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Long-range interactions
in dark matter physics

● Heavy thermal-relic dark matter, mDM ≳ TeV
– Model-independent unitarity arguments     Baldes, Petraki 1703.00478

– Model-specific computations                                        many, since early 2000s

● Self-interacting dark matter                          review: Tulin, Yu 1705.02358

– σelast decreasing with velocity (e.g.Rutherford: σelast∝v–4) preferred

● Primordial black holes                      Flores, Kusenko 2008.12456

– Attractive interaction leads to early structure formation
– Cooling via radiative processes 
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When is an interaction long-ranged?
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When is an interaction long-ranged?

And what happens then?

Non-perturbative effects (even at perturbative coupling)

● Sommerfeld effect
● Bound states
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Sommerfeld

Bound 
states
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s Distortion of scattering-state wavefunctions 
 ⇒ affects all cross-sections

e.g. annihilation, elastic scattering
● Production in early universe, e.g. freeze-out 

⇒ changes correlation of parameters  (mass – couplings)
● Indirect detection signals
● Elastic scattering

Unstable bound states (positronium-like)
 ⇒ extra annihilation channel

● Production in early universe, 
e.g. freeze-out

● Indirect detection
● Novel low-energy indirect detection signals
● Colliders

Stable bound states

● Elastic scattering (usually screening)
● Novel low-energy indirect detection signals
● Inelastic scattering in direct detection 

experiments (?)
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Metastable bound states
Dark U(1) model: Dirac DM X,X coupled to γ

D
 

                  von Harling, KP: 1407.7874
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Thermal freeze-out with bound states
Boltzmann equations

Interplay of 
● bound-state formation 
● bound-to-bound transitions
● bound-state decay into radiation 

and inverse processes

Reduction to one effective eq.

● Steady-state approx for bound states 
Ellis, Luo, Olive  1503.07142

● Effective DM depletion cross-section  
in closed form for arbitrary number     
of bound levels          
Binder, Filimonova, Petraki, White  2112.00042

● Generalised Saha equilibrium for 
densities of metastable bound states 
Binder, Filimonova, Petraki, White  2112.00042

Talk by 
Christiana Vasilaki
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Bound-state formation cross-sections 

are essential in computing anything!
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How do bound states form?

In most cases, 
from free particles via dissipation of energy 

● Radiatively, via emission of light particles

● Scattering off of other particles 
if there is a highly populated particle bath to which the 
DM particles couple.
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Radiative capture into bound states

● Emission of force mediator (boson that generates 
long-range potential)

attn: there may be multiple force mediators.

● Emission of another (light enough) particle that does 
not contribute to the long-range potential.

Properties of radiated particle determine: 
● (angular momentum) selection rules
● strength and energy dependence of cross-sections
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Radiative capture into bound states
I. vector emission

p ~ μ α

Many works, from Quarkonia and Dark Matter sides
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Radiative capture into bound states
II. (neutral) scalar emission

p ~ μ α    >>   P
φ
 ~ μ α2 / 2

P
φ
 r ~ α

Petraki, Postma, Wiechers: 1505.00109
Petraki, Postma, de Vries: 1611.01394
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… except if …

we break the rules
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Radiative capture into bound states
III. charged scalar emission

not orthogonal

no momentum 
suppression

b/c of scalar vertex

If ρ charged under some symmetry,
in / out potentials different

Extremely fast 
transitions!

Oncala, Petraki: 1911.02605
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Scalar DM X,X† coupled to 
doubly charged light scalar mediator Φ

BSFΦ 

BSFV 

Oncala, KP: 1911.02605

Potential differs 
even in the global 

symmetry limit
α

V
 → 0 

Change in effective Hamiltonian
⇒ monopole transition

extremely fast!
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BSF
Φ
 very large, 

even for small values 
of α

Φ
, α

V 
!

Oncala, KP: 1911.02605

Scalar DM X,X† coupled to 
doubly charged light scalar mediator Φ
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At T ~ binding energy  <<  m
X 
/30

  ⇒ recoupling of DM destruction 
when BSF via charged scalar emission considered 
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Scalar DM X,X† coupled to 
doubly charged light scalar mediator Φ

Up to 2 orders of 
magnitude 

reduction in the 
relic density !



Why is this interesting?

We do know of one fundamental scalar,
and that is charged under two gauge groups
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Renormalisable WIMP models 
with coupling to the Higgs

In some of the prototypical WIMP DM models, 
DM is the lightest linear combination of the neutral component of 

SU(2) multiplets that couple to the Higgs

Includes many supersymmetric scenarios, 
e.g. Wino-Higgsino, coloured coannihition

If m > 5 TeV, DM freeze-out begins before electroweak phase transition.

Trilinear 

Higgs doublet-DM-DM, 

independent of Higgs VEV

Oncala, Petraki: 2101.08666 & 2101.08667
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How do bound states form?

In most cases, 
from free particles via dissipation of energy 

● Radiatively, via emission of light particles

● Scattering off of other particles 
if there is a highly populated particle bath to which the 
DM particles couple.
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Capture into bound states via

scattering on relativistic thermal bath

Abelian gauge theories:          Binder, Mukaida, Petraki  1910.11288
Non-Abelian gauge theories:  Binder, Blobel, Harz, Mukaida  2002.07145
Scalar mediators:                    Oncala, Petraki  2101.08666
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Is it a coincidence that 
non-perturbative effects arise in all models 

at the multi-TeV regime?

Or is there a model-independent way 
to understand and predict it?

If so, what else can we learn from it?
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Is it a coincidence that 
non-perturbative effects arise in all models 

at the multi-TeV regime?

Or is there a model-independent way 
to understand and predict it?

If so, what else can we learn from it?

Think
good old
unitarity
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Partial-wave unitarity limit
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Partial-wave unitarity limit
in non-relativistic regime

Implies upper bound on the mass of thermal-relic DM   
Griest, Kamionkowski (1990)

● Assumes contact-type 
interactions, σv

rel
 = constant

● Considers only s-wave 
annihilation
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Parametric dependence
on mass and velocity implies that 
σ

uni
 can be approached 

or attained only by attractive
long-range interactions

Attractive long-range interactions 
imply the existence of bound states, 
which may form by 
higher partial waves of the scatt states, 
at the same order in the coupling(s) as 
direct annihilation via lower partial waves

Baldes, KP: 1703.00478

Partial-wave unitarity limit
in non-relativistic regime

What 
interactions 
can realise 

the unitarity limit?
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Implications for dark matter

● Thermal-relic DM can be much heavier than anticipated.

● In viable thermal-relic scenarios, expect long-range 
behavior at mDM  ≳  few TeV.

● Indirect detection: 

σvrel ∝ 1/vrel and rich resonance structure

 ⇨ overdensities and velocity dispersion within them 
more important 

● No model-independent unitarity limit on mass of thermal 
relic DM!

Partial-wave unitarity limit
in non-relativistic regime

Let’s discuss it 
at the round table
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Conclusions

● Bound states impel complete reconsideration of thermal decoupling at 
/ above the TeV scale: emergence of a new type of inelasticity

Unitarity limit can be approached / attained only by long-range interactions   
   ⇒ bound states play very important role!       Baldes, Petraki: 1703.00478

There is no unitarity limit on the mass of thermal relic DM!

● Experimental implications:

– DM heavier than anticipated: multi-TeV probes very important 

  ⇒ build the 100 TeV collider :)

– Indirect detection:

Enhanced rates due to BSF
Novel signals: low-energy radiation emitted in BSF
Indirect detection of asymmetric DM 

– Colliders: improved detection prospects due increased mass gap in 
coannihilation scenarios

● Effects not limited freeze-out scenario:
freeze-in, asymmetric DM, self-interacting DM, stable bound states

von Harling, Petraki: 1407.7874
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