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Baryon asymmetry of the Universe

Baryon number density of the 

Universe is well determined:

For symmetric components,  

𝑁ഥ𝑁 𝜋𝜋 freezes out at 𝑇𝑓 ∼

𝑚𝑁/43 leading to 𝑛𝐵/𝑠 ∼ 10−18.

Requires large initial asymmetry:
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𝑛𝐵
𝑠
≈ 0.85 × 10−10,

𝑛 ത𝐵

𝑠
≈ 0

Dynamic generation of baryon 

asymmetry  [Sakharov]

• Baryon number violation
• C & CP violation
• Out of equilibrium
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𝑌𝐵 =
𝑛𝐵 − 𝑛 ത𝐵

𝑠
≈ 0.85 × 10−10

Beyond Standard Model



Seesaw & Leptogenesis

Heaviness of sterile RHN for 

lightness of active neutrinos:
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ℒ = 𝑦𝜈 ҧ𝑙𝐿 ഥ𝐻𝑁𝑅 +
1

2
𝑀 ഥ𝑁𝑅

𝑐𝑁𝑅 + ℎ. 𝑐.

RHN decay produces lepton 

asymmetry:

𝐿 asymmetry converts to 𝐵

asymmetry by EW spharelon

process violating 𝐵 + 𝐿:

[Fukugita-Yanagita]
• Lepton number violation: 𝑀 ≠ 0
• C & CP violation: CP phase in 𝑦𝜈
• Out of equilibrium: 𝑁 decay 𝑌𝐵 = 𝑐𝐵𝜅 𝜖

𝑛𝑁
𝑠

𝜖 =
Γ 𝑁 → 𝑙𝐻 − Γ 𝑁 → ҧ𝑙 ഥ𝐻

Γ 𝑁 → 𝑙𝐻 + Γ 𝑁 → ҧ𝑙 ഥ𝐻
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⇒ 𝑚𝜈 = 𝑦𝜈
𝑣𝐻
2

𝑀𝑁
𝑦𝜈
𝑇



Efficiency (washout)

𝐾 ≡
Γ𝑁

𝐻 𝑇=𝑀𝑁
≈

𝑦𝜈
2

8𝜋

𝑀𝑃

𝑀𝑁
≈

𝑚𝜈

meV

𝐾 ∼ 1: 𝑙𝐻 → 𝑁 barely in equilibrium

𝐾 ≫ 1:𝑁 𝑙𝐻 in equilibrium during 

𝑇 = (𝑀𝑁/𝑧𝑖𝑛, 𝑀𝑁/𝑧𝑜𝑢𝑡).

Efficiency factor: 𝜅 ≈
1

𝐾 ln 𝐾

𝑚𝜈 = 0.05eV 𝐾 = 50 ⇒ 𝜅 ∼ 10−2

(strong washout)
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Spontaenous Baryogenesis

Consider 𝑈 1 𝐵 spontaneously broken at the scale 𝑓.

Its pseudo-Goldston boson 𝜙 couples to the Baryon current: 
1

f
𝜕𝜇𝜙 𝑗𝐵

𝜇
where 

𝑗𝐵
𝜇
= σ𝜓 𝑥𝜓 ത𝜓𝛾𝜇𝜓 with 𝑥𝜓 being the B number. 

In the background of homogenous classical field, ሶ𝜃 ≡ ሶ𝜙/𝑓 ≠ 0, 𝜓/ ത𝜓 gets an 

“extra chemical potential” shifting the energy 𝐸 = 𝐸0 ∓ 𝑥𝜓 ሶ𝜃 (CP violation) 

When a B violating interaction involving 𝜓 is in thermal equilibrium, the thermal 

chemical potential develops 𝜇𝜓 = 𝑥𝜓 ሶ𝜃 generating B asymmetry 𝜇𝐵 = 𝑐𝐵 ሶ𝜃 at 𝑇𝐵
when B violation decouples. 
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Cohen-Kaplan, ’87,’88
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Axiogenesis

PQ symmetry breaking → axion 𝜙

Quark chiral symmetry broken by 𝐺 ෨𝐺

𝐺 ෨𝐺 in equilibrium → 𝜇𝑞𝐿 − 𝜇𝑞𝑅 = 𝑐𝐴 ሶ𝜃

B+L violation in equilibrium by EW sphaleron → 3𝜇𝑞𝐿 + 𝜇𝑙𝐿 = 0

B (B-L) asymmetry is frozen at 𝑇𝐵 = 𝑇EW: 𝜇𝐵 = 𝑐𝐵 ሶ𝜃.

𝑌𝐵& 𝑌𝐷𝑀?
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Co-Harygaya, 1910.02080
…… ….. ……

Domcke et.al., 2006.04138
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𝑌𝐵 ∼
ሶ𝜃

𝑇
𝑇𝐸𝑊 ~10−10 𝑚𝑎𝑌𝑎 ∼

𝑓𝑎
2 ሶ𝜃

𝑇3
𝑇𝐸𝑊 ~0.4eV ⇒ 𝑚𝑎 ∼ 1 eV

107GeV

𝑓𝑎

2



Majoron & Leptogenesis

ℒ = 𝑦𝜈ഥ𝑙𝐿 ഥ𝐻 𝑁𝑅 +
1

2
𝑦𝑁Φ𝑁𝑅

𝑐𝑁𝑅 + ℎ. 𝑐. with Φ =
𝑓𝐽

2
𝑒𝑖𝐽

B-L (L) symmetry broken by 𝑀𝑁 =
𝑦𝑁

2
𝑓𝐽 & 𝑦𝜈.

Majoron couples to 𝑗𝐵−𝐿
𝜇

: ሶ𝜃 σ𝜓 𝑥𝜓 ത𝜓𝛾𝜇𝜓.

𝑁𝑅 decay/inverse-decay & EW sphaleron are in equilibrium: 𝑁 𝑙𝐻 =

𝑁 ҧ𝑙 ഥ𝐻 = ഥ𝑁 ҧ𝑙 ഥ𝐻 = ഥ𝑁 𝑙𝐻 → 𝜇𝑙 + 𝜇𝐻 = 𝑥𝑙 ሶ𝜃 & 3𝜇𝑞 + 𝜇𝑙 = 0.

B-L (B) asymmetry washed in at 𝑇𝐵 = 𝑇𝐼𝐷 ∼
𝑀𝑁

10
or 𝑇𝐵 = 𝑇𝐸𝑊: 𝜇𝐵 = 𝑐𝐵 ሶ𝜃 𝑇𝐵 .
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i) ሶ𝜃 ≠ 0 from conventional misalignment

𝜃0 ≠ 0 & ሶ𝜃0 = 0.

Assuming soft-

breaking of B-L 

by 
Φ𝑛+4

Λ𝑛
+ ℎ. 𝑐. ∶
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ሶ𝜃

𝜃

𝜏𝐽
−1 =

𝑚𝜈
3

8𝜋𝑓𝐽
2

𝑉 𝜃 = 𝑚𝐽
2𝑓𝐽

2(1 − cos 𝜃 )



ii) ሶ𝜃 ≠ 0 from initial kinetic motion

𝜃0 = 0 & ሶ𝜃0 ≠ 0:

𝑌𝜃 = 𝑌𝜃
0 = 𝑓𝐽

2 ሶ𝜃0/𝑠 𝑇0

Evolution of the classical field 𝜃:
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ሷ𝜃 +
1

2𝑥
ሶ𝜃 + sin𝜃 = 0

where ሶ𝜃 ≡
𝑑𝜃

𝑑𝑥
with 𝑥 ≡ 𝑚𝐽𝑡
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Majoron DM:  𝝆𝑱 = 𝝆𝑫𝑴 ?



𝑌𝐵 from initial kinetic motion
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Shut down LNV when 𝑀𝑁 > 𝑇𝑜𝑢𝑡 =
𝑀𝑁

𝑧𝑜𝑢𝑡
> 𝑇𝐸𝑊, 

Shut down Sphaleron when 𝑀𝑁 < 𝑇𝐸𝑊 < 𝑇𝑖𝑛 =
𝑀𝑁

𝑧𝑖𝑛
,

𝑌𝐵 =
28

79
𝑐𝐵−𝐿 𝑌𝐵−𝐿

𝑒𝑞
𝑇𝐵 =

14

237
𝑐𝐵−𝐿𝑌𝜃

𝑀𝑁

𝑧𝑜𝑢𝑡𝑓𝐽

2

𝑌𝐵 = 𝑌𝐵
𝑒𝑞

𝑇𝐸𝑊 =
1

6
𝑐𝐵𝑌𝜃

𝑇𝐸𝑊
𝑓𝐽

2

Requiring 𝑀𝑁 = 𝑧𝑖𝑛𝑇𝑖𝑛 ≈ 𝐾−
1

3 𝑇𝑖𝑛

𝑌𝜃 ≡
𝑛𝜃
𝑠
=
𝑓𝐽
2 ሶ𝜃2

𝑠



Co-genesis of 𝑌𝐵 & 𝑌𝐷𝑀

Baryon density:

DM density:

2024-01-18  Yeosu

𝑌𝐵 =
𝑛𝐵
𝑠
=

45

2𝜋2𝑔∗
𝑐𝐵

ሶ𝜃

𝑇
𝑇𝐵 ≈ 10−10

𝑌𝜃 =
𝑛𝜃
𝑠
=
𝑓𝐽
2 ሶ𝜃2

𝑠

𝑚𝐽𝑌𝜃 =
45

2𝜋2𝑔∗

𝑓𝐽
2 ሶ𝜃

𝑇3
𝑇𝐵 ≈ 0.4eV

⇒ 𝑚𝐽

𝑓𝐽
2

𝑇𝐵
2

𝑌𝐵
𝑐𝐵

≈ 0.4eV ( 𝑇𝐵 =
𝑀𝑁

10
)
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Summary

In the seesaw model with spontaneous L number breaking, 

leptogenesis can be driven by the CP violation provided by the 

kinetic motion of majoron. 

It relies on the Majorona property of a RHN and the equilibriation of 

its decay and inverse-decay.  

It works for 10 < 𝑀𝑁/GeV < 109 and 𝑚𝐽 < keV.

It requires a large majoron number 𝑌𝜃 ≫ 1 for 𝑀𝑁 < 10−4𝑓𝐽, and thus a 

huge initial kick 𝑡0 ሶ𝜃0. 
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Thank you!
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Back-up
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External chemical potential of Majorana fermion carries opposite sign 
according to its helicity:

Opposite helicity states have the same decay rates and thus the 
chemical potentials cancel out:

𝐸 = p2 +𝑀2 +
1

4
ሶ𝜃2 −ℋ ሶ𝜃p ≈ 𝐸0 −ℋ

ሶ𝜃

2

p

𝐸0

Γ 𝑁+ → 𝑙𝐻 = Γ 𝑁− → 𝑙𝐻

Γ 𝑁+ → ҧ𝑙 ഥ𝐻 = Γ 𝑁− → ҧ𝑙 ഥ𝐻
⇒ 𝑛𝑁 = 𝑛𝑁+ + 𝑛𝑁−
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