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Why are neutrinos so light?

1. See-saw mechanism (Majorana neutrinos): 𝑀𝜈 ≫ 𝑦𝜈𝑣ℎ

2. 𝟎 ≠ 𝒚𝝂 < 𝟏𝟎−𝟏𝟑 without 𝑴𝝂

Composite 𝝂𝒄

𝑦𝜈 𝐻 𝑙 𝜈𝑐 + h. c. +𝑀𝜈𝜈
𝑐𝜈𝑐

𝑀𝜈

𝑙 𝑙

⟨𝐻⟩ ⟨𝐻⟩

𝜈𝑐 𝜈𝑐

𝑀𝜈

⇒ 𝒎𝝂 ∼
𝒚𝝂
𝟐𝒗𝒉

𝟐

𝑴𝝂

N. Arkani-Hamed, Y. Grossman (1999)



𝜓, 𝜒: fundamental Weyl fermions charged under a hidden non-Abelian gauge
𝜈𝑐: a composite Weyl fermion (like proton/neutron in QCD: 𝑝 ∝ 𝑢𝑢𝑑, 𝑛 ∝ 𝑢𝑑𝑑)

Composite Dirac neutrinos

𝝂𝒄 ∝ 𝝍𝝍𝝌

𝐻 𝑙 𝜈𝑐 ↔ 𝐻 𝑙 𝜓𝜓𝜒

Effective description 
after confinement

Fundamental description
before confinement

Dim: 7

𝒚𝝂 ∼
𝚲𝒄

𝑴

𝟑

N. Arkani-Hamed, Y. Grossman (1999)

𝜈𝑐
𝑙

𝐻

𝑙

𝐻
𝜓

𝜓

𝜒

𝜓𝜓𝜒 ∼ Λ𝑐
3 𝜈𝑐

Dim: 3 ⋅
3

2

Λ𝑐
𝑀

∼ 10−4 ⇒ 𝑚𝜈 ∼ 0.1 eV



Q: How can those composite fermions remain massless?
cf) protons and neutrons



How 𝝂𝒄 ∝ 𝝍𝝍𝝌 can be massless after confinement:

Composite Dirac neutrinos

S. Dimopoulos, S. Raby, L Susskind (1980)
’t Hooft anomaly matching conditions

=
𝑈(1)

𝑈(1)

𝑈(1)

𝑈(1)

𝑈(1)

𝑈(1)

UV IR

co
m
p
o
site

states

Gauge Global

𝑆𝑈(6) 𝑈(1)

𝜓 ഥ𝟔 −2/3

𝜒 𝟏𝟓 1/3

𝜈𝑐 ∝ 𝜓𝜓𝜒 𝟏 −1

× 2 (Two generation)

× 3 (Three generation)

𝜈𝑐

Arkani-Hamed, Grossman (1999)
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Many ways of UV completion
𝑀 comes from other particles’ mass.

Composite Dirac neutrinos
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Some explicit breaking
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Potential of PQ breaking field 𝚽

Axion

Some explicit breaking
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Axiogenesis

Once we have ሶ𝒂 ≠ 𝟎, baryons and leptons get nonzero chemical potential.

1. Chirality asymmetry is generated by ሶ𝒂 ≠ 𝟎.
𝑎

𝑓𝑎
𝐺 ෨𝐺 →

𝑎

𝑓𝑎
𝜕𝜇𝐽𝐴

𝜇
→ −

𝜕𝜇𝑎

𝑓𝑎
𝐽𝐴
𝜇
→ −

ሶ𝑎

𝑓𝑎
𝑛𝐿 − 𝑛𝑅

2. Weak sphaleron converts only left-handed quarks into (anti-)leptons.

L L

L
L

L
R

L

R

R

L
L

L

R

R

weak sphaleron

𝐵 = 0, 𝐿 = 0
𝐿𝑆𝑀 = 0, 𝐿𝑐 = 0

𝑩 = −𝟏, 𝐿 = −1
𝐿𝑆𝑀 = 1, 𝐿𝑐 = 0

quarks
anti-quarks
anti-leptons

𝑩 − 𝑳𝑺𝑴 = 𝟎 𝑩 − 𝑳𝑺𝑴 = 𝟎

3. 𝑩 + 𝑳 asymmetry is generated! 𝒏𝑩 ∼ 𝝁𝑩+𝑳 𝑻
𝟐 ∼

ሶ𝒂

𝒇𝒂
𝑻𝟐



Redshift of the axion motion

𝑚𝜋
2𝑓𝜋

2

𝑎

At 𝑇𝑖 ≪ 𝑓𝑎,    ሶ𝑎 𝑇𝑖 = ሶ𝑎𝑖 ≠ 0
PQ charge is approximately conserved, so 

𝑌𝑃𝑄 =
𝑛𝑃𝑄
𝑠

≃
ሶ𝑎 𝑇 𝑓𝑎
𝑠

≃ const ⇒ ሶa 𝑇 ∼ ሶ𝑎𝑖
𝑇

𝑇𝑖

3

good free parameter



Axion dark matter

𝑚𝜋
2𝑓𝜋

2

𝑎

At 𝑇𝑖 ≪ 𝑓𝑎,    ሶ𝑎 𝑇𝑖 = ሶ𝑎𝑖 ≠ 0
PQ charge is approximately conserved, so 

𝑌𝑃𝑄 =
𝑛𝑃𝑄
𝑠

≃
ሶ𝑎 𝑇 𝑓𝑎
𝑠

≃ const ⇒ ሶa 𝑇 ∼ ሶ𝑎𝑖
𝑇

𝑇𝑖

3

Dark matter

𝑎 𝑡 ∝ cos(mat)

𝝆𝑫𝑴
𝒔

∼ 𝒎𝒂𝒀𝑷𝑸

*Larger abundance compared to the conventional misalignment scenario
since we start from nonzero ሶ𝑎.

~ 10−10GeV

good free parameter



without composite Dirac 𝜈

𝑇𝐸𝑊
Weak sphaleron is decoupled: B and L are conserved separately

𝒏𝑩 𝑻

𝒔
∼ 𝒀𝑷𝑸

𝑻𝑬𝑾
𝒇𝒂

𝟐

∼ 𝟏𝟎−𝟏𝟎

𝑇

𝑇𝑄𝐶𝐷

Axion gets trapped by QCD potential and becomes the dark matter

ሶ𝑎𝑖 ≠ 0 is generated

𝝆𝑫𝑴
𝒔

∼ 𝒎𝒂𝒀𝑷𝑸 ∼ 𝟏𝟎−𝟏𝟎 𝐆𝐞𝐕

𝑇𝑖

𝑚𝑎 ∼ 𝑚𝜋𝑓𝜋/𝑓𝑎
∼ 10−2 GeV2/fa

𝒇𝒂 ∼ 𝟏𝟎𝟔 𝐆𝐞𝐕

L
L

L

LL
R

L

R

R
L

L L

R R

𝑎

𝑎

𝐿 = 𝐿𝑆𝑀

𝐵 + 𝐿 asymmetry via weak sphaleron

Thermal History

⇒ 𝑛𝐵 ∼ 𝑛𝐵+𝐿 ∼ 𝑛𝑃𝑄
𝑇

𝑓𝑎

2

𝑎𝐺 ෨𝐺 ∼ ሶ𝑎 𝑛𝐿𝑄−𝑅𝑄



Axiogenesis

: ruled out!

without composite Dirac 𝜈
𝐿 = 𝐿𝑆𝑀



leptons

composite
sector

baryons

axion

𝑆𝑈 2 𝑊 × 𝑈 1 𝑌

𝐂𝐨𝐠𝐞𝐧𝐞𝐬𝐢𝐬

Standard model

strong CP problem



𝑙

𝐻
𝜓

𝜓

with composite Dirac 𝝂
𝐿 = 𝐿𝑆𝑀 + 𝐿𝑐

1

𝑀3𝐻𝑙 𝜓𝜓𝜒

What happens when 𝑻 is as high as 𝑴 ?

𝜒

𝑳𝑺𝑴 ↔ 𝑳𝒄 active



𝑙

𝐻
𝜓

𝜓

𝜒

𝑩 − 𝑳𝑺𝑴 : broken by 𝐿𝑆𝑀 ↔ 𝐿𝑐𝑇 > 𝑇𝐿𝐷 ⇒

with composite Dirac 𝝂
𝐿 = 𝐿𝑆𝑀 + 𝐿𝑐

𝑩 − 𝑳𝑺𝑴 : approximately conserved𝑇 < 𝑇𝐿𝐷 ⇒

1

𝑀3𝐻𝑙 𝜓𝜓𝜒



𝑇𝐸𝑊

𝑇

Axion gets trapped by QCD potential and becomes dark matter

ሶ𝑎𝑖 ≠ 0 is generated

𝝆𝑫𝑴
𝒔

∼ 𝒎𝒂𝒀𝑷𝑸 ∼ 𝟏𝟎−𝟏𝟎 𝐆𝐞𝐕

𝑇𝑖

𝑚𝑎 ∼ 𝑚𝜋𝑓𝜋/𝑓𝑎

𝑇LD

𝒏𝑩 𝑻

𝒔
∼
𝒏𝑩−𝑳𝑺𝑴 𝑻𝑳𝑫

𝒔 𝑻𝑳𝑫
∼ 𝒀𝑷𝑸

𝑻𝑳𝑫
𝒇𝒂

𝟐

∼ 𝟏𝟎−𝟏𝟎 vs
𝑛𝐵 𝑇

𝑠
∼ 𝑌𝑃𝑄

𝑇𝐸𝑊
𝑓𝑎

2

(without composite 𝜈)

𝑂 𝑇𝐸𝑊/𝑇𝐿𝐷
2 change in final baryon asymmetry, so negligible

with composite Dirac 𝝂

𝑇𝑄𝐶𝐷

𝑎

𝑎

Thermal History

⇒ 𝒏𝑩 ∼ 𝒏𝑩−𝑳𝑺𝑴 + 𝒏𝑩+𝑳𝑺𝑴 ∼
ሶ𝒂

𝒇𝒂
𝑻𝟐

frozen

frozen

(𝐿𝑆𝑀 ↔ 𝐿𝑐) (weak sphaleron)



with composite Dirac 𝝂Baryogenesis



with composite Dirac 𝝂Baryogenesis

With composite 𝝂𝒄



with composite Dirac 𝝂Baryogenesis

With composite 𝝂𝒄

axion over-abundant



Other prediction?



For baryogenesis, the composite sector 
should be in chemical equilibrium with 
SM at high temperature.

⇒ Many RH neutrinos
in the end?

𝚫𝐍𝐞𝐟𝐟 < 𝟎. 𝟑𝟑 from CMB at 2𝜎

Δ𝑁eff = additional relativistic abundance
normalized by one generation of SM neutrino 



𝚫𝐍𝐞𝐟𝐟

If 𝑻𝒌𝒅 ≳ 𝚲𝒄

SM
𝑔∗ = 106.75

Composite 
sector

𝑔∗ = 117.25

entropy 
injected

𝑔∗ = 11.25

𝑔∗ ≃ 5.25

entropy 
injected

𝚫𝑵𝐞𝐟𝐟 ≃ 𝟖. 𝟖 ruled out!

Kinetic decoupling

at 𝑇 < 𝑇𝑘𝑑

𝜸

𝝂
𝝂𝒄𝜸, 𝝂

𝑻𝝂 ∼ 𝑻𝝂𝒄



𝚫𝐍𝐞𝐟𝐟

If 𝑻𝒌𝒅 ≪ 𝚲𝒄

SM
𝑔∗ = 106.75

𝑔∗ = 11.25

𝝂𝒄

𝑔∗ ≃ 5.25

𝚫𝑵𝐞𝐟𝐟 ≳ 𝟎. 𝟏𝟒 Not ruled out, 
and testable in future

Composite 
sector

Kinetic decoupling

at 𝑇 < 𝑇𝑘𝑑

CMB stage IV: Δ𝑁eff < 0.03

𝜸

𝝂

entropy 
injected

𝜸, 𝝂 𝑻𝝂 ≫ 𝑻𝝂𝒄



𝑎

Summary
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Standard model

strong CP problem

dark matterBaryogenesis

ҧ𝜃 = 0

𝑉(𝑎)



𝚫𝑵𝐞𝐟𝐟 ≳ 𝟎. 𝟏𝟒&

Summary


