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Outline:

•Pure Yang-Mills FOPT 
•YM+Heavy Quarks 
•Squeezeout Dark Matter 
★Boundary Effects
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Bubble Expansion, x ≤ 1/2

Pocket Contraction , 1/2 < x
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YM + Heavy Quarks: mq > 100Λ

Fig from arXiv:1702.00330

Antipin, Redi, Strumia, Vigiani (2015),  
Mitridate, Redi, Smirnov, Strumia (2017) 

Luca, Mitridate, Redi, Smirnov, Strumia (2018)



YM + Heavy Quarks: mq > 100Λ
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Dark Matter Squezee-out
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Survival 
Factor

Survival Factor: 

 S =
NcNB

Ni
< 1

Thermal Freeze-out

Exceeds the Unitarity Bound ( )mDM ≤ 100TeV

P. Asadi, E. Kramer, E. Kuflik, 
T. Slater, J. Smirnov. (2021)

Superheavy DM from Squezeeout
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Average particle over  Δt
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dNi

dt
= Γbulk[i]

Γbulk[i] = − ∑
a+b=c+d

si
ab,cd

⟨σv⟩bulk
abcd

V (NaNb − NcNd fabcd)

Asadi+, 2021

Depletion/Production Rate:
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Baryon formation rate via  
three quarks collisions

Meson formation rate via  
quark anti-quark collisions
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si
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V (NaNb − NcNd fabcd)

dNi
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= Γbulk[i] + Γbdy[i]

this workAsadi+, 2021

Depletion/Production Rate:



Γbdy[1] = − Γbdy
(1,−1)→ℳ − 3Γbdy

(1,1,1)→3 − Γbdy
(1,2)→3

Γbdy[2] = − Γbdy
(1,2)→3

Γbdy[3] = − Γesc
3→3

3 3̄ 1
quark di-quark baryon
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•Analytical   Yang-Mills FOPT 
•Boundary Effects of DM Squeeze Out 
•Finite Volume Boltzmann Equations

vw SU(N)

Conclusion and Outlook
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Finite Volume Boltzmann equation
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