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Bound states
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Figure 8. The ladder diagrams giving the dominant contribution to bound-state formation and other level

transitions. The mediator can be either a scalar or a vector boson.
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Figure 9. The ladder diagrams giving the dominant contribution to bound-state formation and other level

transitions. The mediator can be either a scalar or a vector boson.
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Figure 10. Annihilation of an unbound particle-antiparticle pair or decay of a bound particle-antiparticle

pair into two force mediators. The mediator may be either a scalar or a vector boson.
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Motivation



Bound states   —  when important?

- self-interacting DM

- asymmetric DM

- DM with Sommerfeld enhancement

- 10 TeV WIMP

- …

DM with long range interactions:

spergel & steinhardt ’00, etc.

Davoudiasl & Mohapatra ’12, etc.

Hisano et al ’04, Cirelli et al ’07, etc.

Hisano et al ’03, Cirelli et al ’07, etc.



Bound states   —  why important?

- relic density: unstable bound states extra annihilation channel

- self-scattering in halos

- indirect & direct detection experiments

- kinetic decoupling of DM from radiation

- …

Impact of bound states:

 von Harling & Petraki ’14

Cline et al ’12, Cyr-Racine & Sigurdson ’12, etc.

Pearce & Kusenko ’13, Lah and Braaten ’13, etc.

Cyr-Racine et al ‘14



Bound state formation

Quantum mechanics vs. Quantum field theory

- modern approach

- systematic relativistic and radiative corrections

- generalization to non-abelian interactions

Sommerfeld ‘31

Bethe & Salpeter ‘57

Akhiezer & Merenkov ‘96



Bound state formation



Bound state formation  — Challenge

Bethe-Salpeter equation

Sommerfeld enhancement in QFT in
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Figure 3. Diagrammatic representation of the Dyson-Schwinger equation (??) for the 4-point function

G

(4)
(x1, x2, y1, y2). and stand for the �1 and �2 full propagators, respectively.
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Figure 4. Diagrammatic representation of the equation (??) for the 5-point function ˜
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for the full propagator of the force mediator ', which may be either a scalar or a vector boson.
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Bound state formation  — Challenge

- double summation

- ‘missing’ propagator

- amplitude vanishes on-shell
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Bound state formation  — Solution

n-point function n-point amputated amplitude,
LSZ-reduction

pole & branche cut 
structure

Sommerfeld enhancementbound state formation
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Bethe-Salpeter equation

1. non-relativistic schroedinger equation for bound and scattering state  
wave function
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Bethe-Salpeter equation

2. pole & branch cut structure needed for LSZ reduction

1. non-relativistic schroedinger equation for bound and scattering state  
wave function
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