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Introduction and motivation
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• Look at pairs of non-relativistic particles, which could form bound state:  
 

 
 
 
when thermal effects are non-negligible 
 
Applications:


• Dark matter bound states in early universe plasma 
 
(nucleosynthesis, relic abundances of DM)


• Heavy quarkonium production during heavy ion collision in QGP 
 
(properties of QGP, quarkonium suppression)

U(1) : S(χχ̄) ⇋ B(χχ̄)
SU(3) : S(χχ̄)8 ⇋ B(χχ̄)1



Model of the dark sector
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• Heavy dark matter fermion 


• Dark photons


• Light d.o.f, fermions - enable scale  to appear mD

* Debye mass: m2
D = nf

g2T2
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Energy scales present
• Two energy scales: 

-  (thermal) 
-  (non-relativistic)


• Cosmologically interesting: ; 
 (weakly interacting plasma)


• As the Universe expanse, temperature drops:

T ≫ mD
m ≫ mv ≫ mv2

m ≫ T
T ≫ mD ∼ gT
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T

mD

m

mv

mv2

NREFT

pNREFT

To get EFT for a specific energy 
hierarchy, we need to integrate out scale 

by scale, starting from the highest  
(m scale)

m/T
T = |E |mD = |E |T = 1/aB

1/aB > T ≫ mD > E 1/aB ≫ T > E > mD 1/aB ≫ E > T ≫ mDT > 1/aB

Universe expands
Decoupling from ionisation equilibrium 

usually occurs here



Pair description in EFT: NRQED
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Integrating out hard scale m ≫ mv ∼ p ∼
1
aB



Pair description in EFT: pNRQED

6

Integrating out soft scale mv ≫ mv2 ∼ E



Bound state formation/dissociation from TFT
• The bound-state formation cross section, could be inferred as (i.e. optical 

theorem):  
 
 
 
Self-energy in pNRQED: 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σBSFvrel = < p, l |
Σ>

S

i
|p, l > = − 2 < p, l |ℑ[ΣS] |p, l >

Pair’s self-energy



BSF at fixed order*
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• LO 
 
 

• NLO (2002.07145 by Binder, Harz et al.)

*in EE propagator

No hierarchy between scales E and T 
 scale - not addressedmD



 m ≫ mv ≫ T ≫ mD ≫ E
• After integrating out scale  and , we start with  at  
 

• Integrate out scale  
 
The photon sector is modified to HTL one. 
 
Imaginary correction to self-energy comes from 
the imaginary part (symmetric) of photon  
self-energy

M Mv pNRQEDDM T = 0

T
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ℒpNREFT = ℒlight + ∫ d3rϕ+[i∂0 − ĥ(0)]ϕ + ϕ+ ⃗rg ⃗E ϕ

ℑ[ΣT] =
1
6

αr2
i Tm2

D ( 1
ϵ

+ γE − ln
T
πμ

+
2
3

− 4ln2 − 2
ζ′￼(2)
ζ(2) )

IR divergent, 
 will cancel-out with UV divergence from lower scale

Exploiting the large scale separation
When integrating out each of the 
scales, one can use hierarchy to 

expand objects  
(i.e. in powers of )T/E



• Integrate out scale  in similar way (where the photon propagator is the  
HTL resummed one) 
 

• Contribution from scale E is the LO BSF via photon emission 
 

• All-together, we have: 

mD
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ℑ[ΣmD] = −
1
6

αr2
i Tm2

D ( 1
ϵ

− γE + ln
πμ2

m2
D

+
5
3 )

ℑ[Σ] = ℑ[ΣT] + ℑ[ΣmD] + ℑ[ΣE] =
1
6

αr2
i Tm2

D (2γE + ln
m2

D

T2
− 1 − 4ln2 − 2

ζ′￼(2)
ζ(2)

+ 4
ΔE3

Tm2
D ( T

ΔE
+

1
2 ))

which is NOT divergent anymore (σBSFvrel)T≫mD≫E

ℑ[ΣE] =
1
6

αr2
i Tm2

D (4
ΔE3

Tm2
D ( T

ΔE
+

1
2 ))



Bound-state formation: Results
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In the same manner  is treated E ≫ mD

mD = |E1S | T = |E1S |T = 1/aB Higher n states are 
affected “longer” by effects of resummation 



Bound-state formation: regions of validity
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Dark Matter Density Evolution
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Boltzmann equations - as the classic simplification of OQF




 

 
 
 
 
 

dnf

dt
+ 3Hnf = − ⟨σannvrel⟩(n2

f − n2
f,eq) − ∑

B
(⟨σB

BSFvrel⟩ n2
f − Γion

B nB)
dnB

dt
+ 3HnB = ⟨σB

BSFvrel⟩ n2
f − ΓionnB − Γdec

B (nB − nB,eq) − ∑
B≠B′￼

(Γexc
B→B′￼

nB − Γexc
B′￼→Bn′￼B)

dnf

dt
+ 3Hnf = − (⟨σannvrel⟩ + ∑

B
⟨σB

BSFvrel⟩
Γdec

B

Γdec
B + Γion

B )(n2
f − n2

f,eq)

Assumptions (1503.07142):   
(Bound states - close to equilibrium) 

+ detailed balance equation 
+ neglecting (de)excitations

Γdec ≫ H

Free DM 
particles  

Bound state 
DM  

Effective cross-section 



Decay and Annihilation
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Decay and Annihilation: Directly from  Lagrangian (imaginary part) 
 

 
 

pNRQEDDM

⟨σannvrel⟩ =
Im(ds) + 3Im(dv)

m2
S(α/vrel) = /LO/ =

α2π(1 + nf )
m2

2πα/vrel

1 − e2πα/vrel

Sommerfeld enhancement factor
Γdec

1S,pd =
4ℑ[ds]

m2
|ψ100(0) |2 =

mα5

2
+ 𝒪(α6)

Γdec
1S,od =

4ℑ[dv]
m2

|ψ100(0) |2 =
nf

3
mα5

2
+ 𝒪(α6)

2 spin states: 
para-, orthodarkonium  



Dark Matter Density Evolution
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Effective cross-section

⟨σeff vrel⟩ = ⟨σannvrel⟩ + ∑
B

⟨σB
BSFvrel⟩

Γdec
B

Γdec
B + Γion

B



Results: yield
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Results: parameters space(s)
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Conclusions and Future Work
• The presence of Debye mass scale affects the evolutions of the dark matter in 

the Early Universe. 


• As for NLO contribution, these corrections are more relevant for stronger 
coupling and larger number of light d.o.f.


• The effects are of the same order as the NLO correction. 

• Study the case of  in more detail.


• Explore  (exactly where we expect the effect to be the strongest).


• Include higher  states.

mD ∼ E

T ≈ mD

n
Thank you for your attention


