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1. Introduction 
-Light dark sector is  
accidentally flavor and  
CP safe.



A few examples of the success of the SM

Accidentally suppressed flavor violation!
Accidentally suppressed CP violation! 

I do not talk about strong CP.

I would like to consider BSM that does not spoil  
this structure.

``Accidentally” means there is 
no extra assumption, e.g. symmetry.  
They are predicted from particle contents  
+ renormalizability. 

Accidental proton stability! 

Renormalizability
+

Standard Model



BSMs with similar properties. 
Singlet scalar (dark sector) 
 extensions

V( |H |2 , s)
 can be thought to be CP-even if 
renormalizable, i.e. the potential  
is accidentally CP-conserving.  
Flavor violation, proton decay are 
suppressed as in the SM. 

s

δV =

Non-trivially charged particles
*Real adjoint Higgs boson 
 
*Field with very large  
representation etc  

Others  
e.g. SUSY+R-parity (for DM  
stability)+gauge mediation,  
BSM are heavy.

This talk

Massive dark gauge boson (SM is not charged) also  
belong to this category since we need a dark higgs.

Silveira, 1985; Burgess et al 0011335



Singlet scalar extensions can connect light dark sector:  
 symmetry extension.         Gdark

V = − m2
Φ |Φ |2 + λ |Φ |4 + λP |Φ |2 |H |2 + λH |H |4 − μ2

H |H |2 .

< Φ > = vs

G dar
k

= U(1) glo
bal

SSB

SU(N)gauge

Axion 

(Massive) hidden photon
U(1)gauge

Φ ⊃ s

SSB

partially SSB

See CxSM Barger et al, 0811.0393

spin 1 massive quarks + SU(N-1) Yang-Mills theory (if Φ is fundamental)

https://arxiv.org/abs/0811.0393


Light dark sector with Higgs portal coupling. 
V = − m2

Φ |Φ |2 + λ |Φ |4 + λP |Φ |2 |H |2 + λH |H |4 − μ2
H |H |2 .

According to ’t Hooft's naturalness 
 should be written. 

I will consider  not very small in 
the talk.

λP ∼ 1

λP

< Φ > = vs

G dar
k

= U(1) glo
bal

SSB

SU(N)gauge

U(1)gauge SSB

partially SSB

(A loophole of the discussion:   becomes a free particle. ) 
See also light axion/hidden photon dark matter  
production via PT with very small but non-zero ,  
Nakayama WY 2105.14549 

λP → 0 Φ

λP

(Massive) hidden photon

Axion 

spin 1 massive quarks + SU(N-1) Yang-Mills theory (if Φ is fundamental)



V = − m2
Φ |Φ |2 + λ |Φ |4 + λP |Φ |2 |H |2 + λH |H |4 − μ2

H |H |2 .

−
2λPmψSM

(m2Φ − m2
h)m2

h
|∂(would-be)NGB |2 ψ̄SMψSM .

Integrating-out Higgs fields: e.g.

(would-be) NGB

σ ∝ E4
cm (would-be) NGB

Ψ̄SM

ΨSM

Light dark sector production via portal coupling in the early 
Universe.

< Φ > = vs

G dar
k

= U(1) glo
bal

SSB

SU(N)gauge

U(1)gauge SSB

partially SSB

(Massive) hidden photon

Axion 

spin 1 massive quarks + SU(N-1) Yang-Mills theory (if Φ is fundamental)



V = − m2
Φ |Φ |2 + λ |Φ |4 + λP |Φ |2 |H |2 + λH |H |4 − μ2

H |H |2 .

−
2λPmψSM

(m2Φ − m2
h)m2

h
|∂(would-be)NGB |2 ψ̄SMψSM .

Integrating-out Higgs fields: e.g.

(would-be) NGB

σ ∝ E4
cm (would-be) NGB

Ψ̄SM

ΨSM

Light dark sector production via portal coupling in the early 
Universe.

< Φ > = vs

G dar
k

= U(1) glo
bal

SSB

SU(N)gauge

(CP-even) axion DM 
dark radiation

Self-Interacting  
dark radiation 

Hidden photon DM,  
dark radiation

U(1)gauge

Sakurai, WY, 2111.03653;

SSB

partially SSB



1. Introduction 
-An example of light dark sector, CP-even axion DM

< Φ > = vs

G dar
k

= U(1) glo
bal

SSB

SU(N)gauge

(CP-even) axion DM

Self-Interacting  
dark radiation 

Hidden photon DM
U(1)gauge

Takahashi, Sakurai, WY 2204.04770 
see also Jeong, Takahashi, 1305.6521

Sakurai, WY, 2111.03653;

SSB

partially SSB



δV = κ
4

∑
j=1

cjm4−j
Φ Φ j +

2

∑
j=1

(c̃H
j m2−j

Φ Φ j |H |2 + c̃Φ
j m2−j

Φ Φ j |Φ |2 ) + h . c .

Giving mass to the NG boson without a PQ fermion with generic 
explicit U(1) breaking terms predicts a CP-even axion.

V = − m2
Φ |Φ |2 + λ |Φ |4 + λP |H |2 |Φ |2 + λH |H |4 − μ2

H |H |2 .

+generic explicit U(1) breaking with an order parameter , single BSM scale κ mΦ

δVsimp = κ ( |c1 |m2
Φ cos[a/fa + θ1] + | c̃H

1 | (v2
EW + 2vEWh)mΦ cos[a/fa + θ2] + O(h2, s))

For simplicity of discussion, ⊃ ⊃

⟨∂h∂aδVsimp⟩ ∼ κmΦmh ≠ 0 , Axion is CP even !   
c.f. singlet scalar extensions are accidentally CP-safe.

With field redefinition  without loss of generality with generic .⟨a⟩ = 0 θ1, θ2

In general ( )θ2 = O(1)

cj, etc = O(1) + O(1)i

Sakurai, WY, 2111.03653;

(Adding singlet PQ fermion preserving a  symmetry will not change the conclusions.)Cdark
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Thermally produced CP-even axion DM

τ, b

τ, b
a

a

−
2mψ

Λ2
Hm2

h
∂a∂aψ̄ψ .

Ωa ∼ 0.35 ma

20keV ( mψ

GeV )
2

( TR

2GeV )
5

( 3TeV
ΛH )

4

aγ
γ

Γa→γγ ∼ 10−4 m3
aθ2

ah

π5v2 ∝ m7
a

m4
hm2Φ

σ ∝ s2

CP-even axion is produced  
via  in early UniverseλP

It decays via a-h mixing

θ a
h(

m
2 a

m h
m Φ

)−1

 is allowed thanks to the very higher-dimensional term.TR > MeV



Early Universe with high enough reheating temperature 
populates dark sector particles. 

V = − m2
Φ |Φ |2 + λ |Φ |4 + λP |Φ |2 |H |2 + λH |H |4 − μ2

H |H |2 .

< Φ > = vs

G dar
k

= U(1) glo
bal

U(1)gauge Hidden photon DM

Self-interacting  
dark radiation 

TReheating = O(1 − 10)GeV

10keV-MeV 
DM candidate

Schöneberg et al, 2107.10291

 alleviates Hubble tensionΔNeff ∼ 0.4
It is a medalist!!
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(kinetic mixing ≲ 10−14by XENON exp and star cooling)

If  is a symmetric tensor of , an axion   
appears due to accidental symmetry.  

Φ Gdark = SU(N )gauge
Ardu et al, 2007.12663; WY 2007.13320;  

(See also Lee, WY, 1811.04039)

Sakurai, WY, 2111.03653;

e.g. Jaeckel, and Ringwald 1002.0329;

SU(N)gauge

(CP-even) axion DM

Takahashi, Sakurai, WY 2204.04770  
see also Jeong, Takahashi, 1305.6521

https://arxiv.org/search/astro-ph?searchtype=author&query=Sch%C3%B6neberg%2C+N
https://arxiv.org/abs/2007.13320
https://arxiv.org/abs/1811.04039
https://arxiv.org/abs/1002.0329


Dark sector extension: 
Accidentally suppressed FV! 
Accidentally suppressed CPV!  
Accidental proton stability!  
+connected to mysteries in the early universe!
See also topics in similar models:  
WIMP: Barger et al, 0811.0393, etc 
PNGB WIMP: Ishiwata, Toma 1810.08139, etc  
Electroweak baryogenesis: Barger et al, 0811.0393, Cho et al, 2105.11830, etc 
Light mediator scenarios: Matsumoto, Tsai, Tseng, 1811.03292 etc 
Light dark matter production via dark Higgs phase transition: Nakayama WY 2105.14549 

https://arxiv.org/abs/0811.0393
https://arxiv.org/abs/0811.0393
https://arxiv.org/abs/2105.11830


1. Introduction 
-Probing light dark sector  
with SM-like Higgs invisible 
decay in colliders. 
Sorry for the long way around.



A generic prediction is SM-like Higgs invisible decay.

V = − m2
Φ |Φ |2 + λ |Φ |4 + λP |Φ |2 |H |2 + λH |H |4 − μ2

H |H |2 .

Precisely studying  
Higgs invisible decay  
should be important to probe  
natural dark sectors.
*Theorertical understanding 

*Collider study  Haghighat, Najafabadi, Sakurai, WY in progress

Today’s talkh
α ∼ λPvsvEW/(m2

h − m2
s )

(would-be) NGB × 2

⊃ λPvsvEWsh

s
vs

(∂NGB)2
s

(dark Higgs)



Naive estimate of the Higgs invisible decay
V = − m2

Φ |Φ |2 + λ |Φ |4 + λP |Φ |2 |H |2 + λH |H |4 − μ2
H |H |2 .

h
α ∼ λPvsvEW/(m2

h − m2
s )

Γh→darksector ≃ α2Γs→darksector

Naively:(would-be) NGB × 2

⊃ λPvsvEWsh

Naively:  
Signal strength κ ≃ 1 − α2

s
vs

(∂NGB)2
s

(dark Higgs)



Naive estimate of the Higgs invisible decay
V = − m2

Φ |Φ |2 + λ |Φ |4 + λP |Φ |2 |H |2 + λH |H |4 − μ2
H |H |2 .

h
α ∼ λPvsvEW/(m2

h − m2
s )

Γh→darksector ≃ α2Γs→darksector

Naively:(would-be) NGB × 2

⊃ λPvsvEWsh

Naively:  
Signal strength κ ≃ 1 − α2

s
vs

(∂NGB)2
s

(dark Higgs)



What I will talk about  
★When  
the quantum Zeno effect is important. 

★ On-shell Higgs boson  
is not an eigenstate of the mass  
matrix but it is a superposition i.e.  
it is fuzzy.  

★The mixing effect is dynamically  
suppressed.  
(  dark sector decouples)  

Γs→darksector > Δmeigenstate

Γs→darksector → ∞,log Γs→darksector

lo
gΓ

h→
da

rk
se

cto
r

α, meigenstatesfixed
Γs→darksector = Δmeigenstate

Γ h→
dar

kse
cto

r
≃ α

2 Γ s→
dar

kse
cto

r

Sakurai WY 2204.01739



2. Quantum mechanics of  
Higgs invisible decay



“Flavor” oscillation in Higgs invisible decay.
V = − m2

Φ |Φ |2 + λ |Φ |4 + λP |Φ |2 |H |2 + λH |H |4 − μ2
H |H |2 .

h

(would-be) NGB × 2

e+

e−
Z

In the production + decay process,  
the interaction basis and mass basis are misaligned. 

: Interaction basis, i.e. Interaction for doublet and singlet

: Mass basis

A similar setup is neutrino oscillation which is due to  
the misalignment of flavor basis and mass basis.

T2K collaboration, https://t2k-experiment.org/t2k/



“Flavor” oscillation in Higgs invisible decay.
V = − m2

Φ |Φ |2 + λ |Φ |4 + λP |Φ |2 |H |2 + λH |H |4 − μ2
H |H |2 .

h

(would-be) NGB × 2

e+

e−
Z

| < h |h, t > |

| < s |h, t > |

|h⟩( = cos α |1⟩ + sin α |2⟩)

Flavor oscillation, c.f. K, B, neutrino

 t

α = 0.2

2π
(2 | ⃗p | )

|m2
1 − m2

2 |

Solution of  
schrodinger eq with free hamiltonian

α

1



Quantum Zeno Effect with  
The quantum system with frequent measurements evolves in  
a subspace of the total Hilbert space. 

Γs→dark ≫ |m1 − m2 |

| < h |h, t > |

| < s |h, t > |

 t

α

1

≡ frequency of "flavor" measuement

wave function  
collapses

e.g. Nakazato, Namiki, and Pascazio, quant-ph/9509016.

Δt

Due to the s decay, the system decoheres  
at the timescale 

 .   

In the vacuum, we may have ,  

 .   

The propagating mode  
``flavor” state, . 

tcoh ≡ | ⃗p |
m̄

1
Γs

Δt ∼ tcoh

Γh→dark ∝ α2 (m1 − m2)2

Γ2
s→dark

Γs→dark

∼ |h⟩( = cos α |1⟩ + sin α |2⟩)
(Sorry for very intuitive discussion)



Ēh ≃ ⟨h, ⃗p | Ĥfree |h, ⃗p ⟩ ≃ | ⃗p | + m2
1 cos2 α + m2

2 sin2 α
2 | ⃗p |

.

m2
h,eff = m2

1 cos α2 + m2
2 sin α2

Thus, at , the produced Higgs  
is fuzzy i.e. propagating mode is  
a superposition of the mass states: 

Γs→dark ≫ |m1 − m2 |

|h, ⃗p ⟩ = cos α |m1, ⃗p ⟩ + sin α |m2, ⃗p ⟩



3. QFT justification and  
property of fuzzy higgs boson 



In QFT, a resummation reproduces previous results.

i( = mass eigenstate) j( = mass eigenstate)

(would-be) NGB, SM

Δ̂α,β =

Propagator in “flavor” basis ( ) isα, β = h, s
Pilaftsis, 9702393, Arkani-Hamed, et al 9704205; Cacciapaglia, Deandrea, Curtis, 0906.3417;

https://arxiv.org/abs/hep-ph/9702393
https://arxiv.org/search/hep-ph?searchtype=author&query=Arkani-Hamed%2C+N
https://arxiv.org/search/hep-ph?searchtype=author&query=Deandrea%2C+A
https://arxiv.org/abs/0906.3417


Analytic check of .Δ̂hh

ϵ ≡ m2
1 − m2

2 , meff ≡ cos α2m2
1 + sin α2m2

2 Γs→dark ∼ m3
heff

32πv2s
By expanding  and assuming perturbativity, we obtainϵ

mheffΓs→dark

Sakurai WY 2204.01739

Δ̂hh ≃
i(Q2 − m2

heff + ϵ cos(2α) + i m4
heff

32πv2s
) + O( ϵ2

Γ2sm2
heff

)

(Q2 − m2
heff + ϵ cos(2α) + i

m4
heff

32πv2s
)(Q2 − m2

heff + i 8πϵ2 sin2(2α)v2s

m4
heff

) .



Analytic check of .Δ̂hh

ϵ ≡ m2
1 − m2

2 , meff ≡ cos α2m2
1 + sin α2m2

2 Γs→dark ∼ m3
heff

32πv2s
By expanding  and assuming perturbativity, we obtainϵ

mheffΓs→dark

Sakurai WY 2204.01739

Δ̂hh ≃
i(Q2 − m2

heff + ϵ cos(2α) + i m4
heff

32πv2s
) + O( ϵ2

Γ2sm2
heff

)

(Q2 − m2
heff + ϵ cos(2α) + i

m4
heff

32πv2s
)(Q2 − m2

heff + i 8πϵ2 sin2(2α)v2s

m4
heff

) .



Analytic check of .Δ̂hh

ϵ ≡ m2
1 − m2

2 , meff ≡ cos α2m2
1 + sin α2m2

2 Γs→dark ∼ m3
heff

32πv2s
By expanding  and assuming perturbativity, we obtainϵ

mheffΓs→dark

We get a single-pole propagator! 

Sakurai WY 2204.01739

Δ̂hh ≃
i(1 − sin2(2α) ϵ2

4Γs→dark[mheff]2m2
heff

)

Q2 − m2
heff + i ϵ2 sin(2α)2

4m2
heffΓs→dark[mheff] mheff



m2
heff = cos α2m2

1 + sin α2m2
2

Fuzzy Higgs Property

Γheff→dark ≃ ϵ2 sin(2α)2

4m2
heffΓs→dark[mheff]

sin[2αeff] ≃ ϵ sin(2α)
mheffΓs[mheff]

Mass Invisible decay rate

Mixing (deviation of Higgs coupling)

Δ̂hh ≃
i(1 − sin2(2α) ϵ2

4Γs→dark[mheff]2m2
heff

)

Q2 − m2
heff + i ϵ2 sin(2α)2

4m2
heffΓs→dark[mheff] mheff
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Γs→dark ∼ m3
heff

32πv2s

By increasing , Γs→dark

1. 

2. 

3.

Γ s→
dar

k  gets suppressed. Γh→dark

two poles approach to 1.

 approaches to  
that of SM Higgs boson 
by taking . 

Δ̂hh

mheff = 125.25 GeV

m
eff Γ

s→
dark ≃

ϵ
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Fuzzy Higgs Boson scenario ( ) is alive.Γs→dark > |m1 − m2 |

Fuzzy  
Higgs

LHC bound of h → inv

ϵ ≡ m2
1 − m2

2 , mheff ≡ cos α2m2
1 + sin α2m2

2

Γheff→dark ≃ ϵ2 sin(2α)2

4m2
heffΓs→dark[mheff] ≲ MeV

LHC bound for fuzzy higgs boson  
scenario

sin[2αeff] ≃ ϵ sin(2α)
mheffΓs[mheff] ≲ O(0.1)

Fuzzy higgs boson scenario  
is in the regime  

 
for  by  
imposing perturbative unitarity.

|m1 − m2 | < O(0.1)(O(10))GeV

α = O(1), (O(0.001))

mheff ≃ 125 GeV

The parameter region is larger for the strongly-coupled  
dark sector.



Conclusions: 

★When  we should use the following properties  
to study the Higgs Boson rather than the usual naive estimate.  

Γs→darksector > Δmeigenstate

Sakurai WY 2204.01739

Light dark sector extension, if natural, may be probed by Higgs invisible decay in the colliders 
model independently. Thus the precise study is important.  We found

m2
heff = cos α2m2

1 + sin α2m2
2

Fuzzy Higgs Property

Γheff→dark ≃ ϵ2 sin(2α)2

4m2
heffΓs→dark[mheff]

sin[2αeff] ≃ ϵ sin(2α)
mheffΓs[mheff]

Mass Invisible decay rate

Mixing (deviation of Higgs coupling)



Fuzzy Englert and Higgs

Thank you very much!
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★When  we should use the following properties  
to study the Higgs Boson rather than the usual naive estimate.  

Γs→darksector > Δmeigenstate

Sakurai WY 2204.01739

Light dark sector extension, if natural, may be probed by Higgs invisible decay in the colliders 
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Possible applications.

Abe, Cho, Mawatari, 2101.04887

Degenerate scalar scenario

Degenerate scalars with   
can be distinguished at ILC

Δm ≳ 0.1GeV

In the fuzzy Higgs region, the degenerate scalars  
cannot be distinguished. But it is probed by the Higgs  
invisible decay also at the ILC.  

WIMP DM, Abe, Cho, Mawatari, 2101.04887 
 EWPT, Cho, Idegawa, Senaha  2105.11830

Exact Z_2 mirror symmetry

Strongly coupled dark sector
Go beyond perturbative unitarity. If  can be arbitrarily large,  
fuzzy Higgs boson is realized with arbitrary   
and thus generically realized. 

Γs→dark

|m1 − m2 |

 Sakurai WY 2204.01739

ℒ = ℒSM + ℒmirror SM

−λP |H |2 |Hmirror |
2

SM Mirror 
SM

Relevant to fine-tuning problems or lighter QCD axion. Hook 1802.10093 

λP

 . 
In this case, the Higgs coupling deviation of   
can be also probed together with invisible decay.

Γh = Γmirrorh ∼ 4MeV, mh ≃ mmirrorh = 125.25GeV, α = π/4

κX = cos(2αeff)

 Sakurai WY 2204.01739

Extention to dark scalar phenomena 
Mixed axions with one component decay very fast has the other  
component stabilized. 

When dark higgs masses are similar, some parameter space  
for WIMP and EWPT will open.

https://arxiv.org/abs/1802.10093
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Solution to kinetic equations.  
(It is used in neutrino oscillations)

Sigl, Raffelt, 1993

Mass mixing Decay

The second term is of the same form  
for neutrino oscillation scattering with the 
medium i.e. the measurement. Thus I 
define the decay as a measurement.



W-boson mass shift
Takahashi, Sakurai, WY 2204.04770



s → visible (No light dark sector)

ΔMW < 2 MeV

Takahashi, Sakurai, WY 2204.04770



s → visible, invisible
Takahashi, Sakurai, WY 2204.04770

ΔMW < 4 MeV

Prediction: increasing the W-boson mass shift beyond 2MeV induces 125GeV Higgs Boson invisible decay via mixing.

 CDF-II result cannot be explained.∴

It can relax the tension without CDF results. 



3. 　　　CP-even ALP  
　　　from generic CPV 

Kodai Sakurai, WY 2111.03653 

In the following I take for simplicity , which does not change our conclusions.θCP = θCKM = 0

https://arxiv.org/abs/2111.03653
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      (a parity for dark Higgs).
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Φ(t, ⃗x ) → Φ(t, − ⃗x )
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If we do not impose CP symmetry  
in the dark sector, 

δV = κ
4
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cjm4−j
Φ Φ j +
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Explicit breaking of  controlled by  is dark U(1) κ

arg c, c̃ ≠ 0

But  remains: SM  CP SM, 
      (a parity for dark Higgs).

Cdark ⋅ CP →

Φ(t, ⃗x ) → Φ(t, − ⃗x )

 : SM  CP SM 
, thus  

Cdark ⋅ CP →

Φ(t, ⃗x ) → Φ(t, − ⃗x ) a[t, ⃗x ]( ≡ − i arg Φ) → a[t, − ⃗x ]

 :       SM  CP SM,        
A simple UV completion of axion without imposing CP 
symmetry has accidental  with ALP being CP-even.   

CPEFT ≡ Cdark ⋅ CP → a[t, ⃗x ] → a[t, − ⃗x ]

CPEFT



Couplings of the CP-even ALP 

δV = κ
4

∑
j=1

cjm4−j
Φ Φ j +

2

∑
j=1

(c̃H
j m2−j

Φ Φ j |H |2 + c̃Φ
j m2−j

Φ Φ j |Φ |2 ) + h . c .

V = − m2
Φ |Φ |2 + λ |Φ |4 + λP |H |2 |Φ |2 + λH |H |4 − μ2

H |H |2 .

ℒeff ∼ m2
amh

mΦ
ah, θah ∼ m2

a

mhmΦ

ℒeff ∼ <SM

md<SM
Φ

(∂a)2
•Induced from U(1) symmetric part, and thus   

  symmetric.  
•Non-renormalizable (dim 6 or 8). 
 i.e. very weak at low energy.

Cdark × CP

•Induced from U(1) breaking part.  
•At ,(i.e. ), it vanishes, i.e.  
amplitude  
•Renormalizable, dominant at low energy. 

κ → 0 m2
a → 0

∝ m2
a
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next dominant decay modes

:
:

LHCb

LEP

NA62 CHARM

<latexit sha1_base64="DG/zkSMmLfYYWimVgrrmqCfva/A=">AAAB9HicbVBNSwMxEJ31s9avqkcvwSJ4KrtatMeCF48V7Ae0a8mm2TY0ya5JtlCW/R1ePCji1R/jzX9j2u5BWx8MPN6bYWZeEHOmjet+O2vrG5tb24Wd4u7e/sFh6ei4paNEEdokEY9UJ8CaciZp0zDDaSdWFIuA03Ywvp357QlVmkXywUxj6gs8lCxkBBsr+chzH1OvlvVQKrJ+qexW3DnQKvFyUoYcjX7pqzeISCKoNIRjrbueGxs/xcowwmlW7CWaxpiM8ZB2LZVYUO2n86MzdG6VAQojZUsaNFd/T6RYaD0Vge0U2Iz0sjcT//O6iQlrfspknBgqyWJRmHBkIjRLAA2YosTwqSWYKGZvRWSEFSbG5lS0IXjLL6+S1mXFu65c3VfL9WoeRwFO4QwuwIMbqMMdNKAJBJ7gGV7hzZk4L86787FoXXPymRP4A+fzB0FbkRc=</latexit>10 18
m

<latexit sha1_base64="WOmzrULBBptbSAcJP9aepCIJXPQ=">AAAB9HicbVBNSwMxEJ31s9avqkcvwSJ4KrtaqseCF48V7Ae0a8mm2TY0ya5JtlCW/R1ePCji1R/jzX9j2u5BWx8MPN6bYWZeEHOmjet+O2vrG5tb24Wd4u7e/sFh6ei4paNEEdokEY9UJ8CaciZp0zDDaSdWFIuA03Ywvp357QlVmkXywUxj6gs8lCxkBBsr+chzH1OvlvVQKrJ+qexW3DnQKvFyUoYcjX7pqzeISCKoNIRjrbueGxs/xcowwmlW7CWaxpiM8ZB2LZVYUO2n86MzdG6VAQojZUsaNFd/T6RYaD0Vge0U2Iz0sjcT//O6iQlv/JTJODFUksWiMOHIRGiWABowRYnhU0swUczeisgIK0yMzaloQ/CWX14lrcuKV6tc3VfL9WoeRwFO4QwuwINrqMMdNKAJBJ7gGV7hzZk4L86787FoXXPymRP4A+fzBz5HkRU=</latexit>10 16
m

<latexit sha1_base64="ORhTdfVIB9ChayBISlwdoJ/eeDE=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9nVoh4LXjxWsB/QriWbZtvQJLsm2UJZ9nd48aCIV3+MN/+NabsHbX0w8Hhvhpl5QcyZNq777RTW1jc2t4rbpZ3dvf2D8uFRS0eJIrRJIh6pToA15UzSpmGG006sKBYBp+1gfDvz2xOqNIvkg5nG1Bd4KFnICDZW8pHnPqZeLeuhVGT9csWtunOgVeLlpAI5Gv3yV28QkURQaQjHWnc9NzZ+ipVhhNOs1Es0jTEZ4yHtWiqxoNpP50dn6MwqAxRGypY0aK7+nkix0HoqAtspsBnpZW8m/ud1ExPe+CmTcWKoJItFYcKRidAsATRgihLDp5Zgopi9FZERVpgYm1PJhuAtv7xKWhdV76p6eV+r1Gt5HEU4gVM4Bw+uoQ530IAmEHiCZ3iFN2fivDjvzseiteDkM8fwB87nDzszkRM=</latexit>10 14
m

<latexit sha1_base64="ms1YQjoqOjbC4jqBT52hbZ0zXQY=">AAAB9HicbVBNSwMxEJ31s9avqkcvwSJ4Kru1qMeCF48V7Ae0a8mm2TY0ya5JtlCW/R1ePCji1R/jzX9j2u5BWx8MPN6bYWZeEHOmjet+O2vrG5tb24Wd4u7e/sFh6ei4paNEEdokEY9UJ8CaciZp0zDDaSdWFIuA03Ywvp357QlVmkXywUxj6gs8lCxkBBsr+chzH1OvmvVQKrJ+qexW3DnQKvFyUoYcjX7pqzeISCKoNIRjrbueGxs/xcowwmlW7CWaxpiM8ZB2LZVYUO2n86MzdG6VAQojZUsaNFd/T6RYaD0Vge0U2Iz0sjcT//O6iQlv/JTJODFUksWiMOHIRGiWABowRYnhU0swUczeisgIK0yMzaloQ/CWX14lrWrFu6pc3tfK9VoeRwFO4QwuwINrqMMdNKAJBJ7gGV7hzZk4L86787FoXXPymRP4A+fzBzgfkRE=</latexit>10 12
m

<latexit sha1_base64="Jat3lpYCXHGp/GVkrl15PxZIW/0=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9nVoh4LXjxWsB/QriWbZtvQJLsm2UJZ9nd48aCIV3+MN/+NabsHbX0w8Hhvhpl5QcyZNq777RTW1jc2t4rbpZ3dvf2D8uFRS0eJIrRJIh6pToA15UzSpmGG006sKBYBp+1gfDvz2xOqNIvkg5nG1Bd4KFnICDZW8pHnPqaem/VQKrJ+ueJW3TnQKvFyUoEcjX75qzeISCKoNIRjrbueGxs/xcowwmlW6iWaxpiM8ZB2LZVYUO2n86MzdGaVAQojZUsaNFd/T6RYaD0Vge0U2Iz0sjcT//O6iQlv/JTJODFUksWiMOHIRGiWABowRYnhU0swUczeisgIK0yMzalkQ/CWX14lrYuqd1W9vK9V6rU8jiKcwCmcgwfXUIc7aEATCDzBM7zCmzNxXpx352PRWnDymWP4A+fzBzULkQ8=</latexit>10 10
m

<latexit sha1_base64="0WAmiO8CiNZThfNFcOvTIziznFU=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBi2W3FvVY8OKxgv2Adi3ZNG1Dk+yaZAtl2d/hxYMiXv0x3vw3pu0etPXBwOO9GWbmBRFn2rjut5NbW9/Y3MpvF3Z29/YPiodHTR3GitAGCXmo2gHWlDNJG4YZTtuRolgEnLaC8e3Mb02o0iyUD2YaUV/goWQDRrCxko889zG5qKRdlIi0Vyy5ZXcOtEq8jJQgQ71X/Or2QxILKg3hWOuO50bGT7AyjHCaFrqxphEmYzykHUslFlT7yfzoFJ1ZpY8GobIlDZqrvycSLLSeisB2CmxGetmbif95ndgMbvyEySg2VJLFokHMkQnRLAHUZ4oSw6eWYKKYvRWREVaYGJtTwYbgLb+8SpqVsndVvryvlmrVLI48nMApnIMH11CDO6hDAwg8wTO8wpszcV6cd+dj0Zpzsplj+APn8wcx85EN</latexit>10 �
2
m

<latexit sha1_base64="B33PZ3TG6AyCDileTEwfBg52QGQ=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKexqUI8BLx4jmAckS5iddJIhM7PLzKwQlnyEFw+KePV7vPk3TpI9aLSgoajqprsrSgQ31ve/vMLa+sbmVnG7tLO7t39QPjxqmTjVDJssFrHuRNSg4AqblluBnUQjlZHAdjS5nfvtR9SGx+rBThMMJR0pPuSMWie1SdAjmZz1yxW/6i9A/pIgJxXI0eiXP3uDmKUSlWWCGtMN/MSGGdWWM4GzUi81mFA2oSPsOqqoRBNmi3Nn5MwpAzKMtStlyUL9OZFRacxURq5TUjs2q95c/M/rpnZ4E2ZcJalFxZaLhqkgNibz38mAa2RWTB2hTHN3K2FjqimzLqGSCyFYffkvaV1Ug6vq5X2tUq/lcRThBE7hHAK4hjrcQQOawGACT/ACr17iPXtv3vuyteDlM8fwC97HN2Uhjuw=</latexit>1
m

<latexit sha1_base64="HY3gUxiwGzsTluX9Gt6dhDw6e8I=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9mtRT0WvHisYD+wXUs2zbahSXZJskJZ+i+8eFDEq//Gm//GbLsHbX0w8Hhvhpl5QcyZNq777RTW1jc2t4rbpZ3dvf2D8uFRW0eJIrRFIh6pboA15UzSlmGG026sKBYBp51gcpP5nSeqNIvkvZnG1Bd4JFnICDZWekCe+1jro1TMBuWKW3XnQKvEy0kFcjQH5a/+MCKJoNIQjrXueW5s/BQrwwins1I/0TTGZIJHtGepxIJqP51fPENnVhmiMFK2pEFz9fdEioXWUxHYToHNWC97mfif10tMeO2nTMaJoZIsFoUJRyZC2ftoyBQlhk8twUQxeysiY6wwMTakkg3BW355lbRrVe+yenFXrzTqeRxFOIFTOAcPrqABt9CEFhCQ8Ayv8OZo58V5dz4WrQUnnzmGP3A+fwD8d4/K</latexit>10 2
m

<latexit sha1_base64="0vLfnnAkVzWan7RTg9nu/K9da4I=">AAAB9HicbVBNSwMxEJ31s9avqkcvwSJ4sexqUY8FLx4r2A9o15JNs21okl2TbKEs+zu8eFDEqz/Gm//GtN2Dtj4YeLw3w8y8IOZMG9f9dlZW19Y3Ngtbxe2d3b390sFhU0eJIrRBIh6pdoA15UzShmGG03asKBYBp61gdDv1W2OqNIvkg5nE1Bd4IFnICDZW8pHnPqbn1ayLUpH1SmW34s6AlomXkzLkqPdKX91+RBJBpSEca93x3Nj4KVaGEU6zYjfRNMZkhAe0Y6nEgmo/nR2doVOr9FEYKVvSoJn6eyLFQuuJCGynwGaoF72p+J/XSUx446dMxomhkswXhQlHJkLTBFCfKUoMn1iCiWL2VkSGWGFibE5FG4K3+PIyaV5UvKvK5X21XKvmcRTgGE7gDDy4hhrcQR0aQOAJnuEV3pyx8+K8Ox/z1hUnnzmCP3A+fwA1B5EP</latexit>10 �
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m

<latexit sha1_base64="S/we44OtvAqbHFQF0JrvXYaZGqI=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBi2VXS/VY8OKxgv2Adi3ZNG1Dk+yaZAtl2d/hxYMiXv0x3vw3pu0etPXBwOO9GWbmBRFn2rjut5NbW9/Y3MpvF3Z29/YPiodHTR3GitAGCXmo2gHWlDNJG4YZTtuRolgEnLaC8e3Mb02o0iyUD2YaUV/goWQDRrCxko889zG5qKZdlIi0Vyy5ZXcOtEq8jJQgQ71X/Or2QxILKg3hWOuO50bGT7AyjHCaFrqxphEmYzykHUslFlT7yfzoFJ1ZpY8GobIlDZqrvycSLLSeisB2CmxGetmbif95ndgMbvyEySg2VJLFokHMkQnRLAHUZ4oSw6eWYKKYvRWREVaYGJtTwYbgLb+8SpqXZa9avrqvlGqVLI48nMApnIMH11CDO6hDAwg8wTO8wpszcV6cd+dj0Zpzsplj+APn8wc4G5ER</latexit>10 �
6
m

<latexit sha1_base64="X3hG5sCkb0yc6Ri9eEpg9WyqDKI=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBi2VXi/ZY8OKxgv2Adi3ZNG1Dk+yaZAtl2d/hxYMiXv0x3vw3pu0etPXBwOO9GWbmBRFn2rjut5NbW9/Y3MpvF3Z29/YPiodHTR3GitAGCXmo2gHWlDNJG4YZTtuRolgEnLaC8e3Mb02o0iyUD2YaUV/goWQDRrCxko889zG5qKZdlIi0Vyy5ZXcOtEq8jJQgQ71X/Or2QxILKg3hWOuO50bGT7AyjHCaFrqxphEmYzykHUslFlT7yfzoFJ1ZpY8GobIlDZqrvycSLLSeisB2CmxGetmbif95ndgMqn7CZBQbKsli0SDmyIRolgDqM0WJ4VNLMFHM3orICCtMjM2pYEPwll9eJc3LsnddvrqvlGqVLI48nMApnIMHN1CDO6hDAwg8wTO8wpszcV6cd+dj0Zpzsplj+APn8wc7L5ET</latexit>10 �
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m

<latexit sha1_base64="dLOANI/9KAuwTYnXcz/ZzWLBLF8=">AAAB9XicbVBNSwMxEJ31s9avqkcvwSJ4sexqUY8FLx4r2A9otyWbZtvQJLskWaUs+z+8eFDEq//Fm//GtN2Dtj4YeLw3w8y8IOZMG9f9dlZW19Y3Ngtbxe2d3b390sFhU0eJIrRBIh6pdoA15UzShmGG03asKBYBp61gfDv1W49UaRbJBzOJqS/wULKQEWys1EOe20vPPTfrolRk/VLZrbgzoGXi5aQMOer90ld3EJFEUGkIx1p3PDc2foqVYYTTrNhNNI0xGeMh7VgqsaDaT2dXZ+jUKgMURsqWNGim/p5IsdB6IgLbKbAZ6UVvKv7ndRIT3vgpk3FiqCTzRWHCkYnQNAI0YIoSwyeWYKKYvRWREVaYGBtU0YbgLb68TJoXFe+qcnlfLdeqeRwFOIYTOAMPrqEGd1CHBhBQ8Ayv8OY8OS/Ou/Mxb11x8pkj+APn8weg/ZFG</latexit>10 �
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m

<latexit sha1_base64="zFELyrT3C4svTyGOc54DuinEqM0=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0m0qMeCF48V7Ac0sWy2m3bp7ibsboQS8je8eFDEq3/Gm//GbZuDtj4YeLw3w8y8MOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo+NUEdomMY9VL8SaciZp2zDDaS9RFIuQ0244uZ353SeqNIvlg5kmNBB4JFnECDZW8pHnPmaN3EeZyAfVmlt350CrxCtIDQq0BtUvfxiTVFBpCMda9z03MUGGlWGE07zip5ommEzwiPYtlVhQHWTzm3N0ZpUhimJlSxo0V39PZFhoPRWh7RTYjPWyNxP/8/qpiW6CjMkkNVSSxaIo5cjEaBYAGjJFieFTSzBRzN6KyBgrTIyNqWJD8JZfXiWdi7p3Vb+8b9SajSKOMpzAKZyDB9fQhDtoQRsIJPAMr/DmpM6L8+58LFpLTjFzDH/gfP4AyTWQ2A==</latexit>10 4
m

<latexit sha1_base64="LrHnuVfdefWIEnixENqyNGNzFkk=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KomW6rHgxWMF+wFNLJvtpl26uwm7G6GE/A0vHhTx6p/x5r9x2+agrQ8GHu/NMDMvTDjTxnW/nbX1jc2t7dJOeXdv/+CwcnTc0XGqCG2TmMeqF2JNOZO0bZjhtJcoikXIaTec3M787hNVmsXywUwTGgg8kixiBBsr+chzH7NG7qNM5INK1a25c6BV4hWkCgVag8qXP4xJKqg0hGOt+56bmCDDyjDCaV72U00TTCZ4RPuWSiyoDrL5zTk6t8oQRbGyJQ2aq78nMiy0norQdgpsxnrZm4n/ef3URDdBxmSSGirJYlGUcmRiNAsADZmixPCpJZgoZm9FZIwVJsbGVLYheMsvr5LOZc1r1K7u69VmvYijBKdwBhfgwTU04Q5a0AYCCTzDK7w5qfPivDsfi9Y1p5g5gT9wPn8AzEmQ2g==</latexit>10 6
m

<latexit sha1_base64="pr5Xg3pR1zmOhP3Vsn7hdb32T+w=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KokW7bHgxWMF+wFNLJvtpl26uwm7G6GE/A0vHhTx6p/x5r9x2+agrQ8GHu/NMDMvTDjTxnW/nbX1jc2t7dJOeXdv/+CwcnTc0XGqCG2TmMeqF2JNOZO0bZjhtJcoikXIaTec3M787hNVmsXywUwTGgg8kixiBBsr+chzH7NG7qNM5INK1a25c6BV4hWkCgVag8qXP4xJKqg0hGOt+56bmCDDyjDCaV72U00TTCZ4RPuWSiyoDrL5zTk6t8oQRbGyJQ2aq78nMiy0norQdgpsxnrZm4n/ef3URI0gYzJJDZVksShKOTIxmgWAhkxRYvjUEkwUs7ciMsYKE2NjKtsQvOWXV0nnsuZd167u69VmvYijBKdwBhfgwQ004Q5a0AYCCTzDK7w5qfPivDsfi9Y1p5g5gT9wPn8Az12Q3A==</latexit>10 8
m<latexit sha1_base64="Jat3lpYCXHGp/GVkrl15PxZIW/0=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9nVoh4LXjxWsB/QriWbZtvQJLsm2UJZ9nd48aCIV3+MN/+NabsHbX0w8Hhvhpl5QcyZNq777RTW1jc2t4rbpZ3dvf2D8uFRS0eJIrRJIh6pToA15UzSpmGG006sKBYBp+1gfDvz2xOqNIvkg5nG1Bd4KFnICDZW8pHnPqaem/VQKrJ+ueJW3TnQKvFyUoEcjX75qzeISCKoNIRjrbueGxs/xcowwmlW6iWaxpiM8ZB2LZVYUO2n86MzdGaVAQojZUsaNFd/T6RYaD0Vge0U2Iz0sjcT//O6iQlv/JTJODFUksWiMOHIRGiWABowRYnhU0swUczeisgIK0yMzalkQ/CWX14lrYuqd1W9vK9V6rU8jiKcwCmcgwfXUIc7aEATCDzBM7zCmzNxXpx352PRWnDymWP4A+fzBzULkQ8=</latexit>10 10

m
<latexit sha1_base64="/9+KxwLso2LC/oJeh+SQad1XyyM=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5JoUTdCwY3LCvYBbSiTyW07dDIJMxMxhuKvuHGhiFv/w51/47TNQlsPXDiccy/33uPHnCntON9WYWl5ZXWtuF7a2Nza3rF395oqSiSFBo14JNs+UcCZgIZmmkM7lkBCn0PLH11P/NY9SMUicafTGLyQDATrM0q0kXr2QTf0o4csAEpSzEEM9HB81bPLTsWZAi8SNydllKPes7+6QUSTEISmnCjVcZ1YexmRmlEO41I3URATOiID6BgqSAjKy6bXj/GxUQLcj6QpofFU/T2RkVCpNPRNZ0j0UM17E/E/r5Po/qWXMREnGgSdLeonHOsIT6LAAZNANU8NIVQycyumQyIJ1SawkgnBnX95kTRPK+555ey2Wq5V8ziK6BAdoRPkogtUQzeojhqIokf0jF7Rm/VkvVjv1sestWDlM/voD6zPH7j5lVw=</latexit>decay

length
=

SN1987A

Decay length and product of  from Higgs decay 
and signature at ILC

a

Probing CP-even ALP at e.g. ILC 250GeV
Kodai Sakurai, WY 2111.03653 

Vertex resolution 

Detector size (TPC)
Reach of rare displaced vertex 
( , 3ab^(-1))Brh→aa ∼ 1 %

Higgs invisble  

decay ILC whitepaperBrh→aa ≳ 0.1 %

See also Bhattacherjee et al  
2111.02437  
for hadron collider reach  
of CP-even light mediator

Displaced  
vertex  × 2

Brh→aa ≳ 10−6,
(2σCL,3 ab−1)

Higgs  
exotic  
decay Brh→aa(→cc̄cc̄) ≳ 10−3 (2σCL,2 ab−1)

Liu et al, 1612.09284 

https://arxiv.org/abs/2111.03653


What roles does CP-even ALP play in  
the early Universe?

• Light mediator to DM with . 
   ALP couples SM fermion weakly but strongly with DM, which is the desired  
     property of a light mediator.  
• CP-even ALP DM. 

ℒ ⊃ ΦΨ̄c
DMΨDM

This talk. 

Please study it with WIMP, which should be an interesting topic! 

Γa→γγ ∼ 10−4 m3
aθ2

ah

π5v2 ∝ m7
a

m4
hm2Φ

CP-even ALP is a good DM candidate if it is lighter than MeV.
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Thermally produced CP-even ALP DM
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τ, b
a

a

−
2mψ

Λ2
Hm2

h
∂a∂aψ̄ψ .

Ωa ∼ 0.35 ma

20keV ( mψ

GeV )
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( TR

2GeV )
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( 3TeV
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4

aγ
γ

Γa→γγ ∼ 10−4 m3
aθ2

ah

π5v2 ∝ m7
a

m4
hm2Φ

σ ∝ s2



Light bosonic DM can be produced  
during reheating if  as laser. TR > minflaton

For CP-even ALP, we need  
 for the produced  

ALP not to be thermalized.   
Probed by inflaton search, 21cm line.

TR ≪ mΦ

Moroi, WY, 2011.09475, 2011.12285
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Non-thermal production scenario: lighter  
mass range.
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