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Unitarity and CPT
Unitarity 


Hook [1105.3728]; Unwin [1406.3027]; Baldes, et. al. [1407.4566];

⟹

∑
f

|ℳ(i → f ) |2 = ∑
f

|ℳ( f → i) |2

Equilibrium  ⟹ fi1…fin = ff1…ffm

Unitarity  ⟹ |ℳ(LH → L̄H†) |2 − |ℳ(L̄H† → LH) |2 = 0

Equilibrium    ⟹ fL fH = fL̄ fH†

To violate CP and produce asymmetry, need: more on-shell states+departure from 
equilibrium

Example:  (single flavor)LHN

https://arxiv.org/abs/1105.3728
https://arxiv.org/abs/1406.3027
https://arxiv.org/abs/1407.4566


Additional States and Interactions
NLO in : CP can be violated if there are additional processes with differing particle number!λ
Model:


ℒ = − yiL̄H̃PRNi − λi χ̄ϕPRNi −
1
2

miN̄c
i Ni + h.c., i = 1,2

Field Content:

SM Fields: LH lepton , Higgs doublet 
SM singlets: Majorana 
Lepton Number: 

L H
Ni, Dirac χ, complex scalar ϕ

Lϕ = − (1 − Lχ)

Cosmology:

Assume the universe reheats to SM only and   never 
produced on-shell (Dirac  version see Blažek, et. al. [2404.16934])

With , dark hypercharge ensures  is stable… DM?

mNi
≫ TRH > mχ, mϕ… Ni

ν

mϕ > mχ χ

https://arxiv.org/pdf/2404.16934


Freeze-in Asymmetries
UV Freeze-in: Dark sector frozen in and 
establishes (minimum) dark temperature 

 ξχ ≡ Tχ /T ≠ 1

CP Violation: CP Asymmetries ensured 
through the introduction of  and χ, ϕ mN

 sector out of equilibrium  
 

χ, ϕ ⟹
fL fH ≠ fχ fϕ

Net asymmetry can be produced!



Energy Transfer
Energy Transfer: Processes such as  
transfer energy into dark sector, establish …


LH → χϕ
Tχ

ξ3
χ

dξχ

dT
= −

150mPlσ0

1.66g1/2
* (2π)5 [(1 − ξ7

χ )F1(mi, yi, λi) +
35T2

4m2
1

(1 − ξ9
χ )F2(mi, yi, λi)]

Sakharov conditions require  for non-vanishing 
asymmetries to arise
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Freeze-in Cogenesis of Heavy ADM
Asymmetry Generation: Determined by 
asymmetries  in scattering processes, mediated 
by 


, 

ϵL,χ
N1,2

dΔYL

dx
∝ (1 − ξ8

χ )ϵLx−4
dΔYχ

dx
∝ (1 − ξ8

χ )ϵχx−4

ADM mass: fixed by the asymmetries
Sphalerons convert lepton asymmetry to baryon asymmetry

 ΔYB = csΔYL ⟹ ΩADM /ΩB = c−1
s (YADM /ΔYL)(mχ /mp) ⟹

mχ ≈ 5cs(ΔYL /ΔYχ)mp ≈ 200 GeV

Wash-out and Wash-in Terms+
PRELIMINARY

α21 = π/4, β21 = π/2

m1 = 4 × 103 TeV, m2 = 15 × 103 TeV, TRH = 50 TeV



Freeze-in Cogenesis of Heavy ADM

ADM mass: Leads to larger asymmetry in respective sector

mχ ≈ 5cs(ΔYL /ΔYχ)mp ≈ 15 MeV

Asymmetry Generation: Completely determined 
by asymmetries  in scattering processes, 
mediated by 


, 

ϵL,χ
N1,2

dΔYL

dx
∝ (1 − ξ8

χ )ϵLx−4
dΔYχ

dx
∝ (1 − ξ8

χ )ϵχx−4

Stronger phase in visible or dark sector!

α21 = π/2, β21 = π/4

m1 = 4 × 103 TeV, m2 = 15 × 103 TeV, TRH = 50 TeV



Symmetric Component?
Symmetric Component: A large symmetric component is 
also frozen in at tree-level


dΣYχ

dx
∝ (1 − ξ8

χ )σ(LH → χϕ)x−4 + (1 − ξ6
χ )σ(L̄H† → χϕ)x−2

Depletion: Transfer symmetric component into a dark sink 
Bhattiprolu et. al. [2312.43152]

Introduce a single flavor of RH Dirac neutrinos 
ℒ = − κχ̄ϕνR + h . c .

ϕ*

ν̄R

χ

https://arxiv.org/abs/2312.14152


Thermalization and Neff
Thermalization: Light  provides thermal bath 
which ensures the dark sector remains in thermal 
equilibrium with 


 Constraints on  from 


νR

Tχ

⟹ ξχ ΔNeff = ρνR
/ρν < 0.3

⟹ ξχ,i ≲ 0.67 × [ gχ
*S(Ti)

gχ
*S(Tf)

g*S(Tf)
g*S(Ti) ]−1/3

PRELIMINARY

  ΔNeff = ρνR
/ρν < 0.06 ⟹ ξχ,i ≲ 0.45 × [ gχ

*S(Ti)
gχ

*S(Tf )
g*S(Tf )
g*S(Ti) ]−1/3



Takeaways

Can freeze-in sufficient lepton and dark asymmetry via scattering when TRH < mN

Caveat: particle number violation permits CP Violation even with (separately) equilibrated 
dark sector

Theoretical constraints with freezing-in asymmetric dark matter: no CPV

Phase dependence allows both ,  and , ΔYL ≫ ΔYχ ΔYL ≪ ΔYχ mADM ≫ mp
mADM ≪ mp

Thank You!

Future work: Neutrino masses? Generalize the model, direct baryogenesis?
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Collision terms 
⟹

𝒞 = ∑
f

∫ …∫ dΠi1…dΠindΠf1…dΠfmδ4(
n

∑
i=1

pi −
m

∑
j=1

pj)(2π)4{fi1…fin |ℳ(i → f ) |2 − ff1…ffm |ℳ( f → i) |2 }

Cancellation in equilibrium as required by the third Sakharov condition
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Unitarity 
⟹

|ℳ(χϕ → χ̄ϕ*) |2 − |ℳ( χ̄ϕ* → χϕ) |2

+ |ℳ(χϕ → LH) |2 − |ℳ( χ̄ϕ* → L̄H†) |2

+ |ℳ(χϕ → L̄H†) |2 − |ℳ( χ̄ϕ* → LH) |2 = 0

Collision terms 
⟹

𝒞Δχ ⊃ ∫ dΠLdΠHdΠχdΠϕδ4(pL + pH − pχ − pϕ)(2π)4

× [(f eq
L f eq

H − f eq
χ f eq

ϕ )( |ℳ(LH → χϕ) |2 − |ℳ(L̄H† → χ̄ϕ*) |2 + |ℳ(LH → χ̄ϕ*) |2 − |ℳ(L̄H† → χϕ) |2 )]+ …

 sector out of equilibrium   χ, ϕ ⟹ fL fH ≠ fχ fϕ Net asymmetry can be produced!

Unitarity and CPT



Freeze-in Cogenesis of ADM
Freeze-in: Dark sector frozen in and 
establishes (minimum) dark temperature 

 ξχ ≡ Tχ /T

CP Violation: CP Asymmetries ensured 
through the introduction of  and χ, ϕ mN

CPT+Unitarity: 

ϵ(χϕ* → χ̄ϕ) ≡ ϵχ = − [ϵ(LH† → χϕ*) + ϵ(L̄H → χϕ*)]

ϵ(LH† → L̄H) ≡ ϵL = [ϵ(LH† → χϕ*) − ϵ(L̄H → χϕ*)]


