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Axion-like particle  as the DM candidate
Merits
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Problems

Solving the strong CP 
problem and the dark 
matter problem.

The UV origin of the Peccei–Quinn  symmetry

The PQ quality problem 

Overproduction of ALP from the axion cosmic string

The mass generation mechanism of the ALP

The ALP domain-wall problem

Signal of the ALP in various experiments…
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Outline
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ALP	mass	generation	via	the	seesaw	mechanisms

Axion-like dark matter from the type-II seesaw mechanism, Wei Chao, M.J. Jin, H.J. Li Y.Q. Peng, Phys.Rev.D

Majorana Majoron and the baryon asymmetry of the Universe, Wei Chao,Y.Q. Peng, in submission

ALP	direct	detections	via	the	scattering	off	the	electron

ALP	direct	detections	in	superfluid	via	the	phonon	signal

Direct detections of the axionlike particle revisited, Wei Chao, JJ Feng, M.Jin, Phys.Rev.D

Axion and Dark Fermion Electromagnetic Form Factors in Superfluid He-4, Wei Chao, S. Sun, X.Wang, C. Xie, Phys.Rev.D

✔︎
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ALP & 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 : ALP
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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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ALP interactions and mass
Field-dependent phase transformation

5

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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ALP interactions and Majoron mass
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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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ALP 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 .

∂μ jμ = ( ∂V
∂ϕ ) ϕ − ϕ† ( ∂V

∂ϕ† )
Initial velocity:


(From Noether theorem)

ALP 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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ALP mass and its relic density
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ALP & 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
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Yukawa Interaction −ℒΔ = YαβℓαC
L iσ2Δℓβ

L + h . c .

Key term: μΦTiσ2ΔΦ + h . c .

LNV term!
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ALP & neutrino mass via  type-II seesaw
Gauge boson masses
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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  angle for pseudo-scalars Majoron gets non-zero mass 
from the mixing!
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ALP & neutrino mass via  type-II seesaw
Sequential breaking of various symmetries

EWSB scale fa U(1)L

massless ALP! 

T

ALP massive! 

Neutrino massive
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(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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ALP 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
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ALP DM—Relic Density

Analytical
Numerical
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Outline
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ALP	mass	generation	via	the	seesaw	mechanisms

Axion-like dark matter from the type-II seesaw mechanism, Wei Chao, M.Jin, H.Li Y.Peng, Phys.Rev.D

Majorana Majoron and the baryon asymmetry of the Universe, Wei Chao,Y.Q. Peng, in submission.

ALP	direct	detections	via	the	scattering	off	the	electron

ALP	direct	detections	in	superfluid	via	the	phonon	signal

Direct detections of the axionlike particle revisited, Wei Chao, J. Feng, M.Jin, Phys.Rev.D

Axion and Dark Fermion Electromagnetic Form Factors in Superfluid He-4, Wei Chao, S. Sun, X.Wang, C. Xie, Phys.Rev.D

✔︎
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Detection of the  ALP
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⼋仙过海、各显神通gaγγ gaee
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Detection of the  ALP—direct detection
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Axio-electric absorption of ALPs

PandaX: 2408.07641 SuperCDMS: 2407.08085
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Detection of the  ALP—Condense matter material
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What we concern (1):Enhanced signal?
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Is there an enhanced signal of ALP in direct detections when consider 
both  and   couplings?gaγγ gaee

W. Chao, J. Feng, M.Jin, Phys.Rev.D

ℒ ∼ −
1
4

gaγγaFF̃ + gaeeaēiγ5e
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Constraint of DD
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JUNO Constraint
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Outline
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ALP	mass	generation	via	the	seesaw	mechanisms

Axion-like dark matter from the type-II seesaw mechanism, Wei Chao, M.Jin, H.Li Y.Peng, Phys.Rev.D

Majorana Majoron and the baryon asymmetry of the Universe, Wei Chao,Y.Q. Peng, in submission.

ALP	direct	detections	via	the	scattering	off	the	electron

ALP	direct	detections	in	superfluid	via	the	phonon	signal

Direct detections of the axionlike particle revisited, Wei Chao, J. Feng, M.Jin, Phys.Rev.D

Axion and Dark Fermion Electromagnetic Form Factors in Superfluid He-4, Wei Chao, S. Sun, X.Wang, C. Xie, Phys.Rev.D

✔︎
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What we concern (2):New DD strategy
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Is there any new constraint on the ALP coupling from the superfluid?
W Chao, S. Sun, X.Wang, C. Xie, Phys.Rev.D

Phonon (quasiparticle) in Superfluid Helium-4： A Goldstone-like particle 
from the spontaneous breaking of the U(1) symmetry as well as the breaking of the 
boosts and the time translations in the superfluid He-4 

Sint ∼ ∫ d4x
μ
n̄

cs ( μ2

2
db
dμ

+ μb) ·πF0ρF0
ρ − μb∂jπFijF0i +

b
2

μ
n̄

cs∂μπ∂νπFμρFν
ρ

Action of phonon field Phonon-photon conversion 
in external electric field 
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Constraints on gaγγ′￼
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Why?  (1) No DD constraint on this coupling ; (2) There are already 
strong constraint on  .gaγγ
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Summary
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(1) A new ALP mass generation mechanism is discussed.

(2) The Direct detection of ALP is revisited.

Thank you for your attention!

(3) New strategy for the DD of ALP is considered.


