
The X(3872) puzzle: 
insights from its 
radiative decay

Davide Germani

Based on: D.G., B. Grinstein, A.D. Polosa, JHEP 04 (2025) 004, arXiv:2501.13249 [hep-ph]



12/11/2025 2

• 𝐒𝐔 𝟑 𝐂 rule: every combination is allowed as long as it respects confinement i.e. boxes forms columns of three 
elements

• Pieces: quarks, anti-quarks and gluons
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Exotic hadrons are subatomic particles composed of quarks and gluons, but which consist of more than three 
valence quarks or have an explicit valence gluon content.

R. Jaffe, Phys. Rev. D 15, 267 (1977) DOI: 10.1103/PhysRevD.15.267; H. Fritzsch and M. Gell-Mann, Proceedings of the XVI International Conference on High Energy Physics, 
Chicago-Batavia (1972).
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LHCb

Although the existence of exotic states had already been theorized in the 1970s, the first exotic particle was discovered in 
2003: the X(3872).

QWG Exotics hub: https://qwg.ph.nat.tum.de/exoticshub/

Exotic Hadrons
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LHCb

QWG Exotics hub: https://qwg.ph.nat.tum.de/exoticshub/

From that moment...

Exotic Hadrons
Although the existence of exotic states had already been theorized in the 1970s, the first exotic particle was discovered in 
2003: the X(3872).
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Exotic spectroscopy
Around 50 exotic hadrons with at least one heavy (𝑐 or 𝑏) quark are reported.

N. Hüsken, E. Spadaro Norella, I. Polyakov, Mod.Phys.Lett.A 40 (2025) 17n18, 2530002, arXiv:2410.06923 [hep-ph]

Exotic spectroscopy is a branch of particle physics that focuses on studying the properties of exotic hadrons.

• Provide a theoretical explanation of the experimentally observed properties, grounded as much as possible in first 
principles (QCD).

• Make predictions about the masses and quantum numbers of exotic hadrons to test hypotheses on the non-confining 
dynamics of QCD.

[CLEO Collaboration], Phys. Rev. D 72, 092004 (2005) 

Idea

Figure from E. Braaten talk: Charm 2020 conference

Reality
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𝑸ഥ𝑸𝒒ഥ𝒒 tetraquarks: Born-Oppenheimer approximation

We focus on tetraquarks made of two heavy quarks (in particular 𝑐 ҧ𝑐) and two light quarks:

• This is close to the 𝐻2 molecule, where the nuclei correspond to the heavy 
quarks and the electrons to the light ones

D. G., B. Grinstein and A. D. Polosa, JHEP 04 (2025) 004, arXiv:2501.13249 [hep-ph].
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DONE

D. G., B. Grinstein and A. D. Polosa, JHEP 04 (2025) 004, arXiv:2501.13249 [hep-ph].

BO potential
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• Light dof: BO potential

This equation cannot be solved analytically. We employ a sort of ‘Linear combination of atomic orbitals’ (LCAO) method: 

o Ansatz

▪ 𝐷: the 𝑞 (ത𝑞) quark orbits around the 𝑐 ( ҧ𝑐) quark

▪ M: the 𝑞 (ത𝑞) quark orbits around the ҧ𝑐 (𝑐) quark

Born-Oppenheimer approximation: first step

In 𝐻𝑞 ത𝑞 we have a Coulomb-like term, a confinement term, and a spin–dependent
contribution

D. G., B. Grinstein and A. D. Polosa, JHEP 04 (2025) 004, arXiv:2501.13249 [hep-ph].

Goal:

Find 𝑎𝑖  by minimizing 
the expectation value of 

the hamiltonian 𝐻𝑞 ത𝑞 
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This equation can be solved numerically to obtain the wavefunction of 
the ground state and the mass spectrum

Born-Oppenheimer approximation: second step
• Heavy dof

D. G., B. Grinstein and A. D. Polosa, JHEP 04 (2025) 004, arXiv:2501.13249 [hep-ph].

Potentials for the 𝑱𝑷𝑪 = 𝟏++
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Let’s meet the X(3872)

Mass: 𝟑𝟖𝟕𝟏. 𝟔𝟓 ± 𝟎. 𝟎𝟔 𝐌𝐞𝐕

Exotic Meson [𝒄ത𝒄𝒒ഥ𝒒]

𝑰(𝑱𝑷𝑪) = 𝟎(𝟏++) 

The 𝑋 3872  was the first exotic hadron to be discovered in 2003 by the Belle Collaboration. It’s an exotic meson: its 
valence quark content is 𝑄 ത𝑄𝑞 ത𝑞 .
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Let’s meet the X(3872)

Br 𝑋 3872 → 𝐷0 ഥ𝐷0𝜋0 = 𝟓𝟓 ± 𝟐𝟖 %

Particle Data Group Collaboration, S. Navas et al. Phys. Rev. D 110 (2024), no. 3 030001.
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Compact= the constituent quarks interact within a region smaller than the QCD confinement scale (∼ 1 fm)
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Overview of the current status

• Lattice QCD ab initio calculations usually assume that the heavy quarks are static, and only the light ones are treated 
dynamically. They tend to be more reliable for exotic states made entirely of heavy quarks;

P. Bicudo, Phys.Rept. 1039 (2023) 1-49, arXiv:2212.07793 [hep-lat]

• Many phenomenological models describe the 𝑋(3872) as either a compact tetraquark or a molecular state. Some 
studies, on the other hand, suggest it could be a pure charmonium 𝑐 ҧ𝑐, or even a mixed state with both compact and 
charmonium components;

• The lineshape of the 𝑋(3872) measured by the LHCb Collaboration has not provided a 
conclusive result. At this stage, neither the molecular nor the compact interpretation can 
be ruled out with certainty.

N. Brambilla et al., Phys.Rev.Lett. 135 (2025) 13, 13, arXiv:2411.14306 [hep-ph]; T. Ji et al., arXiv:2502.04458 [hep-ph]; P. Colangelo et al., 
Phys.Rev.D 111 (2025) 7, 074014, arXiv:2501.15888 [hep-ph] 

LHCb, Phys.Rev.D 102 (2020) 9, 092005, arXiv:2005.13419 [hep-ex]
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Why study the radiative decays of the X(3872)?

• 𝑿 𝟑𝟖𝟕𝟐 → 𝑱/𝝍 𝜸, 𝝍′𝜸

I. Polyakov on behalf of the LHCb collaboration, CERN LHC Seminar 11 June 2024

I. Bezshyiko et al., JHEP11 (2024), 121, 2406.17006.

If the decay dynamics of the X into 𝜓′ and J/𝜓 were the same, we would 
expect a value less than 1, due to an obvious phase space argument.

WIFAI 2025: Workshop Italiano sulla Fisica ad Alta Intensità
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Radiative decays: non relativistic approach

Transition amplitude

Annhilation of the 𝒒ഥ𝒒 pairs

D. G., B. Grinstein and A. D. Polosa, JHEP 04 (2025) 004, arXiv:2501.13249 [hep-ph].
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Radiative decays: non relativistic approach

Transition amplitude

Recoil effect

Annhilation of the 𝒒ഥ𝒒 pairs

D. G., B. Grinstein and A. D. Polosa, JHEP 04 (2025) 004, arXiv:2501.13249 [hep-ph].
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Radiative decays: non relativistic approach

Transition amplitude
Final charmonia 

wavefunction

Annhilation of the 𝒒ഥ𝒒 pairs
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Radiative decays: non relativistic approach

B. Grinstein et al., Phys. Rev. D 109, 7 (2024), 074009,2401.11623.

Transition amplitude

Annhilation of the 𝒒ഥ𝒒 pairs

Ratio of 
phase spaces: 0.26

Sum over 
polarizations: 0.98

D. G., B. Grinstein and A. D. Polosa, JHEP 04 (2025) 004, arXiv:2501.13249 [hep-ph].
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Radiative decays: non relativistic approach

Transition amplitude

Annhilation of the 𝒒ഥ𝒒 pairs

Born-Oppenheimer 
approximation

Ratio of 
phase spaces: 0.26

Sum over 
polarizations: 0.98

B. Grinstein et al., Phys. Rev. D 109, 7 (2024), 074009,2401.11623.
D. G., B. Grinstein and A. D. Polosa, JHEP 04 (2025) 004, arXiv:2501.13249 [hep-ph].
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