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Preview
I: The origin of the ALP mass II: The Baryon Asymmetry of the Universe
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There is no well-known mechanism for 
the mass generation of ALP, except the 
QCD axion.


We present a mechanism for the mass 
generation of Majoron via the type-I 
and the type-II seesaw mechanism.
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New physics beyond the SM-dark matter

Neutral, non-baryonic, weakly interacting particle!

Particle Zoo

Mass Spin Interactions

DM

✗ ✗ ✗

Evidence of dark matter What is dark matter?

3

What we concern: construct a DM theory
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Where  we start from?  physicsν
Neutrino is a hot dark matter candidate

Properties of neutrinos are similar to these of dark matter

Sterile neutrino is typical warm/cold dark matter candidate

The signal of neutrino in direct detection experiments is similar to that of DM
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Neutrino mass generations
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SU(2)_L fermion singlet

Minkowski（77）

SU(2)_L scalar triplet

Magg， Wetterich（80）

SU(2)_L fermion triplet

Foot，Lew， He，Joshi（89）

Zee（80）

Charged scalar singlet+ doublets 

Babu（88）

Two charged scalar singlets

Ma （98）

Higgs doublets + Majorana neutrino+ Z2 symmetry 

History： Majorana neutrino mass from the dim-5 Weinberg operator  καβℓα
L H̃H̃TℓβC

L

⋯ Y. Cai, T. Han, T. Li, 1711.02180 
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Majoron & neutrino mass via  type-I seesaw

ℒBSM = (∂μΦ)
†
(∂μΦ) + μ2

ΦΦ†Φ − λ1(Φ†Φ)2 − λ2(Φ†Φ)(H†H) −[YNℓLH̃NR +
1
2

NC
R (YMΦ + m) NR + h . c . ]

Type-I seesaw + spontaneous breaking    symmetryU(1)L

H =
ϕ+

vϕ + ϕ + iχ

2
Φ =

vs + s̃ + iã

2 ã : Majoron
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Yukawa Interaction −YNℓLH̃NR → MD = YNv/ 2

Key term: mNC
R NR + h . c .

LNV term!

Quantum  Gravity effect!
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Majoron interactions and Majoron mass
Field-dependent phase transformation
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ℓL → e− ia
2f ℓL

ER → e− ia
2f ER

S → e+ ia
f S

H → H }
1
2

e−iθNC
R mNR + h . c .NR → e− ia

2f NR →

ℒ → ℒ −
a
2f

∂μ (ℓLγμℓL + ERγμER)
= ℒ −

a
2f

∂μJL
μ

= ℒ +
a
2f

Nf

32π2 (g2Wa
μνW̃μν,a − g′￼2Bμν B̃ μν)
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Majoron interactions and Majoron mass

8

1
2

e−iθNC
R mNR + h . c . ⟶

Mass insertion of right-
handed neutrino masses:

Before symmetry breaking: M = m

After symmetry breaking: M = faYM / 2 + m

Va ∼ −
1

16π2

4

∑
n=1

an cos nθ .
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Majoron mass and its relic density
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m2
a =

1
f 2
a

d2V
dθ2

=
1

16π2f 2
a

a1 + 4a2 + 9a3 + 16a4 .

·θ2 ∝
Tr[Y4

M]
96π2

f2
a cos 4θ,

Initial velocity:


(From Noether theorem)

Majoron mass:

EOM

In the traditional 
misalignment mechanism 

·θi = 0

··θ + 3H ·θ +
1
f 2
a

dVa

dθ
= 0, Different oscillation 

temperature
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Majoron mass and its relic density
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Baryon asymmetry of the universe 

11

mNC
R NR + h . c . → LNV carried by  ·θ → Non-zero B-L

Weinberg operator
Chern-Simons operator

Non-zero B-L → BAU

ℒint ⊃
1

2M
a
fa

ℓℓHH,

Sehemas

ℒint ⊃
3g2

64π2

a
fa

WW̃
Key:
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Baryon asymmetry of the universe 
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Transport equations: −
d

d ln T ( μi

T ) = −
1
gi ∑

α

nα
i

γα

H ∑
j

nα
j ( μj

T ) − nα
S

·θ(T)
T

,

Source term: (nWS
S , nW12

S , nW3
S , nSS

S , nYτ
S , nYt

S , nYb
S ) = ( 3

2
,1,1,0,0,0,0) .

Weinberg operator decoupling temperature: TW ≃ 6 × 1012 GeV × ( 0.05 eV
mν )

2

.
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Baryon asymmetry of the universe 
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Majoron & neutrino mass via  type-II seesaw

V(S, Φ, Δ) = V(Φ, Δ) − μ2
S(S†S) + λ6(S†S)2

+λ7(S†S)(Φ†Φ) + λ8(S†S)Tr(Δ†Δ) + μΦTiτ2Δ†Φ + λSΦTiτ2Δ†Φ + h . c . ,

Type-II seesaw + spontaneous breaking    symmetryU(1)L

Φ =
ϕ+

vϕ + ϕ + iχ

2
Δ =

Δ+

2
Δ++

vΔ + δ + iξ

2

Δ+

2

S =
vs + s̃ + iã

2
ã : Majoron

14

Yukawa Interaction −ℒΔ = YαβℓαC
L iσ2Δℓβ

L + h . c .

Key term: μΦTiσ2ΔΦ + h . c .

LNV term!
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Majoron & neutrino mass via  type-II seesaw
Gauge boson masses

15

m2
W =

g2

4 (v2
ϕ + 2v2

Δ) , m2
Z =

g2

4 cos2 θW
(v2

ϕ + 4v2
Δ) . ρ ≡

m2
W

m2
Z cos2 θW

=
1 + 2v2

Δ

v2
ϕ

1 +
4v2

Δ

v2
ϕ

.

Scalar mixings and masses

(G±

H±) = ℛ(β)(ϕ±

Δ±) , (
G
A
a) = 𝒱(β′￼1, β′￼2, β′￼3)

χ
ξ
ã

, (
h
H
s ) = 𝒰(α1, α2, α3)

ϕ
δ
s̃

,

tan β =
2vΔ

vϕ
, tan β′￼1 =

2vΔ

vϕ
, tan β′￼2 = 0 , tan 2β′￼3 =

−2λvΔvsvϕ v2
ϕ + 4v2

Δ

v2
ϕ (−λv2

Δ + λv2
s + 2μvs) + 4v2

Δvs ( 2μ + λvs)
.

Mixing  angl for pseudo-scalars Majoron gets non-zero mass 
from the mixing!



WEI CHAO

Majoron & neutrino mass via  type-II seesaw
Sequential breaking of various symmetries

EWSB scale fa U(1)L

massless Majoron! 

T

Majoron massive! 

Neutrino massive

16

(mν)αβ = yαβvΔ/ 2 .

m2
a =

2μv2
ϕvΔ(v2

ϕ + 4v2
Δ)

2v2
ϕ(v2

Δ + v2
s ) + 8v2

Δv2
s

≃
μv2

ϕvΔ

2v2
s

,

Temperature 
of Universe
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For experts of axion physics 
Majoron mass should arise  from cosine like potential!
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ℓL → e− ia
2f ℓL

ER → e− ia
2f ER

S → e+ ia
f S

Δ → e− ia
f Δ

H → H

} −ℒint ⊃ μei a
fa ΦTiτ2Δ†Φ + h . c . .

After electroweak 
symmetry breaking

−ℒint ⊃
μv2

ΦvΔ

2
cos ( a

fa )
Non-zero Majoron mass
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Majoron DM—oscillation time

m2
a(T) =

μv2
ϕ(T)vΔ(T)

2f 2
a

, T ≤ TC

0 , T > TC

maC = 1.079 × 10−4 eV

ma>maC

ma<maC

Oscillation

Time

En
er
gy
Sc
al
e

ma=0

ma=maC (1.079×10-4 eV)

T
=
T
C

3H(t)

Late time

Early time

Tosc = {
T* , ma < maC
TC , ma ≥ maC

18
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Majoron DM—simulations 
··θ + 3H ·θ + m2

a(T)θ = 0

ρa(T0) =
1
2

m2
a f2

a⟨θ2
a,i⟩

g*s(T0)
g*s(Tosc) ( T0

Tosc )
3

θ(t) = − π[ − 2matiJ1
4
(mat)Y− 3

4
(mati) + 2matiY1

4
(mat)J− 3

4
(mati)

19

Equation of motion

Analytical results

Majoron energy density

−Y1
4
(mat)J1

4
(mati) − 2matiY1

4
(mat)5

4
(mati) + J1

4
(mat)Y1

4
(mati)

+2matiJ1
4
(mat)Y5

4
(mati)]/{2 3t

1
4t

3
4
i [J1

4
(mati)Y− 3

4
(mati) − J− 3

4
(mati)Y1

4
(mati)

+J5
4
(mati)Y1

4
(mati) − J1

4
(mati)Y5

4
(mati)]
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Majoron DM—Relic Density

Analytical
Numerical
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Majoron interactions from mixings 

→ λaνν : V23mν/vΔ ,

νC
L iaλaνννL + h . c .

Interactions with fermions

21

YEℓLHER + h . c . →

→ λaee : V13
me

vh
,

Interactions with scalars

λaeeēiγ5e
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Majoron interactions from anomaly 

−ℒYukawa = yαβℓαc
L iτ2Δ′￼ei a

fa ℓβ
L + h.c.

−ℒint ⊃
λ

2
fae

i a
fa ΦTiτ2Δ†Φ + h . c . .

Schemas

22

ℓL → e
−ia
2f ℓL

ER → e
−ia
2f ER

−ℒYukawa = yE
αβℓα′￼

L He
ia

2fAEβ
R + h.c.

} →
ℒ → ℒ −

a
2f

∂μ (ℓLγμℓL + ERγμER)
= ℒ −

a
2f

∂μJL
μ

= ℒ +
a
2f

Nf

32π2 (g2Wa
μνW̃μν,a − g′￼2Bμν B̃ μν)

Δ → Δe−i a
fa
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Majoron interactions from anomaly 
Interactions in mass eigenstates
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W±

W±

αNf

16πfa
aWμνW̃μν

Z

Z

α
8π cos2 θw fa ( 1

2
− sin2 θw) aZμνZ̃μν

α =
g2

4π
Z

γ
α tan θW

32πfa
a (Zμν F̃ μν + FμνZ̃μν)

γ

γ

0 × aFμν F̃ μν
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Neutrino oscillation in Majoron star

Aα→β = ∑
i

̂U βi ̂U *αi exp −i
m2

i x
2E (1 +

ρaV2
23

m2
av2

Δ
+

ρaV2
23 cos 2max
2xm3

av2
Δ )

Veff = i 2ρaV23m−1
a v−1

Δ cos(mat)νC
L mννL + h . c .

Effective potential

Amplitude:

vacuum

axion star

0.01 0.05 0.10 0.50 1
0.0

0.1

0.2

0.3

0.4

0.5

E [GeV]
P
(ν
e
⟶

ν μ
)
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Just for fun!  
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Direct detections of Majoron DM
Boosted Majoron by supernova ν
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Direct detections of Majoron DM
Direct detections in condensed 

matter systems
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Combined Constraints
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Red giants
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Solar neutrinos
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R ∼
1
ρ

ρa

ma

3m2
a

4m2
e

g2
aee

e2
⟨neσabsvrel⟩γ

⟨neσabsvrel⟩γ = −
ImΠ(ω)

ω

Absorption rate for photon in material
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Summary

27

Issue-I:

Issue-II

We have proposed a novel mass generation 
mechanism for Axion-like particles: explicit 
global symmetry breaking ALP mass→

We have presented two very simple and 
natural  models that can address the neutrino 
mass, the dark matter problem and the BAU 
simultaneously!

Thank you for your attention!


