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 Cogenesis by QCD axion=Majoron

 Large kinetic misalignment from AD mechanism 
or symmetry non-restoration
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 A massless phase field from 
spontaneous breaking

 QCD axion (KSVZ) vs. Majoron

 Potential from (tiny) explicit 
breaking

 Derivative and anomaly coupling

 Cosmic evolution
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 Conventional misalignment  Kinetic misalignment
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𝜌DM

𝑠
= 𝑚𝑎𝑌𝜃

≈ 0.44 eV
𝑌𝜃 ≡

𝑛𝜃
𝑠
=

ሶ𝜃𝑓𝑎
2

𝑠
= conserved



 In the background of ሶ𝜃 ≠ 0 

violating C & CPT, a fermion 𝜓
gets an “external chemical 

potential” 𝑥𝜓 ሶ𝜃 (𝐸𝜓/ഥ𝜓 = 𝐸0 ∓ 𝑥𝜓 ሶ𝜃). 

 When B(L)NV interactions are in 

equilibrium, it can be fed into the 

internal chemical potential 𝜇𝜓 =

𝑐𝜓 ሶ𝜃 generating baryon 

asymmetry 𝜇𝐵 = 𝑐𝐵 ሶ𝜃.

 QCD axion:

(B+L)NV by weak spharelon in 

equilibrium

 Majoron:

(B-L)NV by neutrino Yukawa 

coupling 𝑁 𝑙𝐻 in equilibrium
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Cohen-Kaplan, 1987, 88



𝜓∈𝐴

𝜇𝜓 = 𝑐𝐴 ሶ𝜃

𝜇𝑙 + 𝜇𝐻 = 𝑥𝑁 ሶ𝜃 

Co-Harygaya, 1910.02080  

Domcke et.al., 2006.04138

EJC, Jung 2311.09005



 Seesaw mechanism explaining tiny 

Majorana neutrinos mass:

 Define 𝐾 ≡
Γ𝑁

𝐻 𝑇=𝑀𝑁

≡
𝑚𝜈

meV

 B-L violation by decay/inverse-decay 

𝑁 𝑙𝐻 is in equilibrium around  𝑇~𝑀𝑁

for 𝐾 > 1．
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ℒ = 𝑦𝜈𝑙𝑁𝐻 +
1

2
𝑀𝑁𝑁𝑁 + ℎ. 𝑐. 𝑚𝜈 = 𝑦𝜈

𝑣𝐻
2

𝑀𝑁
𝑦𝜈
𝑇⇒

(Consider 𝑚𝜈 = 0.05eV, 𝑖. 𝑒. , 𝐾 = 50.)



 The final baryon asymmetry is 
fixed at 𝑇𝐵 when BNV 
interactions go out of 

equilibrium: 𝑌𝐵 ≡
𝑛𝐵

𝑠
=

𝑐𝐵 ሶ𝜃𝑇2

𝑠
,

i.e., 𝑌𝐵 = 𝑐𝐵𝑌𝜃
𝑇𝐵

𝑓𝑎

2

.

 Combining with DM condition 
𝑚𝑎𝑌𝜃 = 0.44eV, 

𝑌𝐵 = 𝑐𝐵
0.44eV

𝑚𝑎

𝑇𝐵

𝑓𝑎

2

≈ 10−10

 QCD axion: 

𝑇𝐵 = 𝑇𝐸𝑊 & 𝑚𝑎𝑓𝑎 = 𝑚𝜋𝑓𝜋

→ 𝑓𝑎 ≈ 107𝑐𝐵GeV (ruled out).

 Majoron: 

𝑇𝐵 = 𝑀𝑁/𝑧fo

→𝑀𝑁 ≈
𝑧fo

𝑐𝐵

𝑓𝑎

109GeV

𝑚𝑎

6meV
.
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 Four Yukawas + EW Sphaleron + charge neutrality (simple case):
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𝑦𝑢𝑞𝑢
𝑐𝐻 ⇒ 𝜇𝑞 + 𝜇𝑢𝑐 + 𝜇𝐻 = 0

𝑦𝑑𝑞𝑑
𝑐 ෩𝐻 ⇒ 𝜇𝑞 + 𝜇𝑑𝑐 − 𝜇𝐻 = 0

𝑦𝑒𝑙𝑒
𝑐 ෩𝐻 ⇒ 𝜇𝑙 + 𝜇𝑒𝑐 − 𝜇𝐻 = 0

𝑦𝜈𝑙𝑁𝐻 ⇒ 𝜇𝑙 + 𝜇𝐻 = ሶ𝜃 (LNV)

𝒜𝐵+𝐿(𝑊 ෪𝑊) ⇒ 3(3𝜇𝑞 + 𝜇𝑙) = 0

𝜇𝐵 =
1

3
3 2𝜇𝑞 − 𝜇𝑢𝑐 − 𝜇𝑑𝑐 =

28

11
ሶ𝜃

𝜇𝐿 = 1 3 2𝜇𝑙 − 𝜇𝑒𝑐 = −
51

11
ሶ𝜃

𝜇𝐵−𝐿 = 𝜇𝐵 − 𝜇𝐿 =
79

11
ሶ𝜃

𝑌 = 0 ⇒ 3
1

6
2 3𝜇𝑞 −

2

3
3𝜇𝑢𝑐 +

1

3
3𝜇𝑑𝑐 −

1

2
2𝜇𝑙 + 𝜇𝑒𝑐 −

1

2
2 2 𝜇𝐻 = 0
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Simultaneous generation of  BAU & DM:

𝑇𝐵 =
𝑀𝑁

𝑧fo
> 𝑇𝐸𝑊:

𝑇𝐵 = 𝑇𝐸𝑊 for 𝑀𝑁 < 𝑇𝐸𝑊:

𝑓𝑎 ∼ 2 ⋅ 106GeV
eV

𝑚𝑎

1/2

𝑌𝐵 ≈ 0.1 𝑌𝜃
𝑇𝐵
𝑓𝑎

2

≈ 0.1
0.44eV

𝑚𝑎

𝑇𝐵
𝑓𝑎

2

𝑚𝑎 ∼ 4 ⋅ 106 𝑒𝑉 𝑦𝑁
2

Trapping condition

𝑓𝑎 ≲ 108 𝑦𝑁
−1GeV

eV

𝑚𝑎

1/4

ሶ𝜃trp ∼ 𝑚𝑎 > 𝐻trp

𝜏𝑎
−1 =

𝑚𝜈
2𝑚𝑎

16𝜋𝑓𝑎
2



 KSVZ+Seesaw

 Chemical equilibrium 

conditions to be met by 

separating out the first 

generation quark Yukawas

 ℒPQ = 𝑦𝑄Φ𝑄𝑄
𝑐 +

1

2
𝑦𝑁Φ𝑁𝑁 + ℎ. 𝑐.

PQ charges: 𝑥𝑄 = 𝑥𝑄
𝑐 = 𝑥𝑁 = −𝑥𝑙 = 𝑥𝑒

𝑐 = −
1

2
.

 ሶ𝑛𝑞𝑖 = ሶ𝑛𝑢𝑖
𝑐 = ሶ𝑛𝑑𝑖

𝑐 = ሶ𝑛𝑙𝑖 = ሶ𝑛𝑒𝑖
𝑐 = 0

(Yukawas+SS+WS) & charge neutrality.
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𝜇𝐵 =
28

79

1

33
28 𝑐𝑊 −

57𝑚𝑢
2−15𝑚𝑑

2

𝑚𝑢
2+𝑚𝑑

2 𝑐𝑆 − 153𝑥𝑙 ሶ𝜃 = 𝑐𝐵 ሶ𝜃

𝑐𝐵 = −2.2 for 𝑐𝑊 = 0 & 𝑐𝑆 = 𝑁𝑄 = 1

Cogenesis achieved for 𝑌𝐵 = 𝑐𝐵
0.44eV

𝑚𝑎

𝑇𝐵
𝑓𝑎

2

⇒ 𝑀𝑁 ∼ 10TeV
𝑓𝑎

109GeV



 PQV operator of good quality to generate 𝑌𝜃 =
0.22eV

𝑚𝑎
≈ 400

𝑓𝑎

1010GeV
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𝛿𝑚𝑎0
2 = 2𝑛2

𝜆𝑛

2𝑛

𝑓𝑎
𝑛

𝑀𝑃
𝑛−4 ≪ 𝑚𝑎

2

𝑉 = −
1

2
𝜇0
2 + 𝑐𝐻𝐻

2 𝜙2 +
𝜆0
4
𝜙4 −

𝜆𝑛

2𝑛

𝜙𝑛

𝑀𝑃
𝑛−4 2cos(𝑛𝜃)

𝜙 =
𝜇0
2 + 𝑐𝐻𝐻

2

𝜆0
≡ 𝑓𝑎 1 +

𝐻2

𝐻𝑐
2 with 𝐻𝑐 ≡

𝜇0
𝑐𝐻

During inflation (𝐻 = 𝐻𝐼) & matter domination (𝐻 =
2

3𝑡
)

ሷ𝜃 +
2

𝑡
1 −

𝑡𝑐
2/𝑡2

1 + 𝑡𝑐
2/𝑡2

ሶ𝜃 +
𝛿𝑚𝑎0

2

𝑛
1 +

𝑡𝑐
2

𝑡2

𝑛−2
2

sin(𝑛𝜃) = 0

Φ =
𝜙

2
𝑒𝑖𝜃
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ሶ𝜽𝟏 ≈ 𝜹𝒎𝒂(𝒕𝟏)

ሶሶ𝜽 ∼ 𝒕−𝟐

ሶ𝜽 ∼ 𝒕−𝟏

ሶ𝜽 ∼ 𝒄𝒐𝒏𝒔𝒕.

𝛿𝑚𝑎(𝑡)

𝛿𝑚𝑎0

3𝐻 1 −
𝐻2/𝐻𝑐

2

1 + 𝐻2/𝐻𝑐
2

ሶሶ𝜽 ∼ 𝒕−𝟐

𝒕𝟏 𝒕𝒄

𝑡𝑅
𝑡𝑅

 𝑌𝜃 =
ሶ𝜃𝑓𝑎
2

𝑠 𝑇𝑅
≈

1

3

𝛿𝑚𝑎0

𝐻𝑐

𝐻1

𝐻𝑐

𝑛−2

2 𝑓𝑎

𝐻𝑐

2
𝐻𝑐

𝑀𝑃

3

2

𝐻𝑐

𝐻𝑅

3

2
𝑡𝑅 < 𝑡𝑐

𝐻𝑅

𝐻𝑐

1

2
𝑡𝑅 > 𝑡𝑐

 𝑌max ≈ 30
𝛿𝑚𝑎0

𝜇eV

𝐻1

1013GeV

4 105GeV

𝐻𝑐

11

2
         

for 𝑛 = 10 & 𝑓𝑎 = 1010GeV.

Preliminary



 Type-I seesaw model with majoron provides an affordable 

framework for the cogenesis of BAU and DM enjoying the 

freedom in 𝑚𝑎 , 𝑓𝑎 , 𝑀𝑁 .

 Combining PQ and Seesaw,  QCD axion can drive cogenesis for 

the RHN mass around 10~100 TeV.

 Large kinetic misalignment can arise by early dynamics setting 
ሶ𝜃 = 𝑚𝑎 𝑡 ≫ 𝑚𝑎 0 .
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