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Dark Matter (DM)
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• Existence of dark matter has been confirmed in many astrophysical 
observations.  

Rotation curves of galaxies, gravitational lens, etc.

• DM constitutes about 26% of the Universe. 

• There is no candidate of DM in the 
standard model (SM).

https://plancksatellite.org.uk/

https://chandra.harvard.edu/index.html

Mysteries of DM:
-  Spin
-  The scale of mass
-  Production mechanism
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Light dark sector
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-  Sterile neutrino

-  Axion/ axion-like particle (ALP)

-  Dark photon

Standard model

Portal int.

Dark sector

Candidates of light DM :

mediator

 ・ SM particle


 ・ New particle

We focus
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Feature of ALPs/ axion
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mH, cos α, m2
s , μS, λS

• Stability of DM directly links to the lightness.

Assuming that ALP is light ensures the stability of DM.

c.f ) WIMP DM

　　To stabilize it, some assumptions would be needed such as   

       discrete symmetry or higher SU(2) representations.  
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& (Age of Universe)

Rich phenomenology  especially for Astrophysics

• ALP couple with photons. 

e.g) X-ray, γ-ray, Supernova cooling, … 

• If one consider QCD axion, strong CP problem is 
solved. 
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Mass of ALP

6

• ALP is pseudo NG boson originated from the global U(1) symmetry breaking.

• ALP mass terms generate from the explicit U(1) breaking terms.

e.g)
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• m^2 —> 0, U(1) symmetry is conserved. Corresponding to this, axion becomes 
massless NGB. 
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Interaction of ALP in CP conserving case
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ALP interactions enjoy shift symmetry   at the classical level. 
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a ! a+ C

• While ALP-fermion (Higgs) couplings respect the shift symmetry, ALP-photon 
coupling does not. 
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• ALP only has pseudoscalar coupling with fermions in the CP conserving case.
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Current bounds for the ALP-fermion coupling
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[ https://cajohare.github.io/AxionLimits/] 

ALP-neutron coupling:

• The strongest current bound comes from SN1987A.

• CASPEr experiments survey gan ~10-14 at ma~0.1 neV. 

<latexit sha1_base64="zrTlj7GdknbKOl/mh+inA7qm+Ys="></latexit>
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ALP interaction with CP violation 
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We consider the scalar coupling

→  Nucleon receives a new force mediated by ALP.
The potential in the non-relativistic limit
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→  The gravitational potential is modified as
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 constrained by long-range force experiments.
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LCPV = �gSafaf̄f

• When ma< 1eV, this gives significant contributions.

• The constraint is much tighter than gaN (~10-9).

<latexit sha1_base64="IUiUcaBAQRo892Abwi9iLp+d1aY=">AAACEHicbVC7TsMwFHV4lvIKMLJYVIiyVEmpoAtSJQaYqiLoQ2rSyHGd1qrjRLaDVEX9BBZ+hYUBhFgZ2fgb3McALUe60vE598r3Hj9mVCrL+jaWlldW19YzG9nNre2dXXNvvyGjRGBSxxGLRMtHkjDKSV1RxUgrFgSFPiNNf3A19psPREga8Xs1jIkboh6nAcVIackzTxzE4j66dAKBcJrvde686mmnOEpLTkzhtVeFoZfot2fmrII1AVwk9ozkwAw1z/xyuhFOQsIVZkjKtm3Fyk2RUBQzMso6iSQxwgPUI21NOQqJdNPJQSN4rJUuDCKhiys4UX9PpCiUchj6ujNEqi/nvbH4n9dOVFB2U8rjRBGOpx8FCYMqguN0YJcKghUbaoKwoHpXiPtIR6N0hlkdgj1/8iJpFAv2eeHstpSrlGdxZMAhOAJ5YIMLUAE3oAbqAINH8AxewZvxZLwY78bHtHXJmM0cgD8wPn8A0+Gbyg==</latexit>

↵ =
(gSN )2

4⇡GNm2
u



A new renormalizable model for Axion-like particle and its phenomenologyKodai Sakurai /45

What we are interest

10

• The CPV coupling is disfavored by the bounds from the long-range force.

For QCD axion, CPV source spoils the virtue of the PQ mechanism. 

• This would be the reason why UV models with CPC dark sector are popular. 

• However, if ma> eV, the limit of the long-range force is weaker. 

Open question: How are the properties of ALP changed in the case we introduce CPV 

                          in the dark sector?

In this talk, we consider a simple renormalization model with CPV in dark sector. 

• Properties of ALP 

• ALP phenomenology
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Scalar potential: CP symmetric dark sector [1/2]

12

mH, cos α, m2
s , μS, λS

• Global dark U(1) symmetry is imposed in the potential. 
-  Spontaneously broken by        . 
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-  Nambu Goldstone boson     is massless. 

→  ρ and s  mix
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<latexit sha1_base64="GV0kwlAkSoT/42hN+5bulL3iV3w="></latexit>

V = �m
2
�|�|2 + �|�|4 + �P |H|2|�|2 + �H |H|4 � µ

2
H
|H|2 ,

SM Higgs doublet field: Dark Higgs field: , 
<latexit sha1_base64="GPnNKe7VP8ZaNP6bi1UKMSf/wPU=">AAACFXicbVDLSsNAFJ3UV62vqEs3wSJUKiWpom6EohuXFe0Dmhgm00k7dPJwZlIoQ37Cjb/ixoUibgV3/o3TNgttPXDhcM693HuPF1PChWl+a7mFxaXllfxqYW19Y3NL395p8ihhCDdQRCPW9iDHlIS4IYiguB0zDAOP4pY3uBr7rSFmnEThnRjF2AlgLyQ+QVAoydWP7HqfXAxdeZuWbZ9BJK1U2vyBCVlN0xIvE3gv7ZiRAKeHrl40K+YExjyxMlIEGequ/mV3I5QEOBSIQs47lhkLR0ImCKI4LdgJxzFEA9jDHUVDGGDuyMlXqXGglK7hR0xVKIyJ+ntCwoDzUeCpzgCKPp/1xuJ/XicR/rkjSRgnAodoushPqCEiYxyR0SUMI0FHikDEiLrVQH2oshEqyIIKwZp9eZ40qxXrtHJ8c1KsXWZx5MEe2AclYIEzUAPXoA4aAIFH8AxewZv2pL1o79rHtDWnZTO74A+0zx8JJJ9h</latexit>

� = vS +
1p
2
(s+ ia0)

<latexit sha1_base64="PvjyAfa8QQHFzRbwlLFecvw0Ezc="></latexit>

H =

✓
G

+

v + 1p
2
(⇢+ iG0)

◆

<latexit sha1_base64="zqZxs7Km2mwm8g6SJ3vCxrEY2cI="> wGdnc6B</latexit>

�V = 

 
4X

j=1

cj�m
4�j

� �j +
2X

j=1

(c̃H
j
m

2�j

� �j |H|2 + c̃
�
j
m

2�j

� �j |�|2)
!

+ h.c.

U(1) symmetric part:

Soft breaking terms:  CPV can be included only in this part. 

,
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Scalar potential: CP symmetric dark sector [2/2]

13

mH, cos α, m2
s , μS, λS

Both of CP and Cdark are conserved in V. 

• Accidental discrete symmetry:
<latexit sha1_base64="2W8nbcsp55T9r6WVVdWveYRvHy0="></latexit>

(Cdark)H(t, ~x)(Cdark)
† = H(t, ~x)

(Cdark)�(t, ~x)(Cdark)
† = �(t, ~x)⇤

<latexit sha1_base64="wy/7MO7iHzTMy5aZcH93Q5z6UMM="></latexit>

(CP )H(t, ~x)(CP )† = H
⇤(t,�~x)

(CP )�(t, ~x)(CP )† = �⇤(t,�~x)

CP : Cdark :

<latexit sha1_base64="GV0kwlAkSoT/42hN+5bulL3iV3w="></latexit>

V = �m
2
�|�|2 + �|�|4 + �P |H|2|�|2 + �H |H|4 � µ

2
H
|H|2 ,

SM Higgs doublet field: Dark Higgs field: , 
<latexit sha1_base64="GPnNKe7VP8ZaNP6bi1UKMSf/wPU=">AAACFXicbVDLSsNAFJ3UV62vqEs3wSJUKiWpom6EohuXFe0Dmhgm00k7dPJwZlIoQ37Cjb/ixoUibgV3/o3TNgttPXDhcM693HuPF1PChWl+a7mFxaXllfxqYW19Y3NL395p8ihhCDdQRCPW9iDHlIS4IYiguB0zDAOP4pY3uBr7rSFmnEThnRjF2AlgLyQ+QVAoydWP7HqfXAxdeZuWbZ9BJK1U2vyBCVlN0xIvE3gv7ZiRAKeHrl40K+YExjyxMlIEGequ/mV3I5QEOBSIQs47lhkLR0ImCKI4LdgJxzFEA9jDHUVDGGDuyMlXqXGglK7hR0xVKIyJ+ntCwoDzUeCpzgCKPp/1xuJ/XicR/rkjSRgnAodoushPqCEiYxyR0SUMI0FHikDEiLrVQH2oshEqyIIKwZp9eZ40qxXrtHJ8c1KsXWZx5MEe2AclYIEzUAPXoA4aAIFH8AxewZv2pL1o79rHtDWnZTO74A+0zx8JJJ9h</latexit>

� = vS +
1p
2
(s+ ia0)

<latexit sha1_base64="PvjyAfa8QQHFzRbwlLFecvw0Ezc="></latexit>

H =

✓
G

+

v + 1p
2
(⇢+ iG0)

◆

<latexit sha1_base64="zqZxs7Km2mwm8g6SJ3vCxrEY2cI="> wGdnc6B</latexit>

�V = 

 
4X

j=1

cj�m
4�j

� �j +
2X

j=1

(c̃H
j
m

2�j

� �j |H|2 + c̃
�
j
m

2�j

� �j |�|2)
!

+ h.c.

U(1) symmetric part:

Soft breaking terms:  CPV can be included only in this part. 

,
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Scalar potential: CP violating dark sector

14

mH, cos α, m2
s , μS, λS

-  It scales the mass of ALP  

<latexit sha1_base64="GV0kwlAkSoT/42hN+5bulL3iV3w="></latexit>

V = �m
2
�|�|2 + �|�|4 + �P |H|2|�|2 + �H |H|4 � µ

2
H
|H|2 ,

• CP and Cdark are violated in δV.

SM Higgs doublet field: Dark Higgs field: , 
<latexit sha1_base64="GPnNKe7VP8ZaNP6bi1UKMSf/wPU=">AAACFXicbVDLSsNAFJ3UV62vqEs3wSJUKiWpom6EohuXFe0Dmhgm00k7dPJwZlIoQ37Cjb/ixoUibgV3/o3TNgttPXDhcM693HuPF1PChWl+a7mFxaXllfxqYW19Y3NL395p8ihhCDdQRCPW9iDHlIS4IYiguB0zDAOP4pY3uBr7rSFmnEThnRjF2AlgLyQ+QVAoydWP7HqfXAxdeZuWbZ9BJK1U2vyBCVlN0xIvE3gv7ZiRAKeHrl40K+YExjyxMlIEGequ/mV3I5QEOBSIQs47lhkLR0ImCKI4LdgJxzFEA9jDHUVDGGDuyMlXqXGglK7hR0xVKIyJ+ntCwoDzUeCpzgCKPp/1xuJ/XicR/rkjSRgnAodoushPqCEiYxyR0SUMI0FHikDEiLrVQH2oshEqyIIKwZp9eZ40qxXrtHJ8c1KsXWZx5MEe2AclYIEzUAPXoA4aAIFH8AxewZv2pL1o79rHtDWnZTO74A+0zx8JJJ9h</latexit>

� = vS +
1p
2
(s+ ia0)

<latexit sha1_base64="PvjyAfa8QQHFzRbwlLFecvw0Ezc="></latexit>

H =

✓
G

+

v + 1p
2
(⇢+ iG0)

◆

<latexit sha1_base64="zqZxs7Km2mwm8g6SJ3vCxrEY2cI="> wGdnc6B</latexit>

�V = 

 
4X

j=1

cj�m
4�j

� �j +
2X

j=1

(c̃H
j
m

2�j

� �j |H|2 + c̃
�
j
m

2�j

� �j |�|2)
!

+ h.c.

(                      )

•  κ corresponds to the order parameter of breaking of dark U(1). 

U(1) symmetric part:

Soft breaking terms:  CPV can be included only in this part. 

-  We assume κ <<1. This may be natural in the sense that U(1) is restored in           .<latexit sha1_base64="5iNb/s5h+5hXXMqDTBDc9XDyOPw=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjMq1WXBjcsK9gEzQ7mTZtrQTBKSjFBKP8ONC0Xc+jXu/BvTdhZaPRA4nHMvueckijNjff/LK62tb2xulbcrO7t7+wfVw6OOkbkmtE0kl7qXgKGcCdq2zHLaU5pClnDaTca3c7/7SLVhUjzYiaJxBkPBUkbAOimMxqAURFZiv1+t+XV/AfyXBAWpoQKtfvUzGkiSZ1RYwsGYMPCVjaegLSOczipRbqgCMoYhDR0VkFETTxcnz/CZUwY4ldo9YfFC/bkxhcyYSZa4yQzsyKx6c/E/L8xtehNPmVC5pYIsP0pzjl3EeX48YJoSyyeOANHM3YrJCDQQ61qquBKC1ch/SeeiHjTql/dXtWajqKOMTtApOkcBukZNdIdaqI0IkugJvaBXz3rP3pv3vhwtecXOMfoF7+MbuqaQ3A==</latexit>

 ! 0
[Gerard 't Hooft, NATO Sci.Ser.B 59 (1980) 135-157]

<latexit sha1_base64="wy/7MO7iHzTMy5aZcH93Q5z6UMM="></latexit>

(CP )H(t, ~x)(CP )† = H
⇤(t,�~x)

(CP )�(t, ~x)(CP )† = �⇤(t,�~x)
CP :

<latexit sha1_base64="2W8nbcsp55T9r6WVVdWveYRvHy0="></latexit>

(Cdark)H(t, ~x)(Cdark)
† = H(t, ~x)

(Cdark)�(t, ~x)(Cdark)
† = �(t, ~x)⇤

Cdark :

,
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CP violating dark sector predicts a CP-even ALP!

15

mH, cos α, m2
s , μS, λS

• The ALP field mixes with the CP-even components ρ and s’.

<latexit sha1_base64="QUsNc2YKJRFxXpTQDayK8XLg91U="></latexit>

✓ah ' M2
ah

M2
hh �M2

aa

⇠ ch
m2

a

mhm�

●  Though the mixing with the SM Higgs boson, couplings of ALP with SM fields are generated. 
<latexit sha1_base64="e46Zr+FnXwVGTP9IPY9BWMOQNHs="></latexit>

Lint. 3 �✓ah
mf

v
af̄f � igafaf̄�5f

→ ALP has the couplings of CP-even scalar. 

<latexit sha1_base64="ogScUDp1iaJesFh2pQulMLi52Cc="></latexit>0

@
h
s
a

1

A = R(✓hs, ✓sa, ✓ah)

0

@
⇢
s0

a0

1

A

→ The couplings scale with the mass of ALP. 

SM Higgs doublet : 

Dark Higgs singlet: 
<latexit sha1_base64="GPnNKe7VP8ZaNP6bi1UKMSf/wPU=">AAACFXicbVDLSsNAFJ3UV62vqEs3wSJUKiWpom6EohuXFe0Dmhgm00k7dPJwZlIoQ37Cjb/ixoUibgV3/o3TNgttPXDhcM693HuPF1PChWl+a7mFxaXllfxqYW19Y3NL395p8ihhCDdQRCPW9iDHlIS4IYiguB0zDAOP4pY3uBr7rSFmnEThnRjF2AlgLyQ+QVAoydWP7HqfXAxdeZuWbZ9BJK1U2vyBCVlN0xIvE3gv7ZiRAKeHrl40K+YExjyxMlIEGequ/mV3I5QEOBSIQs47lhkLR0ImCKI4LdgJxzFEA9jDHUVDGGDuyMlXqXGglK7hR0xVKIyJ+ntCwoDzUeCpzgCKPp/1xuJ/XicR/rkjSRgnAodoushPqCEiYxyR0SUMI0FHikDEiLrVQH2oshEqyIIKwZp9eZ40qxXrtHJ8c1KsXWZx5MEe2AclYIEzUAPXoA4aAIFH8AxewZv2pL1o79rHtDWnZTO74A+0zx8JJJ9h</latexit>

� = vS +
1p
2
(s+ ia0)

<latexit sha1_base64="PvjyAfa8QQHFzRbwlLFecvw0Ezc="></latexit>

H =

✓
G

+

v + 1p
2
(⇢+ iG0)

◆

• The mixing angle  between h and  a can be expressed by 

2

<latexit sha1_base64="O+TxSto9Ns0RnXON9MdYBEfVDKs="></latexit>

h : SM-like Higgs boson
<latexit sha1_base64="bh5XrV2ZbDCH4KiXz5zZmwOenp8=">AAACA3icdVDLSgMxFM3UV62vUXe6CRbB1TDTkT5cFdx0WcE+oC0lk6ZtaCYZkoxYhhY3/oobF4q49Sfc+TemD0FFD1w4nHMv994TRIwq7bofVmpldW19I72Z2dre2d2z9w/qSsQSkxoWTMhmgBRhlJOappqRZiQJCgNGGsHocuY3bohUVPBrPY5IJ0QDTvsUI22krn2kLqbtMBC3SQ/J0bRCBwM1DYQSfNK1s67jlnI5Pw9dx/OLhZJvSNHzDYWe486RBUtUu/Z7uydwHBKuMUNKtTw30p0ESU0xI5NMO1YkQniEBqRlKEchUZ1k/sMEnhqlB/tCmuIaztXvEwkKlRqHgekMkR6q395M/Mtrxbpf7CSUR7EmHC8W9WMGtYCzQGCPSoI1GxuCsKTmVoiHSCKsTWwZE8LXp/B/Us85Xt7xr86z5eIyjjQ4BifgDHigAMqgAqqgBjC4Aw/gCTxb99aj9WK9LlpT1nLmEPyA9fYJyG2Y5g==</latexit>

s : dark Higgs boson
<latexit sha1_base64="GhSgzxM9QsdtbX/W43O0kc8pfDI=">AAAB9HicdVDLSgMxFM34rPVVdekmWARXw0xH2qmrihsXLirYB7RDyaRpG5pMxiRTLEP9DTcuFHHrx7jzb0wfgooeuHA4517uvSeMGVXacT6speWV1bX1zEZ2c2t7Zze3t19XIpGY1LBgQjZDpAijEalpqhlpxpIgHjLSCIcXU78xIlJREd3ocUwCjvoR7VGMtJECdHbf5qG4S8+vqpNOLu/YTrlQ8IrQsV3PL5U9Q3zXMxS6tjNDHixQ7eTe212BE04ijRlSquU6sQ5SJDXFjEyy7USRGOEh6pOWoRHiRAXp7OgJPDZKF/aENBVpOFO/T6SIKzXmoenkSA/Ub28q/uW1Et3zg5RGcaJJhOeLegmDWsBpArBLJcGajQ1BWFJzK8QDJBHWJqesCeHrU/g/qRdst2h716f5ir+IIwMOwRE4AS4ogQq4BFVQAxjcggfwBJ6tkfVovViv89YlazFzAH7AevsEFUqSTQ==</latexit>

a : ALP<latexit sha1_base64="SJgHw/BJFm5ULOJWaa3wGmEjiMI=">AAAB6HicdVDLSsNAFL2pr1pfVZduBovgQkLSSJvuCm5ctmAf0IYymU7b0ckkzEyEEvoFblwo4tZPcuffOH0IKnrgwuGce7n3njDhTGnH+bBya+sbm1v57cLO7t7+QfHwqK3iVBLaIjGPZTfEinImaEszzWk3kRRHIaed8O5q7nfuqVQsFjd6mtAgwmPBRoxgbaTmxaBYcmynVi57FeTYrudXa54hvusZilzbWaAEKzQGxff+MCZpRIUmHCvVc51EBxmWmhFOZ4V+qmiCyR0e056hAkdUBdni0Bk6M8oQjWJpSmi0UL9PZDhSahqFpjPCeqJ+e3PxL6+X6pEfZEwkqaaCLBeNUo50jOZfoyGTlGg+NQQTycytiEywxESbbAomhK9P0f+kXbbdiu01L0t1fxVHHk7gFM7BhSrU4Roa0AICFB7gCZ6tW+vRerFel605azVzDD9gvX0C6l+NAQ==</latexit>, <latexit sha1_base64="SJgHw/BJFm5ULOJWaa3wGmEjiMI=">AAAB6HicdVDLSsNAFL2pr1pfVZduBovgQkLSSJvuCm5ctmAf0IYymU7b0ckkzEyEEvoFblwo4tZPcuffOH0IKnrgwuGce7n3njDhTGnH+bBya+sbm1v57cLO7t7+QfHwqK3iVBLaIjGPZTfEinImaEszzWk3kRRHIaed8O5q7nfuqVQsFjd6mtAgwmPBRoxgbaTmxaBYcmynVi57FeTYrudXa54hvusZilzbWaAEKzQGxff+MCZpRIUmHCvVc51EBxmWmhFOZ4V+qmiCyR0e056hAkdUBdni0Bk6M8oQjWJpSmi0UL9PZDhSahqFpjPCeqJ+e3PxL6+X6pEfZEwkqaaCLBeNUo50jOZfoyGTlGg+NQQTycytiEywxESbbAomhK9P0f+kXbbdiu01L0t1fxVHHk7gFM7BhSrU4Roa0AICFB7gCZ6tW+vRerFel605azVzDD9gvX0C6l+NAQ==</latexit>,

 is function of      .<latexit sha1_base64="lvXd+tNGsPqqdynoa8pGt65b2/s=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0qMeCF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0wPqjfrniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzUKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPEzLpPUoGSLRWEqiInJ7G8y4AqZERNLKFPc3krYiCrKjE2nZEPwll9eJa2LqndVvbyvVeq1PI4inMApnIMH11CHO2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gA9dI28</latexit>ch
<latexit sha1_base64="+5tnarMplYf0GxqEU5KRTqrjsWo=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0qMeCF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilB9YX/XLFrbpzkFXi5aQCORr98ldvELM04gqZpMZ0PTdBP6MaBZN8WuqlhieUjemQdy1VNOLGz+anTsmZVQYkjLUthWSu/p7IaGTMJApsZ0RxZJa9mfif100xvPEzoZIUuWKLRWEqCcZk9jcZCM0ZyokllGlhbyVsRDVlaNMp2RC85ZdXSeui6l1VL+9rlXotj6MIJ3AK5+DBNdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifPz74jb0=</latexit>ci

counter exapmple of 
this coupling?

,
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Why does pseudo scalar couplings vanish?

16

mH, cos α, m2
s , μS, λS

<latexit sha1_base64="zqZxs7Km2mwm8g6SJ3vCxrEY2cI="></latexit>

�V = 

 
4X

j=1

cj�m
4�j

� �j +
2X

j=1

(c̃H
j
m

2�j

� �j |H|2 + c̃
�
j
m

2�j

� �j |�|2)
!

+ h.c.

<latexit sha1_base64="A00TczYjHqpMHQ6amFlpcSjbVQY=">AAAB/3icbZDLSgMxGIUzXmu9jQpu3ASL4KrMqKi4qnTjsoK9QGcYMpm0Dc1lSDJCGQv6Km5cKOLW13Dn25heFtp6IPBxzh/y58Qpo9p43rezsLi0vLJaWCuub2xubbs7uw0tM4VJHUsmVStGmjAqSN1Qw0grVQTxmJFm3K+O8uY9UZpKcWcGKQk56graoRgZa0XufjXKA8VhglQfDgOcSAOrtavILXllbyw4D/4USmCqWuR+BYnEGSfCYIa0bvteasIcKUMxI8NikGmSItxHXdK2KBAnOszH+w/hkXUS2JHKHmHg2P19I0dc6wGP7SRHpqdns5H5X9bOTOcyzKlIM0MEnjzUyRg0Eo7KgAlVBBs2sICwonZXiHtIIWxsZUVbgj/75XlonJT98/Lp7Vmpcv04qaMADsAhOAY+uAAVcANqoA4weADP4BW8OU/Oi/PufExGF5xphXvgj5zPH8v2lbg=</latexit>

Cdark · CP :

In κ≠0 ( i.e. δV≠0 ), 

Conserved 

Broken,
<latexit sha1_base64="Ap1QpFbtEm7xhwcghRdl5q31GR8=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKeyq+DoFcvEYwTwgWcPs7GwyZGZ2mZlVwpL/8OJBEa/+izf/xkmyB40WNBRV3XR3BQln2rjul1NYWl5ZXSuulzY2t7Z3yrt7LR2nitAmiXmsOgHWlDNJm4YZTjuJolgEnLaDUX3qtx+o0iyWd2acUF/ggWQRI9hY6b7ez3pKoBCrEZpc98sVt+rOgP4SLycVyNHolz97YUxSQaUhHGvd9dzE+BlWhhFOJ6VeqmmCyQgPaNdSiQXVfja7eoKOrBKiKFa2pEEz9edEhoXWYxHYToHNUC96U/E/r5ua6NLPmExSQyWZL4pSjkyMphGgkClKDB9bgoli9lZEhlhhYmxQJRuCt/jyX9I6qXrn1dPbs0rtKo+jCAdwCMfgwQXU4AYa0AQCCp7gBV6dR+fZeXPe560FJ5/Zh19wPr4Br0SR9g==</latexit>

Cdark : Broken 
<latexit sha1_base64="PVhzKJ9nzM6Om73cnNA8GAkxJm8=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyq+DoFcvEY0TwgWcLspJMMmZ1dZmaFsOQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7glhwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SxbDOIhGpVkA1Ci6xbrgR2IoV0jAQ2AxG1anffEKleSQfzThGP6QDyfucUWOlh2rttlssuWV3BrJMvIyUIEOtW/zq9CKWhCgNE1TrtufGxk+pMpwJnBQ6icaYshEdYNtSSUPUfjo7dUJOrNIj/UjZkobM1N8TKQ21HoeB7QypGepFbyr+57UT07/2Uy7jxKBk80X9RBATkenfpMcVMiPGllCmuL2VsCFVlBmbTsGG4C2+vEwaZ2Xvsnx+f1Gq3GRx5OEIjuEUPLiCCtxBDerAYADP8ApvjnBenHfnY96ac7KZQ/gD5/MHsaONZA==</latexit>

CP :

→ The simple model involving dark Higgs singlet predict CP-even ALP.

But 
<latexit sha1_base64="SEKmA5bqF7W1JKMdzpoOJ9NNe0k="></latexit>

(Ce↵P )(�igaf )af̄�5f(Ce↵P )†

! +igafaf̄�5f

<latexit sha1_base64="tyVCIdt+H49ppBTzWiZTD9bUvr0=">AAACFHicbZBLSwMxFIUzPmt9VV26CRahIpQZFRVXlW5cVrAP6Awlk7nThmYeJplCGQb8C278K25cKOLWhTv/jeljoa0HAh/n3JDc48acSWWa38bC4tLyympuLb++sbm1XdjZbcgoERTqNOKRaLlEAmch1BVTHFqxABK4HJpuvzrKmwMQkkXhnRrG4ASkGzKfUaK01SkcVzupLQLsEdHHmU29SOFqrWTDfcIGeBqC72e1o6tOoWiWzbHwPFhTKKKpap3Cl+1FNAkgVJQTKduWGSsnJUIxyiHL24mEmNA+6UJbY0gCkE46XirDh9rxsB8JfUKFx+7vGykJpBwGrp4MiOrJ2Wxk/pe1E+VfOikL40RBSCcP+QnHKsKjhrDHBFDFhxoIFUz/FdMeEYQq3WNel2DNrjwPjZOydV4+vT0rVq4fJnXk0D46QCVkoQtUQTeohuqIokf0jF7Rm/FkvBjvxsdkdMGYVriH/sj4/AEKwZ33</latexit>

Cdark · CP (⌘ Ce↵P ) :
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CP-even ALP couplings

17

mH, cos α, m2
s , μS, λS

<latexit sha1_base64="GV0kwlAkSoT/42hN+5bulL3iV3w="></latexit>

V = �m
2
�|�|2 + �|�|4 + �P |H|2|�|2 + �H |H|4 � µ

2
H
|H|2 ,

<latexit sha1_base64="zqZxs7Km2mwm8g6SJ3vCxrEY2cI="></latexit>

�V = 

 
4X

j=1

cj�m
4�j

� �j +
2X

j=1

(c̃H
j
m

2�j

� �j |H|2 + c̃
�
j
m

2�j

� �j |�|2)
!

+ h.c.

U(1) symmetric part:

Explicit breaking terms:  CPV can be included only in this part. 

U(1) symmetric part:

Explicit breaking terms:

• Cdark and CP symmetric

• Non-renormalizable

<latexit sha1_base64="LhfZ5AgL9x0ftd/HurDleZ/fEs4="></latexit>

Le↵ ⇠
OSM

m2
�

(@a)2

<latexit sha1_base64="rUvg8RD6+ujdl+pwH8dCbwtuLoc="></latexit>

Le↵. 3 �✓ahghXXaXX

⇠ m2
a

mhm�
ghXXaXX

•  It realizes through the mixing 
between h and a. 

•  Renormalizable

• It vanishes at κ → 0 (ma → 0) .2
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• Model with CPV in dark sector

-  Future colliders, astrophysical observations

3.  Summary

• Testability of ALP 

2.  Phenomenology of Higgs boson

1.  Phenomenology of ALP

• Introduction

• Suppression of the mixing eff
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Search of CP-even ALP

19

mH, cos α, m2
s , μS, λS

The interaction between ALP and  the SM-like Higgs boson is not necessary small, 
differently from the interaction with fermions. 

<latexit sha1_base64="y3xrvImSOYcwnsBacIYcw0FKoBE=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoMQL2FXRcVT0IvHCOYB2SX0TmaTIbMPZmaFsOQ3vHhQxKs/482/cZLsQRMLGoqqbrq7/ERwpW372yqsrK6tbxQ3S1vbO7t75f2DlopTSVmTxiKWHR8VEzxiTc21YJ1EMgx9wdr+6G7qt5+YVDyOHvU4YV6Ig4gHnKI2kltF10eZBZPg9KZXrtg1ewayTJycVCBHo1f+cvsxTUMWaSpQqa5jJ9rLUGpOBZuU3FSxBOkIB6xraIQhU142u3lCTozSJ0EsTUWazNTfExmGSo1D33SGqIdq0ZuK/3ndVAfXXsajJNUsovNFQSqIjsk0ANLnklEtxoYgldzcSugQJVJtYiqZEJzFl5dJ66zmXNbOHy4q9ds8jiIcwTFUwYErqMM9NKAJFBJ4hld4s1LrxXq3PuatBSufOYQ/sD5/AFO3kTs=</latexit>

(af̄f) :
<latexit sha1_base64="zP3PFWOv2RE4ilAljVQjF+yIVsE=">AAACDHicbZA7SwNBFIVn4yvGV9TSZjAINoZdFbWM2FhGMA/IhnB3MpsMmX0wczcQlgVbG/+KjYUitv4AO/+Nk0ehiRcGDuecYeZ+XiyFRtv+tnJLyyura/n1wsbm1vZOcXevrqNEMV5jkYxU0wPNpQh5DQVK3owVh8CTvOENbsZ5Y8iVFlF4j6OYtwPohcIXDNBYnWLpxMU+R+ik0M9cXwFLg46fpcMMXA9U6mc+NS27bE+GLgpnJkpkNtVO8cvtRiwJeIhMgtYtx46xnYJCwSTPCm6ieQxsAD3eMjKEgOt2Olkmo0fG6VI/UuaESCfu7xspBFqPAs80A8C+ns/G5n9ZK0H/qp2KME6Qh2z6kJ9IihEdk6FdoThDOTICmBLmr5T1wRBBw69gIDjzKy+K+mnZuSif3Z2XKtcPUxx5ckAOyTFxyCWpkFtSJTXCyCN5Jq/kzXqyXqx362NazVkzhPvkz1ifPx4jnLU=</latexit>

�✓ah
mf

v
af̄f

<latexit sha1_base64="7wAmt/e8FpZFR3ij7ObsSpG4LSE="></latexit>

⇠ ch
m2

a

mhm�

<latexit sha1_base64="le2bPEHxMq1SvHHEggdllcxCk4Q=">AAAB+3icbVDLTgIxFO34RHyNuHTTSExgQ2bQqHFFdOMSE3kkMJI7pQMNnc6k7RgJ4VfcuNAYt/6IO//GDsxCwZPc5OSce9t7jx9zprTjfFsrq2vrG5u5rfz2zu7evn1QaKookYQ2SMQj2fZBUc4EbWimOW3HkkLoc9ryRzep33qkUrFI3OtxTL0QBoIFjIA2Us8ulIalbgxSM+AYyg/V8lXPLjoVZwa8TNyMFFGGes/+6vYjkoRUaMJBqY7rxNqbpI8STqf5bqJoDGQEA9oxVEBIlTeZ7T7FJ0bp4yCSpoTGM/X3xARCpcahbzpD0EO16KXif14n0cGlN2EiTjQVZP5RkHCsI5wGgftMUqL52BAgkpldMRmCBKJNXHkTgrt48jJpVivueeX07qxYu87iyKEjdIxKyEUXqIZuUR01EEFP6Bm9ojdrar1Y79bHvHXFymYO0R9Ynz/WJ5MF</latexit>

(h(@a)2) :
<latexit sha1_base64="7zxCGoPlbn4sO1bAKq20RJzk+bY=">AAACF3icbVDLSgMxFM34rPVVdekmWIS6aJmpoi6LblxWsA/otMOdNNOGJjNDkimUoX/hxl9x40IRt7rzb0wfC209EDicc0+Se/yYM6Vt+9taWV1b39jMbGW3d3b39nMHh3UVJZLQGol4JJs+KMpZSGuaaU6bsaQgfE4b/uB24jeGVCoWhQ96FNO2gF7IAkZAG8nLlYpuIIGkLjeZLnjV4TgVnuqUi8Lrd8rjfsGNQWoGHMNZp+zl8nbJngIvE2dO8miOqpf7crsRSQQNNeGgVMuxY91OJ1cSTsdZN1E0BjKAHm0ZGoKgqp1O9xrjU6N0cRBJc0KNp+rvRApCqZHwzaQA3VeL3kT8z2slOrhupyyME01DMnsoSDjWEZ6UhLtMUqL5yBAgkpm/YtIH05M2VWZNCc7iysukXi45l6Xz+4t85WZeRwYdoxNUQA66QhV0h6qohgh6RM/oFb1ZT9aL9W59zEZXrHnmCP2B9fkDLWOfSQ==</latexit>

� �P v

m2
s �m2

h

h(@a)2

If                   , the coupling can be sizable.
<latexit sha1_base64="oBu0rX0a2Yjahj8efyRqh/LBClM=">AAACAXicbVDLSgMxFM34rPU16kZwEyxC3ZQZFXVZdOPOCvYBnWHIZDJtaJIZkoxQhrrxV9y4UMStf+HOvzFtZ6GtBwKHc87l5p4wZVRpx/m2FhaXlldWS2vl9Y3NrW17Z7elkkxi0sQJS2QnRIowKkhTU81IJ5UE8ZCRdji4HvvtByIVTcS9HqbE56gnaEwx0kYK7H2PmXCEgoanKM89jBi8HVXd48CuODVnAjhP3IJUQIFGYH95UYIzToTGDCnVdZ1U+zmSmmJGRmUvUyRFeIB6pGuoQJwoP59cMIJHRolgnEjzhIYT9fdEjrhSQx6aJEe6r2a9sfif1810fOnnVKSZJgJPF8UZgzqB4zpgRCXBmg0NQVhS81eI+0girE1pZVOCO3vyPGmd1Nzz2undWaV+VdRRAgfgEFSBCy5AHdyABmgCDB7BM3gFb9aT9WK9Wx/T6IJVzOyBP7A+fwBUUZYp</latexit>

�P ⇠ O(1)

→ The SM-like Higgs boson decays into ALPs can be significant. 

-  The Higgs invisible decay can be also useful, even if ALP is DM. 

-  In case that ALP can decay, characteristic decay pattern of ALP can be predicted.  

QCD axion
<latexit sha1_base64="kbLNoMiOWyxEMbXrLjuMWT3FdPo=">AAACEHicbVC7TsMwFHV4lvIKMLJYVIiyVElBwFjBwlgk+pCaEN24TmvVech2KlVRPoGFX2FhACFWRjb+BvcxQMuRrnR0zr32vcdPOJPKsr6NpeWV1bX1wkZxc2t7Z9fc22/KOBWENkjMY9H2QVLOItpQTHHaTgSF0Oe05Q9uxn5rSIVkcXSvRgl1Q+hFLGAElJY888SRLHQCASQjwzwLPHio5lkflzMnAaEY8BxOteSZJatiTYAXiT0jJTRD3TO/nG5M0pBGinCQsmNbiXKz8ZuE07zopJImQAbQox1NIwipdLPJQTk+1koXB7HQFSk8UX9PZBBKOQp93RmC6st5byz+53VSFVy5GYuSVNGITD8KUo5VjMfp4C4TlCg+0gSIYHpXTPqg01E6w6IOwZ4/eZE0qxX7onJ2d16qXc/iKKBDdITKyEaXqIZuUR01EEGP6Bm9ojfjyXgx3o2PaeuSMZs5QH9gfP4AQOGdWA==</latexit>

⇠ cv

f2
a

h(@a)2
<latexit sha1_base64="le2bPEHxMq1SvHHEggdllcxCk4Q=">AAAB+3icbVDLTgIxFO34RHyNuHTTSExgQ2bQqHFFdOMSE3kkMJI7pQMNnc6k7RgJ4VfcuNAYt/6IO//GDsxCwZPc5OSce9t7jx9zprTjfFsrq2vrG5u5rfz2zu7evn1QaKookYQ2SMQj2fZBUc4EbWimOW3HkkLoc9ryRzep33qkUrFI3OtxTL0QBoIFjIA2Us8ulIalbgxSM+AYyg/V8lXPLjoVZwa8TNyMFFGGes/+6vYjkoRUaMJBqY7rxNqbpI8STqf5bqJoDGQEA9oxVEBIlTeZ7T7FJ0bp4yCSpoTGM/X3xARCpcahbzpD0EO16KXif14n0cGlN2EiTjQVZP5RkHCsI5wGgftMUqL52BAgkpldMRmCBKJNXHkTgrt48jJpVivueeX07qxYu87iyKEjdIxKyEUXqIZuUR01EEFP6Bm9ojdrar1Y79bHvHXFymYO0R9Ynz/WJ5MF</latexit>

(h(@a)2) :
<latexit sha1_base64="oK73cXOvwW/Xw7XL8fz8PnwcPQY=">AAACDXicbVC7TsMwFL0pr1JeAUYWi4LEVCUFAWMFC2OR6ENqSuS4TmvVTiLbQaqi/gALv8LCAEKs7Gz8DW6bAVqOZPn4nHt1fU+QcKa043xbhaXlldW14nppY3Nre8fe3WuqOJWENkjMY9kOsKKcRbShmea0nUiKRcBpKxheT/zWA5WKxdGdHiW0K3A/YiEjWBvJt4+Ejz3FBBK+l7D7qhdKTLJw9hgbgs3l22Wn4kyBFombkzLkqPv2l9eLSSpopAnHSnVcJ9HdDEvNCKfjkpcqmmAyxH3aMTTCgqpuNt1mjI6N0kNhLM2JNJqqvzsyLJQaicBUCqwHat6biP95nVSHl92MRUmqaURmg8KUIx2jSTSoxyQlmo8MwUQy81dEBtjkoU2AJROCO7/yImlWK+555fT2rFy7yuMowgEcwgm4cAE1uIE6NIDAIzzDK7xZT9aL9W59zEoLVt6zD39gff4AZJObxg==</latexit>

ma ⇠ m2
⇡
f2
⇡

f2
a

<latexit sha1_base64="k1CPq1gY8N9jpXwBqWUaWPup1Nw=">AAACDHicbVC7TsMwFHV4lvIqMLJYVEhMVQIIGCtYGItEH1JTVY5zk1p14sh2Kqqo3Vn4FRYGEGLlA9j4G9w2A7QcydLROefq+h4v4Uxp2/62lpZXVtfWCxvFza3tnd3S3n5DiVRSqFPBhWx5RAFnMdQ10xxaiQQSeRyaXv9m4jcHIBUT8b0eJtCJSBizgFGijdQtlYMuccMQD8Zu5ImHTPVE6o89wMoEVMDAr4xMyq7YU+BF4uSkjHLUuqUv1xc0jSDWlBOl2o6d6E5GpGaUw6jopgoSQvskhLahMYlAdbLpMSN8bBQfB0KaF2s8VX9PZCRSahh5JhkR3VPz3kT8z2unOrjqZCxOUg0xnS0KUo61wJNmsM8kUM2HhhAqmfkrpj0iCdWmv6IpwZk/eZE0TivOReXs7rxcvc7rKKBDdIROkIMuURXdohqqI4oe0TN6RW/Wk/VivVsfs+iSlc8coD+wPn8AjJyb8Q==</latexit>

fa � v shoud be satisfied. is suppressed. 

<latexit sha1_base64="evBMoPnFJTYN6ZKS8uMm3YggS6s="></latexit>

�a!�� ' m7
a

⇡5v2m2
hm

2
�
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Numerical result for BR(h→ aa)

20

mH, cos α, m2
s , μS, λS

<latexit sha1_base64="NizJU4SQI5ZEigU9zLfg3azTIk0="></latexit>

BR(h ! aa) ' |�haa|2

8⇡mh�h

<latexit sha1_base64="jTogHAhjWzaBzUTgs0Vh1fLe3dc="></latexit>

�haa '
�P

2
v cos ✓hs +

vs
p
2
�H sin ✓hs +O()

<latexit sha1_base64="GU/ImhGAoUS+ud+lgCEArZ52BgY="></latexit>

V 3 +�P |H|2|�|2 + �H |H|4

→ If the mixing angle between h and s, θhs is 1% ~10%, BR(h—>aa ) can exceed 1% 

<latexit sha1_base64="3a5KlWe0g61ydE365NQH/67p6eU="></latexit>

500GeV < ms, vs < 10TeV

0 < ci < 1, 10�10 <  < 10�2

• Input parameters

• Branching ratio

[KS, W. Yin]
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Collider signature at the ILC

21

mH, cos α, m2
s , μS, λS

何故~1GeVあたりにkinkがあるか

<latexit sha1_base64="KhJdCOoKXuYY3IkflE7Hq6jIjLM=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomKeix68diC/YA2lM120q7dbMLuRiihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVaa9UdivuDGSZeDkpQ45ar/TV7ccsjVAaJqjWHc9NjJ9RZTgTOCl2U40JZSM6wI6lkkao/Wx26IScWqVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE974GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7QheIsvL5PmecW7qlzUL8vV2zyOAhzDCZyBB9dQhXuoQQMYIDzDK7w5j86L8+58zFtXnHzmCP7A+fwBxfmM7Q==</latexit>a

<latexit sha1_base64="KhJdCOoKXuYY3IkflE7Hq6jIjLM=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomKeix68diC/YA2lM120q7dbMLuRiihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVaa9UdivuDGSZeDkpQ45ar/TV7ccsjVAaJqjWHc9NjJ9RZTgTOCl2U40JZSM6wI6lkkao/Wx26IScWqVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE974GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7QheIsvL5PmecW7qlzUL8vV2zyOAhzDCZyBB9dQhXuoQQMYIDzDK7w5j86L8+58zFtXnHzmCP7A+fwBxfmM7Q==</latexit>a

<latexit sha1_base64="4yONmp3qVNSz6mA5yPIDpdcuyEc=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomKepKCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWju6nfekKleSwfzDhBP6IDyUPOqLFSvd0rld2KOwNZJl5OypCj1it9dfsxSyOUhgmqdcdzE+NnVBnOBE6K3VRjQtmIDrBjqaQRaj+bHTohp1bpkzBWtqQhM/X3REYjrcdRYDsjaoZ60ZuK/3md1IQ3fsZlkhqUbL4oTAUxMZl+TfpcITNibAllittbCRtSRZmx2RRtCN7iy8ukeV7xrioX9cty9TaPowDHcAJn4ME1VOEeatAABgjP8ApvzqPz4rw7H/PWFSefOYI/cD5/ALchjOA=</latexit>

X

<latexit sha1_base64="4yONmp3qVNSz6mA5yPIDpdcuyEc=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomKepKCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWju6nfekKleSwfzDhBP6IDyUPOqLFSvd0rld2KOwNZJl5OypCj1it9dfsxSyOUhgmqdcdzE+NnVBnOBE6K3VRjQtmIDrBjqaQRaj+bHTohp1bpkzBWtqQhM/X3REYjrcdRYDsjaoZ60ZuK/3md1IQ3fsZlkhqUbL4oTAUxMZl+TfpcITNibAllittbCRtSRZmx2RRtCN7iy8ukeV7xrioX9cty9TaPowDHcAJn4ME1VOEeatAABgjP8ApvzqPz4rw7H/PWFSefOYI/cD5/ALchjOA=</latexit>

X

<latexit sha1_base64="4yONmp3qVNSz6mA5yPIDpdcuyEc=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomKepKCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWju6nfekKleSwfzDhBP6IDyUPOqLFSvd0rld2KOwNZJl5OypCj1it9dfsxSyOUhgmqdcdzE+NnVBnOBE6K3VRjQtmIDrBjqaQRaj+bHTohp1bpkzBWtqQhM/X3REYjrcdRYDsjaoZ60ZuK/3md1IQ3fsZlkhqUbL4oTAUxMZl+TfpcITNibAllittbCRtSRZmx2RRtCN7iy8ukeV7xrioX9cty9TaPowDHcAJn4ME1VOEeatAABgjP8ApvzqPz4rw7H/PWFSefOYI/cD5/ALchjOA=</latexit>

X
<latexit sha1_base64="4yONmp3qVNSz6mA5yPIDpdcuyEc=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomKepKCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWju6nfekKleSwfzDhBP6IDyUPOqLFSvd0rld2KOwNZJl5OypCj1it9dfsxSyOUhgmqdcdzE+NnVBnOBE6K3VRjQtmIDrBjqaQRaj+bHTohp1bpkzBWtqQhM/X3REYjrcdRYDsjaoZ60ZuK/3md1IQ3fsZlkhqUbL4oTAUxMZl+TfpcITNibAllittbCRtSRZmx2RRtCN7iy8ukeV7xrioX9cty9TaPowDHcAJn4ME1VOEeatAABgjP8ApvzqPz4rw7H/PWFSefOYI/cD5/ALchjOA=</latexit>

X

<latexit sha1_base64="2G5x5zNbv9ChFrqTf2DUK2u8Dgs=">AAAB/nicbVDLSgMxFL1TX7W+RsWVm2ARXJUZFRUXUnDjRqhoH9AZSiZN29BkZkgyQhkq/oobF4q49Tvc+Tem7QjaeuDC4Zx7k3tPEHOmtON8Wbm5+YXFpfxyYWV1bX3D3tyqqSiRhFZJxCPZCLCinIW0qpnmtBFLikXAaT3oX478+j2VikXhnR7E1Be4G7IOI1gbqWXvNM4fUk8KdHvtoRhLzQinw5ZddErOGGiWuBkpQoZKy/702hFJBA014VippuvE2k9/3it4iaIxJn3cpU1DQyyo8tPx+kO0b5Q26kTSVKjRWP09kWKh1EAEplNg3VPT3kj8z2smunPmpyyME01DMvmok3CkIzTKArWZpETzgSGYSGZ2RaSHJSbaJFYwIbjTJ8+S2mHJPSkd3RwXyxdZHHnYhT04ABdOoQxXUIEqEEjhCV7g1Xq0nq03633SmrOymW34A+vjG7VulVQ=</latexit>

X : SM particle

<latexit sha1_base64="IAJXEzBXxSJHeCchSUvF4VS8XZ8=">AAAB83icbVA9SwNBEJ2LXzF+RS1tFoNgFe5UVCwkYmNhEcF8QO4Ie5u9ZMnu3rG7J4Qj/gwbC0Vs/TN2/hs3yRUafTDweG+GmXlhwpk2rvvlFBYWl5ZXiqultfWNza3y9k5Tx6kitEFiHqt2iDXlTNKGYYbTdqIoFiGnrXB4PfFbD1RpFst7M0poIHBfsogRbKzk44vHzFcCXd3Wx91yxa26U6C/xMtJBXLUu+VPvxeTVFBpCMdadzw3MUGGlWGE03HJTzVNMBniPu1YKrGgOsimN4/RgVV6KIqVLWnQVP05kWGh9UiEtlNgM9Dz3kT8z+ukJjoPMiaT1FBJZouilCMTo0kAqMcUJYaPLMFEMXsrIgOsMDE2ppINwZt/+S9pHlW90+rx3UmldpnHUYQ92IdD8OAManADdWgAgQSe4AVendR5dt6c91lrwclnduEXnI9vX0iRPw==</latexit>

a : ALP

<latexit sha1_base64="3tkxJJWXRe7IbXXBJpdujPw23pc=">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiB4GmYyIcstoAcPHiKaBZIh9HQ6SZOenqG7RwhDPsGLB0W8+kXe/Bs7i6CiDwoe71VRVS+IOVPacT6szNr6xuZWdju3s7u3f5A/PGqpKJGENknEI9kJsKKcCdrUTHPaiSXFYcBpO5hczP32PZWKReJOT2Pqh3gk2JARrI10e92/7OcLju3UikWvjBzb9aqVmmdI1fUMRa7tLFCAFRr9/HtvEJEkpEITjpXquk6s/RRLzQins1wvUTTGZIJHtGuowCFVfro4dYbOjDJAw0iaEhot1O8TKQ6VmoaB6QyxHqvf3lz8y+smelj1UybiRFNBlouGCUc6QvO/0YBJSjSfGoKJZOZWRMZYYqJNOjkTwten6H/SKtpu2fZuSoV6aRVHFk7gFM7BhQrU4Qoa0AQCI3iAJ3i2uPVovVivy9aMtZo5hh+w3j4BW5aN1A==</latexit>

LD

<latexit sha1_base64="NgaeiT8Lo5pszoL865NCETr33uk=">AAAB6nicdVDLSsNAFL3xWeur6tLNYBFchaQpfewKbly4qGgf0IYymU7aoZNJmJkIJfQT3LhQxK1f5M6/cfoQVPTAhcM593LvPUHCmdKO82GtrW9sbm3ndvK7e/sHh4Wj47aKU0loi8Q8lt0AK8qZoC3NNKfdRFIcBZx2gsnl3O/cU6lYLO70NKF+hEeChYxgbaTb60F7UCg6tlMvlbwKcmzXq1XrniE11zMUubazQBFWaA4K7/1hTNKICk04VqrnOon2Myw1I5zO8v1U0QSTCR7RnqECR1T52eLUGTo3yhCFsTQlNFqo3ycyHCk1jQLTGWE9Vr+9ufiX10t1WPMzJpJUU0GWi8KUIx2j+d9oyCQlmk8NwUQycysiYywx0SadvAnh61P0P2mXbLdiezflYqO8iiMHp3AGF+BCFRpwBU1oAYERPMATPFvcerRerNdl65q1mjmBH7DePgF23o3m</latexit>

LV

<latexit sha1_base64="Kk26H0E8JzbdXns/DOf4yyLz5n0=">AAACCXicbVA9SwNBEN3z2/h1ammzGASrcKdBxUoxhUWKCEaFJBx7m7lkyd7usbsnhiMpbfwrNhaK2PoP7Pw3buIVGn0w8Hhvhpl5YcKZNp736UxNz8zOzS8sFpaWV1bX3PWNKy1TRaFOJZfqJiQaOBNQN8xwuEkUkDjkcB32zkb+9S0ozaS4NP0EWjHpCBYxSoyVAhdXg8rxsBmH8i6rACX9IQfRMd2hjIan1doAB27RK3lj4L/Ez0kR5agF7kezLWkagzCUE60bvpeYVkaUYZTDoNBMNSSE9kgHGpYKEoNuZeNPBnjHKm0cSWVLGDxWf05kJNa6H4e2Myamqye9kfif10hNdNTKmEhSA4J+L4pSjo3Eo1hwmymghvctIVQxeyumXaIINTa8gg3Bn3z5L7naK/kHpf2LcvGknMexgLbQNtpFPjpEJ+gc1VAdUXSPHtEzenEenCfn1Xn7bp1y8plN9AvO+xeuRJpK</latexit>

LD : Decay length of ALP
<latexit sha1_base64="13xFZPpk0T7WZlSY7Xo3nQiw2Uw=">AAACBHicbVC7SgNBFJ31GeNr1TLNYBCswq4GFauAFhYWEcwDkmWZndwkQ2Z3lplZMS4J2PgrNhaK2PoRdv6Nk0ehiQcGDufcy51zgpgzpR3n21pYXFpeWc2sZdc3Nre27Z3dqhKJpFChggtZD4gCziKoaKY51GMJJAw41ILexciv3YFUTES3uh+DF5JOxNqMEm0k385d+9XzYTMMxH16CRqoFnKo2AMMB9i3807BGQPPE3dK8miKsm9/NVuCJiFEmnKiVMN1Yu2lRGpGOQyyzURBTGiPdKBhaERCUF46DjHAB0Zp4baQ5kUaj9XfGykJleqHgZkMie6qWW8k/uc1Et0+81IWxYmGiE4OtROOtcCjRnCLSROb9w0hVDLzV0y7RBKqTW9ZU4I7G3meVI8K7knh+KaYLxWndWRQDu2jQ+SiU1RCV6iMKoiiR/SMXtGb9WS9WO/Wx2R0wZru7KE/sD5/AF0tmIc=</latexit>

LV : Detector size
<latexit sha1_base64="crHCgQuU2hNyk+DWZP35jEDJs0s=">AAACE3icbVA9SwNBFNyLXzF+RS1tFoMgFuFOg4pVwMbCQsWokISwt3mnS/Zuj913knAkv8HGv2JjoYitjZ3/xr2YQhMHFoaZN7x948dSGHTdLyc3NT0zO5efLywsLi2vFFfXroxKNIcaV1LpG58ZkCKCGgqUcBNrYKEv4drvHGf+9T1oI1R0ib0YmiG7jUQgOEMrtYo7p62Lo0Ej9FU3vQCjZJLpAxUMbAqhO2gDAkel+7RVLLlldwg6SbwRKZERzlrFz0Zb8SSECLlkxtQ9N8ZmyjQKLqFfaCQGYsY77BbqlkYsBNNMhzf16ZZV2jRQ2r4I6VD9nUhZaEwv9O1kyPDOjHuZ+J9XTzA4bKYiihOEiP8sChJJUdGsINoW2h4se5YwroX9K+V3TDOOtsaCLcEbP3mSXO2Wvf3y3nmlVK2M6siTDbJJtolHDkiVnJAzUiOcPJAn8kJenUfn2Xlz3n9Gc84os07+wPn4BkWFn6M=</latexit>

LR : Resolution of vertex detector

• At the ILC with                        , the ALP can be 
produced via                  , followed by            .

<latexit sha1_base64="tO3Y5Xm5HFVN5VD8N0S7Eglg9vU=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARXJWZ+upGKLjQZQX7gM5QMmmmDU0yY5IRyjiCv+LGhSJu/Q13/o3pY6GtBy4czrmXe+8JYkaVdpxvK7ewuLS8kl8trK1vbG7Z2zsNFSUSkzqOWCRbAVKEUUHqmmpGWrEkiAeMNIPB5chv3hOpaCRu9TAmPkc9QUOKkTZSx97z1J3UqcouyqfOY+pJDq9II+vYRafkjAHniTslRTBFrWN/ed0IJ5wIjRlSqu06sfZTJDXFjGQFL1EkRniAeqRtqECcKD8d35/BQ6N0YRhJU0LDsfp7IkVcqSEPTCdHuq9mvZH4n9dOdFjxUyriRBOBJ4vChEEdwVEYsEslwZoNDUFYUnMrxH0kEdYmsoIJwZ19eZ40yiX3rHR8c1KsVqZx5ME+OABHwAXnoAquQQ3UAQYP4Bm8gjfryXqx3q2PSWvOms7sgj+wPn8AgDOVvQ==</latexit>p
s = 250 GeV

<latexit sha1_base64="Y0l8LQLa8gEYrUHiJEf4AuprqTY=">AAAB9HicbVDJSgNBEK2JW4xb1KOXxiAIYpjRoB4DXjxGMAsmk9DTqUma9Cx29wTCkO/w4kERr36MN//GznLQxAcFj/eqqKrnxYIrbdvfVmZldW19I7uZ29re2d3L7x/UVJRIhlUWiUg2PKpQ8BCrmmuBjVgiDTyBdW9wO/HrQ5SKR+GDHsXoBrQXcp8zqo3kYvsM2+ctHZFH0u/kC3bRnoIsE2dOCjBHpZP/anUjlgQYaiaoUk3HjrWbUqk5EzjOtRKFMWUD2sOmoSENULnp9OgxOTFKl/iRNBVqMlV/T6Q0UGoUeKYzoLqvFr2J+J/XTLR/46Y8jBONIZst8hNBzJOTBEiXS2RajAyhTHJzK2F9KinTJqecCcFZfHmZ1C6KzlXx8r5UKJfmcWThCI7hFBy4hjLcQQWqwOAJnuEV3qyh9WK9Wx+z1ow1nzmEP7A+fwBC75EV</latexit>

e+e� ! Zh
<latexit sha1_base64="4AbNXPq87Eq2G+PMD2sMZ51aA7E=">AAAB7nicbVDLSgMxFL1TX7W+qi7dBIvgqsxoqS4LblxWsA9oh3InzbShmcyQZIQy9CPcuFDErd/jzr8xbWehrQcCh3PuJfecIBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUUdaisYhVN0DNBJesZbgRrJsohlEgWCeY3M39zhNTmsfy0UwT5kc4kjzkFI2VOuO+iQnioFxxq+4CZJ14OalAjuag/NUfxjSNmDRUoNY9z02Mn6EynAo2K/VTzRKkExyxnqUSI6b9bHHujFxYZUjCWNknDVmovzcyjLSeRoGdjNCM9ao3F//zeqkJb/2MyyQ1TNLlR2EqiM04z06GXDFqxNQSpIrbWwkdo0JqbEMlW4K3GnmdtK+qXr16/VCrNGp5HUU4g3O4BA9uoAH30IQWUJjAM7zCm5M4L86787EcLTj5zin8gfP5A+wPj0M=</latexit>

h ! aa

• Different signatures are possible depending  a 
relation between LD and LV (also LR). 
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Probe of CP-even ALP[1/5]

22

mH, cos α, m2
s , μS, λS

何故~1GeVあたりにkinkがあるか

Decay length (LD)
[KS, W. Yin]
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Probe of CP-even ALP[2/5]

23

mH, cos α, m2
s , μS, λS

何故~1GeVあたりにkinkがあるか

Resolution of vertex detector (LR)

ILD: [ILD, 1912.04601]

Higgs exotic decays 

<latexit sha1_base64="aYbXabGqt5NkrE4vVZi8gOJPTiM=">AAACAXicdVDLSsNAFJ3UV62vqBvBzWARXIWkKX3sCrpQ6KKKfUBTy2Q6bYfOJGFmIpRQN/6KGxeKuPUv3Pk3Th+Cih64cDjnXu69x48Ylcq2P4zU0vLK6lp6PbOxubW9Y+7uNWQYC0zqOGShaPlIEkYDUldUMdKKBEHcZ6Tpj06nfvOWCEnD4FqNI9LhaBDQPsVIaalrHlS7VzeJJzi8qJ5NPEl5Hno8hrxrZm3LLudybgHaluOWimVXk5Ljagody54hCxaodc13rxfimJNAYYakbDt2pDoJEopiRiYZL5YkQniEBqStaYA4kZ1k9sEEHmulB/uh0BUoOFO/TySISznmvu7kSA3lb28q/uW1Y9UvdRIaRLEiAZ4v6scMqhBO44A9KghWbKwJwoLqWyEeIoGw0qFldAhfn8L/SSNnOQXLvcxnK6VFHGlwCI7ACXBAEVTAOaiBOsDgDjyAJ/Bs3BuPxovxOm9NGYuZffADxtsnZm+WNw==</latexit>

LILD
R ⇠ 4µm

BR(h→aa→cccc)< 10-3  (2σ, 2ab-1 )

Decay length (LD)

[Z. Liu, et al., Chin.Phys.C 41 (2017) 6, 063102]

[KS, W. Yin]



A new renormalizable model for Axion-like particle and its phenomenologyKodai Sakurai /45

Probe of CP-even ALP[3/5]

24

mH, cos α, m2
s , μS, λS

何故~1GeVあたりにkinkがあるか

Resolution of vertex detector (LR)

ILD: [ILD, 1912.04601]

Higgs exotic decays 

<latexit sha1_base64="aYbXabGqt5NkrE4vVZi8gOJPTiM=">AAACAXicdVDLSsNAFJ3UV62vqBvBzWARXIWkKX3sCrpQ6KKKfUBTy2Q6bYfOJGFmIpRQN/6KGxeKuPUv3Pk3Th+Cih64cDjnXu69x48Ylcq2P4zU0vLK6lp6PbOxubW9Y+7uNWQYC0zqOGShaPlIEkYDUldUMdKKBEHcZ6Tpj06nfvOWCEnD4FqNI9LhaBDQPsVIaalrHlS7VzeJJzi8qJ5NPEl5Hno8hrxrZm3LLudybgHaluOWimVXk5Ljagody54hCxaodc13rxfimJNAYYakbDt2pDoJEopiRiYZL5YkQniEBqStaYA4kZ1k9sEEHmulB/uh0BUoOFO/TySISznmvu7kSA3lb28q/uW1Y9UvdRIaRLEiAZ4v6scMqhBO44A9KghWbKwJwoLqWyEeIoGw0qFldAhfn8L/SSNnOQXLvcxnK6VFHGlwCI7ACXBAEVTAOaiBOsDgDjyAJ/Bs3BuPxovxOm9NGYuZffADxtsnZm+WNw==</latexit>

LILD
R ⇠ 4µm

BR(h→aa→cccc)< 10-3  (2σ, 2ab-1 )
[Z. Liu, et al., Chin.Phys.C 41 (2017) 6, 063102]

Displaced vertex

Decay length (LD)

Detector size (LV)
TPC (ILD): 180 cm [ILD, 1912.04601]

[KS, W. Yin]

<latexit sha1_base64="sF96wfZFntpvNe3RwkmoDmu3dj4="></latexit>

BR(h ! aa) . 2⇥ 10�4

✓
106

NH

◆
(2�)
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Probe of CP-even ALP[4/5]

25

mH, cos α, m2
s , μS, λS

何故~1GeVあたりにkinkがあるか

Decay length (LD)

Resolution of vertex detector (LR)

ILD: [ILD, 1912.04601]

Higgs exotic decays 

<latexit sha1_base64="aYbXabGqt5NkrE4vVZi8gOJPTiM=">AAACAXicdVDLSsNAFJ3UV62vqBvBzWARXIWkKX3sCrpQ6KKKfUBTy2Q6bYfOJGFmIpRQN/6KGxeKuPUv3Pk3Th+Cih64cDjnXu69x48Ylcq2P4zU0vLK6lp6PbOxubW9Y+7uNWQYC0zqOGShaPlIEkYDUldUMdKKBEHcZ6Tpj06nfvOWCEnD4FqNI9LhaBDQPsVIaalrHlS7VzeJJzi8qJ5NPEl5Hno8hrxrZm3LLudybgHaluOWimVXk5Ljagody54hCxaodc13rxfimJNAYYakbDt2pDoJEopiRiYZL5YkQniEBqStaYA4kZ1k9sEEHmulB/uh0BUoOFO/TySISznmvu7kSA3lb28q/uW1Y9UvdRIaRLEiAZ4v6scMqhBO44A9KghWbKwJwoLqWyEeIoGw0qFldAhfn8L/SSNnOQXLvcxnK6VFHGlwCI7ACXBAEVTAOaiBOsDgDjyAJ/Bs3BuPxovxOm9NGYuZffADxtsnZm+WNw==</latexit>

LILD
R ⇠ 4µm

BR(h→aa→cccc)< 10-3  (2σ, 2ab-1 )
[Z. Liu, et al., Chin.Phys.C 41 (2017) 6, 063102]

Displaced vertex
Detector size (LV)

TPC (ILD): 180 cm [ILD, 1912.04601]Higgs invisible decay 
<latexit sha1_base64="x0zbRlbjZacsil/Tp7rx0SiXX4g="></latexit>

LD � LV or LD & LV
<latexit sha1_base64="5+oJksrXS4fGzZHfhYgPzMsPBx8="></latexit>

BR(h ! aa) . 2.3⇥ 10�3 (2�, 900fb�1)

[Y. Kato, 2002.12048]

[KS, W. Yin]

<latexit sha1_base64="sF96wfZFntpvNe3RwkmoDmu3dj4="></latexit>

BR(h ! aa) . 2⇥ 10�4

✓
106

NH

◆
(2�)



A new renormalizable model for Axion-like particle and its phenomenologyKodai Sakurai /45

Probe of CP-even ALP[5/5]

26

mH, cos α, m2
s , μS, λS

何故~1GeVあたりにkinkがあるか

Model predictions

Resolution of vertex detector (LR)

ILD: [ILD, 1912.04601]

Higgs exotic decays 

<latexit sha1_base64="aYbXabGqt5NkrE4vVZi8gOJPTiM=">AAACAXicdVDLSsNAFJ3UV62vqBvBzWARXIWkKX3sCrpQ6KKKfUBTy2Q6bYfOJGFmIpRQN/6KGxeKuPUv3Pk3Th+Cih64cDjnXu69x48Ylcq2P4zU0vLK6lp6PbOxubW9Y+7uNWQYC0zqOGShaPlIEkYDUldUMdKKBEHcZ6Tpj06nfvOWCEnD4FqNI9LhaBDQPsVIaalrHlS7VzeJJzi8qJ5NPEl5Hno8hrxrZm3LLudybgHaluOWimVXk5Ljagody54hCxaodc13rxfimJNAYYakbDt2pDoJEopiRiYZL5YkQniEBqStaYA4kZ1k9sEEHmulB/uh0BUoOFO/TySISznmvu7kSA3lb28q/uW1Y9UvdRIaRLEiAZ4v6scMqhBO44A9KghWbKwJwoLqWyEeIoGw0qFldAhfn8L/SSNnOQXLvcxnK6VFHGlwCI7ACXBAEVTAOaiBOsDgDjyAJ/Bs3BuPxovxOm9NGYuZffADxtsnZm+WNw==</latexit>

LILD
R ⇠ 4µm

BR(h→aa→cccc)< 10-3  (2σ, 2ab-1 )
[Z. Liu, et al., Chin.Phys.C 41 (2017) 6, 063102]

Higgs invisible decay 

<latexit sha1_base64="5+oJksrXS4fGzZHfhYgPzMsPBx8="></latexit>

BR(h ! aa) . 2.3⇥ 10�3 (2�, 900fb�1)

[Y. Kato, 2002.12048]

<latexit sha1_base64="NizJU4SQI5ZEigU9zLfg3azTIk0="></latexit>

BR(h ! aa) ' |�haa|2

8⇡mh�h
<latexit sha1_base64="jTogHAhjWzaBzUTgs0Vh1fLe3dc="></latexit>

�haa '
�P

2
v cos ✓hs +

vs
p
2
�H sin ✓hs +O()

CP-even ALP can be probed by h→aa.

Displaced vertex
Detector size (LV)

TPC (ILD): 180 cm [ILD, 1912.04601]
<latexit sha1_base64="x0zbRlbjZacsil/Tp7rx0SiXX4g="></latexit>

LD � LV or LD & LV

[KS, W. Yin]

<latexit sha1_base64="sF96wfZFntpvNe3RwkmoDmu3dj4="></latexit>

BR(h ! aa) . 2⇥ 10�4

✓
106

NH

◆
(2�)
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CP-even ALP as DM

27

mH, cos α, m2
s , μS, λS

何故~1GeVあたりにkinkがあるか

• The ALP can be thermally produced through 
the interaction:

• The correct relic density can be obtained:

→ The ALP DM can be probed by the future 21 cm line measurements, 

     Vera Rubin observatory (structure formation limit) as well as future  X,γ-ray observatories. 

→ Higgs boson invisible decay can also probe  ALP DM with                      . 

[KS, W. Yin]

<latexit sha1_base64="FyH93zqi7i4j5sfjXI8gX8BkFrI=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksgqeSaFGPBS9ehAr2A5oQNttpu3Q3CbsboYRc/CtePCji1Z/hzX/jts1BWx8MPN6bYWZemHCmtON8W6WV1bX1jfJmZWt7Z3fP3j9oqziVFFo05rHshkQBZxG0NNMcuokEIkIOnXB8M/U7jyAVi6MHPUnAF2QYsQGjRBspsI9EQLDHQSnFBM48KbB7B+08sKtOzZkBLxO3IFVUoBnYX14/pqmASFNOlOq5TqL9jEjNKIe84qUKEkLHZAg9QyMiQPnZ7IEcnxqljwexNBVpPFN/T2REKDURoekURI/UojcV//N6qR5c+xmLklRDROeLBinHOsbTNHCfSaCaTwwhVDJzK6YjIgnVJrOKCcFdfHmZtM9r7mXt4r5ebdSLOMroGJ2gM+SiK9RAt6iJWoiiHD2jV/RmPVkv1rv1MW8tWcXMIfoD6/MH06qV4A==</latexit>

ma . 1MeV

• The lifetime can be larger than the age of the 
Universe in  .

<latexit sha1_base64="FyH93zqi7i4j5sfjXI8gX8BkFrI=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksgqeSaFGPBS9ehAr2A5oQNttpu3Q3CbsboYRc/CtePCji1Z/hzX/jts1BWx8MPN6bYWZemHCmtON8W6WV1bX1jfJmZWt7Z3fP3j9oqziVFFo05rHshkQBZxG0NNMcuokEIkIOnXB8M/U7jyAVi6MHPUnAF2QYsQGjRBspsI9EQLDHQSnFBM48KbB7B+08sKtOzZkBLxO3IFVUoBnYX14/pqmASFNOlOq5TqL9jEjNKIe84qUKEkLHZAg9QyMiQPnZ7IEcnxqljwexNBVpPFN/T2REKDURoekURI/UojcV//N6qR5c+xmLklRDROeLBinHOsbTNHCfSaCaTwwhVDJzK6YjIgnVJrOKCcFdfHmZtM9r7mXt4r5ebdSLOMroGJ2gM+SiK9RAt6iJWoiiHD2jV/RmPVkv1rv1MW8tWcXMIfoD6/MH06qV4A==</latexit>

ma . 1MeV
<latexit sha1_base64="evBMoPnFJTYN6ZKS8uMm3YggS6s="></latexit>
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<latexit sha1_base64="JLjBYYE3HC/nHUM+EV1tiYJ+HRA=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9lV8eNW8OKxgrWFdinZNNuGJtmQZIWy9C948aCIV/+QN/+N2XYP2vpg4PHeDDPzIsWZsb7/7ZVWVtfWN8qbla3tnd296v7Bo0lSTWiLJDzRnQgbypmkLcsspx2lKRYRp+1ofJv77SeqDUvkg50oGgo8lCxmBNtc6inD+tWaX/dnQMskKEgNCjT71a/eICGpoNISjo3pBr6yYYa1ZYTTaaWXGqowGeMh7ToqsaAmzGa3TtGJUwYoTrQradFM/T2RYWHMRESuU2A7MoteLv7ndVMbX4cZkyq1VJL5ojjlyCYofxwNmKbE8okjmGjmbkVkhDUm1sVTcSEEiy8vk8ezenBZP7+/qDVuijjKcATHcAoBXEED7qAJLSAwgmd4hTdPeC/eu/cxby15xcwh/IH3+QMkJo5J</latexit>

 

<latexit sha1_base64="sqTBbN2CCijgQ8vpEl8gEhq1JWk=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyq+LgFvHiMYB6YXcLspJMMmZ1dZmaFsOQvvHhQxKt/482/cZLsQRMLGoqqbrq7wkRwbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo5TxbDBYhGrdkg1Ci6xYbgR2E4U0igU2ApHt1O/9YRK81g+mHGCQUQHkvc5o8ZKj35IVeYnmk+65YpbdWcgy8TLSQVy1LvlL78XszRCaZigWnc8NzFBRpXhTOCk5KcaE8pGdIAdSyWNUAfZ7OIJObFKj/RjZUsaMlN/T2Q00nochbYzomaoF72p+J/XSU3/Osi4TFKDks0X9VNBTEym75MeV8iMGFtCmeL2VsKGVFFmbEglG4K3+PIyaZ5Vvcvq+f1FpXaTx1GEIziGU/DgCmpwB3VoAAMJz/AKb452Xpx352PeWnDymUP4A+fzB+lOkQ4=</latexit>

 ̄

<latexit sha1_base64="2HfMCEX8ZNC0yBs6WWZPbKL+mxI=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV0VH7eAF48JmAckS5id9CZjZmeXmVkhLPkCLx4U8eonefNvnCR70MSChqKqm+6uIBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWju6nfekKleSwfzDhBP6IDyUPOqLFSnfZKZbfizkCWiZeTMuSo9Upf3X7M0gilYYJq3fHcxPgZVYYzgZNiN9WYUDaiA+xYKmmE2s9mh07IqVX6JIyVLWnITP09kdFI63EU2M6ImqFe9Kbif14nNeGNn3GZpAYlmy8KU0FMTKZfkz5XyIwYW0KZ4vZWwoZUUWZsNkUbgrf48jJpnle8q8pF/bJcvc3jKMAxnMAZeHANVbiHGjSAAcIzvMKb8+i8OO/Ox7x1xclnjuAPnM8fw0SM5A==</latexit>a

<latexit sha1_base64="2HfMCEX8ZNC0yBs6WWZPbKL+mxI=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV0VH7eAF48JmAckS5id9CZjZmeXmVkhLPkCLx4U8eonefNvnCR70MSChqKqm+6uIBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWju6nfekKleSwfzDhBP6IDyUPOqLFSnfZKZbfizkCWiZeTMuSo9Upf3X7M0gilYYJq3fHcxPgZVYYzgZNiN9WYUDaiA+xYKmmE2s9mh07IqVX6JIyVLWnITP09kdFI63EU2M6ImqFe9Kbif14nNeGNn3GZpAYlmy8KU0FMTKZfkz5XyIwYW0KZ4vZWwoZUUWZsNkUbgrf48jJpnle8q8pF/bJcvc3jKMAxnMAZeHANVbiHGjSAAcIzvMKb8+i8OO/Ox7x1xclnjuAPnM8fw0SM5A==</latexit>a

<latexit sha1_base64="6eGUFphRbV5I/XSjpRXiNtIA2Lw="></latexit> θhs
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• Introduction

• Suppression of the mixing effect in the strong coupling regime
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• What we found from the discovery of the Higgs boson H

1. Mass: 125 GeV, Spin: 0


2. H is mainly produced by the ggF process. 


3. H decays into γγ, VV, bb, ττ


4.  The properties of H is consistent with the SM (SM-like)

[CMS, Nature607,60] [ATLAS, Nature607,52]
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<latexit sha1_base64="IH4SyPdiiroUXUOdQa2bhliYx2U="></latexit>

H

SM-like coupling

• What we found from the discovery of the Higgs boson H

Did we really observe the SM-like Higgs boson?

SM particle

SM particle

• In this talk, we propose a new picture that gives observed 
properties of the Higgs boson. 

<latexit sha1_base64="xzl6YEWFPgjC/guvana1pVjDHJQ=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRmKCF7KLih5JvHjExBUS2JBu6UJD2920XROy4Td48aAxXv1B3vw3FtiDgi+Z5OW9mczMCxPOtHHdb6ewtr6xuVXcLu3s7u0flA+PHnWcKkJ9EvNYdUKsKWeS+oYZTjuJoliEnLbD8e3Mbz9RpVksH8wkoYHAQ8kiRrCxkl/16lfn/XLFrblzoFXi5aQCOVr98ldvEJNUUGkIx1p3PTcxQYaVYYTTaamXappgMsZD2rVUYkF1kM2PnaIzqwxQFCtb0qC5+nsiw0LriQhtp8BmpJe9mfif101NdBNkTCapoZIsFkUpRyZGs8/RgClKDJ9Ygoli9lZERlhhYmw+JRuCt/zyKnms17xG7eL+stJs5HEU4QROoQoeXEMT7qAFPhBg8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwAmA42R</latexit>

(125)

• As a concrete example, we focus on the CP-even ALP model with κ=0. 
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<latexit sha1_base64="IH4SyPdiiroUXUOdQa2bhliYx2U="></latexit>

H

SM-like coupling

• What we found from the discovery of the Higgs boson H

Did we really observe the SM-like Higgs boson?

SM particle

SM particle

• In this talk, we propose a new picture that gives observed 
properties of the Higgs boson. 

<latexit sha1_base64="xzl6YEWFPgjC/guvana1pVjDHJQ=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRmKCF7KLih5JvHjExBUS2JBu6UJD2920XROy4Td48aAxXv1B3vw3FtiDgi+Z5OW9mczMCxPOtHHdb6ewtr6xuVXcLu3s7u0flA+PHnWcKkJ9EvNYdUKsKWeS+oYZTjuJoliEnLbD8e3Mbz9RpVksH8wkoYHAQ8kiRrCxkl/16lfn/XLFrblzoFXi5aQCOVr98ldvEJNUUGkIx1p3PTcxQYaVYYTTaamXappgMsZD2rVUYkF1kM2PnaIzqwxQFCtb0qC5+nsiw0LriQhtp8BmpJe9mfif101NdBNkTCapoZIsFkUpRyZGs8/RgClKDJ9Ygoli9lZERlhhYmw+JRuCt/zyKnms17xG7eL+stJs5HEU4QROoQoeXEMT7qAFPhBg8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwAmA42R</latexit>

(125)

• As a concrete example, we focus on the CP-even ALP model with κ=0. 

=   “Fuzzy Higgs boson”
<latexit sha1_base64="41W/Gfr5ZEcv8yeWIrAuy0WVRLY="></latexit>

⇠ cos(↵)�1 + sin(↵)�2
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<latexit sha1_base64="IH4SyPdiiroUXUOdQa2bhliYx2U="></latexit>

H
<latexit sha1_base64="xzl6YEWFPgjC/guvana1pVjDHJQ=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRmKCF7KLih5JvHjExBUS2JBu6UJD2920XROy4Td48aAxXv1B3vw3FtiDgi+Z5OW9mczMCxPOtHHdb6ewtr6xuVXcLu3s7u0flA+PHnWcKkJ9EvNYdUKsKWeS+oYZTjuJoliEnLbD8e3Mbz9RpVksH8wkoYHAQ8kiRrCxkl/16lfn/XLFrblzoFXi5aQCOVr98ldvEJNUUGkIx1p3PTcxQYaVYYTTaamXappgMsZD2rVUYkF1kM2PnaIzqwxQFCtb0qC5+nsiw0LriQhtp8BmpJe9mfif101NdBNkTCapoZIsFkUpRyZGs8/RgClKDJ9Ygoli9lZERlhhYmw+JRuCt/zyKnms17xG7eL+stJs5HEU4QROoQoeXEMT7qAFPhBg8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwAmA42R</latexit>

(125)

Flavor (interaction) basis Mass basis

<latexit sha1_base64="zDw6fvYIONmkSvp61145yr6DQUE=">AAACQXicbVA9SwNBFNzzM55fUUubxSBYhbsoaiMEbSyjmA/IhbC3eUmW7O0du3tiOPLXbPwHdvY2ForY2rh3CWISBxaGmXm8t+NHnCntOC/WwuLS8spqbs1e39jc2s7v7NZUGEsKVRryUDZ8ooAzAVXNNIdGJIEEPoe6P7hK/fo9SMVCcaeHEbQC0hOsyyjRRmrnG54PPSaSKCBasoeR3ceeZytseyA6v+qFfWvPBr2oz9pums5YaXrCbucLTtHJgOeJOyEFNEGlnX/2OiGNAxCacqJU03Ui3UqI1IxyMPtiBRGhA9KDpqGCBKBaSdbACB8apYO7oTRPaJypfycSEig1DHyTNAf21ayXiv95zVh3z1sJE1GsQdDxom7MsQ5xWifuMAlU86EhhEpmbsW0TySh2pSeluDOfnme1EpF97R4fHNSKF9O6sihfXSAjpCLzlAZXaMKqiKKHtErekcf1pP1Zn1aX+PogjWZ2UNTsL5/AP5Cr+4=</latexit>✓
h
s

◆
= R

✓
�1

�2

◆
<latexit sha1_base64="yvlVG7czS6ejp9yt55/LdR2oy7g="></latexit>

R =

✓
cos↵ � sin↵
sin↵ cos↵

◆

We can interpret the mass eigenstate φ1  as the observed Higgs. 

<latexit sha1_base64="e+GgyeR6kafkUAPpG54rTBm7oK8="></latexit>

<latexit sha1_base64="Ukqb/9asorCNarm0uohYqPaGVTE=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GmYSY2ZuAS8eEzELJEPo6fQkbXoWunuEMOQLvHhQxKuf5M2/sbMIKvqg4PFeFVX1/IQzqSzrw8itrW9sbuW3Czu7e/sHxcOjtoxTQWiLxDwWXR9LyllEW4opTruJoDj0Oe34k6u537mnQrI4ulXThHohHkUsYAQrLTVvBsWSZbpOtVpxkGVallt2a5q4rmvXbGRrZY4SrNAYFN/7w5ikIY0U4VjKnm0lysuwUIxwOiv0U0kTTCZ4RHuaRjik0ssWh87QmVaGKIiFrkihhfp9IsOhlNPQ150hVmP525uLf3m9VAWOl7EoSRWNyHJRkHKkYjT/Gg2ZoETxqSaYCKZvRWSMBSZKZ1PQIXx9iv4n7bJpX5qV5kWp7qziyMMJnMI52FCDOlxDA1pAgMIDPMGzcWc8Gi/G67I1Z6xmjuEHjLdPPpKNOQ==</latexit>

R
<latexit sha1_base64="Ukqb/9asorCNarm0uohYqPaGVTE=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GmYSY2ZuAS8eEzELJEPo6fQkbXoWunuEMOQLvHhQxKuf5M2/sbMIKvqg4PFeFVX1/IQzqSzrw8itrW9sbuW3Czu7e/sHxcOjtoxTQWiLxDwWXR9LyllEW4opTruJoDj0Oe34k6u537mnQrI4ulXThHohHkUsYAQrLTVvBsWSZbpOtVpxkGVallt2a5q4rmvXbGRrZY4SrNAYFN/7w5ikIY0U4VjKnm0lysuwUIxwOiv0U0kTTCZ4RHuaRjik0ssWh87QmVaGKIiFrkihhfp9IsOhlNPQ150hVmP525uLf3m9VAWOl7EoSRWNyHJRkHKkYjT/Gg2ZoETxqSaYCKZvRWSMBSZKZ1PQIXx9iv4n7bJpX5qV5kWp7qziyMMJnMI52FCDOlxDA1pAgMIDPMGzcWc8Gi/G67I1Z6xmjuEHjLdPPpKNOQ==</latexit>

R

<latexit sha1_base64="ZQyAjfBFXrkBTmtWpxpTeLoKMHA=">AAAB6HicdVDLSsNAFL2pr1pfVZduBovgKiSNtOmu4MZlC/YBbSiT6bQdO5mEmYlQQr/AjQtF3PpJ7vwbpw9BRQ9cOJxzL/feEyacKe04H1ZuY3Nreye/W9jbPzg8Kh6ftFWcSkJbJOax7IZYUc4EbWmmOe0mkuIo5LQTTq8XfueeSsVicatnCQ0iPBZsxAjWRmpOBsWSYzu1ctmrIMd2Pb9a8wzxXc9Q5NrOEiVYozEovveHMUkjKjThWKme6yQ6yLDUjHA6L/RTRRNMpnhMe4YKHFEVZMtD5+jCKEM0iqUpodFS/T6R4UipWRSazgjrifrtLcS/vF6qR36QMZGkmgqyWjRKOdIxWnyNhkxSovnMEEwkM7ciMsESE22yKZgQvj5F/5N22XYrtte8KtX9dRx5OINzuAQXqlCHG2hACwhQeIAneLburEfrxXpdteas9cwp/ID19glFXo09</latexit>

h
<latexit sha1_base64="ZQyAjfBFXrkBTmtWpxpTeLoKMHA=">AAAB6HicdVDLSsNAFL2pr1pfVZduBovgKiSNtOmu4MZlC/YBbSiT6bQdO5mEmYlQQr/AjQtF3PpJ7vwbpw9BRQ9cOJxzL/feEyacKe04H1ZuY3Nreye/W9jbPzg8Kh6ftFWcSkJbJOax7IZYUc4EbWmmOe0mkuIo5LQTTq8XfueeSsVicatnCQ0iPBZsxAjWRmpOBsWSYzu1ctmrIMd2Pb9a8wzxXc9Q5NrOEiVYozEovveHMUkjKjThWKme6yQ6yLDUjHA6L/RTRRNMpnhMe4YKHFEVZMtD5+jCKEM0iqUpodFS/T6R4UipWRSazgjrifrtLcS/vF6qR36QMZGkmgqyWjRKOdIxWnyNhkxSovnMEEwkM7ciMsESE22yKZgQvj5F/5N22XYrtte8KtX9dRx5OINzuAQXqlCHG2hACwhQeIAneLburEfrxXpdteas9cwp/ID19glFXo09</latexit>

h
<latexit sha1_base64="E7VYD0Ymsneq2HJrXEuyqamBISM=">AAAB7XicdVBNS8NAEJ3Ur1q/qh69LBbBU0gaadNbwYvHCrYW2lA22027dpMNuxuhhP4HLx4U8er/8ea/cfshqOiDgcd7M8zMC1POlHacD6uwtr6xuVXcLu3s7u0flA+POkpkktA2EVzIbogV5Syhbc00p91UUhyHnN6Gk8u5f3tPpWIiudHTlAYxHiUsYgRrI3X66ZgN3EG54thOo1r1asixXc+vNzxDfNczFLm2s0AFVmgNyu/9oSBZTBNNOFaq5zqpDnIsNSOczkr9TNEUkwke0Z6hCY6pCvLFtTN0ZpQhioQ0lWi0UL9P5DhWahqHpjPGeqx+e3PxL6+X6cgPcpakmaYJWS6KMo60QPPX0ZBJSjSfGoKJZOZWRMZYYqJNQCUTwten6H/SqdpuzfauLypNfxVHEU7gFM7BhTo04Qpa0AYCd/AAT/BsCevRerFel60FazVzDD9gvX0CspyPNA==</latexit>

�1

<latexit sha1_base64="Id2fTwlx2iteLJk68ktvSKwStaQ=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaL4Kok9bkRii50WcHWQhPCZDpph85MwsxEKCEbf8WNC0Xc+hnu/BunbRbaeuDC4Zx7ufeeMGFUacf5tkoLi0vLK+XVytr6xuaWvb3TVnEqMWnhmMWyEyJFGBWkpalmpJNIgnjIyEM4vB77D49EKhqLez1KiM9RX9CIYqSNFNh7PMi8ZEADN79066eZJzm8Ie08sKtOzZkAzhO3IFVQoBnYX14vxiknQmOGlOq6TqL9DElNMSN5xUsVSRAeoj7pGioQJ8rPJg/k8NAoPRjF0pTQcKL+nsgQV2rEQ9PJkR6oWW8s/ud1Ux1d+BkVSaqJwNNFUcqgjuE4DdijkmDNRoYgLKm5FeIBkghrk1nFhODOvjxP2vWae1Y7vjupNq6KOMpgHxyAI+CCc9AAt6AJWgCDHDyDV/BmPVkv1rv1MW0tWcXMLvgD6/MHftOVtA==</latexit>

m�1 = 125GeV

<latexit sha1_base64="ZveonWGZJ1Vuag+OsaWW+zME00w=">AAACAXicbVDLSgMxFM3UV62vUTeCm2ARXJWZKuqy6MZlBfuAzjBk0sw0NMkMSUYoQ934K25cKOLWv3Dn35i2I2jrgQsn59xL7j1hyqjSjvNllZaWV1bXyuuVjc2t7R17d6+tkkxi0sIJS2Q3RIowKkhLU81IN5UE8ZCRTji8nvideyIVTcSdHqXE5ygWNKIYaSMF9gEPci8d0KA+9uIY/rzccWBXnZozBVwkbkGqoEAzsD+9foIzToTGDCnVc51U+zmSmmJGxhUvUyRFeIhi0jNUIE6Un08vGMNjo/RhlEhTQsOp+nsiR1ypEQ9NJ0d6oOa9ifif18t0dOnnVKSZJgLPPooyBnUCJ3HAPpUEazYyBGFJza4QD5BEWJvQKiYEd/7kRdKu19zz2untWbVxVcRRBofgCJwAF1yABrgBTdACGDyAJ/ACXq1H69l6s95nrSWrmNkHf2B9fANSe5bQ</latexit>

m�2 � m�1
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In case that s promptly decays into dark sector
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We can interpret the mass eigenstate φ1  as observed Higgs. 

s invisible decay :

<latexit sha1_base64="xu3+cGhX9WWYqpi/WEKaxY0Ly7Q="></latexit>

<latexit sha1_base64="F6s0+FYOlh/37JXERObsucbaNZ0="></latexit>

|si
<latexit sha1_base64="yyqEjOqwa1Hgh8FVg4ScJRzFeNk="></latexit>

�s ⇠
m3

�2

32⇡2v2s
⇠ �sm2

8⇡

<latexit sha1_base64="ZDD93l6i7gSXAUulWwls+Ob/5SE="></latexit>

�S ⇠ O(1)

Transition of s to h : <latexit sha1_base64="CrvElCjycx/XR1xzSpRXv1Fd6Ss="></latexit>

<latexit sha1_base64="F6s0+FYOlh/37JXERObsucbaNZ0="></latexit>

|si
<latexit sha1_base64="SRpUFKsNAK20kw0sw9hRkabmnFo="></latexit>

|hi

<latexit sha1_base64="JDapAlM7SkU8MxmpRqQaJCO9d40="></latexit>a

<latexit sha1_base64="JDapAlM7SkU8MxmpRqQaJCO9d40="></latexit>a
<latexit sha1_base64="mrFfgU/3DPKGHuXW6KkQsVCnL24="></latexit>

P (t) ⇠
��hs| e�iHt |hi

��2

⇠ sin2(2↵) sin2
✓

✏

4|~p| t
◆2 <latexit sha1_base64="6brYa6j5aFKmEc7iVzAgQkdOMiQ="></latexit>

✏ ⌘ m2
1 �m2

2

Analog of ν oscillations

Typical time scale
<latexit sha1_base64="tLp5aW0pgsPPoUT6cFust9t1oB4="></latexit>

ts ⇠
|~p|

m2�s

<latexit sha1_base64="bIBaf5hJ3TuJCIKIRnZEPteB8SE="></latexit>

tosc. ⇠
|~p|
✏/4

<latexit sha1_base64="OU8ITq5w4+GoL+2j4x76iV4tGZA="></latexit>

(↵ ' 0)

s invisible decay : Transition of s to h :

→  If ts << tosc., i.e., ΓS >> |m1 - m2|,  s decays before converting to h. In this case, we can not define the mass 
eigenstates as the asymptotic states 
because the s promptly decays.

<latexit sha1_base64="e+GgyeR6kafkUAPpG54rTBm7oK8="></latexit>

<latexit sha1_base64="ZQyAjfBFXrkBTmtWpxpTeLoKMHA=">AAAB6HicdVDLSsNAFL2pr1pfVZduBovgKiSNtOmu4MZlC/YBbSiT6bQdO5mEmYlQQr/AjQtF3PpJ7vwbpw9BRQ9cOJxzL/feEyacKe04H1ZuY3Nreye/W9jbPzg8Kh6ftFWcSkJbJOax7IZYUc4EbWmmOe0mkuIo5LQTTq8XfueeSsVicatnCQ0iPBZsxAjWRmpOBsWSYzu1ctmrIMd2Pb9a8wzxXc9Q5NrOEiVYozEovveHMUkjKjThWKme6yQ6yLDUjHA6L/RTRRNMpnhMe4YKHFEVZMtD5+jCKEM0iqUpodFS/T6R4UipWRSazgjrifrtLcS/vF6qR36QMZGkmgqyWjRKOdIxWnyNhkxSovnMEEwkM7ciMsESE22yKZgQvj5F/5N22XYrtte8KtX9dRx5OINzuAQXqlCHG2hACwhQeIAneLburEfrxXpdteas9cwp/ID19glFXo09</latexit>

h
<latexit sha1_base64="IH4SyPdiiroUXUOdQa2bhliYx2U="></latexit>

H

Observed Higgs boson can be 
understood as the flavor state, which is 
linear combination of φ1 and φ2.

Fuzzy Higgs boson
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Quantum Zeno effect [1/2]

34

To demonstate this, let us consider the spin system (Rabi oscillation) as a concrete 
example. 

<latexit sha1_base64="JxpBVdgaJPixJ/rNtBxLh+zwPhE="></latexit>

| (t)i = e�iHt |1i
= cos(⌦t/2) |1i+ i sin(⌦t/2) |2i

<latexit sha1_base64="c/KOVIE7YlI/zciWMDmJjdwWHiY="></latexit>

| (0)i = |1i
<latexit sha1_base64="qjhKmrdLE6oNMpbtO7yLsZPW/I0="></latexit>

H =
⌦

2

⇣
|2i h1|+ |1i h2|

⌘
Initial state :

Time evolution :

<latexit sha1_base64="HrwG0lREqLlQtt6972nXAMWqtZg="></latexit>

: |1i
<latexit sha1_base64="EezhoANrhcXGBh4LlpnuNkiP9Ak="></latexit>

: |2i

Ω: Rabi frequency

“Frequent measurements slow the evolution of a quantum system, hindering

transitions to states different from the initial one”.

[J. Phys. A: Math. Theor.41 (2008) 493001(Review)]
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Quantum Zeno effect [2/2]

35

 Frequent measurement up t=a 

t=0 t=at=Δa

…

t=a-Δa

…

 Measurement at t=a 
t=0 t=a

<latexit sha1_base64="1dmp0BY9CHJTHKh7WS26XrNVcQo="></latexit>

�a =
a

N

<latexit sha1_base64="c/KOVIE7YlI/zciWMDmJjdwWHiY="></latexit>

| (0)i = |1iInitial state :

Time evolution :
<latexit sha1_base64="L8YFgMYn+JkJqKntQjs3lamnPh8="></latexit>

| (t)i = cos(⌦t/2) |1i+ i sin(⌦t/2) |2i

<latexit sha1_base64="naIuh21Ad2WptsnuMn3pbtcV+1I="></latexit>��� h1| (�a)i
���
2
=

✓
1� ⌦2a2

4N2

◆2N

= exp


�⌦a2

2N

�
= 1

<latexit sha1_base64="QUBujb7g3IwARqdmxL6mA01l6zU="></latexit>��� h1| (a)i
���
2
= cos2(⌦a/2)

<latexit sha1_base64="h7jhjJJtSsDnBQQCU2afOo4z8Ss="></latexit>��� h2| (a)i
���
2
= sin2(⌦a/2)

<latexit sha1_base64="awXK7rJgxd5fnZWHwril066IPlg="></latexit>

(2N ! 1)
No. of 
measurements 1 N-1 N

If one measures the system frequently the transition of the spin is suppressed (Quantum Zeno effect).

[J. Phys. A: Math. Theor.41 (2008) 493001(Review)]
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Similarity with the system of the Higgs boson

36

If we assume that s→aa is the measurement of the system on the dark sector side, 
the appearance of fuzzy Higgs can be understood ad the quantum Zeno effect. 

<latexit sha1_base64="ZQyAjfBFXrkBTmtWpxpTeLoKMHA=">AAAB6HicdVDLSsNAFL2pr1pfVZduBovgKiSNtOmu4MZlC/YBbSiT6bQdO5mEmYlQQr/AjQtF3PpJ7vwbpw9BRQ9cOJxzL/feEyacKe04H1ZuY3Nreye/W9jbPzg8Kh6ftFWcSkJbJOax7IZYUc4EbWmmOe0mkuIo5LQTTq8XfueeSsVicatnCQ0iPBZsxAjWRmpOBsWSYzu1ctmrIMd2Pb9a8wzxXc9Q5NrOEiVYozEovveHMUkjKjThWKme6yQ6yLDUjHA6L/RTRRNMpnhMe4YKHFEVZMtD5+jCKEM0iqUpodFS/T6R4UipWRSazgjrifrtLcS/vF6qR36QMZGkmgqyWjRKOdIxWnyNhkxSovnMEEwkM7ciMsESE22yKZgQvj5F/5N22XYrtte8KtX9dRx5OINzuAQXqlCHG2hACwhQeIAneLburEfrxXpdteas9cwp/ID19glFXo09</latexit>

h

…

<latexit sha1_base64="5PvbsV/OuxDH2EUNSlbp+9DRSXA="></latexit>

<latexit sha1_base64="Se+u/1UZMqUvw7OsbS4dhToA4Oc="></latexit>

ts

<latexit sha1_base64="wg7fDRGOH6TYJI5G6iczDFEI9uE="></latexit>

Ph!h ⇠ exp(�ts/tosc.) ⇠ 1

<latexit sha1_base64="r8sDTdaHT5hu6kYjBVVZqIlmUlQ="></latexit>

(ts ⌧ tosc.)

<latexit sha1_base64="tLp5aW0pgsPPoUT6cFust9t1oB4="></latexit>

ts ⇠
|~p|

m2�s

<latexit sha1_base64="bIBaf5hJ3TuJCIKIRnZEPteB8SE="></latexit>

tosc. ⇠
|~p|
✏/4

s decay : Transition of s to h :

→  If ts << tosc., i.e., ΓS >> |m1 - m2|,  the state |h> evolves itself by the frequent 
measurement by the dark sector.

We confirm this effect by strict calculation in the quantum theory. 

We will see that suppression of mixing between s and h happens. 
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Breit-Wigner formulation
<latexit sha1_base64="nk09WJJNAKcraZRLsJG8IcIVs44="></latexit>

�̂ =
i

�s
R ·

✓
Q2 �m2

2 + ⇧̂22 �⇧̂12

�⇧̂21 Q2 �m2
2 + ⇧̂22

◆
·RT

<latexit sha1_base64="yvlVG7czS6ejp9yt55/LdR2oy7g="></latexit>

R =

✓
cos↵ � sin↵
sin↵ cos↵

◆

(i) :
<latexit sha1_base64="tu/FDIPFL2gAvt5ON49lMzAiwTM="></latexit>

⇧̂12, ⇧̂21 ⌧ 1

(ii) :   are not negligible :
<latexit sha1_base64="mSDVriwr2RsbQNfA+Mht4IJj+oE="></latexit>

⇧̂12, ⇧̂21

The position of the pole is determined by Δs =0.

Position of the pole is nontrivial in this case. 

<latexit sha1_base64="K/rD5WTdzR4eCVgg7JDcfBhVoVQ="></latexit>

Q2 = m2
1 +⇧11, m

2
2 +⇧22

<latexit sha1_base64="RS2gO3yL7xXXqx18aNiCJn2avG4="></latexit>

im1�1
<latexit sha1_base64="HFiegJZkzouLTsBwMXTFTDrJF3w="></latexit>

im2�2

= =

(                     )
<latexit sha1_base64="P8eD674PK01F7yDPLji5qTRT964="></latexit>

✏ = m2
1 �m2

2

<latexit sha1_base64="g+a7kTZrDGpWffr3Sz1gxtjFcbQ=">AAADV3icbVLbbtQwEHV3oSzl0hYeeRkRVdoV7TZJdwtSVVQJHnhsJXoRm23kOJOuVduJbIftKsq/8Rv9AHiFPwDvBdQLI1k+mnNmPD6apBDcWN+/Xmo0HzxcftR6vPLk6bPnq2vrL05MXmqGxywXuT5LqEHBFR5bbgWeFRqpTASeJpcfpvzpV9SG5+qznRQ4lPRC8Ywzal0qXvsSfURhaWz220fn4ZaMg/PwTTSitooOeR1XQVB3Fkx4mwnDurN1UxnWN9mgjtc8v+vPAu6DYAE8sojDeH3pe5TmrJSoLBPUmEHgF3ZYUW05E1ivRKXBgrJLeoEDBxWVaIbVzIQaNlwmhSzX7igLs+zN iopKYyYycUpJ7cjc5abJ/3GD0mbvhhVXRWlRsflDWSnA5jB1FFKukVkxcYAyzd2swEZUU2ad77deyXCiZOH+oXDMcimpSqtIUq3zcT3oD6uNFXARZTJjMq2MnQiMU8xgLvECmPF4VWgoYB9STcczBkyZFG5uaAfbvU3Y2e51IM+cxox4Zp0ru+CFMOZ2VKACdxjXzlAwjArH+t3e3ry1oAmKrrcD7cTiFXg9QHdvQpFzZ6nf7d9v21mUokrdqHv1vy9Uf6feBOfbdAH3/bry+vV0MYK7a3AfnITdYLe7c9TzDt4vVqRFXpHXpE0C8pYckE/kkBwTRr6RH+Qn+dW4bvxuLjdbc2ljaVHzktyK5vofesEFTQ==</latexit>

�s = (Q2 �m2
1 + ⇧̂11)(Q

2 �m2
2 + ⇧̂22)� ⇧̂12⇧̂21

<latexit sha1_base64="qEOZ+x+i9IslmKEoABCFEouaPbU="></latexit>

⇧̂ij '
i

32⇡v2s

✓
sin2(↵)m4

1 sin↵ cos↵m2
1m

2
2

sin↵ cos↵m2
1m

2
2 cos2(↵)m4

2

◆

:

<latexit sha1_base64="7v4ez+A3/ycBG6RPh3Eqnb4S9NI="></latexit>

Q2 =
1

2

n
m2

1 +m2
2 � ⇧̂11 � ⇧̂22

±
p

(✏�⇧11 +⇧22)2 + 4⇧12⇧21

o

Analytical formula of Πij (only DM loop) :

When vS <<1, Π12,21 can be sizable.  

Πij : Renormalized self-energies

( i,j= 1,2 )
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Result with α=π/4
<latexit sha1_base64="yvlVG7czS6ejp9yt55/LdR2oy7g="></latexit>

R =

✓
cos↵ � sin↵
sin↵ cos↵

◆

vs =1000GeV

vs =500GeV

SM

125.0 125.1 125.2 125.3 125.4 125.5
0.01

0.05

0.10

0.50

1

Q [GeV]

|Δ�
hh
|[
G
eV

-
2 ]

mheff=125.25GeV, α=π /4, ϵ=25GeV2
<latexit sha1_base64="hPBmcNOgHQZj86x1l2/7Z4MGfBs=">AAAB+3icdVDLSsNAFJ3UV62vWJduBovgxpL0YRtwUXChy4r2AW0Ik+m0HTqThJmJWNL+ihsXirj1R9z5N04fgooeuHA4517uvcePGJXKsj6M1Mrq2vpGejOztb2zu2fuZ5syjAUmDRyyULR9JAmjAWkoqhhpR4Ig7jPS8kcXM791R4SkYXCrxhFxORoEtE8xUlryzGz3EnGOvJvzCfcKp9yzJ56Zs/JOtVwuVqGVtyyn4FQ0cRzHrtjQ1soMObBE3TPfu70Qx5wECjMkZce2IuUmSCiKGZlmurEkEcIjNCAdTQPEiXST+e1TeKyVHuyHQleg4Fz9PpEgLuWY+7qTIzWUv72Z+JfXiVW/6iY0iGJFArxY1I8ZVCGcBQF7VBCs2FgThAXVt0I8RAJhpePK6BC+PoX/k2Yhb5/li9elXK20jCMNDsEROAE2qIAauAJ10AAY3IMH8ASejanxaLwYr4vWlLGcOQA/YLx9AnFylAs=</latexit>

�S < |m2 �m1|

<latexit sha1_base64="dL7Nt6n85iJ/N1U5jtNr9Z3EhR4="></latexit>

mhe↵ ⌘
q

m2
1 cos

2 ↵+m2
2 sin

2 ↵

<latexit sha1_base64="N5DbB/HiCcgF9fFRqcp4Y2kBcXE="></latexit>

✏ = m2
2 �m2

1

[KS, W. Yin]
Using the BW formulation, we numerically 
calculate the Δhh with the different values of vs.

vS controls the size of  ΓS
<latexit sha1_base64="swWCNYQkt/C4hPNYm5gT4TkgN48="></latexit>

�s ⇠
m3

2

32⇡2v2s
⇠ �sm2

8⇡

→ Two separated poles appear. 
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Result with α=π/4
<latexit sha1_base64="yvlVG7czS6ejp9yt55/LdR2oy7g="></latexit>

R =

✓
cos↵ � sin↵
sin↵ cos↵

◆

Using the BW formulation, we numerically 
calculate the Δhh with the different values of vs.

vS controls the size of  ΓS vs =100GeV

vs =30GeV

SM

125.0 125.1 125.2 125.3 125.4 125.5
0.01

0.05

0.10

0.50

1

Q [GeV]

|Δ�
hh
|[
G
eV

-
2 ]

mheff=125.25GeV, α=π /4, ϵ=25GeV2
<latexit sha1_base64="ul2i1EzLaIJyXZKdZLb7yZ9WQ3E=">AAAB+3icdVDLSsNAFJ3UV62vWJduBovgxpL0YZuNFFzosqJ9QBvCZDpth84kYWYilrS/4saFIm79EXf+jdOHoKIHLhzOuZd77/EjRqWyrA8jtbK6tr6R3sxsbe/s7pn72aYMY4FJA4csFG0fScJoQBqKKkbakSCI+4y0/NHFzG/dESFpGNyqcURcjgYB7VOMlJY8M9u9RJwj7+Z8wr3CKffsiWfmrLxTLZeLVWjlLcspOBVNHMexKza0tTJDDixR98z3bi/EMSeBwgxJ2bGtSLkJEopiRqaZbixJhPAIDUhH0wBxIt1kfvsUHmulB/uh0BUoOFe/TySISznmvu7kSA3lb28m/uV1YtWvugkNoliRAC8W9WMGVQhnQcAeFQQrNtYEYUH1rRAPkUBY6bgyOoSvT+H/pFnI22f54nUpVyst40iDQ3AEToANKqAGrkAdNAAG9+ABPIFnY2o8Gi/G66I1ZSxnDsAPGG+fdIyUDQ==</latexit>

�S > |m2 �m1|

<latexit sha1_base64="swWCNYQkt/C4hPNYm5gT4TkgN48="></latexit>

�s ⇠
m3

2

32⇡2v2s
⇠ �sm2

8⇡

<latexit sha1_base64="dL7Nt6n85iJ/N1U5jtNr9Z3EhR4="></latexit>

mhe↵ ⌘
q

m2
1 cos

2 ↵+m2
2 sin

2 ↵

<latexit sha1_base64="N5DbB/HiCcgF9fFRqcp4Y2kBcXE="></latexit>

✏ = m2
2 �m2

1

[KS, W. Yin]

→ Single pole appears at Q=mH. 

→ The propagator with vs = 30 GeV is

     coincide with the SM. (Fuzzy Higgs boson)
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Result with α=π/4
<latexit sha1_base64="yvlVG7czS6ejp9yt55/LdR2oy7g="></latexit>

R =

✓
cos↵ � sin↵
sin↵ cos↵

◆

Using the BW formulation, we numerically 
calculate the Δhh with the different values of vs.

vS controls the size of  ΓS vs =100GeV

vs =30GeV

SM

125.0 125.1 125.2 125.3 125.4 125.5
0.01

0.05

0.10

0.50

1

Q [GeV]

|Δ�
hh
|[
G
eV

-
2 ]

mheff=125.25GeV, α=π /4, ϵ=25GeV2
<latexit sha1_base64="ul2i1EzLaIJyXZKdZLb7yZ9WQ3E=">AAAB+3icdVDLSsNAFJ3UV62vWJduBovgxpL0YZuNFFzosqJ9QBvCZDpth84kYWYilrS/4saFIm79EXf+jdOHoKIHLhzOuZd77/EjRqWyrA8jtbK6tr6R3sxsbe/s7pn72aYMY4FJA4csFG0fScJoQBqKKkbakSCI+4y0/NHFzG/dESFpGNyqcURcjgYB7VOMlJY8M9u9RJwj7+Z8wr3CKffsiWfmrLxTLZeLVWjlLcspOBVNHMexKza0tTJDDixR98z3bi/EMSeBwgxJ2bGtSLkJEopiRqaZbixJhPAIDUhH0wBxIt1kfvsUHmulB/uh0BUoOFe/TySISznmvu7kSA3lb28m/uV1YtWvugkNoliRAC8W9WMGVQhnQcAeFQQrNtYEYUH1rRAPkUBY6bgyOoSvT+H/pFnI22f54nUpVyst40iDQ3AEToANKqAGrkAdNAAG9+ABPIFnY2o8Gi/G66I1ZSxnDsAPGG+fdIyUDQ==</latexit>

�S > |m2 �m1|

<latexit sha1_base64="swWCNYQkt/C4hPNYm5gT4TkgN48="></latexit>

�s ⇠
m3

2

32⇡2v2s
⇠ �sm2

8⇡

Analytical result of Δhh

<latexit sha1_base64="5vTLbvkyP6Bgm5xKVJgEEJM8Rrw="></latexit>

�̂hh ' i(1 + �)

Q2 �m2
he↵ + ✏2 sin2(2↵)

2m2
heff

+ i 8⇡✏
2 sin2(2↵)v2

s

m4
heff

( SM loops are neglected )

Position of pole
<latexit sha1_base64="qfBWOdj14UamJ3W4xOcvhzf3Ggw="></latexit>

��1!dark =
m3

1 sin
2 ↵

32⇡v2S
⇠ �S

32⇡2

m3
1

m3
2

sin2 ↵

cos2 ↵
c.f)

<latexit sha1_base64="dL7Nt6n85iJ/N1U5jtNr9Z3EhR4="></latexit>

mhe↵ ⌘
q

m2
1 cos

2 ↵+m2
2 sin

2 ↵

<latexit sha1_base64="N5DbB/HiCcgF9fFRqcp4Y2kBcXE="></latexit>

✏ = m2
2 �m2

1

In case of m2>>m1, Γφ1->dark >>1 at strong 
coupling regime. But Γheff->dark <<1.

<latexit sha1_base64="+KnNE4yE90mrGnORhjOG4L3Rh6w="></latexit>

��1!dark � 1
<latexit sha1_base64="nOpwSiyw7skTb4DfWtL0bmpNvLc="></latexit>

�he↵!dark ⌧ 1
<latexit sha1_base64="RbGeVbN31JvPrfRnc0dwJ9LcAP4=">AAADaXicbVJLaxRBEO5kfcT42uhF9FI4BDYQJzPZ3SiGQMCD3oxgHpDZLD09Ndkm/aK7N5tlmPw0/4d3b6J3b/Y+FJNY0HRR31eP/rpyI7jzSfJ1YbFx6/adu0v3lu8/ePjocXPlyYHTQ8twn2mh7VFOHQqucN9zL/DIWKQyF3iYn72b4IfnaB3X6rMfG+xJeqp4yRn1IdRvHmUFCk/fQiZzfVExbS2yCXRJ/WUNGRrHhVYnm/ </latexit>

� : correction at ✏2. O(10�5) at vs = 30 GeV.
,<latexit sha1_base64="Fnus1nZkecp4ZsTPhHOzqMyUciU=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgxpC09bFwUXChy4r2AW0Ik+mkHTqThJmJWNL+ihsXirj1R9z5N07bIFo9cOFwzr3ce48fMyqVbX8auaXlldW1/HphY3Nre8fcLTZllAhMGjhikWj7SBJGQ9JQVDHSjgVB3Gek5Q8vp37rnghJo/BOjWLictQPaUAxUlryzGL3CnGOvNuLMffKx9xzxp5Zsi17BmhblepJxS7Db8XJSAlkqHvmR7cX4YSTUGGGpOw4dqzcFAlFMSOTQjeRJEZ4iPqko2mIOJFuOrt9Ag+10oNBJHSFCs7UnxMp4lKOuK87OVIDuehNxf+8TqKCczelYZwoEuL5oiBhUEVwGgTsUUGwYiNNEBZU3wrxAAmElY6roENwFl/+S5plyzm1KjfVUq2axZEH++AAHAEHnIEauAZ10AAYPIBH8AxejInxZLwab/PWnJHN7IFfMN6/APe/k7c=</latexit>

�S < |m2 �m1|

[KS, W. Yin]

<latexit sha1_base64="pnyNNTcGnmmeTlWEKsjKPz/JVco="></latexit>

�he↵!dark =
✏2 sin2(2↵)

4m2
he↵�s[mhe↵ ]
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Suppression of mixing by quantum Zeno

<latexit sha1_base64="qfBWOdj14UamJ3W4xOcvhzf3Ggw="></latexit>

��1!dark =
m3

1 sin
2 ↵

32⇡v2S
⇠ �S

32⇡2

m3
1

m3
2

sin2 ↵

cos2 ↵

<latexit sha1_base64="xxRtEfmNds3cWwUoq9LYyR+rBic=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgxpC09YELKbjQZUVbC20Ik+mkHTqThJmJENr6K25cKOLWD3Hn3zhtg2j1wIXDOfdy7z1+zKhUtv1p5BYWl5ZX8quFtfWNzS1ze6cpo0Rg0sARi0TLR5IwGpKGooqRViwI4j4jd/7gYuLf3RMhaRTeqjQmLke9kAYUI6Ulzyx2LhHnyLs5H3GvfMg9Z3TmmSXbsqeAtlWpHlXsMvxWnIyUQIa6Z350uhFOOAkVZkjKtmPHyh0ioShmZFzoJJLECA9Qj7Q1DREn0h1Ojx/Dfa10YRAJXaGCU/XnxBBxKVPu606OVF/OexPxP6+dqODUHdIwThQJ8WxRkDCoIjhJAnapIFixVBOEBdW3QtxHAmGl8yroEJz5l/+SZtlyjq3KdbVUq2Zx5MEu2AMHwAEnoAauQB00AAYpeATP4MV4MJ6MV+Nt1pozspki+AXj/Qt+RJP9</latexit>

�S > |m2 �m1| :

<latexit sha1_base64="/s/1jnYU7tJJwJ+1+DC0KRsun5g=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgxpC09YG4KLjQZUVbC20Ik+mkHTqThJmJENr6K25cKOLWD3Hn3zhtg2j1wIXDOfdy7z1+zKhUtv1p5BYWl5ZX8quFtfWNzS1ze6cpo0Rg0sARi0TLR5IwGpKGooqRViwI4j4jd/7gYuLf3RMhaRTeqjQmLke9kAYUI6Ulzyx2LhHnyLs5H3GvfMg9Z3TmmSXbsqeAtlWpHlXsMvxWnIyUQIa6Z350uhFOOAkVZkjKtmPHyh0ioShmZFzoJJLECA9Qj7Q1DREn0h1Ojx/Dfa10YRAJXaGCU/XnxBBxKVPu606OVF/OexPxP6+dqODUHdIwThQJ8WxRkDCoIjhJAnapIFixVBOEBdW3QtxHAmGl8yroEJz5l/+SZtlyjq3KdbVUq2Zx5MEu2AMHwAEnoAauQB00AAYpeATP4MV4MJ6MV+Nt1pozspki+AXj/Qt7KJP7</latexit>

�S < |m2 �m1| :

Comparing these equations, we can define the effective mixing angles for 
the fuzzy Higgs boson.

<latexit sha1_base64="CpngStiOAyE8l8FIaDXqVC/eNd8="></latexit>

⌘ sin2 ↵e↵

→ If s promptly decays into the dark sector, αef is suppressed, i.e.,                                    .
<latexit sha1_base64="tM4DM9iBtCzmPLmQCrDCDxzfgfM="></latexit>

sin↵e↵ ! 0 (�s � 1)

→ The suppression of the invisible decay rate is due to the suppression of the mixing. 

<latexit sha1_base64="pnyNNTcGnmmeTlWEKsjKPz/JVco="></latexit>

�he↵!dark =
✏2 sin2(2↵)

4m2
he↵�s[mhe↵ ]

<latexit sha1_base64="SRe9BrZgPQR8NRJ1KeCOgFgfXUI="></latexit>

�he↵!dark =
✏2 sin2(2↵)

4m2
he↵�s[mhe↵ ]

=
m3

he↵

32⇡v2s

✏2 sin2(2↵)

4m2
he↵�

2
s



A new renormalizable model for Axion-like particle and its phenomenologyKodai Sakurai /4542

Numerical result for 
<latexit sha1_base64="rmJtaahto2s5wHje1UMO3FA+AZg="></latexit>

�he↵!dark

1 10 102 103
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10-1

1
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ef
f→
D
ar
k[
M
eV

]

<latexit sha1_base64="L+AHBKBLbZ/xlkVwhWO+jqJ5V7g="></latexit>

vs [GeV]

<latexit sha1_base64="H5fxueNS6g6DdbY3qC2clNk3FJU="></latexit> �
h
e↵

!
d
a
rk

[M
eV

]

<latexit sha1_base64="P7h9rofxxKgxGt3DaQKpD5UmOOs="></latexit>

BRh!inv. (ATLAS)

<latexit sha1_base64="bSEHQpoJfDUND/5prZjFfN6/nEY="></latexit>

BRh!inv. (ILC)

perturbative 

unitarity

<latexit sha1_base64="ul2i1EzLaIJyXZKdZLb7yZ9WQ3E=">AAAB+3icdVDLSsNAFJ3UV62vWJduBovgxpL0YZuNFFzosqJ9QBvCZDpth84kYWYilrS/4saFIm79EXf+jdOHoKIHLhzOuZd77/EjRqWyrA8jtbK6tr6R3sxsbe/s7pn72aYMY4FJA4csFG0fScJoQBqKKkbakSCI+4y0/NHFzG/dESFpGNyqcURcjgYB7VOMlJY8M9u9RJwj7+Z8wr3CKffsiWfmrLxTLZeLVWjlLcspOBVNHMexKza0tTJDDixR98z3bi/EMSeBwgxJ2bGtSLkJEopiRqaZbixJhPAIDUhH0wBxIt1kfvsUHmulB/uh0BUoOFe/TySISznmvu7kSA3lb28m/uV1YtWvugkNoliRAC8W9WMGVQhnQcAeFQQrNtYEYUH1rRAPkUBY6bgyOoSvT+H/pFnI22f54nUpVyst40iDQ3AEToANKqAGrkAdNAAG9+ABPIFnY2o8Gi/G66I1ZSxnDsAPGG+fdIyUDQ==</latexit>

�S > |m2 �m1|
<latexit sha1_base64="hPBmcNOgHQZj86x1l2/7Z4MGfBs=">AAAB+3icdVDLSsNAFJ3UV62vWJduBovgxpL0YRtwUXChy4r2AW0Ik+m0HTqThJmJWNL+ihsXirj1R9z5N04fgooeuHA4517uvcePGJXKsj6M1Mrq2vpGejOztb2zu2fuZ5syjAUmDRyyULR9JAmjAWkoqhhpR4Ig7jPS8kcXM791R4SkYXCrxhFxORoEtE8xUlryzGz3EnGOvJvzCfcKp9yzJ56Zs/JOtVwuVqGVtyyn4FQ0cRzHrtjQ1soMObBE3TPfu70Qx5wECjMkZce2IuUmSCiKGZlmurEkEcIjNCAdTQPEiXST+e1TeKyVHuyHQleg4Fz9PpEgLuWY+7qTIzWUv72Z+JfXiVW/6iY0iGJFArxY1I8ZVCGcBQF7VBCs2FgThAXVt0I8RAJhpePK6BC+PoX/k2Yhb5/li9elXK20jCMNDsEROAE2qIAauAJ10AAY3IMH8ASejanxaLwYr4vWlLGcOQA/YLx9AnFylAs=</latexit>

�S < |m2 �m1|

Deviations of Higgs coupling: 
<latexit sha1_base64="0US/oshaSiEIUWpQRASVRqXs+XY="></latexit>

V � 1 = cos↵e↵ ⇠ �0.01% (vs = 30 GeV) It is difficult to measure the 
deviation in the future exp.

→ heff can be surveyed by the future experiment of Higgs inv. decay.

[KS, W. Yin]

11%

0.23%
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Result with α=0.01

• In case of α=0.01, the fuzzy Higgs boson also appears. 

→ Therefore, the suppression of the mixing effect happens even if |m1-m2|~O(1) GeV. 

[KS, W. Yin]
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• Model with CPV in dark sector

-  Future colliders, astrophysical observations

3.  Summary

• Testability of ALP 

2.  Phenomenology of Higgs boson

1.  Phenomenology of ALP

• Introduction

• Suppression of the mixing eff
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Summary 

45

何故~1GeVあたりにkinkがあるか

• We discussed a simple renormalizable model with CP violation in the dark sector. 

• The model predicts ALP with CP-even scalar coupling. 

Higgs invisible decay, displaced vertex,

Higgs exotic decay

45

• The ALP couplings are controlled by the mass of ALP.

• ALP can be probed by future collider experiments and astrophysical observations.

Long lived particle

DM ( in keV-MeV )

( in GeV )

Higgs invisible decay,
Vera Rubin observatory,

21 cm line measurements
X,γ-ray  observatories

• If decay width of s is larger than |m1 - m2|, the suppression of mixing between s 
and h happens. 

-  The observed Higgs <latexit sha1_base64="OkBglHcuWrpcV8ctLB8FnzGOdXQ="></latexit>'
<latexit sha1_base64="4WnyauAKax3xNSRsy7kgIc+KC1g="></latexit>

cos(↵)�1 + sin(↵)�2 (Fuzzy Higgs)

-  The scenario can be tested by Higgs invisible decay. 



Buck up



Testability of the CP-even ALP at ILCKodai Sakurai 

Relations for scalar couplings in the limit κ=0

47

<latexit sha1_base64="GV0kwlAkSoT/42hN+5bulL3iV3w="></latexit>

V = �m
2
�|�|2 + �|�|4 + �P |H|2|�|2 + �H |H|4 � µ

2
H
|H|2 ,

<latexit sha1_base64="7lfcrbSwfbp+mg7P5BH1gKsxBQI=">AAAB/XicbVDLSsNAFJ34rPUVHzs3wSK4KomKuhGKblxWsA9oSriZTpqhkwczN0INxV9x40IRt/6HO//GaZuFth64cDjnXu69x08FV2jb38bC4tLyympprby+sbm1be7sNlWSScoaNBGJbPugmOAxayBHwdqpZBD5grX8wc3Ybz0wqXgS3+MwZd0I+jEPOAXUkmfuuyDSEDznysWQIXh5qEaeWbGr9gTWPHEKUiEF6p755fYSmkUsRipAqY5jp9jNQSKngo3KbqZYCnQAfdbRNIaIqW4+uX5kHWmlZwWJ1BWjNVF/T+QQKTWMfN0ZAYZq1huL/3mdDIPLbs7jNEMW0+miIBMWJtY4CqvHJaMohpoAlVzfatEQJFDUgZV1CM7sy/OkeVJ1zqund2eV2nURR4kckENyTBxyQWrkltRJg1DySJ7JK3kznowX4934mLYuGMXMHvkD4/MHjaaVTg==</latexit>

↵1 = ✓hs
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ILD detector

48

[ILD, 1912.04601]

Amputated view of the detector

Detector sizes
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Time schedule of the future X, gamma ray obsearvatries

49
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ALP production ins Supernova
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Axion-nucleon (QCD axion)
[G. Cortona,E. Hardy, et. al, JHEP01(2016)034]



A new renormalizable model for Axion-like particle and its phenomenologyKodai Sakurai /45

Long lived particle search at HL-LHC
[B. Bhattacherjee, S. Matsumoto, R. Sengupta, 2111.02437]
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LLP searches from Higgs decays in the future e+e- colliders 

54

[S. Alipour-Fard et al., 1812.05588]
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Cosmic Axion Spin Precession Experiment (CASPEr)

55

Hamiltonian

Lagrangian

The existence of axion field affects to spin of the nucleon.

 Thereby, the gaNN is constrained. 

[1711.08999]

Magnetic field constacted by ALP DM
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Thermal production

56

• Thermal production rate

<latexit sha1_base64="JLjBYYE3HC/nHUM+EV1tiYJ+HRA=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9lV8eNW8OKxgrWFdinZNNuGJtmQZIWy9C948aCIV/+QN/+N2XYP2vpg4PHeDDPzIsWZsb7/7ZVWVtfWN8qbla3tnd296v7Bo0lSTWiLJDzRnQgbypmkLcsspx2lKRYRp+1ofJv77SeqDUvkg50oGgo8lCxmBNtc6inD+tWaX/dnQMskKEgNCjT71a/eICGpoNISjo3pBr6yYYa1ZYTTaaWXGqowGeMh7ToqsaAmzGa3TtGJUwYoTrQradFM/T2RYWHMRESuU2A7MoteLv7ndVMbX4cZkyq1VJL5ojjlyCYofxwNmKbE8okjmGjmbkVkhDUm1sVTcSEEiy8vk8ezenBZP7+/qDVuijjKcATHcAoBXEED7qAJLSAwgmd4hTdPeC/eu/cxby15xcwh/IH3+QMkJo5J</latexit>

 

<latexit sha1_base64="sqTBbN2CCijgQ8vpEl8gEhq1JWk=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyq+LgFvHiMYB6YXcLspJMMmZ1dZmaFsOQvvHhQxKt/482/cZLsQRMLGoqqbrq7wkRwbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo5TxbDBYhGrdkg1Ci6xYbgR2E4U0igU2ApHt1O/9YRK81g+mHGCQUQHkvc5o8ZKj35IVeYnmk+65YpbdWcgy8TLSQVy1LvlL78XszRCaZigWnc8NzFBRpXhTOCk5KcaE8pGdIAdSyWNUAfZ7OIJObFKj/RjZUsaMlN/T2Q00nochbYzomaoF72p+J/XSU3/Osi4TFKDks0X9VNBTEym75MeV8iMGFtCmeL2VsKGVFFmbEglG4K3+PIyaZ5Vvcvq+f1FpXaTx1GEIziGU/DgCmpwB3VoAAMJz/AKb452Xpx352PeWnDymUP4A+fzB+lOkQ4=</latexit>

 ̄

<latexit sha1_base64="2HfMCEX8ZNC0yBs6WWZPbKL+mxI=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV0VH7eAF48JmAckS5id9CZjZmeXmVkhLPkCLx4U8eonefNvnCR70MSChqKqm+6uIBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWju6nfekKleSwfzDhBP6IDyUPOqLFSnfZKZbfizkCWiZeTMuSo9Upf3X7M0gilYYJq3fHcxPgZVYYzgZNiN9WYUDaiA+xYKmmE2s9mh07IqVX6JIyVLWnITP09kdFI63EU2M6ImqFe9Kbif14nNeGNn3GZpAYlmy8KU0FMTKZfkz5XyIwYW0KZ4vZWwoZUUWZsNkUbgrf48jJpnle8q8pF/bJcvc3jKMAxnMAZeHANVbiHGjSAAcIzvMKb8+i8OO/Ox7x1xclnjuAPnM8fw0SM5A==</latexit>a

<latexit sha1_base64="2HfMCEX8ZNC0yBs6WWZPbKL+mxI=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV0VH7eAF48JmAckS5id9CZjZmeXmVkhLPkCLx4U8eonefNvnCR70MSChqKqm+6uIBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWju6nfekKleSwfzDhBP6IDyUPOqLFSnfZKZbfizkCWiZeTMuSo9Upf3X7M0gilYYJq3fHcxPgZVYYzgZNiN9WYUDaiA+xYKmmE2s9mh07IqVX6JIyVLWnITP09kdFI63EU2M6ImqFe9Kbif14nNeGNn3GZpAYlmy8KU0FMTKZfkz5XyIwYW0KZ4vZWwoZUUWZsNkUbgrf48jJpnle8q8pF/bJcvc3jKMAxnMAZeHANVbiHGjSAAcIzvMKb8+i8OO/Ox7x1xclnjuAPnM8fw0SM5A==</latexit>a

• For the ALP is not to be thermalized, Γ< H should be satisfied. 
We then obtain the conditions for the cosmic temperature: 
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Invisible decay for SM-like Higgs boson

57

• Br(s—> inv.)≠0の時は、SM-like ヒッグスの invisible decayも開いている

→ ΔMWを最大化するパラメタ領域は、vS << v, cosα ~ 0.3 でΓ(h—> inv)も大きくなる

ATLAS (current): 

ILC:

<latexit sha1_base64="2/UC7zrVSozDDzabfYwOYcTfmFQ=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInkqixXoRCh70WMF+QBvCZjtpl+4mYXcj1NBf4sWDIl79Kd78N27bHLT1wcDjvRlm5gUJZ0o7zrdVWFvf2Nwqbpd2dvf2y/bBYVvFqaTQojGPZTcgCjiLoKWZ5tBNJBARcOgE45uZ33kEqVgcPehJAp4gw4iFjBJtJN8uC19d152sLwW+hfbUtytO1ZkDrxI3JxWUo+nbX/1BTFMBkaacKNVznUR7GZGaUQ7TUj9VkBA6JkPoGRoRAcrL5odP8alRBjiMpalI47n6eyIjQqmJCEynIHqklr2Z+J/XS3V45WUsSlINEV0sClOOdYxnKeABk0A1nxhCqGTmVkxHRBKqTVYlE4K7/PIqaZ9X3cvqxX2t0qjlcRTRMTpBZ8hFddRAd6iJWoiiFD2jV/RmPVkv1rv1sWgtWPnMEfoD6/MHuViScw==</latexit>

ms = 70GeV

<latexit sha1_base64="vEHjKmzMrTYnlvrIuZxFyPovn7E=">AAACA3icdVBLSwMxGMzWV62vqje9BIvgacnWtvZY9OKxgn1AdynZNG1Ds9klyRbKsuDFv+LFgyJe/RPe/Dem2woqOhCYzHwfyYwfcaY0Qh9WbmV1bX0jv1nY2t7Z3SvuH7RVGEtCWyTkoez6WFHOBG1ppjntRpLiwOe040+u5n5nSqViobjVs4h6AR4JNmQEayP1i0eJKwN4KdN+MnZ1CLMrE1M7TfvFErJRrVpx6hDZVeTUnaoh5aqDUBk6NspQAks0+8V3dxCSOKBCE46V6jko0l6CpWaE07TgxopGmEzwiPYMFTigykuyDCk8NcoADkNpjtAwU79vJDhQahb4ZjLAeqx+e3PxL68X62HdS5iIYk0FWTw0jDk0YeeFwAGTlGg+MwQTycxfIRljiYk2tRVMCV9J4f+kXbadmn1+Uyk1yss68uAYnIAz4IAL0ADXoAlagIA78ACewLN1bz1aL9brYjRnLXcOwQ9Yb58kEpfQ</latexit>

Brh!inv.

<latexit sha1_base64="vEHjKmzMrTYnlvrIuZxFyPovn7E=">AAACA3icdVBLSwMxGMzWV62vqje9BIvgacnWtvZY9OKxgn1AdynZNG1Ds9klyRbKsuDFv+LFgyJe/RPe/Dem2woqOhCYzHwfyYwfcaY0Qh9WbmV1bX0jv1nY2t7Z3SvuH7RVGEtCWyTkoez6WFHOBG1ppjntRpLiwOe040+u5n5nSqViobjVs4h6AR4JNmQEayP1i0eJKwN4KdN+MnZ1CLMrE1M7TfvFErJRrVpx6hDZVeTUnaoh5aqDUBk6NspQAks0+8V3dxCSOKBCE46V6jko0l6CpWaE07TgxopGmEzwiPYMFTigykuyDCk8NcoADkNpjtAwU79vJDhQahb4ZjLAeqx+e3PxL68X62HdS5iIYk0FWTw0jDk0YeeFwAGTlGg+MwQTycxfIRljiYk2tRVMCV9J4f+kXbadmn1+Uyk1yss68uAYnIAz4IAL0ADXoAlagIA78ACewLN1bz1aL9brYjRnLXcOwQ9Yb58kEpfQ</latexit>

Brh!inv.

• h—>inv.の	vS	依存性
はキャンセルする

• ΔMW ~4MeVは
current boundに対応

<latexit sha1_base64="z0yarAv7eZcxBnAvKaDKO6L+ebs=">AAAB8XicdVDLSgMxFM3UV62vqks3wVJwNWRmtI+FUHDjsoJ9YDuUTJppQzOZIckIZehfuHGhiFv/xp1/Y/oQVPTAhcM593LvPUHCmdIIfVi5tfWNza38dmFnd2//oHh41FZxKgltkZjHshtgRTkTtKWZ5rSbSIqjgNNOMLma+517KhWLxa2eJtSP8EiwkBGsjXQ3GbQvke1e9MuDYgnZqO66XgUi2/Fq1bpnSM3xDIWOjRYogRWag+J7fxiTNKJCE46V6jko0X6GpWaE01mhnyqaYDLBI9ozVOCIKj9bXDyDZaMMYRhLU0LDhfp9IsORUtMoMJ0R1mP125uLf3m9VIc1P2MiSTUVZLkoTDnUMZy/D4dMUqL51BBMJDO3QjLGEhNtQiqYEL4+hf+Ttms7Fdu7OS813FUceXACTsEZcEAVNMA1aIIWIECAB/AEni1lPVov1uuyNWetZo7BD1hvn/8Lj8w=</latexit>

kV = 0.25%
<latexit sha1_base64="l2LHSAnsGG1Y7MVDoSScy7z21sM=">AAAB6nicdVDJSgNBEK2JW4xb1KOXxhDwNMwiWW4BLx4jmgWSIfR0epImPT1Dd48QQj7BiwdFvPpF3vwbO4ugog8KHu9VUVUvTDlT2nE+rNzG5tb2Tn63sLd/cHhUPD5pqySThLZIwhPZDbGinAna0kxz2k0lxXHIaSecXC38zj2ViiXiTk9TGsR4JFjECNZGunX75UGx5NhO3fP8CnJs169V674hNdc3FLm2s0QJ1mgOiu/9YUKymApNOFaq5zqpDmZYakY4nRf6maIpJhM8oj1DBY6pCmbLU+eobJQhihJpSmi0VL9PzHCs1DQOTWeM9Vj99hbiX14v01EtmDGRZpoKsloUZRzpBC3+RkMmKdF8aggmkplbERljiYk26RRMCF+fov9J27Pdiu3fXJYa3jqOPJzBOVyAC1VowDU0oQUERvAAT/BscevRerFeV605az1zCj9gvX0C/kCNlQ==</latexit>

1%

→ ΔMWのtentionを緩和し得るシナリオでは常に h—>inv.が開いており、ILCで検証可能。
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Current bounds for the mass difference in the degenerate Higgs scenario 

58

[CMS,Eur.Phys.J.C 74 (2014) 10, 3076]



Other plots



Testability of the CP-even ALP at ILCKodai Sakurai 

Branching ratios for the ALP

<latexit sha1_base64="+NMkfnkoKl5OxFzB9X0OyBpOJQc=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lU1GPRgx4r2A9IQ9hsJ+3S3STsbgol1F/ixYMiXv0n3vw3btsctPXBwOO9GWbmhSlnSjvOt1VaWV1b3yhvVra2d3b37P2DlkoySaFJE57ITkgUcBZDUzPNoZNKICLk0A6Ht1O/PQKpWBI/6nEKviD9mEWMEm2kwLZFQPCTl3elwHfQmviBXXVqzgx4mbgFqaICjcD+6vYSmgmINeVEKc91Uu3nRGpGOUwq3UxBSuiQ9MEzNCYClJ/PLp/gE6P0cJRIU7HGM/X3RE6EUmMRmk5B9EAtelPxP8/LdHTt5yxOMw0xnS+KMo51gqcx4B6TQDUfG0KoZOZWTAdEEqpNWBUTgrv48jJpndXcy9r5w0W1flPEUUZH6BidIhddoTq6Rw3URBSN0DN6RW9Wbr1Y79bHvLVkFTOH6A+szx/c6ZMr</latexit>

ma [GeV]

<latexit sha1_base64="1FKAPvqgti987y+xeCUe9OZAMSM=">AAAB+nicbVBNT8JAEN3iF+JX0aOXjcQEL6RVox4JXjyiEWhCG7JdtrBhd9vsbjWk8lO8eNAYr/4Sb/4bF+hBwZdM8vLeTGbmhQmjSjvOt1VYWV1b3yhulra2d3b37PJ+W8WpxKSFYxZLL0SKMCpIS1PNiJdIgnjISCccXU/9zgORisbiXo8TEnA0EDSiGGkj9exy5ksOG3eTKvJ1DD3vpGdXnJozA1wmbk4qIEezZ3/5/RinnAiNGVKq6zqJDjIkNcWMTEp+qkiC8AgNSNdQgThRQTY7fQKPjdKHUSxNCQ1n6u+JDHGlxjw0nRzpoVr0puJ/XjfV0VWQUZGkmgg8XxSlDJonpznAPpUEazY2BGFJza0QD5FEWJu0SiYEd/HlZdI+rbkXtbPb80q9kcdRBIfgCFSBCy5BHdyAJmgBDB7BM3gFb9aT9WK9Wx/z1oKVzxyAP7A+fwC9nJMF</latexit> B
R
(a

!
X
X
)



Testability of the CP-even ALP at ILCKodai Sakurai 

Branching ratios
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Result with α=π/4
<latexit sha1_base64="yvlVG7czS6ejp9yt55/LdR2oy7g="></latexit>
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◆

Using the BW formulation, we numerically 
calculate the Δhh with the different values of vs.

vS controls the size of  ΓS
<latexit sha1_base64="swWCNYQkt/C4hPNYm5gT4TkgN48="></latexit>
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Analytical result of Δhh

<latexit sha1_base64="5vTLbvkyP6Bgm5xKVJgEEJM8Rrw="></latexit>
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( Γh,s → SM is neglected )

Position of pole

<latexit sha1_base64="rhy0FiLislN74jnu5mFE6VXhTdo="></latexit>
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✏ = m2
2 �m2

1

In case of m2>>m1, Γφ1->dark >>1 at strong 
coupling regime. But Γheff->dark <<1.

<latexit sha1_base64="+KnNE4yE90mrGnORhjOG4L3Rh6w="></latexit>

��1!dark � 1
<latexit sha1_base64="nOpwSiyw7skTb4DfWtL0bmpNvLc="></latexit>

�he↵!dark ⌧ 1
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� : correction at ✏2. O(10�5) at vs = 30 GeV.
,<latexit sha1_base64="Fnus1nZkecp4ZsTPhHOzqMyUciU=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgxpC09bFwUXChy4r2AW0Ik+mkHTqThJmJWNL+ihsXirj1R9z5N07bIFo9cOFwzr3ce48fMyqVbX8auaXlldW1/HphY3Nre8fcLTZllAhMGjhikWj7SBJGQ9JQVDHSjgVB3Gek5Q8vp37rnghJo/BOjWLictQPaUAxUlryzGL3CnGOvNuLMffKx9xzxp5Zsi17BmhblepJxS7Db8XJSAlkqHvmR7cX4YSTUGGGpOw4dqzcFAlFMSOTQjeRJEZ4iPqko2mIOJFuOrt9Ag+10oNBJHSFCs7UnxMp4lKOuK87OVIDuehNxf+8TqKCczelYZwoEuL5oiBhUEVwGgTsUUGwYiNNEBZU3wrxAAmElY6roENwFl/+S5plyzm1KjfVUq2axZEH++AAHAEHnIEauAZ10AAYPIBH8AxejInxZLwab/PWnJHN7IFfMN6/APe/k7c=</latexit>
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mheff=125.25GeV, α=π /4, ϵ=25GeV2


