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Drip Line
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Weakly bound systems in 3D
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Weakly bound systems in 3D
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Efimov effect
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Fall to the center Thomas-Efimov
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SKTM equation
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Heavy-Heavy-Light system

Interwoven limit cycles with different geometric ratios!
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Scaling functions: 3-Bosons

Universal Scaling functions, limit cycles & discrete scaling
TF, Delfino, Tomio, Yamashita, PPNP 67 (2012) 939

3-BOSONS L=0

Discrete scale invariance: scaling E , E2, E3 by e
2πn
s0 (s0 = 1.00624...)

ABC systems

First example late 60’s: Universal Phillips plot E [3H] v.s. and2
Efimov explained as a limit cycle 80’s

Generalization to ABCD systems

Yamashita, Tomio, Delfino, TF, EPL 75, 555 (2006)

Hadizadeh, Yamashita, Tomio, TF, PRL107, 135304 (2011)
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3B Energy Plot
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Route of Efimov states
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Boundary for one excited Efimov states: atomic systems
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Boundary for one excited Efimov states: 2n-halo nuclei

Efimov virtual state: 20C @ 100 keV, (P-wave: 40 keV...) Yamashita et al PLB660, 339 (2008)
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20C virtual states
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Efimov halo-states
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Bethe-Peierls Boundary Conditions@unitarity

Unatomic trimer: Francisco, Rosa, TF, Krein, Yamashita, PRA 112, 033315 (2025)

Application for two-neutron halo nuclei (D=3)

Tobias Frederico tobias@ita.br (ITA) Few-body universality in neutron halo nuclei 18 / 53



Scaling function for radii@unitarity
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19B - Scaling function for radii
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19B - Scaling function for radii
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19B - Coulomb dissociation
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22C structure
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22C - Core momentum distribution
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11Li and 14Be - Core momentum distribution
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11Li and 14Be - nn correlation
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11Li and 14Be - nn correlation
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11Li and 14Be - nn correlation
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6He sudden breakup
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6He sudden breakup
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Probing the halo
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Probing the halo
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Nuclear core + 3n systems: preliminary studies

No new scales beyond core+2n system (Pauli principle)!

Scaling functions?
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Nuclear core + 3n systems: preliminary studies
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Nuclear core +4n systems: preliminary studies

simplified model: in collaboration with Francisco, Issifu, Rosa, Yamashita and Hupin
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Nuclear core +4n systems: preliminary studies

22C = 18C+4n @ unitarity Francisco, Issifu, Rosa, Yamashita, Hupin, TF

Ψ4n = A[ΨA
ij ⊗ΨB

kl ]

Four-neutron halo

Two-neutron halo
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Neutron RMS[22C] vs. S2n[
22C ]. (S2n[

20C]=3.5MeV). (S2n[
22C ] = 0.56+0.27

−0.20 MeV†)

⟨r 2n ⟩
1
2 ≃ 6.4 fm (22C = 20C + 2n) & ⟨r 2n ⟩

1
2 ≃ 5.3 fm (22C = 18C + 4n)

† Togano et al. PLB761(2016)412: rm[
20C ] = 2.97+0.03

−0.05 fm & rm[
22C ] = 3.44± 0.08 fm

Kanungo et al. PRL117(2016)102501: rm[
18C ] = 2.86± 0.04 fm

Tobias Frederico tobias@ita.br (ITA) Few-body universality in neutron halo nuclei 38 / 53



Discrete scaling: 4-bosons
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Hadi Plot 4-bosons
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Hadi Plot 4-bosons: pot. model
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Hadi Plot: EFT
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Summary & Outlook

Summary

Few-body framework for dilute neutron halos: dominance of few scales;

Universal scaling functions (limit cycles) depending on few parameters: weakly bound
systems / zero-range interactions / close to unitarity (Efimov limit);

Significant model independence in the halo properties, scalings as seen in the examples:

6He, 11Li, 14Be, 19B, 20C, 22C

Neutron-halo systems close to the unitarity limit carry the scales of the 2n-core system
(Pauli principle);

Extension to dilute neutron halos – 4n: possible dominance of few scales.

Interwoven limit cycles for increasing boson number (seen in Hamiltonian model with 4B
interaction);

Outlook..

Structure & spectrum:

(core + n + n), (core + n + n + n), (core + n + n + n + n), . . .

Universal properties of multi-neutron halos, e.g. 22C?

FSI between fragments of the halo in the continuum with low relative energies:

(core + n + n), (core∗ + n + n), (core + n + n + n), (core + n + n + n + n), . . .

Probe the halo in the continuum (description within a few-body framework);

RIKEN experiments...
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Critical Stability invitation

Tobias Frederico tobias@ita.br (ITA) Few-body universality in neutron halo nuclei 45 / 53



Backup Material

BACKUP MATERIAL
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Continuous to discrete scale invariance

Tobias Frederico tobias@ita.br (ITA) Few-body universality in neutron halo nuclei 47 / 53



Continuous to discrete scale invariance

Tobias Frederico tobias@ita.br (ITA) Few-body universality in neutron halo nuclei 48 / 53



Scales & SKT equation
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Efimov resonances
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Scaling function from Bethe-Peierls BC
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4-Bosons scale symmetry breaking
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4-Bosons scale symmetry breaking
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