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Self-introduction

PhD from Ulm University in 2022 Postdoc at RIKEN since 2022

Research topics:
• Few-body physics

(ultracold atoms)

• Quantum information
• Hadron physics
• Expansion dynamics of cold 

atomic clouds
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Ultracold atoms: Quantum regime

~ 1 nm ? << 10-19 m

Atoms and molecules Nucleons and nuclei Quarks and hadrons

q
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• Collision experiments in accelerators
• Little control

• Tabletop experiments
• High controllability with light 

and electromagnetic field

d ~ 1 nm

Hot and classical

Ultralow temperature :     1 mK ≫ 𝑇

Cold and quantum

Cold and quantum

Similar physics

Quite different

Temperature:Temperature:

Usual conditions:   
ℏ2

𝑚𝑑2 ∼ 40 mK

Quantum kinetic energy:

∼ 4 μeV
Usual conditions:

ℏ2

𝑚𝑑2 ∼ 4 ⋅ 1011 K

Quantum kinetic energy:

∼ 40 MeV
≫ 300 K≪ 300 K

pn

~ 1 fm

d ~ 1 fm
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Ultracold atoms: Quantum simulator
Ultracold atoms as quantum simulator / analog system:

• Light nuclei, EOS of nucl. matter   → few-fermion system, self-bound droplet Serwane et al., Science 332, 6027 (2011)

• Neutron stars, quark-gluon plasma   → unitary Fermi gas:    Zwierlein et al., Nature 435, 1047 (2005)

• Halo nuclei, Efimov effect:        Kraemer et al., Nature 440, 315 (2006)

• Nucleon dressing by Meson cloud   → Bose polarons (impurity):    Jørgensen et al., PRL 117, 055302 (2016)

• QCD   → Three-component fermi gas:       Naidon et al., New J. Phys. 21 073051 (2019)

• Chiral Symmetry Restoration and Charge Confinement:    González-Cuadra et al., PRX Quantum 1, 020321 (2020)

• …
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➢ Studying cold-atomic systems can provide insights to other fields



Ultracold atoms: Experiments

oven

pump

Source Deceleration

pump

Chamber or 
glass cell

Trapping

“Zeeman slower”

lasers

coil

coil
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Ultracold atoms: Control & tunability

Bloch, Nat. Phys. 1, 23 (2005)

𝑉𝑑𝑖𝑝𝑜𝑙𝑒 ∝ 𝐸 𝑟 2

Nature 392, 151 (1998)
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Interactions Dimensionality



Three-body resonances: Motivation
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Why study few-body physics?
→ helps to understand many-body phenomena: 3-body losses, 3-body force, …
→ intrinsic interest, e.g. Efimov effect
→ interdisciplinary

Why study three-body resonances?
→Most 3-body states are not stable bound states, but resonances

Why study stability & lifetimes?
→ relatively unexplored
→ control, tunability, applications require stability

Few-Body Systems 65, 32 (2024)



Three-body resonances: Fundamentals

complex energy

𝐸 = 𝐸𝑅 −
𝑖

2
Γ

Lifetime

𝜏 =
ℏ

Γ
=

−ℏ

2 𝐼𝑚(𝐸)

Hatano et al., J. Math. Phys. 55, 122106 
(2014)

Naidon, Endo, Rep. Prog. 
Phys. 80 056001 (2017)Efimov states are usually resonances

2025/8/19 Lucas Happ 8



Three identical bosons in 3D 
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Two identical bosons in 3D 

Pairwise contact interaction with
momentum-dependent scattering length

𝛽 = 1

Two (2-body!) channels characterized by:
• 𝑎𝑏𝑔 : Background scattering length

• 𝑅⋆: Strength of the resonance
• 𝑒𝑏: Shifted energy of the bare bound state
• 𝐵 : external magnetic field

𝑒𝑏 = 𝛿𝜇𝐵 B − B0
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2-body Feshbach resonance:



Three identical bosons in 3D 

Pairwise contact interaction with
momentum-dependent scattering length

𝛽 = 1

Two (2-body!) channels characterized by:
• 𝑎𝑏𝑔 : Background scattering length

• 𝑅⋆: Strength of the resonance
• 𝑒𝑏: Shifted energy of the bare bound state
• 𝐵 : external magnetic field

𝑒𝑏 = 𝛿𝜇𝐵 B − B0

➢ Three-body zero-width resonance in Efimov scenario via tuning of an external magnetic field

𝑏
𝑏

𝑏

Solution via STM equation

LH, et al. arXiv:2503.02037
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Bound states in a continuum (BIC)

Hsu et al., Nature Rev. M. 1, 16048 (2016)

von Neumann and Wigner, Phys. Z. 30, 465 (1929)

Several possible mechanisms:
- Symmetry protection (angular momenta, spins, …)
- Interference of two resonances

Here: Continous tuning of system parameters

Bound state in a continuum (BIC) ≈ zero-width resonance (Γ = 0)

Realization so far mostly in photonics

2025/8/19 Lucas Happ 12

Solution via STM equation



Pole trajectory
Pole trajectory by variation of 𝑒𝑏 ∝ 𝐵
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Can it exist in nuclear & hadron physics?
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Chin et al., Rev. Mod. Phys.
82, 1225 (2010)

Two-channel model & WKB

𝐻 =
𝐻𝑜,𝑜 𝐻𝑜,𝑐

𝐻𝑐,𝑜 𝐻𝑐,𝑐

Three-body system via
Feshbach-like two channel model

Bare (uncoupled) states via   𝐻𝑐,𝑐, 𝐻𝑜,𝑜

Naidon et al., PRA 100, 042710 (2019)

➢ Channel-coupling leads to finite Γ

Γ = 2𝜋 Φ𝑜,𝑘 𝑤⟩
2

, 𝑤 = 𝐻𝑜,𝑐|Φ𝑐,𝑛⟩

Isolated resonance theory:

Key observations:
• Oscillating integrand can lead to total cancellation
• Some non-monotonicity is required in 𝑤(𝑟)
• Frequency tunable via mass ratio 𝛽 or energy gap Δ𝐸
• Single resonance in a single continuum is sufficient

➢ Possibility for a BIC in few-body systems

𝑝𝑟𝑒𝑙 𝑟 = 2𝜇 𝐸(3) − 𝐸(2)

Φ𝑜,𝑘 𝑟 ∝
1

𝑘 𝑟
cos 𝛼 + න𝑑𝑟′ 𝑘 𝑟′

Scattering state via WKB:
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Example: 2+1 system in 1D

𝑀/𝑚 = 𝛽

Born-Oppenheimer approximation:
(light atom = eff. exchange particle)

Gaussian interaction
𝑉𝑖𝑗 𝑟 = 𝑣0𝑒−(𝑟𝑖𝑗/𝑟0) 2

−
ℏ2

2𝜇𝑏𝑏

𝜕2

𝜕𝑧2
− 𝐔𝐂 𝒛 Φ𝐶 𝑧 = 0

𝑏 𝑏𝑥

𝑝𝑟𝑒𝑙 ∝ 1 + 𝛽

LH, et al. arXiv:2503.02037
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Pole trajectory: 1D
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Pole trajectory by variation of 𝑝𝑟𝑒𝑙



Analytical approximation

Γ 𝛽 =
8𝜋 sin 𝑐 Δ𝐸 1 + 𝛽

2

Δ𝐸3/2 1 + 𝛽 5/2

Damped-osciallatory behavior:
➢ points with zero width (stable resonances)
➢ power-law decay with 𝑝𝑟𝑒𝑙

➢ 𝑝𝑟𝑒𝑙 dependence from scattering state

Approximations:
- 𝑈𝑜: square well with energy shift 𝑎, depth 𝑏, width 𝑐
- 𝑤 𝑟 : const with width 𝑐

c

Δ𝐸 = 𝐸𝑅 − 𝑎 − 𝑏
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Open-source few-body solver

Open-source julia package: FewBodyToolkit.jl

Features:
• 2-body, 3-body
• 1D, 2D*, 3D
• Energies and wave functions*
• Bound states, resonances
• Observables (central, square radii)

• Documentation and Examples

https://github.com/lhapp27/FewBodyToolkit.jl
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Realization in ultracold atoms

Photoassociation of three-body resonances

Cao et al., PRL 132 093403 (2024)

Park et al., PRX 13 031018 (2023)

Controlled collision of cold
atoms and cold molecules
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Method
Gaussian Expansion Method (GEM) Complex Rotation Method (CSM)

𝑟 → 𝑟 exp(𝑖𝜃)

𝐻 0 = 𝑇 + 𝑉(𝑟)
𝐻 𝜃 = 𝑇 exp −2𝑖𝜃 + 𝑉(𝑟 exp(𝑖𝜃))

→ Resonances can be found via bound-state
methods

Moiseyev, Phys. Rep. 302, 211 (1998)

Hiyama et al, Prog. Partcl. Nucl. Phys. 351, 223 (2003)

3D: only s-wave (𝑙 = 𝐿 = 0)
1D: no 𝑌𝑙,𝑚; 𝑙, 𝐿 ∈ {0,1}
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