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Decays versus scatterings

YB ≡
nB
s

= (0.86± 0.01)× 10−10

Scatterings or decays — which will dominate?
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Neutron Portal

L = κ1X1LuR(sR)cbR + κ2X2LuR(sR)cbR + κ3uRX1LX2LuR

+ κ4uRX1LX1LuR + κ5uRX2LX2LuR + H.c .

Maximum CP violation: κ1 = e iπ/2|κ1| and κ3 = |κ3|.
Can satisfy the Sakharov Conditions.

- C. Cheung, K. Ishiwata (1304.0468)
- IB, N. F. Bell, A. Millar, K. Petraki, R. R. Volkas (1410.0108)
- P. S. Bhupal Dev, R. N. Mohapatra (1504.07196)
- H. Davoudiasl, Y. Zhang (1504.07244)
- G. Arcadi, L. Covi, M. Nardecchia (1507.05584)
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Decays

Xα

u

s

b

X2

X1

u

u

u

X2
u

s

b

X1

Γ(X2 → X1uu) =
|κ3|2(MX2)5

1024π3
Γ(X1 → usb) =

|κi |2(MXi )
5

1024π3

4 / 15



CP violation in decays

κi = 10−14 GeV−2, MX2 = 100 TeV.
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Unitarity

W (α→ β) =∫
...

∫
dΠα1...dΠαndΠβ1...dΠβmδ

4
(∑

pi −
∑

pj

)
(2π)4

× fα1...fαn|M(α→ β)|2

dΠψ =
gψd

3pψ
2Eψ(2π)3

fψ = e(µψ−Eψ)/T

∑
β

W (α→ β) =
∑
β

W (β → α)

=
∑
β

W (β → α) =
∑
β

W (α→ β)
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Unitarity condition for decays

Rate for usb → usb mediated by an X2 with on-shell part
subtracted.

W (usb → usb) = (1 + εOS)WOS

CP : εOS → −εOS

Unitarity:

εOSWOS =
1

2
εDn

eq
2 Γ2A
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Scatterings
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p2 −m2
→ δ(p2 −m2)

W (u+X1 → s +b) ≡ (1 + ε1)W1

W (u+X2 → s +b) ≡ (1 + ε2)W2

W (u+X1 → u+X2) ≡ (1+ε3)W3

Unitarity

ε1W1 + ε3W3 = 0

ε2W2 − ε3W3 = 0

ε1W1 + ε2W2 = 0
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CP violation in scatterings

κi = 10−14 GeV−2, MX2 = 100 TeV, MX1 = 50 TeV.

For T � MX2: εi ∼ κT 2 For T . MX2: ε2,3 ∼
1

16π
κM2

X2
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Solution

κi = 10−16 GeV−2, MX2 = 100 TeV, MX1 = 50 TeV
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Final Asymmetry

MX2 = 100 TeV, MX1 = 90 TeV
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Comparison to Leptogenesis

Neutron Portal EFT with [κ] = M−2 so the CP violation:
εD ∼ κM2

X while εi ∼ κT 2.
Leptogenesis N + uc ↔ L + Qc

- E. Nardi, J. Racker, E. Roulet (arXiv:0707.0378).
Dimensionless couplings and massless particles in the loop:

εD ∼ ε2→2.
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Weak Washout

- E. Nardi, J. Racker, E. Roulet (0707.0378).
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Strong Washout

- E. Nardi, J. Racker, E. Roulet (0707.0378).
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Asymmetric DM and Conclusion

Majorana fermion Y , ADM φ, SM lepton doublet L, SM Higgs H.

- IB, N. F. Bell, A. J. Millar, R. R. Volkas (1506.07521).

CP violating scatterings can give the dominant contribution to
YB . 15 / 15



Constraints

BBN
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(Both for MX ∼ 1 TeV).
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Neutron-antineutron oscillation

L = κXdRuRdR + H.c .
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τn−n ∼ 3× 108 s×
(

MX

1 TeV

)(
10−13 GeV−2

κ

)2(
250 MeV

ΛQCD

)6

Experiment: τn−n ≥ 2.4× 108 s (free neutrons: τn−n ≥ 108 s)
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BBN constraint

Need the Xi to decay before the onset of BBN at t ∼ 1 Sec.

κ1 &

(
1 TeV

MX1

)5/2

10−18 GeV−2

Similar constraint on κ2 and κ3.
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Source term

dnB−L
dt

+ 3HnB−L = ε3W3

[
(rX1ru + rX1ru)− (rX2ru + rX2ru)

]
+ εDΓX2an

eq
X2

[
rX2 − (rurd rd + rurd rd)/2

]
+ (Washout terms)

where: rΨ ≡
nΨ

neqΨ
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Rate calculation

Rates can be calculated using:

W (ij → final) = neqi neqj 〈vσ〉

=
gigjT

8π4

∫ Λ2

(mj+mi )2

pijEiEjvrelσK1

(√
s

T

)
ds

Using Maxwell-Boltzmann statistics non-equilibrium rates are
found:

W neq(ij → final) = (ninj)〈vσ〉
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CP violation in annihilations

κi = 10−14 GeV−2, MX2 = 20 TeV, MX1 = 10 TeV, θ1 = π/2
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Blue: Annihilation rates Wi .
Red: CP violation |εiWi |.
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Final Asymmetry

MX2 = 100 TeV, MX1 = 90 TeV
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Final Asymmetry

MX2 = 100 TeV, MX1 = 90 TeV
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Final asymmetry 2

MX2 = 100 TeV, MX1 = 50 TeV 9 / 17



Final asymmetry 2

MX2 = 100 TeV, MX1 = 50 TeV
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Final asymmetry 3

MX2 = 100 TeV, MX1 = 10 TeV
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Final asymmetry 3

MX2 = 100 TeV, MX1 = 10 TeV
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Boltzmann equations

Take into account all 2→ 2 processes.

Assume X1 and X2 are in kinetic equilibrium with the thermal
bath.

We obtain three coupled ODEs: nX1, nX2, nB−L.

Do standard change of variable t → T using:

1

2t
= H =

√
8πG

3
ρ =

1.66g
1/2
∗ T 2

MPl

Express in terms of Y = n/s where:

s =
2π2

45
gsT

3

Solve for YX1, YX2, Y∆B−L.
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Strong Washout
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Intermediate Washout
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Weak Washout
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Unitarity

∑
β

|M(α→ β)|2 =
∑
β

|M(β → α)|2

=
∑
β

|M(β → α)|2 =
∑
β

|M(α→ β)|2
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