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Aim

Study of the interactions of hadron states during the hadron gas
phase produced in heavy ion collisions (HICs)
Estimation of their final yield
Example: the deuteron
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Motivation

Exotic hadron states
Production, composition and binding mechanisms → debate

Hadron molecule
Large ∼ 5 − 10 fm
Interactions: meson exchange
Weakly bound

Compact tetraquark

Compact structure ∼ 0.5 − 1 fm
Fundamental strong interactions
Strongly bound
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Challenge: Hadron production in HICs

Early stages of HIC’s
Q’s coalesce → multiquarks
Absorption/regeneration

Hadron gas phase (HGP)
Multiquarks: interact
Multiquark interpretation →
influence on the observables

Naive expectation
Molecules → destroyed
Compact 4q’s → undisturbed
HGP → filter

[Braun-Munzinger and Donigus, Nucl. Phys. A 987 (2019)

144]
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Deuteron in HICs!
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The deuteron

Source: Energy Education, “Deuterium”.

The only stable state for 2 N’s
A valuable tool observed in HICs
The prototypical shallow hadronic molecule:

Eb = 2.2MeV

I(JP) = 0(1+)

|d⟩ ≡ |I = 0, I3 = 0⟩

≡ 1√
2

(|pn⟩ − |np⟩)

Weinberg’s compositeness: pn bound state
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The Deuteron (d)
d : a crucial benchmark for understanding more complex molecular
candidates such as the X (3872)

ALICE (2023): Nd compatible with both the thermal model (SHM)
and the UrQMD (hybrid-) model
Thermal model [Andronic et al. (2017)]: Nd from fitting (TH , µ, VH)
UrQMD [Reichert et al. (2023)]:
Ultra-relativistic-Quantum-Molecular-Dynamics approach
Coalescence model (COM) [EXHIC (2017)]: information about the
intrinsic structure
Both SHM, COM do not include the dynamics of how the deuteron
and their constituents interact with the hadron gas

Natural questions
Influence of the medium during the HGP on final yield Nd?
Does Nd retain memory of its initial production mechanism?

blog.ufba.br/lucianoabreu/ Deuteron in a hadronic environment NSTAR26 7 / 22



The Deuteron (d)
d : a crucial benchmark for understanding more complex molecular
candidates such as the X (3872)

ALICE (2023): Nd compatible with both the thermal model (SHM)
and the UrQMD (hybrid-) model
Thermal model [Andronic et al. (2017)]: Nd from fitting (TH , µ, VH)
UrQMD [Reichert et al. (2023)]:
Ultra-relativistic-Quantum-Molecular-Dynamics approach
Coalescence model (COM) [EXHIC (2017)]: information about the
intrinsic structure
Both SHM, COM do not include the dynamics of how the deuteron
and their constituents interact with the hadron gas

Natural questions
Influence of the medium during the HGP on final yield Nd?
Does Nd retain memory of its initial production mechanism?

blog.ufba.br/lucianoabreu/ Deuteron in a hadronic environment NSTAR26 7 / 22



Our contribution ⇒ interactions of the d with the medium

Hadronic Interactions ⇒ Effective approach

⇓

Amplitudes ⇒ Cross Sections ⇒ Therm. Av. Cross Sections

⇓

Initial Conditions (SHM, COM) + Bjorken picture ⇒ Kinetic (rate)
equation

⇓

Time Evolution of Nd
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Reaction dπ → NN ′π

Quasi-free approximation

Modelo do deuteron ”quase livre” : aproximação de impulso

T ⇡ 150 MeV
<latexit sha1_base64="Tp88/kjyxCy4HG8bKbNugyrjX34="></latexit><latexit sha1_base64="Tp88/kjyxCy4HG8bKbNugyrjX34="></latexit><latexit sha1_base64="Tp88/kjyxCy4HG8bKbNugyrjX34="></latexit><latexit sha1_base64="Tp88/kjyxCy4HG8bKbNugyrjX34="></latexit>

�⇡ ⇡ 0.5 fm
<latexit sha1_base64="5Dcuc/hU9+YXmYOtxGX/exw/DCo="></latexit><latexit sha1_base64="5Dcuc/hU9+YXmYOtxGX/exw/DCo="></latexit><latexit sha1_base64="5Dcuc/hU9+YXmYOtxGX/exw/DCo="></latexit><latexit sha1_base64="5Dcuc/hU9+YXmYOtxGX/exw/DCo="></latexit>

<< dd ⇡ 4.0 fm
<latexit sha1_base64="g9rUmjpTcwgM1n8/FgGR5HxgyqU="></latexit><latexit sha1_base64="g9rUmjpTcwgM1n8/FgGR5HxgyqU="></latexit><latexit sha1_base64="g9rUmjpTcwgM1n8/FgGR5HxgyqU="></latexit><latexit sha1_base64="g9rUmjpTcwgM1n8/FgGR5HxgyqU="></latexit>

Pion ”resolve” e interage individualmente com os nucleons

Deuteron é dissociado:

11

λπ ≈ 0.5 fm ≪ dd ≈ 4 fm
π interacts with each nucleon

dπ system

|dπ⟩ = 1√
2

[
|pπ⟩|n′⟩ − |nπ⟩|p′⟩

]
.

Scattering
⟨dπ+|T̂ |pnπ+⟩ = T + +

∑
a

T (a)
BW

T +: average over the I = 3/2 and I = 1/2
channels;
T (a)

BW: Breit-Wigner amplitude
Lowest-energy peak: D(2180))

Espalhamento deuteron - pion

Breit Wigner for the resonance 2180 : 

hp n ⇡+|Td ⇡+!p n⇡+ |d ⇡+i =
1

2

⇥
hp ⇡+|T |p ⇡+i + hn⇡+|T |n⇡+i

⇤
<latexit sha1_base64="UsHhc2UTlOtXgMDb1ls1TZkzMF0="></latexit><latexit sha1_base64="UsHhc2UTlOtXgMDb1ls1TZkzMF0="></latexit><latexit sha1_base64="UsHhc2UTlOtXgMDb1ls1TZkzMF0="></latexit><latexit sha1_base64="UsHhc2UTlOtXgMDb1ls1TZkzMF0="></latexit>

hp n ⇡+|Td ⇡+!p n⇡+ |d ⇡+i = T+ + TBW
<latexit sha1_base64="u1Mwc8FPfC20n7Gy1w6z28nOlLU="></latexit><latexit sha1_base64="u1Mwc8FPfC20n7Gy1w6z28nOlLU="></latexit><latexit sha1_base64="u1Mwc8FPfC20n7Gy1w6z28nOlLU="></latexit><latexit sha1_base64="u1Mwc8FPfC20n7Gy1w6z28nOlLU="></latexit>

�d ⇡+!p n⇡+ / |hp n ⇡+|Td ⇡+!p n⇡+ |d ⇡+i|2
<latexit sha1_base64="6vqnRFvDdxkfLHZgS7jK036i9y8="></latexit><latexit sha1_base64="6vqnRFvDdxkfLHZgS7jK036i9y8="></latexit><latexit sha1_base64="6vqnRFvDdxkfLHZgS7jK036i9y8="></latexit><latexit sha1_base64="6vqnRFvDdxkfLHZgS7jK036i9y8="></latexit>
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Vacuum Cross Section

Espalhamento deuteron - pion

Breit Wigner for the resonance 2180 : 

hp n ⇡+|Td ⇡+!p n⇡+ |d ⇡+i =
1

2

⇥
hp ⇡+|T |p ⇡+i + hn⇡+|T |n⇡+i

⇤
<latexit sha1_base64="UsHhc2UTlOtXgMDb1ls1TZkzMF0="></latexit><latexit sha1_base64="UsHhc2UTlOtXgMDb1ls1TZkzMF0="></latexit><latexit sha1_base64="UsHhc2UTlOtXgMDb1ls1TZkzMF0="></latexit><latexit sha1_base64="UsHhc2UTlOtXgMDb1ls1TZkzMF0="></latexit>

hp n ⇡+|Td ⇡+!p n⇡+ |d ⇡+i = T+ + TBW
<latexit sha1_base64="u1Mwc8FPfC20n7Gy1w6z28nOlLU="></latexit><latexit sha1_base64="u1Mwc8FPfC20n7Gy1w6z28nOlLU="></latexit><latexit sha1_base64="u1Mwc8FPfC20n7Gy1w6z28nOlLU="></latexit><latexit sha1_base64="u1Mwc8FPfC20n7Gy1w6z28nOlLU="></latexit>

�d ⇡+!p n⇡+ / |hp n ⇡+|Td ⇡+!p n⇡+ |d ⇡+i|2
<latexit sha1_base64="6vqnRFvDdxkfLHZgS7jK036i9y8="></latexit><latexit sha1_base64="6vqnRFvDdxkfLHZgS7jK036i9y8="></latexit><latexit sha1_base64="6vqnRFvDdxkfLHZgS7jK036i9y8="></latexit><latexit sha1_base64="6vqnRFvDdxkfLHZgS7jK036i9y8="></latexit>
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Reasonable description of the
data in the low-energy region
Hadron gas: T ≤ 160 MeV
higher-energy deviations: small
impact on ⟨σab→cdvab⟩

Thermally-Averaged Cross Section

0.1 0.12 0.14 0.16 0.18
102

103

T (GeV)

<
σ
v>

(m
b)

⟨σab→cd vab⟩ =

∫
d3pad3pbfa(pa)fb(pb)σab→cd vab∫

d3pad3pbfa(pa)fb(pb)

Non-negligible magnitude
mild decreasing trend across the
temperature range
Smooth energy variation over the
energy range of the cross section where
the thermal distribution is significant
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The momentum-integrated evolution equation of the d multiplicity
dNd(τ)

dτ
= ⟨σNN′→dπvNN′⟩nNN′(τ)nπ(τ)V (τ) − ⟨σdπ→NN′πvdπ⟩Nd(τ)nπ(τ)

ni(τ): thermal-equilibrium densities of π, N, N ′ at proper time τ

Boost invariant Bjorken picture with accelerated transverse expansion:

T (τ) = TC − (TH − TF )
(

τ − τH
τF − τH

) 4
5

,

V (τ) = π

[
RC + vC (τ − τC ) + aC

2 (τ − τC )2
]2

τc.

ExHIC Collab. Prog. Part.
Nucl. Phys. 95, 279 (2017)
(PbPb at √sNN = 5.02 TeV)ExHIC Collab.,  arXiv:1702.00486 

Parâmetros fixados em:

ganho perda
dNd

d⌧
=< �NN⇡!⇡d > nNN (⌧) n⇡(⌧) V (⌧)� < �⇡d!NN⇡ > n⇡(⌧) nd(⌧) V (⌧)

<latexit sha1_base64="ZSWz+cjPlhY2NMwerU+59KwYDhY="></latexit><latexit sha1_base64="ZqK73CRpqf1q9wJmyMPLp/+jGB8="></latexit><latexit sha1_base64="ZqK73CRpqf1q9wJmyMPLp/+jGB8="></latexit><latexit sha1_base64="71gl6p0Z5Ft+B/QhBaUpollgAG0="></latexit>
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Initial Conditions
Statistical Hadronization Model (SHM) [TH , µ, VH ]

N(SHM)
h (τH) ≈ 1

2π2 γighm2
hT (τH)K2

( mh
T (τH)

)
Coalescence Model (COM)

N(Coal)
h (τC ) ≡ gh

n∏
i=1

1
gi

∫ pi · dσi
(2π)3

d3pi
Ei

f (xi , pi) × fW (x1, . . . , xn; p1, . . . , pn)

≈ gh

n∏
j=1

Nj
gj

n−1∏
k=1

(4πσ2
k) 3

2

V (τC )
(
1 + 2µkT (τC ) σ2

k
) [

4µkT (τC ) σ2
k

3
(
1 + 2µkT (τC ) σ2

k
)]li

f (xi , pi ): phase-space distribution function of the constituents in the emission source;
fW (x1, . . . , xn; p1, . . . , pn): Wigner function of the produced hadron; li : angular mom.
σi = (µi ω)−1/2; ω: oscillator frequency; ω = 6Eb

Statistical Model
N(SHM)

d (τH) ≈ 0.15

Coalescence Model
N(Coal)

d (τH) ≈ 1.01
blog.ufba.br/lucianoabreu/ Deuteron in a hadronic environment NSTAR26 12 / 22



[UFBA-USP Coll.: LMA, Magalhães, Higa and Navarra, PRD 113, 014003 (2026)]
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Pb-Pb at √sNN = 5.02 TeV

Statistical Hadronization Model
N(SHM)

d : decrease, retaining a small
fraction of its initial yield

Coalescence Model
N(Coal)

d : rapid depletion, with a
stabilization at τ ≳ 14 fm/c; suffers
even more severe attenuation of its

large initial Nd

Fast convergence → chemical equilibrium
Nd(τF ): governed by the scattering processes in the hadronic medium
Insensitive to the production mechanism → SHM and COM agree!
The medium: erases the memory of the initial stages
It aligns with previous analysis [ SMASH, PRC 104, 034908 (2021)]

Interactions of d with the medium: microscopic basis for the SHM
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Other analyses
X (3872) [(cqc̄q̄); 0(1++)]

[PRD 90, 114023 (2014); 105, 116029 (2022); 110, 014011

(2024); PTEP 2016, 103B01 (2016), PLB 761, 303 (2016);

EPJC (2022); ...] (N(4q) << N(Mol) ; R ∼ Data)

T +
cc(3875) [(ccq̄q̄); 0(1+)]

[EPJC 82, 296 (2022); PRD 105, 116029 (2022); NPB 985,

115994 (2022)]

Ψ(2S) [(cc̄); 0(1−−)]

Pb-Pb, s = 5.02 TeV, pT<12 GeV, 2.5<y<4

p-Pb, s = 5.02 TeV, pT<8 GeV, 2.03<y<3.53

Pb-p, s = 5.02 TeV, pT<8 GeV, -4.46<y<-2.96

p-p, s = 7 TeV, pT<12 GeV, 2.5<|y|<4

2 4 6 8 10 12
10-4

10-3

10-2

10-1

(dNch/dη)
1
3

N
ψ
(2
S
)B
R
/N
J
/ψ
B
R

PRC 97, 044902 (2018); PLB 864, 139407 (2025)]

χc1(4274) [(csc̄ s̄); 0+(1++)]

[PRD 108, 096028 (2023); PRD 109, 014041 (2024)]

[Collaboration USP-UNIFESP-UFBA: Navarra, Nielsen,

Torres, Kamchandani, LMA, Bertunlani (Texas) ...]
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Summary

Naive expectation: shallow bound states do not survive to the HGP,
differently of the tetraquarks
Deuterons (molecules): observed! How are they produced?
Influence of the medium on final yield ?

Final yield: governed by the scattering reaction within the medium
SHM and COM predictions agree!
The medium: erases the memory of the initial stages
Microscopic justification of the SHM

Thank You!!!
Financial support:
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Thermally averaged cross sections

⟨σab→cdvab⟩ =
∫

d3pad3pbfa(pa)fb(pb)σab→cd vab∫
d3pad3pbfa(pa)fb(pb)

= 1
4α2

aK2(αa)α2
bK2(αb)

×
∫ ∞

z0
dzK1(z) σ(s = z2T 2)

×
[
z2 − (αa + αb)2

] [
z2 − (αa − αb)2

]
,

vab: relative velocity of initial two interacting particles a and b;
fi(pi): Bose-Einstein distribution (of particles of species i);
αi = mi/T ;
z0 = max(αa + αb, αc + αd);
K1 and K2 the modified Bessel functions of second kind.
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Deuteron também pode ser formado: detailed balance 

(”catálise” por pions)

Contribuição não-resonante

12
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Contribuição não-resonante

Extrapolação para altas energias:

Em cada vértice um fator de forma:

13
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Processo: 14
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Inclusão de resonâncias com Breit-Wigner 15
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