+) 2252.5 0.0 |gDK| = 13.3 XDK = 0.66 + i 0.00

|gDsη| = 9.2 XDsη = 0.17 + i 0.00

Poles, couplings and compositeness.
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Finite temperature
M. Cleven, V. K. Magas and A. Ramos, Phys. Rev. C 96, no. 4, 045201 (2017)

M. Cleven, V. K. Magas and A. Ramos, arXiv:1906.06116

1
Finite temperature in the Matsubara formalism (β = 1/T)

q0 → ωn =
i
β
2πn,

∫
d4q
(2π4)

→ i
β

∑
n

∫
d3q
(2π)3

(bosons)

2

Dressing the heavy meson in the loop function
- D-meson self-energy

Di Di

π

→
Di
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Finite temperature

Loop function at T ̸= 0

GDiΦi (E, p⃗; T) =

∫
d3q

(2π)3

∫
dω

∫
dω′ SDi (ω, q⃗; T)SΦi (ω

′, p⃗− q⃗; T)

E− ω − ω′ + iε
[1 + f(ω, T) + f(ω′, T)]

Spectral functions:

SDi , SΦi →
ωΦi

ω′ δ(ω′2 − ω2
Φi
), ωM =

√
q2M +m2

M

Bose distribution function at T:

f(ω, T) =
1

eω/T − 1

Regularized with a cutoff |⃗q| < Λ
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Finite temperature

Unitarized T-matrix at T ̸= 0

Tij = Vij + VikGkTkj

- Iteration 1→ Undressed mesons

Di Dj

ΦjΦi

=

Di Dj

ΦjΦi

+

Di Dj

ΦjΦi

Dk

Φk

- Iteration > 1 → Dressed heavy meson

Di Dj

ΦjΦi

=

Di Dj

ΦjΦi

+

Di Dj

ΦjΦi

Dk

Φk
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Finite temperature

Self-energy at T ̸= 0

ΠDi (E, p⃗; T) =

∫
d3q

(2π)3

∫
dΩ

E

ωπ

f(Ω, T)− f(ωπ , T)

E2 − (ωπ − Ω)2 + iε

(
−

1

π

)
Im TDiπ(Ω, p⃗+ q⃗; T)

- Iteration 1 - Iteration > 1
Di Di

π

Di Di

π

Spectral function

SDi (ω, q⃗; T) = −
1

π
ImDDi (ω, q⃗; T) = −

1

π
Im

( 1

ω2 − q⃗2 −m2
Di

−ΠDi (ω, q⃗; T)

)
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Finite temperature

Self-consistent
approach

T-matrix

Self-Energy

Spectral
Function

Dressed
Loop

Loop G(T)
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Finite temperature
Physical interpretation of the thermal bath

bath → bath + DiΦi bath + DiΦi → bath

GDiΦi (E, p⃗; T) ∼
{
[1 + f(ωDi , T)][1 + f(ωΦi , T)]− f(ωDi , T)f(ωΦi , T)

E− ωDi − ωΦi + iε

bath + D̄iΦ̄i → bath bath → bath + D̄iΦ̄i

+
f(ωDi , T)f(ωΦi , T)− [1 + f(ωDi , T)][1 + f(ωΦi , T)]

E+ ωDi + ωΦi + iε

bath + D̄i → bath +Φi bath +Φi → bath + D̄i

+
f(ωDi , T)[1 + f(ωΦi , T)]− f(ωΦi , T)[1 + f(ωDi , T)]

E+ ωDi − ωΦi + iε

bath + Φ̄i → bath + Di bath + Di → bath + Φ̄i

+
f(ωΦi , T)[1 + f(ωDi , T)]− f(ωDi , T)[1 + f(ωΦi , T)]

E− ωDi + ωΦi + iε

}

Di

Φi

Di

Φi

D̄i

Φ̄i

D̄i

Φ̄i

D̄i

Φi Φi

D̄i

Di

Φ̄i

Di

Φ̄i

At zero temperature f(ω, T = 0) = 0
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Finite temperature
Physical interpretation of the thermal bath

GDiΦi (E, p⃗; T) ∼
{
[1 + f(ωDi , T)][1 + f(ωΦi , T)]− f(ωDi , T)f(ωΦi , T)

E− ωDi − ωΦi + iε

+
f(ωDi , T)f(ωΦi , T)− [1 + f(ωDi , T)][1 + f(ωΦi , T)]

E+ ωDi + ωΦi + iε

+
f(ωDi , T)[1 + f(ωΦi , T)]− f(ωΦi , T)[1 + f(ωDi , T)]

E+ ωDi − ωΦi + iε

+
f(ωΦi , T)[1 + f(ωDi , T)]− f(ωDi , T)[1 + f(ωΦi , T)]

E− ωDi + ωΦi + iε

}

First branch cut
(T = 0 cut):
E ≥ (mDi +mΦi)

Additional branch cut
(Landau cut):
E ≤ (mDi −mΦi)
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Results at T ̸= 0

Loop functions at finite temperature: D with light mesons
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Results at T ̸= 0

Loop functions at finite temperature: D with light mesons

1000 1500 2000 2500
−8

−6

−4

−2

0

2

4

6

8

R
eG

[M
eV

0
]

×10−3 Dπ

1000 1500 2000 2500
−8

−6

−4

−2

0

2

4

6

8
×10−3 DK

1000 1500 2000 2500
−8

−6

−4

−2

0

2

4

6

8
×10−3 Dη

1000 1500 2000 2500

E [MeV]

−1.0

−0.8

−0.6

−0.4

−0.2

0.0

Im
G

[M
eV

0
]

×10−2

1000 1500 2000 2500

E [MeV]

−1.0

−0.8

−0.6

−0.4

−0.2

0.0

×10−2

1000 1500 2000 2500

E [MeV]

−1.0

−0.8

−0.6

−0.4

−0.2

0.0

×10−2

1400 1500 1600
−3.0

−2.8

−2.6

−2.4

−2.2

−2.0
×10−3

1100 1200 1300
−1.4

−1.3

−1.2

−1.1
×10−3

1000 1100 1200 1300
−1.3

−1.2

−1.1

−1.0
×10−3

1400 1500 1600
−1.00

−0.75

−0.50

−0.25

0.00

×10−3

1100 1200 1300
−1.5

−1.0

−0.5

0.0

×10−4

1000 1100 1200 1300

−1.00

−0.75

−0.50

−0.25

0.00

×10−4

0

40

60

80

100

120

140

150

T
[M

eV
]

First branch cut (T = 0 cut): E ≥ (m̃D +mΦi)

Additional branch cut (Landau cut): E ≤ (m̃D −mΦi)

14



Results at T ̸= 0

Loop functions at finite temperature: Ds with light mesons
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Results at T ̸= 0

Loop functions at finite temperature: Ds with light mesons
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Results at T ̸= 0

Spectral functions
- Mass shift and width acquisition of the D(s)-mesons in a thermal bath
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Results at T ̸= 0

- Mass shift and width acquisition of the D(s)-mesons in a thermal bath

1700 1800 1900

MD [MeV]

0

5

10

15

20

25

Γ
D
/2

[M
eV

]

1940 1950 1960 1970
MDs [MeV]

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

Γ
D
s
/2

[M
eV

]

0

40

60

80

100

120

140

150

T
[M

eV
]

17



Results at T ̸= 0

- Mass shift and width acquisition of the D∗
(s)-mesons in a thermal bath
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Results at T ̸= 0

Dynamically generated resonances at finite temperature
Two poles of the D∗

0(2300)
0 (before was D∗

0(2400)
0)

T-matrix in sector
(C, S, I) = (1, 0, 1/2)

Experimental values
M = 2300± 19MeV
Γ = 274± 40MeV
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Results at T ̸= 0

Dynamically generated resonances at finite temperature
D∗

S0(2317)
±

T-matrix in sector
(C, S, I) = (1, 1, 0)

Experimental values
M = 2317.8± 0.5MeV
Γ < 3.8MeV
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Conclusions and Outlook

• We have introduced finite-temperature corrections to the description
of the interaction of open charm mesons with light mesons in a
self-consistent manner.

• The mass of the charmed D(∗)- and D(∗)
s -mesons decrease

monotonically with temperature (∼ 10− 13% for the D(∗) and ∼ 1%
for the D(∗)

s at T = 150MeV) while they acquire a substantial width
(∼ 50MeV for the D(∗) and ∼ 7− 10MeV for the D(∗)

s at
T = 150MeV).

• The dynamically generated resonances shift their mass and get wider
as temperature increases.

In the near future we aim to:
• Explore the hidden-charm sector.
• Study transport properties of heavy mesons at finite temperature.
• Extend our calculations to the bottom sector.
• Test our results against Lattice QCD calculations.
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