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Aim

A brief overview on the state-of-the-art of exotic hadron spectroscopy
Discussion about the underlying structure of exotic states and the
most promising approaches
Case study of some of the most famous exotic states
Summary of some of our recent contributions
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The simple quark model (1964-1981): hadrons

(Charm: 1974; D mesons: 1976; Bottom: 1977; B mesons: 1981) [Wang, https://doi.org/10.22323/1.385.0026]
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Unconventional Hadrons?

QCD-inspired quark models: description of conventional hadrons qqq, qq̄

What about distinct hadronic structures?

QCD does not forbid more complicated combinations!!!

Tetraquarks ⇒ qqq̄q̄ (3 ⊗ 3 ⊗ 3 ⊗ 3 = 1 ⊕ · · · )
Pentaquarks ⇒ qqqqq̄ (3 ⊗ 3 ⊗ 3 ⊗ 3 ⊗ 3 = 1 ⊕ · · · )

Glueballs ⇒ gg · · · g (8 ⊗ 8 · · · ⊗ 8 = 1 ⊕ · · · )
Hybrids ⇒ qq̄g (3 ⊗ 3 ⊗ 8 = 1 ⊕ · · · )

If exist: new objects to study confinement mechanism;
If not exist: theory should explain why not!!!
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Why exotic hadron states?

Properties do not match standard quark-model predictions
Decays require > 3 valence quarks
Production/decay properties incompatible with mesons/baryons

Ex.1: Unconventional quantum numbers
Z ’s: manifestly 4-quark states:

Z+
c (3900) → J/ψπ+

T ∗
cs0(2900): Q = +2, S = 1 (cs̄ud̄)

Ex.2: Production/decay properties incompatible with mesons/baryons
isospin violation (if X (3872) ∼ cc̄: decay highly suppressed)

X (3872) → ρ0J/ψ → π+π−J/ψ
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Theory: composition and binding mechanisms?

Hadron Molecules

Hybrids

Glueballs

Tetraquarks

Cusp effects (TS’s)

. . .
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X (3872): features
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Debate on the X (3872) : |cc̄⟩, |cc̄qq̄⟩ or |DD̄∗⟩?

LHCb: JHEP 11, 121 (2024)
Run 1 + Run 2: Rψ(2S)γ/ψγ
non-compatible with the pure
|DD̄∗⟩
It agrees with |cc̄⟩(Xc1(23P1)),
|cc̄qq̄⟩, |DD̄∗⟩ + |cc̄qq̄⟩

LHCb: JHEP 06, 013 (2025)
LHCb:
No enhancement for X (3872)
production in Bc → X (3872)π
Maiani et al., PRD 94, 3
(2016):
Bc → X (3872)π as a source
with the |cc̄qq̄⟩
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X (3872) story

A superposition |X (3872)⟩ ∝ |cc̄⟩, |cc̄qq̄⟩, |DD̄∗⟩ ?

Brambilla el al. PRL 135, 13 (2025)
“The X (3872) and T +

cc(3875) are neither simple molecules nor compact
tetraquarks but result from a conspiracy between the short- and
long-range behavior of potentials–constrained by symmetry and by lattice
QCD near the string-breaking region."

(Adapted from S. Olsen, SCGP Workshop on Exotic Hadrons and Flavor Physics, May 2018 )
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Theoretical perspective
A compelling and unified understanding has not yet emerged

No single theoretical framework explains the exotics collection
Candidates: different interpretations (hadron molecule,
diquark-antidiquark, kinematic effects, ...)
(m, Γ) can be explained by different models or even superposition of
them

Necessity of more observables to distinguish their internal structure

Let us focus on some of our contributions
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Strategy 1 ⇒ Exotics in Heavy-Ion Collisions

Hadronic Interactions ⇒ Effective Lagrangians

⇓

Amplitudes ⇒ Cross Sections ⇒ Therm. Av. Cross Sections

⇓

Coalescence Model, Bjorken picture ⇒ Kinetic (rate) equation

⇓

Time Evolution and system size dependence of N(4q) and N(Mol)

⇓

Diff. spatial conf. ⇒ diff. hadron interactions ⇒ N(4q) ̸= N(Mol)
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Strategy 1 ⇒ Exotics in Heavy-Ion Collisions
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)

χc1(4274) [(csc̄ s̄); 0+(1++)]

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

T +
cc(3875) [(ccq̄q̄); 0(1+)]

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

115994 (2022)]

X (3700)− [(cc̄qq̄)0+(0++)]

s = 5.07 TeV
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q = 0.02 GeV

Λ = 0.42 GeV

[PRD 110, 034037 (2024)]

[Collaboration USP-UNIFESP-UFBA: Navarra, Nielsen, Torres, Kamchandani, LMA, Bertunlani (Texas), Britto (UFRB), ...]
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Strategy 2 → exotic states as kinematical effects

Zc(3900): triangle singularity or new
hadron?
Can HICs help discern the correct
interpretation?

[Collaboration U.Complutense Madrid-UFBA (F. Llanes-Estrada, ...); EPJ C 81, 430 (2021); PoS EPS-HEP2021 (2022) 278];

Nucl.Part.Phys.Proc. 318, 32 (2022)]

Zc(3900) [(cqc̄q̄); 1(1−)]
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Zc(4020) [(cqc̄q̄); 1(??)]
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2 (1+)]

Singularity disappears at temperatures just below TH

Medium: spectroscopic filter to distinguish actual hadrons from TSs
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Strategy 3 → Production of exotics in hadron decays
X (3930, 3960) in
B → KJ/ψω

B− J/ψ
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ω

(a)
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ω, J/ψ

(b)

D,D+
s

D̄,D−
s

R

D,D+
s

D̄,D−
s

D̄,D−
s

3.88 3.90 3.92 3.94 3.96 3.98 4.00
0.0

0.3

0.6

0.9

1.2

1.5

Minv [GeV]

dΓ
/d

M
in

v
[a

.u
.]

DD̄
Ds D̄s

J/ψ ω

[Collaboration Valencia-UFBA (Abreu,

Albaladejo, Feijoo, Oset, Nieves); EPJC

83, 309 (2023)]

DD̄(3720) in
B+ → K +ηη

of the order of 10−2. It might seem that this decay has
nothing to do with the Kþηη decay, but we will show
that a triangle diagram with Bþ → D"þ

s D̄0 followed by
D"þ

s → D0Kþ, and fusion of D̄0D0 to produce the DD̄
bound final state, with its posterior decay to ηη, has a
reasonable large branching fraction which would make this
decay easily accessible.
The DD̄ bound state with isospin I ¼ 0 looks now more

acceptable after the discovery of the Tccð3875Þ, but from
the theoretical point of view, it resembles very much the
f0ð980Þ, which couples strongly to KK̄, that has been
obtained within the chiral unitary approach [29–35]. Since
a general rule is that the binding of states becomes larger
when going from lighter to heavier quarks with the same
configuration [36], the existence of the DD̄ bound state
seems unavoidable, and with this conviction we propose
the new reaction with the Bþ → Kþηη decay which is
accessible by the LHCb and Belle Collaborations.

II. FORMALISM

The idea is to find an efficient mechanism to produce ηη
at the end. For this purpose it is not necessary to produce ηη
in a first step in a B decay. Instead, the idea is to produce
DD̄ since this is the main component of theDD̄ bound state
and ηη is only one decay channel. Yet, it is convenient to
have three particles in the final state because this allows one
to have different values for the invariant mass of any pair; in
particular, we can have an ηη invariant mass distribution
and observe the peak of the DD̄ bound state. The idea is
then to produce one particle and DD̄. Then the DD̄ can
interact, producing the DD̄ bound state. One way to
accomplish it is to produce D"þ

s D̄0, let D"þ
s decay to

KþD0, and then we have the pair D0D̄0 to interact and
proceed via DD̄ → ηη.
The choice of the first step is most welcome since the

process proceeds via the most Cabibbo favored mode for a
B decay, with external emission, as shown in Fig. 1 for the
complex conjugate B− → D"−

s D0 reaction. This favors a

large rate of this decay mode, and one finds the branching
fraction [28],

Br½Bþ → D"þ
s D̄0' ¼ ð7.6( 1.6Þ × 10−3: ð1Þ

This is a big rate for a B decay, which necessarily
involves a suppressed Cabibbo transition b → c. The next
step after the D"þ

s D̄0 production is to allow the D"þ
s decay

to D0Kþ (virtually) and then proceed with the D0D̄0

transition to ηη, where the peak of the bound state would
show up. This process is depicted in Fig. 2, through a
triangle diagram, which, however, does not develop a
triangle singularity [37], since D"þ

s → D0Kþ is kinemat-
ically forbidden and one cannot place the three intermediate
particles on shell [38].
We take the meson masses from the PDG [28],

mBþ ¼ 5279.34 MeV; mη ¼ 547.862 MeV;

mD0 ¼ 1864.84 MeV; mKþ ¼ 493.677 MeV; and

MD"þ
s

¼ 2112.2 MeV: ð2Þ

A. B+ decay to D" +
s D̄0

In the diagram of Fig. 2 we have a vertex D"þ
s → KþD0

which one can obtain from a standard Lagrangian, the
D0D̄0 → ηη scattering amplitude that one takes from [24]
and the Bþ → D"þ

s D̄0 transition, determined from the
experiment as described below.
The Bþ → D"þ

s D̄0 vertex has the typical structure of a
vector coupling to two pseudoscalars as follows:

t1 ¼ CϵμðPþ qÞμ; ð3Þ

where ϵμ is the polarization vector of the D"þ
s and C is the

coupling constant.
The Bþ → D"þ

s D̄0 width is given by

Γ½Bþ → D"þ
s D̄0' ¼ 1

8π
1

m2
B

X

pol

jt1j2q; ð4Þ

FIG. 1. Cabibbo favored process for a B decay, with external
emission at the quark level.

FIG. 2. Mechanism producing ηη through the rescattering of
D0D̄0.

BRANDÃO, SONG, ABREU, and OSET PHYS. REV. D 108, 054004 (2023)

054004-2

where P̃η is the momentum of η in the ηη rest frame,

P̃η ¼
λ1=2ðM2

invðηηÞ; m2
η; m2

ηÞ
2MinvðηηÞ

: ð28Þ

III. RESULTS

In Fig. 3 we show the results of RT ¼ 1
ΓB

dΓ
dMinv

. We make
use of the value of the ratio C2

ΓB
from Eq. (8); hence, we can

predict not only the shape of the mass distribution but also
its strength. We indeed find in Fig. 3 a neat peak around the
mass of the DD bound state with the width predicted
in Ref. [24].
To find the feasibility of this experiment we integrate

RT over MinvðηηÞ to get the strength of the peak as
1
ΓB

R
dΓ

dMinvðηηÞ
dMinvðηηÞ, and we obtain the following value

for the branching ratio of the reaction Bþ → KþDD̄jb;
DD̄jb → ηη, where DD̄jb means the DD̄ bound state,

B½Bþ → KþDD̄jb;DD̄jb → ηη& ¼ 1.47 × 10−4: ð29Þ

Taking into account that most of the hadronic branching
fractions reported in the PDG are of the order of 10−4 or
smaller, with some branching ratios of the order of 10−7,
this branching ratio is relatively big and could easily be
observed in experiments. This result can only encourage
experimental teams to perform this measurement that
would show for the first time the peak associated with
the DD̄ bound state.

IV. CONCLUSIONS

We have studied the reaction Bþ → Kþηη with the aim
of finding a peak in the ηη mass distribution corresponding

to a DD̄ bound state that has been predicted by several
theoretical frameworks, in lattice QCD simulations, and has
also been claimed to exist from the observation of a
concentration of strength around the DD̄ threshold in
reactions producing DD̄ in the final state.
To maximize the chances of observation we have

selected a reaction that in a first step produces a DD̄
which is allowed to interact and produce the ηη at the end.
The reaction chosen is Bþ → D'þ

s D̄0, which has a large
branching fraction for a B hadronic decay, of the order of
10−2. The D'þ

s decays to D0Kþ and the D0D̄0 interact and
produce the ηη. Technically the combined process is
evaluated by means of a triangle diagram where the DD̄
are virtual, a necessary condition to produce the DD̄ bound
state. The choice of ηη being produced by the D0D̄0

interaction is motivated because the DD̄ bound state only
decays in light meson pairs, where the cc̄ quarks have been
annihilated. From previous calculations one knows that the
ηη channel is one of the light pseudoscalar channels that
couples most strongly to the DD̄ bound state.
With this promising scenario we have evaluated the ηη

mass distribution for the Bþ → Kþηη decay, and we have
found indeed a clear peak around the predicted mass of the
DD̄ bound state. Then we have integrated the mass
distribution and found a branching fraction for Bþ →
Kþ (DD̄, bound); (DD̄, bound) → ηη of the order of
1.5 × 10−4. This is a relatively large branching fraction for
a B decay, which should encourage its search to finally find
a peak for this much searched for state.
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[Collaboration Valencia-Beihang-UFBA

(Brandão, Song, Abreu, Oset); PRD

108, 054004 (2023)]
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Strategy 4 → Production of T4c and T4b states through
DPS in pp and pA collisions
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blog.ufba.br/lucianoabreu/ Exotic Hadrons WONPAQCD 2025 20 / 27



Strategy 5 → Femtoscopy
Generalized coupled-channel CF for a specific channel i

Ci (k) = Ni (k⃗1, k⃗2)
N(k⃗1)N(k⃗2)

≃
∫

d3 r⃗S12(⃗r)|Ψi (⃗r , k⃗)|2

= 1 + 4π

∫ ∞

0
drr 2S12(⃗r)

(∑
j

wj |j0(kr)δji + Tji (
√

s)G̃j(r ; s)|2 − j2
0 (kr)

)
,

k⃗: relative momentum;
wj : weight of the observed channel j (common choice: wj = 1);
E =

√
s: the CM energy;

Tji : elements of the scattering matrix encoding the meson–meson interactions;

G̃j(r ; s) =
∫

|⃗q|<Λ

d3q
(2π)3

ω
(j)
1 + ω

(j)
2

2ω
(j)
1 ω

(j)
2

j0(qr)

s −
(

ω
(j)
1 + ω

(j)
2

)2
+ iε

,

ω
(j)
a ≡ ω

(j)
a (k) =

√
k2 + m2

a; Λ = 700 MeV;
S12(⃗r): source function,

S12(⃗r) = 1
(4π)

3
2 R3

exp
(

− r 2

4R2

)
,

R: source size parameter (larger R : larger system size pp → pA → AA collisions)
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Searching for the X (3700) signature

Controversy: X (3700) not yet listed in the RPP
Femtoscopic DD̄ correlations can carry the signature of X (3700)
X (3700): bound state dynamically generated by solving the BSE

|DD̄, I = 0⟩ =

√
1
2
[∣∣∣D0D̄0

〉
+
∣∣D+D−〉]

Experimentally accessible CFs:
CD0D̄0(k) = C (S)

D0D̄0(k),

CD+D−(k) = C (S)
D+D−(k) + C (C)

D+D−(k),

C (S)
i (k): the pure strong contribution

C (C)
D+D−(k): Coulomb contribution

(Calculated with the complete Coulomb wavefunction: ΦC(r, z; k) = e−πγ/2Γ(1 + iγ)eikz
1F1(−iγ; 1; ik(r − z)),

1F1(x, y ; z) confluent hypergeometrical function ; γ: Sommerfeld factor: γ = Z1Z2
µα

k )
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CFs of the D0D̄0,D+D− pairs

R = 1 fm (v=100)

R = 1 fm (v=180)

R = 4 fm (v=100)

R = 4 fm (v=180)
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Low k: dip and increase with the
augmentation of R → bound state
(Bound state: ãDD̄/R ∼ 1: CF with a
stronger dip at k ∼ 0; )
Measurements in pp, pA, and AA: help
us to elucidate if is a bound state
Larger width (larger v) → weaker dip
Pole nearer the DD̄ threshold (higher
aDD̄(µ)) → more intense correlations
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Low k → the attractive Coulomb
interaction yields a sizable enhancement
Strong contribution → appears only at
moderate values of k by means of a dip
only for smaller sources
D+D− CF → more sensitive to the
signature of the X(3700) if it is a narrow
and weakly bound structure, produced in
a smaller source environment

[Collaboration Barcelona-UFBA (Torres-Rincón, LMA); PRD 112, 016003 (2025)]
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Traces of the X (3960) state
LHCb (2022):
mX(3960) = 3956 ± 5 ± 10 MeV, ΓX(3960) = 43 ± 13 ± 8 MeV
Controversy: resonance? Enhancement due to the X (3930)?
Amplitudes encoding the distinct interpretations of the X (3960) state
calculated using Bethe-Salpeter formalism

LHCb Data

Resonance χ2/d.o.f.=0.041

Bound χ2/d.o.f.=1.3

Virtual χ2/d.o.f.=1.3
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LHCb Data

Resonance χ2/d.o.f.=0.024

Bound χ2/d.o.f.=1.3

Virtual χ2/d.o.f.=1.3
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IMD: insufficient to distinguish between these interpretations
Femtoscopic D+

s D−
s correlations can carry the signature of X (3960)
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CFs of the D+
s D−

s pair
[Collaboration Beihang (China)-UFBA (H.N. Liu, Z.W. Liu, L.S. Geng, LMA); arXiv:2511.19098]

Resonance (R= 1 fm)

Bound (R= 1 fm)

Virtual (R= 1 fm)

Only Coulomb (R= 1 fm)
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Resonance (R= 2 fm)

Bound (R= 2 fm)

Virtual (R= 2 fm)

Only Coulomb (R= 2 fm)
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Virtual-state scenario: strong enhancement
Bound-state: clear suppression
Resonant configuration: moderate augmentation relative to the pure
Coulomb CF
Measurements in small collision systems: the contrast between the
interpretations is most pronounced

blog.ufba.br/lucianoabreu/ Exotic Hadrons WONPAQCD 2025 25 / 27



Table of Contents

1 Motivation

2 Case study: X (3872)

3 Our contributions

4 Summary

blog.ufba.br/lucianoabreu/ Exotic Hadrons WONPAQCD 2025 26 / 27



Summary

Hadron Spectrum: richer than what we expected
New particle zoo near D(∗)D̄∗,B(∗)B̄∗ thresholds: not (q̄q, qqq)

Can we develop a comprehensive understanding of hadron structure?
It remains a great challenge!!!
More experimental and theoretical investigations are necessary to
shed light on their dynamics

Thank You!!!
Financial support:
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