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Outlook

• Beyond the quark model
• The compact vs. molecular “controversy”

The interest on exotics

• The best studied and most intriguing exotic
• Lineshape analysis

The X(3872)

• Prompt vs. non-prompt production
• Ultraperipheral production

Heavy-ion collisions and exotics

Takeaways
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Quark model
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G. Zweig, CERN-TH-401 (1964)
M. Gell-Mann, Phys. Lett. 8 (1964) 214

A. Petermann, Nucl. Phys. 63 (1965) 349



Is that it?
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Problem: Why does this model work? Is there an underlying
symmetry?
If it is not forbidden, it is mandatory



State superposition
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| ⟩𝑀𝑒𝑠𝑜𝑛 = 𝛼0|*𝑞 ⟩𝑞 + 𝛼1|*𝑞*𝑞 ⟩𝑞𝑞 + 𝛼2|*𝑞 ⟩𝑞𝑔 + 𝛼3| ⟩𝑔𝑔 +⋯

⟩𝐵𝑎𝑟𝑦𝑜𝑛 = 𝛼0 𝑞𝑞 ⟩𝑞 + 𝛼1 *𝑞𝑞 ⟩𝑞𝑞𝑞 + 𝛼2 𝑞𝑞 ⟩𝑞𝑔 +⋯
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Understand resonances

CFR. Exotics hadrons in heavy-ion collisions 6

𝑱/𝝍



Exotic hadron

• π1 (hybrid candidate)

Quantum numbers cannot be obtained by 𝑞"𝑞 or 𝑞𝑞𝑞 combinations

• Tetraquarks, pentaquarks

Minimal quark content goes beyond 𝑞"𝑞 or 𝑞𝑞𝑞

• X(3872)

Minimal quark content is ordinary but has nonquark model properties
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Charmonia(-like)
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Charmonia(-like)
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Updated from JPAC, PPNP 127 (2022) 103981



Compact vs. molecular
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Simplest hadron molecule: deuteron Relates to how the strong
interaction confines quarks

How do quarks arrange
themselves to generate a hadron
• diquarks: quark-quark
• quark-antiquark

Weinberg, Phys. Rev. 137 (1965) B672



The revolution: X(3872)

Three-body decays opened a new 
era in hadron spectroscopy

The X(3872) has ordinary quantum 
numbers compatible with a c ̅𝑐 state, 
but…
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Most cited physics paper from Belle >2000



Why is X(3872) exotic?
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𝑋 3872 → 𝐽/𝜓 𝜌 → 𝐽/𝜓 𝜋!𝜋"

𝑋 3872 → 𝐽/𝜓 𝜔 → 𝐽/𝜓 𝜋!𝜋"
𝐵! → 𝐾!𝑋 3872 → 𝐾!𝐽/𝜓 𝜋"𝜋!

Data from LHCb, 2204.12597 [hep-ex]

𝜌 violates isospin
𝜔 respects isospin

If it were a quark-antiquark state
you expect 𝜔 to dominate



Lineshape analysis: ρ is the dominant component
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LHCb, 2204.12597 [hep-ex]

CMS, JHEP 04 (2013) 154
ATLAS, JHEP 01 (2017) 117



Lineshape analysis: ρ is the dominant component
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LHCb, 2204.12597 [hep-ex]

𝑅!"## = 0.214 ± 0.023 ± 0.020
𝑅!$ = 0.019 ± 0.04 ± 0.003

𝑅!/&$ = 0.025 ± 0.006 ± 0.005



Lineshape analysis: ρ is the dominant component
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LHCb, 2204.12597 [hep-ex]

𝑅!"## = 0.214 ± 0.023 ± 0.020
𝑅!$ = 0.019 ± 0.04 ± 0.003

𝑅!/&$ = 0.025 ± 0.006 ± 0.005



Prompt vs. non-prompt resonance production
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X(3872)

B+
K+

𝜋'𝜋(

𝐽/𝜓

X(3872)

𝜋'𝜋(

𝐽/𝜓

Estimating the size of states studying
their behavior when immersed in QCD 
matter



Bottomonia in high multiplicity

Under the assumption that 
the bottomonia are compact
(which is most likely correct)
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Esposito et al, EPJC 81 (2021) 229
Data from CMS, JHEP 04 (2014) 103



The deuteron in high-multiplicity
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ALICE, PLB 794 (2019) 50
ALICE, EPJC 80 (2020) 889Esposito et al, EPJC 81 (2021) 229



The X(3872) in high multiplicity

• Tetraquark of diameter 1.3 fm

Ratio of X(3872) vs. ψ(2S) for
𝐽/𝜓 𝜋,𝜋- as a function of the number
of tracks reconstructed in the VELO at 
8 TeV and forward pseudorapidity
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LHCb, PRL 126 (2021) 092001
Theory from Esposito et al, EPJC 81 (2021) 229



Ultra-peripheral heavy-ion collisions

Particularly interesting would be the 
X(6900) which could be produced 
copiously in this process
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Esposito et al., PRD 104 (2021) 114029

X(6900)
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• Revealing resonance dynamics from high-
multiplicity processes
• Discovery and confirmation of resonances from

ultra-peripheral production

ALICE can keep contributing to hadron
spectroscopy
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