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Current status of Higgs measurements
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[CMS, Nature 607,60–68 (2022)][ATLAS, Nature 607,60–68 (2022)]

●  Discovered Higgs boson is consistent with the prediction of the SM. 

SM prediction
SM prediction

→  This does not mean that Higgs sector of the SM is confirmed. 

<latexit sha1_base64="6DhyKCc9knSLrlVAkWN1dwYnaqY=">AAACFXicbVDLSsNAFJ3UV62vqEs3g0VwITFRUTdCUQQ3QkXbBpoYJtNJO3TyYGYilJCfcOOvuHGhiFvBnX/jtM3CVg9cOJxzL/fe4yeMCmma31ppZnZufqG8WFlaXlld09c3miJOOSYNHLOY2z4ShNGINCSVjNgJJyj0GWn5/Yuh33ogXNA4upODhLgh6kY0oBhJJXn6ntNHSYI8+6zrZT3bzu8zh4fw0jby/Qnl9trIPb1qGuYI8C+xClIFBeqe/uV0YpyGJJKYISHalplIN0NcUsxIXnFSQRKE+6hL2opGKCTCzUZf5XBHKR0YxFxVJOFI/T2RoVCIQeirzhDJnpj2huJ/XjuVwamb0ShJJYnweFGQMihjOIwIdignWLKBIghzqm6FuIc4wlIFWVEhWNMv/yXNA8M6Ng5vjqq18yKOMtgC22AXWOAE1MAVqIMGwOARPINX8KY9aS/au/Yxbi1pxcwmmID2+QPaf56e</latexit>
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●  Many models can take SM-like limit. 
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X ⇠ 1

●  Mystery of extended Higgs sector 

-  Number of Higgs, its representation 

-  Symmetries  

-  Decoupling feature (Nondecoupling/decoupling) 

-  etc.  

Shape of the Higgs potential

Decoupling limit

<latexit sha1_base64="C6d4nDIPMj9bxmpUoOXWaAmLtk0=">AAACDHicbVBPS8MwHE3nvzn/TT16CQ5BEEZbRT0OvXgRJrg/sHYlTdMtLGlrkg5G2Qfw4lfx4kERr34Ab34bs60H3XwQeLz3fkl+z08Ylco0v43C0vLK6lpxvbSxubW9U97da8o4FZg0cMxi0faRJIxGpKGoYqSdCIK4z0jLH1xP/NaQCEnj6F6NEuJy1ItoSDFSWvLKFe5lTr1Px13bkZSTB3jbtU+gw/QVAfIoHHZtnTKr5hRwkVg5qYAcda/85QQxTjmJFGZIyo5lJsrNkFAUMzIuOakkCcID1CMdTSPEiXSz6TJjeKSVAIax0CdScKr+nsgQl3LEfZ3kSPXlvDcR//M6qQov3YxGSapIhGcPhSmDKoaTZmBABcGKjTRBWFD9V4j7SCCsdH8lXYI1v/IiadpV67x6endWqV3ldRTBATgEx8ACF6AGbkAdNAAGj+AZvII348l4Md6Nj1m0YOQz++APjM8fAVeaUA==</latexit>
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Extended Higgs sector [2/2]
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●  Relation between Higgs sector and BSM.

DM (mediator, axion)

Baryogenesis (strong 1st OPT, CPV)

 masses (Type-II seesaw, radiative seesaw)<latexit sha1_base64="XG2+WwsPkyJuoNIYtSh59rF095A=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU1GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQ1elvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1Wz+8vKrWbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gBhf43f</latexit>⌫

Anomalies (muon g-2, B-physics, W mass, …)

<latexit sha1_base64="GA/pchHC25mCXoZbP1F96Z8fsso=">AAAB83icbVBNS8NAEJ3Ur1q/oh69LBZBKIRERT0WvXisaD+gCWWz3bRLN5uwuxFK6N/w4kERr/4Zb/4bt20O2vpg4PHeDDPzwpQzpV332yqtrK6tb5Q3K1vbO7t79v5BSyWZJLRJEp7ITogV5UzQpmaa004qKY5DTtvh6Hbqt5+oVCwRj3qc0iDGA8EiRrA2ku83hgzV0EPNcZyeXXUddwa0TLyCVKFAo2d/+f2EZDEVmnCsVNdzUx3kWGpGOJ1U/EzRFJMRHtCuoQLHVAX57OYJOjFKH0WJNCU0mqm/J3IcKzWOQ9MZYz1Ui95U/M/rZjq6DnIm0kxTQeaLoowjnaBpAKjPJCWajw3BRDJzKyJDLDHRJqaKCcFbfHmZtM4c79I5v7+o1m+KOMpwBMdwCh5cQR3uoAFNIJDCM7zCm5VZL9a79TFvLVnFzCH8gfX5A1Amj+o=</latexit>
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<latexit sha1_base64="Knt6pH+L5UXGBPata5RYrmCMl24=">AAAB+nicbVDLTsMwEHR4lvJK4cjFokLiUEUJIOBY4NJjkehDakLluE5r1XYi2wFVoZ/ChQMIceVLuPE3uG0O0DLSSqOZXe3uhAmjSrvut7W0vLK6tl7YKG5ube/s2qW9popTiUkDxyyW7RApwqggDU01I+1EEsRDRlrh8Gbitx6IVDQWd3qUkICjvqARxUgbqWuXahUfXpmq3fsJrziO07XLruNOAReJl5MyyFHv2l9+L8YpJ0JjhpTqeG6igwxJTTEj46KfKpIgPER90jFUIE5UkE1PH8Mjo/RgFEtTQsOp+nsiQ1ypEQ9NJ0d6oOa9ifif10l1dBlkVCSpJgLPFkUpgzqGkxxgj0qCNRsZgrCk5laIB0girE1aRROCN//yImmeON65c3p7Vq5e53EUwAE4BMfAAxegCmqgDhoAg0fwDF7Bm/VkvVjv1sesdcnKZ/bBH1ifP9Snkcs=</latexit>

H, A, H
±
, ...

<latexit sha1_base64="rs/UlFRcnxm5vIOyusX0uWSgqaA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU1GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQ1eJXrniVt0ZyDLxclKBHPVe+avbj1kacYVMUmM6npugn1GNgkk+KXVTwxPKRnTAO5YqGnHjZ7NTJ+TEKn0SxtqWQjJTf09kNDJmHAW2M6I4NIveVPzP66QYXvuZUEmKXLH5ojCVBGMy/Zv0heYM5dgSyrSwtxI2pJoytOmUbAje4svLpHlW9S6r5/cXldpNHkcRjuAYTsGDK6jBHdShAQwG8Ayv8OZI58V5dz7mrQUnnzmEP3A+fwBPT43T</latexit>
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Extended Higgs sector

BSM phenomena

-  Relating with structure of Higgs sectors, decoupling features

Probe of Higgs sector is a key to purse NP beyond the SM
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Two Higgs doublet models (2HDMs) [1/2]

6

●  Originally prosed by T.D. Lee to introduce CPV. [T.D. Lee, PRD 8 (1973) 1226]

●  Two Higgs doublet fields: 

●   Restrictions for the shape of Higgs sector

→  We impose softly broken Z2 symmetry

→  4 types of Yukawa interactions:  Type I,     Type II,     Type X,    Type Y 
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(�,�,�)
<latexit sha1_base64="oEwHYu0p5dleqGutuXz0vJonMH0=">AAACAXicbVDLSgNBEJyNrxhfUS+Cl8UgRBLDrormGPDiMYJ5QLKE2UknGTL7YKZXDEu8+CtePCji1b/w5t84SfagiQUNRVX39HS5oeAKLevbSC0tr6yupdczG5tb2zvZ3b26CiLJoMYCEcimSxUI7kMNOQpohhKo5wpouMPrid+4B6l44N/hKATHo32f9zijqKVO9iDfRnjA6UOxhO44Ph0XC8XCSSebs0rWFOYisROSIwmqnexXuxuwyAMfmaBKtWwrRCemEjkTMM60IwUhZUPah5amPvVAOfF08dg81krX7AVSl4/mVP09EVNPqZHn6k6P4kDNexPxP68VYa/sxNwPIwSfzRb1ImFiYE7iMLtcAkMx0oQyyfVfTTagkjLUoWV0CPb8yYukflayL0vntxe5SjmJI00OyRHJE5tckQq5IVVSI4w8kmfySt6MJ+PFeDc+Zq0pI5nZJ39gfP4AbVOWMA==</latexit>

(�,+,+)
<latexit sha1_base64="S5CVrF/MW6d9A+/3fniLD3yr7UI=">AAACEnicbVDLSgNBEJyNrxhfqx69LAYhQQ27KppjwIvHCOYByRJmJ51kcPbBTK8YlnyDF3/FiwdFvHry5t84SfagSQoaiqru6enyIsEV2vaPkVlaXlldy67nNja3tnfM3b26CmPJoMZCEcqmRxUIHkANOQpoRhKo7wloePfXY7/xAFLxMLjDYQSuT/sB73FGUUsds1hoIzzi5KFEQneUnI5OFkjHxY6Zt0v2BNY8cVKSJymqHfO73Q1Z7EOATFClWo4doZtQiZwJGOXasYKIsnvah5amAfVBuclk7cg60krX6oVSV4DWRP07kVBfqaHv6U6f4kDNemNxkdeKsVd2Ex5EMULApot6sbAwtMb5WF0ugaEYakKZ5PqvFhtQSRnqFHM6BGf25HlSPys5l6Xz24t8pZzGkSUH5JAUiEOuSIXckCqpEUaeyAt5I+/Gs/FqfBif09aMkc7sk38wvn4BBqueRw==</latexit>

(�,�,+)
<latexit sha1_base64="k4ZORwufDjxpA5LqxWzYxkFzaBs=">AAACEnicbVDLSgNBEJyNrxhfqx69LAYhwRh2VTTHgBePEcwDkiXMTjrJ4OyDmV4xLPkGL/6KFw+KePXkzb9xkuxBEwsaiqru6enyIsEV2va3kVlaXlldy67nNja3tnfM3b2GCmPJoM5CEcqWRxUIHkAdOQpoRRKo7wloendXE795D1LxMLjFUQSuTwcB73NGUUtds1joIDzg9KFEQm+cnIxLx6VFsdg183bZnsJaJE5K8iRFrWt+dXohi30IkAmqVNuxI3QTKpEzAeNcJ1YQUXZHB9DWNKA+KDeZLh1bR1rpWf1Q6grQmqq/JxLqKzXyPd3pUxyqeW8i/ue1Y+xX3IQHUYwQsNmifiwsDK1JPlaPS2AoRppQJrn+q8WGVFKGOsWcDsGZP3mRNE7LzkX57OY8X62kcWTJATkkBeKQS1Il16RG6oSRR/JMXsmb8WS8GO/Gx6w1Y6Qz++QPjM8f/YmeRw==</latexit>

(�,+,�)
<latexit sha1_base64="kRdW5/OpWM/MhoIa27e5DJ0068U=">AAAB+nicbVDLSgNBEOyNrxhfGz16GQxCBAm7KpqLEPDiMQbzgGRZZmdnkyGzD2ZmlRDzKV48KOLVL/Hm3zhJ9qCJBQ1FVTfdXV7CmVSW9W3kVlbX1jfym4Wt7Z3dPbO435JxKghtkpjHouNhSTmLaFMxxWknERSHHqdtb3gz9dsPVEgWR/dqlFAnxP2IBYxgpSXXLJZTt3Hq6+pRzt3GybVrlqyKNQNaJnZGSpCh7ppfPT8maUgjRTiWsmtbiXLGWChGOJ0UeqmkCSZD3KddTSMcUumMZ6dP0LFWfBTEQlek0Ez9PTHGoZSj0NOdIVYDuehNxf+8bqqCqjNmUZIqGpH5oiDlSMVomgPymaBE8ZEmmAimb0VkgAUmSqdV0CHYiy8vk9ZZxb6snN9dlGrVLI48HMIRlMGGK6jBLdShCQQe4Rle4c14Ml6Md+Nj3pozspkD+APj8wdZipK+</latexit>

(uR, dR, `R) =

<latexit sha1_base64="4pO2dAOLVCWqNSB5qZohANe+CjQ="></latexit>

�1 =
1p
2

✓ p
2w+

1

v1 + h1 + iz1

◆ <latexit sha1_base64="Dc05C8vZW9UwObT5xrO7WfUmBZk="></latexit>

�2 =
1p
2

✓ p
2w+

2

v2 + h2 + iz2

◆

<latexit sha1_base64="5VpyisEIFhTPYRDbeZMMK41ohPQ=">AAACHHicbVDLSsNAFJ3UV62vqEs3wSJUlJK0oi6Lbly2Yh/SxDCZTtqhkwczE6GEfIgbf8WNC0XcuBD8GydpBG09MHDuOfdy5x4npIQLXf9SCguLS8srxdXS2vrG5pa6vdPhQcQQbqOABqznQI4p8XFbEEFxL2QYeg7FXWd8mfrde8w4CfwbMQmx5cGhT1yCoJCSrdZNB7K4lZgOGVZu7Tg6NhKzOSJ3yDaOsrr2U9fSnsPIvrbVsl7VM2jzxMhJGeRo2uqHOQhQ5GFfIAo57xt6KKwYMkEQxUnJjDgOIRrDIe5L6kMPcyvOjku0A6kMNDdg8vlCy9TfEzH0OJ94juz0oBjxWS8V//P6kXDPrZj4YSSwj6aL3IhqItDSpLQBYRgJOpEEIkbkXzU0ggwiIfMsyRCM2ZPnSadWNU6r9dZJuXGRx1EEe2AfVIABzkADXIEmaAMEHsATeAGvyqPyrLwp79PWgpLP7II/UD6/AV/ioOs=</latexit>

Q̄
�
Yu,1�

c
1 + Yu,2�

c
2

�
uR

<latexit sha1_base64="EkdwxaueFs5bCYpv1aNm6GimtuQ=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU1GPRiwcPFeyHNLFstpt26WYTdzeFEvI7vHhQxKs/xpv/xm2bg7Y+GHi8N8PMPD/mTGnb/rYKS8srq2vF9dLG5tb2Tnl3r6miRBLaIBGPZNvHinImaEMzzWk7lhSHPqctf3g98VsjKhWLxL0ex9QLcV+wgBGsjeSlLsEc3WaPD65g3XLFrtpToEXi5KQCOerd8pfbi0gSUqEJx0p1HDvWXoqlZoTTrOQmisaYDHGfdgwVOKTKS6dHZ+jIKD0URNKU0Giq/p5IcajUOPRNZ4j1QM17E/E/r5Po4NJLmYgTTQWZLQoSjnSEJgmgHpOUaD42BBPJzK2IDLDERJucSiYEZ/7lRdI8qTrn1dO7s0rtKo+jCAdwCMfgwAXU4Abq0AACT/AMr/BmjawX6936mLUWrHxmH/7A+vwBZjmR3g==</latexit>

LY 3
<latexit sha1_base64="S7N1MlrFi6WQyz0hbFFPjAVBJgQ="></latexit>

Flavor changing neutral current (FCNC)

<latexit sha1_base64="lYRG95l58mfl6VA/dtVSQ3Mig9g="></latexit>

�

<latexit sha1_base64="xryYI5E8kkGljnL26dXWJtcEmyA="></latexit>u

<latexit sha1_base64="6x4mt67qYvO+22n0dPFoNwP5HaE="></latexit>

c, t

<latexit sha1_base64="5a6ttTblRoJIuqHMF3fE/PpGE88=">AAACHHicbVDLSsNAFJ34rPVVdekmWIRKpSStqMuiGxcuqtiHNCVMprft0MmDmYlQQj7Ejb/ixoUiblwI/o2TNAttPTBw7jn3cuceJ2BUSMP41hYWl5ZXVnNr+fWNza3tws5uS/ghJ9AkPvN5x8ECGPWgKalk0Ak4YNdh0HbGl4nffgAuqO/dyUkAPRcPPTqgBEsl2YVa2XIwj65jy6HD0r0dwbEZW40Rtc1yWlWnVTXxjyxgzL61C0WjYqTQ54mZkSLK0LALn1bfJ6ELniQMC9E1jUD2IswlJQzivBUKCDAZ4yF0FfWwC6IXpcfF+qFS+vrA5+p5Uk/V3xMRdoWYuI7qdLEciVkvEf/zuqEcnPci6gWhBI9MFw1CpktfT5LS+5QDkWyiCCacqr/qZIQ5JlLlmVchmLMnz5NWtWKeVmo3J8X6RRZHDu2jA1RCJjpDdXSFGqiJCHpEz+gVvWlP2ov2rn1MWxe0bGYP/YH29QPKU6CT</latexit>

+L̄
�
Ye,1�1 + Ye,2�2

�
`R

<latexit sha1_base64="S83LOk/oUONB6QLh7WLM8XYJq4o=">AAACGXicbVDLSsNAFJ3UV62vqEs3wSJUKiWpoi6Lbly2Yh/ShDCZTNqhkwczE6GE/IYbf8WNC0Vc6sq/cZJmoa0HBs49517u3ONElHCh699KaWl5ZXWtvF7Z2Nza3lF393o8jBnCXRTSkA0cyDElAe4KIigeRAxD36G470yuM7//gBknYXAnphG2fDgKiEcQFFKyVb1uOpAlndR0yKh2byfuiZGa7TGxjXpeNWdVM/OPXfvWVqt6Q8+hLRKjIFVQoG2rn6YbotjHgUAUcj409EhYCWSCIIrTihlzHEE0gSM8lDSAPuZWkl+WakdScTUvZPIFQsvV3xMJ9Dmf+o7s9KEY83kvE//zhrHwLq2EBFEscIBmi7yYaiLUspg0lzCMBJ1KAhEj8q8aGkMGkZBhVmQIxvzJi6TXbBjnjdPOWbV1VcRRBgfgENSAAS5AC9yANugCBB7BM3gFb8qT8qK8Kx+z1pJSzOyDP1C+fgBXZZ9D</latexit>

+Q̄
�
Yd,1�1 + Yd,2�2

�
dR

-   FCNC

-   ρ parameter
<latexit sha1_base64="iACv+tPJYunhf3bt2m2XgPmKw74="></latexit>

⇢ ⌘
✓

m2
W

mZ cos ✓W

◆2

=

P
v2i (I3,i(I3,i + 1)� 1

4Y
2
i )P 1

2v
2
i Y

2
i

= 1
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●  Physical fields 

<latexit sha1_base64="fQ6K0B21bdQt7/6B2wiPE4HFM0E="></latexit>✓
w

±
1

w
±
2

◆
= R(�)

✓
G

±

H
±

◆<latexit sha1_base64="Ofu/iNFrDSmQKwjdKrlrXrxBAM0="></latexit>✓
z1
z2

◆
= R(�)

✓
G0

A

◆
,

<latexit sha1_base64="fIXmonh1JojnedzWVVSHSDl8JKY="></latexit>✓
h1

h2

◆
= R(↵)

✓
H

h

◆
,

●  Input parameters:  mH ,  mA ,  mH± , sin(β-α), tanβ,  M2 (=m3/cβsβ  )

H, A, H+, H- :additional Higgs bosons, h : SM-like Higgs boson

2

<latexit sha1_base64="HRFJYrmGq6RB6keE8oscLikJDJs="></latexit>

�i =

✓
w±

i
1p
2
(v1 + hi + zi)

◆

, 
<latexit sha1_base64="VOXogaXg1iZ27pbXfOUKV2OGlJc=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69BItQQcpuFRVEKHjxWMF+QLuUbJptQ7PZJckKZemP8OJBEa/+Hm/+G9N2D9r6YODx3gwz8/xYcG0c5xvlVlbX1jfym4Wt7Z3dveL+QVNHiaKsQSMRqbZPNBNcsobhRrB2rBgJfcFa/uhu6reemNI8ko9mHDMvJAPJA06JsVKrzG/ds+ppr1hyKs4MeJm4GSlBhnqv+NXtRzQJmTRUEK07rhMbLyXKcCrYpNBNNIsJHZEB61gqSci0l87OneATq/RxEClb0uCZ+nsiJaHW49C3nSExQ73oTcX/vE5igmsv5TJODJN0vihIBDYRnv6O+1wxasTYEkIVt7diOiSKUGMTKtgQ3MWXl0mzWnEvK+cPF6XaTRZHHo7gGMrgwhXU4B7q0AAKI3iGV3hDMXpB7+hj3ppD2cwh/AH6/AFio45H</latexit>

(i = 1, 2)
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<latexit sha1_base64="rp7u6foHC/44LD/Ev3Tsr2FgcYg=">AAACBHicbVA9SwNBEN2LXzF+RS3THAYhFoY7FbURgjaWEcwH5I5jbrNJluztLbt7QjhS2PhXbCwUsfVH2Plv3CRXaOKDgcd7M8zMCwWjSjvOt5VbWl5ZXcuvFzY2t7Z3irt7TRUnEpMGjlks2yEowignDU01I20hCUQhI61weDPxWw9EKhrzez0SxI+gz2mPYtBGCoolbwhCQNC88hTlFS8kGo49YGIAR0Gx7FSdKexF4makjDLUg+KX141xEhGuMQOlOq4jtJ+C1BQzMi54iSIC8BD6pGMoh4goP50+MbYPjdK1e7E0xbU9VX9PpBApNYpC0xmBHqh5byL+53US3bv0U8pFognHs0W9hNk6tieJ2F0qCdZsZAhgSc2tNh6ABKxNbgUTgjv/8iJpnlTd8+rp3Vm5dp3FkUcldIAqyEUXqIZuUR01EEaP6Bm9ojfryXqx3q2PWWvOymb20R9Ynz/e/Zea</latexit>

V = sin(� � ↵)
<latexit sha1_base64="j57eXctXLccmozkYBbrdL0aGSiA=">AAACHHicbVDLSgNBEJyNrxhfqx69LAYhIoZdI+pFCHrxGME8IBuW3slsMmR2dpiZFUPIh3jxV7x4UMSLB8G/cfI4mGhBQ1HVTXdXKBhV2nW/rczC4tLySnY1t7a+sbllb+/UVJJKTKo4YYlshKAIo5xUNdWMNIQkEIeM1MPe9civ3xOpaMLvdF+QVgwdTiOKQRspsEt+D4SAILr0FeUFPyQajn1goguHR/4DDSIfJ2pWD+y8W3THcP4Sb0ryaIpKYH/67QSnMeEaM1Cq6blCtwYgNcWMDHN+qogA3IMOaRrKISaqNRg/N3QOjNJ2okSa4toZq78nBhAr1Y9D0xmD7qp5byT+5zVTHV20BpSLVBOOJ4uilDk6cUZJOW0qCdasbwhgSc2tDu6CBKxNnjkTgjf/8l9SOyl6Z8XS7Wm+fDWNI4v20D4qIA+dozK6QRVURRg9omf0it6sJ+vFerc+Jq0Zazqzi2Zgff0A5nGhQA==</latexit>

f = sin(� � ↵) + ⇠f cos(� � ↵)Higgs boson couplings :

 Alignment limit 

<latexit sha1_base64="LoDm5C1l3JIBIOzxknmj7xQo5oU=">AAAB/3icbZDLSsNAFIZPvNZ6iwpu3AwWwYWUREVdFt24rGAv0IQwmU7aoZNJmJkIJXbhq7hxoYhbX8Odb+O0zUJbfxj4+M85zDl/mHKmtON8WwuLS8srq6W18vrG5ta2vbPbVEkmCW2QhCeyHWJFORO0oZnmtJ1KiuOQ01Y4uBnXWw9UKpaIez1MqR/jnmARI1gbK7D3vQFOUxw0TwqIPJ0gN7ArTtWZCM2DW0AFCtUD+8vrJiSLqdCEY6U6rpNqP8dSM8LpqOxliqaYDHCPdgwKHFPl55P9R+jIOF0UJdI8odHE/T2R41ipYRyazhjrvpqtjc3/ap1MR1d+zkSaaSrI9KMo48icOA4DdZmkRPOhAUwkM7si0scSE20iK5sQ3NmT56F5WnUvqmd355XadRFHCQ7gEI7BhUuowS3UoQEEHuEZXuHNerJerHfrY9q6YBUze/BH1ucPOLOVlw==</latexit>

V ,f ! 1
<latexit sha1_base64="gsgXhfvJWzFr6zhsEKDLKd9DwxQ=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaLUBeWREVdFt24rGAf0IRyM520QyeTMDMRSujGX3HjQhG3foY7/8Zpm4W2Hhg4nHMvd84JEs6Udpxvq7C0vLK6VlwvbWxube/Yu3tNFaeS0AaJeSzbASjKmaANzTSn7URSiAJOW8HwduK3HqlULBYPepRQP4K+YCEjoI3UtQ88xUTFC6iGUw94MoATT8fY7dplp+pMgReJm5MyylHv2l9eLyZpRIUmHJTquE6i/QykZoTTcclLFU2ADKFPO4YKiKjys2mAMT42Sg+HsTRPaDxVf29kECk1igIzGYEeqHlvIv7ndVIdXvsZE0mqqSCzQ2HKsYk4aQP3mKRE85EhQCQzf8VkABKINp2VTAnufORF0jyrupfV8/uLcu0mr6OIDtERqiAXXaEaukN11EAEjdEzekVv1pP1Yr1bH7PRgpXv7KM/sD5/AGv8lac=</latexit>

sin(� � ↵) ! 1

<latexit sha1_base64="8jvaSNIKweL6YOFL8LEBKESWzWI=">AAACBHicbVBNS8NAEN34WetX1GMvi0XwYkmqqBeh6MVjBfsBTSiT7aZdutmE3Y1QQg9e/CtePCji1R/hzX/jts1BWx8MPN6bYWZekHCmtON8W0vLK6tr64WN4ubW9s6uvbffVHEqCW2QmMeyHYCinAna0Exz2k4khSjgtBUMbyZ+64FKxWJxr0cJ9SPoCxYyAtpIXbvkAU8GcIW9gGo48UIJJPMSNs6q465ddirOFHiRuDkpoxz1rv3l9WKSRlRowkGpjusk2s9AakY4HRe9VNEEyBD6tGOogIgqP5s+McZHRunhMJamhMZT9fdEBpFSoygwnRHogZr3JuJ/XifV4aWfMZGkmgoyWxSmHOsYTxLBPSYp0XxkCBDJzK2YDMDkoE1uRROCO//yImlWK+555fTurFy7zuMooBI6RMfIRReohm5RHTUQQY/oGb2iN+vJerHerY9Z65KVzxygP7A+fwBknpf0</latexit>

↵ = � � ⇡

2
All Higgs states are 
diagonalized by β.

 Decoupling limit 
<latexit sha1_base64="C6d4nDIPMj9bxmpUoOXWaAmLtk0=">AAACDHicbVBPS8MwHE3nvzn/TT16CQ5BEEZbRT0OvXgRJrg/sHYlTdMtLGlrkg5G2Qfw4lfx4kERr34Ab34bs60H3XwQeLz3fkl+z08Ylco0v43C0vLK6lpxvbSxubW9U97da8o4FZg0cMxi0faRJIxGpKGoYqSdCIK4z0jLH1xP/NaQCEnj6F6NEuJy1ItoSDFSWvLKFe5lTr1Px13bkZSTB3jbtU+gw/QVAfIoHHZtnTKr5hRwkVg5qYAcda/85QQxTjmJFGZIyo5lJsrNkFAUMzIuOakkCcID1CMdTSPEiXSz6TJjeKSVAIax0CdScKr+nsgQl3LEfZ3kSPXlvDcR//M6qQov3YxGSapIhGcPhSmDKoaTZmBABcGKjTRBWFD9V4j7SCCsdH8lXYI1v/IiadpV67x6endWqV3ldRTBATgEx8ACF6AGbkAdNAAGj+AZvII348l4Md6Nj1m0YOQz++APjM8fAVeaUA==</latexit>

m2
� ' M2 + �iv

2Mass of additional Higgs :

<latexit sha1_base64="DIUs3bwHu8/80NKjuQS6yBED2vU=">AAAB9HicbVBNS8NAEN3Ur1q/qh69LBbBU0mqqMeiFy9CBfsBTSyb7aZdutnE3UkhhP4OLx4U8eqP8ea/cdvmoK0PBh7vzTAzz48F12Db31ZhZXVtfaO4Wdra3tndK+8ftHSUKMqaNBKR6vhEM8ElawIHwTqxYiT0BWv7o5up3x4zpXkkHyCNmReSgeQBpwSM5N091lyIsMtlAGmvXLGr9gx4mTg5qaAcjV75y+1HNAmZBCqI1l3HjsHLiAJOBZuU3ESzmNARGbCuoZKETHvZ7OgJPjFKHweRMiUBz9TfExkJtU5D33SGBIZ60ZuK/3ndBIIrL+MyToBJOl8UJAKbP6cJ4D5XjIJIDSFUcXMrpkOiCAWTU8mE4Cy+vExatapzUT27P6/Ur/M4iugIHaNT5KBLVEe3qIGaiKIn9Ixe0Zs1tl6sd+tj3lqw8plD9AfW5w8+8ZHG</latexit>

M2 ! 1

Definition of α: 
<latexit sha1_base64="n0DYGVpMFY77XQwNqtHNenPYs1c="></latexit>

tan 2(� � ↵) =

P
i ci�iv2P

i ci�iv2 +M2
! 0

Alignment limit is 
automatically satisfied by 
decoupling limit. 
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<latexit sha1_base64="DieAnA/ZbtXolZ3ys8zsTwkmIc4=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6jHoxYsQ0TwgWcPsZJIMmZ1dZnqFsOQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7glgKg6777Swtr6yurec28ptb2zu7hb39uokSzXiNRTLSzYAaLoXiNRQoeTPWnIaB5I1geD3xG09cGxGpBxzF3A9pX4meYBStdH/7WO4Uim7JnYIsEi8jRchQ7RS+2t2IJSFXyCQ1puW5Mfop1SiY5ON8OzE8pmxI+7xlqaIhN346PXVMjq3SJb1I21JIpurviZSGxozCwHaGFAdm3puI/3mtBHuXfipUnCBXbLaol0iCEZn8TbpCc4ZyZAllWthbCRtQTRnadPI2BG/+5UVSL5e889Lp3VmxcpXFkYNDOIIT8OACKnADVagBgz48wyu8OdJ5cd6dj1nrkpPNHMAfOJ8/zLqNfQ==</latexit> M
2

<latexit sha1_base64="phRLLqE7xTbOvUkJ10Rbgmqi3VQ=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSxCXbQkKuqy6MZlBfuAJpSb6bQdOpmEmYlQQ/FX3LhQxK3/4c6/cdpmoa0HLhzOuZd77wlizpR2nG8rt7S8srqWXy9sbG5t79i7ew0VJZLQOol4JFsBKMqZoHXNNKetWFIIA06bwfBm4jcfqFQsEvd6FFM/hL5gPUZAG6ljH7hlTzFR8gKqoewBjwdw0rGLTsWZAi8SNyNFlKHWsb+8bkSSkApNOCjVdp1Y+ylIzQin44KXKBoDGUKftg0VEFLlp9Prx/jYKF3ci6QpofFU/T2RQqjUKAxMZwh6oOa9ifif105078pPmYgTTQWZLeolHOsIT6LAXSYp0XxkCBDJzK2YDEAC0SawggnBnX95kTROK+5F5ezuvFi9zuLIo0N0hErIRZeoim5RDdURQY/oGb2iN+vJerHerY9Za87KZvbRH1ifPw8ilFc=</latexit>

1� sin(� � ↵)

Alignment with 
decoupling

Alignment w.o. 
decoupling

Non-alignment with 
decoupling

Non-alignment w.o. 
decoupling

SM like-limit 

D
ec

ou
pl

in
g 

lim
it

Alignment limit
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Alignment with 
decoupling

Alignment w.o. 
decoupling

Non-alignment with 
decoupling

Non-alignment w.o. 
decoupling

SM like-limit ●     sin(β − α) ≠ 0, M2 ≫ v2

 These are excluded by theoretical 
arguments (e.g. perturbativity)

<latexit sha1_base64="DieAnA/ZbtXolZ3ys8zsTwkmIc4=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6jHoxYsQ0TwgWcPsZJIMmZ1dZnqFsOQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7glgKg6777Swtr6yurec28ptb2zu7hb39uokSzXiNRTLSzYAaLoXiNRQoeTPWnIaB5I1geD3xG09cGxGpBxzF3A9pX4meYBStdH/7WO4Uim7JnYIsEi8jRchQ7RS+2t2IJSFXyCQ1puW5Mfop1SiY5ON8OzE8pmxI+7xlqaIhN346PXVMjq3SJb1I21JIpurviZSGxozCwHaGFAdm3puI/3mtBHuXfipUnCBXbLaol0iCEZn8TbpCc4ZyZAllWthbCRtQTRnadPI2BG/+5UVSL5e889Lp3VmxcpXFkYNDOIIT8OACKnADVagBgz48wyu8OdJ5cd6dj1nrkpPNHMAfOJ8/zLqNfQ==</latexit> M
2

<latexit sha1_base64="phRLLqE7xTbOvUkJ10Rbgmqi3VQ=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSxCXbQkKuqy6MZlBfuAJpSb6bQdOpmEmYlQQ/FX3LhQxK3/4c6/cdpmoa0HLhzOuZd77wlizpR2nG8rt7S8srqWXy9sbG5t79i7ew0VJZLQOol4JFsBKMqZoHXNNKetWFIIA06bwfBm4jcfqFQsEvd6FFM/hL5gPUZAG6ljH7hlTzFR8gKqoewBjwdw0rGLTsWZAi8SNyNFlKHWsb+8bkSSkApNOCjVdp1Y+ylIzQin44KXKBoDGUKftg0VEFLlp9Prx/jYKF3ci6QpofFU/T2RQqjUKAxMZwh6oOa9ifif105078pPmYgTTQWZLeolHOsIT6LAXSYp0XxkCBDJzK2YDEAC0SawggnBnX95kTROK+5F5ezuvFi9zuLIo0N0hErIRZeoim5RDdURQY/oGb2iN+vJerHerY9Za87KZvbRH1ifPw8ilFc=</latexit>

1� sin(� � ↵)

D
ec

ou
pl

in
g 

lim
it

Alignment limit

   tan 2(β − α) =
∑i ciλiv2

∑i ciλiv2 + M2

   λi ≫ 1

●     sin(β − α) ≠ 0, M2 ∼ v2

   λ3 ∼ tβ(1 − λSM)s2(β−α) + λSMc2(β−α)

   λi ≫ 1 <latexit sha1_base64="K+dnwlevwjIRYU7Kz3F3KVIENu8=">AAACCHicbVDLSsNAFJ34rPUVdenCwSLUTUlU1GXRjcsK9gFNCJPpJB06eTBzI5bQpRt/xY0LRdz6Ce78G6dtFtp64MLhnHu59x4/FVyBZX0bC4tLyyurpbXy+sbm1ra5s9tSSSYpa9JEJLLjE8UEj1kTOAjWSSUjkS9Y2x9cj/32PZOKJ/EdDFPmRiSMecApAS155kHVwU7kJw85D0YOxuA5PgOCnTDEtoOPPbNi1awJ8DyxC1JBBRqe+eX0EppFLAYqiFJd20rBzYkETgUblZ1MsZTQAQlZV9OYREy5+eSRET7SSg8HidQVA56ovydyEik1jHzdGRHoq1lvLP7ndTMILt2cx2kGLKbTRUEmMCR4nArucckoiKEmhEqub8W0TyShoLMr6xDs2ZfnSeukZp/XTm/PKvWrIo4S2keHqIpsdIHq6AY1UBNR9Iie0St6M56MF+Pd+Ji2LhjFzB76A+PzBwMTmA0=</latexit>

( if t� � 1 )
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<latexit sha1_base64="DieAnA/ZbtXolZ3ys8zsTwkmIc4=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6jHoxYsQ0TwgWcPsZJIMmZ1dZnqFsOQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7glgKg6777Swtr6yurec28ptb2zu7hb39uokSzXiNRTLSzYAaLoXiNRQoeTPWnIaB5I1geD3xG09cGxGpBxzF3A9pX4meYBStdH/7WO4Uim7JnYIsEi8jRchQ7RS+2t2IJSFXyCQ1puW5Mfop1SiY5ON8OzE8pmxI+7xlqaIhN346PXVMjq3SJb1I21JIpurviZSGxozCwHaGFAdm3puI/3mtBHuXfipUnCBXbLaol0iCEZn8TbpCc4ZyZAllWthbCRtQTRnadPI2BG/+5UVSL5e889Lp3VmxcpXFkYNDOIIT8OACKnADVagBgz48wyu8OdJ5cd6dj1nrkpPNHMAfOJ8/zLqNfQ==</latexit> M
2

<latexit sha1_base64="phRLLqE7xTbOvUkJ10Rbgmqi3VQ=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSxCXbQkKuqy6MZlBfuAJpSb6bQdOpmEmYlQQ/FX3LhQxK3/4c6/cdpmoa0HLhzOuZd77wlizpR2nG8rt7S8srqWXy9sbG5t79i7ew0VJZLQOol4JFsBKMqZoHXNNKetWFIIA06bwfBm4jcfqFQsEvd6FFM/hL5gPUZAG6ljH7hlTzFR8gKqoewBjwdw0rGLTsWZAi8SNyNFlKHWsb+8bkSSkApNOCjVdp1Y+ylIzQin44KXKBoDGUKftg0VEFLlp9Prx/jYKF3ci6QpofFU/T2RQqjUKAxMZwh6oOa9ifif105078pPmYgTTQWZLeolHOsIT6LAXSYp0XxkCBDJzK2YDEAC0SawggnBnX95kTROK+5F5ezuvFi9zuLIo0N0hErIRZeoim5RDdURQY/oGb2iN+vJerHerY9Za87KZvbRH1ifPw8ilFc=</latexit>

1� sin(� � ↵)

Alignment with 
decoupling

Alignment w.o. 
decoupling

Non-alignment with 
decoupling

Non-alignment w.o. 
decoupling

SM like-limit 

Difficult to test

D
ec

ou
pl

in
g 

lim
it

Alignment limit

Theoretically not allowed

Theoretically not allowed

Difficult to test

• Alignment w.o. decoupling is 
accessible by collider experiments. 
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<latexit sha1_base64="DieAnA/ZbtXolZ3ys8zsTwkmIc4=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6jHoxYsQ0TwgWcPsZJIMmZ1dZnqFsOQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7glgKg6777Swtr6yurec28ptb2zu7hb39uokSzXiNRTLSzYAaLoXiNRQoeTPWnIaB5I1geD3xG09cGxGpBxzF3A9pX4meYBStdH/7WO4Uim7JnYIsEi8jRchQ7RS+2t2IJSFXyCQ1puW5Mfop1SiY5ON8OzE8pmxI+7xlqaIhN346PXVMjq3SJb1I21JIpurviZSGxozCwHaGFAdm3puI/3mtBHuXfipUnCBXbLaol0iCEZn8TbpCc4ZyZAllWthbCRtQTRnadPI2BG/+5UVSL5e889Lp3VmxcpXFkYNDOIIT8OACKnADVagBgz48wyu8OdJ5cd6dj1nrkpPNHMAfOJ8/zLqNfQ==</latexit> M
2

<latexit sha1_base64="phRLLqE7xTbOvUkJ10Rbgmqi3VQ=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSxCXbQkKuqy6MZlBfuAJpSb6bQdOpmEmYlQQ/FX3LhQxK3/4c6/cdpmoa0HLhzOuZd77wlizpR2nG8rt7S8srqWXy9sbG5t79i7ew0VJZLQOol4JFsBKMqZoHXNNKetWFIIA06bwfBm4jcfqFQsEvd6FFM/hL5gPUZAG6ljH7hlTzFR8gKqoewBjwdw0rGLTsWZAi8SNyNFlKHWsb+8bkSSkApNOCjVdp1Y+ylIzQin44KXKBoDGUKftg0VEFLlp9Prx/jYKF3ci6QpofFU/T2RQqjUKAxMZwh6oOa9ifif105078pPmYgTTQWZLeolHOsIT6LAXSYp0XxkCBDJzK2YDEAC0SawggnBnX95kTROK+5F5ezuvFi9zuLIo0N0hErIRZeoim5RDdURQY/oGb2iN+vJerHerY9Za87KZvbRH1ifPw8ilFc=</latexit>

1� sin(� � ↵)

Alignment with 
decoupling

Alignment w.o. 
decoupling

Non-alignment with 
decoupling

Non-alignment w.o. 
decoupling

SM like-limit 

Difficult to test

D
ec

ou
pl

in
g 

lim
it

Alignment limit

Theoretically not allowed

Theoretically not allowed

• Alignment w.o. decoupling is 
accessible by collider experiments. 

near alignment region

<latexit sha1_base64="w7mvbIdjOeXfpQyN3BfXCx5zVa4=">AAAB+3icdVDJSgNBEO2JW4xbjEcvjUHwYuhJTEwOQtCLxwhmgUwINZ1O0qRnobtHDMP8ihcPinj1R7z5N3YWQUUfFDzeq6KqnhsKrjQhH1ZqZXVtfSO9mdna3tndy+7nWiqIJGVNGohAdlxQTHCfNTXXgnVCycBzBWu7k6uZ375jUvHAv9XTkPU8GPl8yCloI/WzOdWPHZdpOHVAhGNILux+Nk8KpFKukRomhTKxq3NCSKVaLGHbkBnyaIlGP/vuDAIaeczXVIBSXZuEuheD1JwKlmScSLEQ6ARGrGuoDx5TvXh+e4KPjTLAw0Ca8jWeq98nYvCUmnqu6fRAj9Vvbyb+5XUjPaz2Yu6HkWY+XSwaRgLrAM+CwAMuGdViaghQyc2tmI5BAtUmrowJ4etT/D9pFQt2pVC6OcvXL5dxpNEhOkInyEbnqI6uUQM1EUX36AE9oWcrsR6tF+t10ZqyljMH6Aest0/8h5Rt</latexit>

s��↵ = 1
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<latexit sha1_base64="DieAnA/ZbtXolZ3ys8zsTwkmIc4=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6jHoxYsQ0TwgWcPsZJIMmZ1dZnqFsOQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7glgKg6777Swtr6yurec28ptb2zu7hb39uokSzXiNRTLSzYAaLoXiNRQoeTPWnIaB5I1geD3xG09cGxGpBxzF3A9pX4meYBStdH/7WO4Uim7JnYIsEi8jRchQ7RS+2t2IJSFXyCQ1puW5Mfop1SiY5ON8OzE8pmxI+7xlqaIhN346PXVMjq3SJb1I21JIpurviZSGxozCwHaGFAdm3puI/3mtBHuXfipUnCBXbLaol0iCEZn8TbpCc4ZyZAllWthbCRtQTRnadPI2BG/+5UVSL5e889Lp3VmxcpXFkYNDOIIT8OACKnADVagBgz48wyu8OdJ5cd6dj1nrkpPNHMAfOJ8/zLqNfQ==</latexit> M
2

<latexit sha1_base64="phRLLqE7xTbOvUkJ10Rbgmqi3VQ=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSxCXbQkKuqy6MZlBfuAJpSb6bQdOpmEmYlQQ/FX3LhQxK3/4c6/cdpmoa0HLhzOuZd77wlizpR2nG8rt7S8srqWXy9sbG5t79i7ew0VJZLQOol4JFsBKMqZoHXNNKetWFIIA06bwfBm4jcfqFQsEvd6FFM/hL5gPUZAG6ljH7hlTzFR8gKqoewBjwdw0rGLTsWZAi8SNyNFlKHWsb+8bkSSkApNOCjVdp1Y+ylIzQin44KXKBoDGUKftg0VEFLlp9Prx/jYKF3ci6QpofFU/T2RQqjUKAxMZwh6oOa9ifif105078pPmYgTTQWZLeolHOsIT6LAXSYp0XxkCBDJzK2YDEAC0SawggnBnX95kTROK+5F5ezuvFi9zuLIo0N0hErIRZeoim5RDdURQY/oGb2iN+vJerHerY9Za87KZvbRH1ifPw8ilFc=</latexit>

1� sin(� � ↵)

Alignment with 
decoupling

Alignment w.o. 
decoupling

Non-alignment with 
decoupling

Non-alignment w.o. 
decoupling

SM like-limit 

Difficult to test

D
ec

ou
pl

in
g 

lim
it

Theoretically not allowed

Theoretically not allowed

• It is favored by measurements 
of the signal strength of h :

[ ATLAS collaboration, PRD 101, 012002 (2020) ]

<latexit sha1_base64="rnH77ScAAYoTEPa/QQG0hmFKgv4="></latexit>

c��↵ . 0.3 (0.1) for Type I (II)

Alignment limit

near alignment region

<latexit sha1_base64="w7mvbIdjOeXfpQyN3BfXCx5zVa4=">AAAB+3icdVDJSgNBEO2JW4xbjEcvjUHwYuhJTEwOQtCLxwhmgUwINZ1O0qRnobtHDMP8ihcPinj1R7z5N3YWQUUfFDzeq6KqnhsKrjQhH1ZqZXVtfSO9mdna3tndy+7nWiqIJGVNGohAdlxQTHCfNTXXgnVCycBzBWu7k6uZ375jUvHAv9XTkPU8GPl8yCloI/WzOdWPHZdpOHVAhGNILux+Nk8KpFKukRomhTKxq3NCSKVaLGHbkBnyaIlGP/vuDAIaeczXVIBSXZuEuheD1JwKlmScSLEQ6ARGrGuoDx5TvXh+e4KPjTLAw0Ca8jWeq98nYvCUmnqu6fRAj9Vvbyb+5XUjPaz2Yu6HkWY+XSwaRgLrAM+CwAMuGdViaghQyc2tmI5BAtUmrowJ4etT/D9pFQt2pVC6OcvXL5dxpNEhOkInyEbnqI6uUQM1EUX36AE9oWcrsR6tF+t10ZqyljMH6Aest0/8h5Rt</latexit>

s��↵ = 1

• Alignment w.o. decoupling is 
accessible by collider experiments. 



Radiative corrections to heavy Higgs bosons decays in 2HDMKodai Sakurai /35

Distinct scenarios

14

<latexit sha1_base64="DieAnA/ZbtXolZ3ys8zsTwkmIc4=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6jHoxYsQ0TwgWcPsZJIMmZ1dZnqFsOQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7glgKg6777Swtr6yurec28ptb2zu7hb39uokSzXiNRTLSzYAaLoXiNRQoeTPWnIaB5I1geD3xG09cGxGpBxzF3A9pX4meYBStdH/7WO4Uim7JnYIsEi8jRchQ7RS+2t2IJSFXyCQ1puW5Mfop1SiY5ON8OzE8pmxI+7xlqaIhN346PXVMjq3SJb1I21JIpurviZSGxozCwHaGFAdm3puI/3mtBHuXfipUnCBXbLaol0iCEZn8TbpCc4ZyZAllWthbCRtQTRnadPI2BG/+5UVSL5e889Lp3VmxcpXFkYNDOIIT8OACKnADVagBgz48wyu8OdJ5cd6dj1nrkpPNHMAfOJ8/zLqNfQ==</latexit> M
2

<latexit sha1_base64="phRLLqE7xTbOvUkJ10Rbgmqi3VQ=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSxCXbQkKuqy6MZlBfuAJpSb6bQdOpmEmYlQQ/FX3LhQxK3/4c6/cdpmoa0HLhzOuZd77wlizpR2nG8rt7S8srqWXy9sbG5t79i7ew0VJZLQOol4JFsBKMqZoHXNNKetWFIIA06bwfBm4jcfqFQsEvd6FFM/hL5gPUZAG6ljH7hlTzFR8gKqoewBjwdw0rGLTsWZAi8SNyNFlKHWsb+8bkSSkApNOCjVdp1Y+ylIzQin44KXKBoDGUKftg0VEFLlp9Prx/jYKF3ci6QpofFU/T2RQqjUKAxMZwh6oOa9ifif105078pPmYgTTQWZLeolHOsIT6LAXSYp0XxkCBDJzK2YDEAC0SawggnBnX95kTROK+5F5ezuvFi9zuLIo0N0hErIRZeoim5RDdURQY/oGb2iN+vJerHerY9Za87KZvbRH1ifPw8ilFc=</latexit>

1� sin(� � ↵)

Alignment with 
decoupling

Alignment w.o. 
decoupling

Non-alignment with 
decoupling

Non-alignment w.o. 
decoupling

SM like-limit 

Difficult to test

D
ec

ou
pl

in
g 

lim
it

Alignment limit

• In near alignment region
<latexit sha1_base64="7ptWP9EMa/OrlN2hfNh66DAdhVg=">AAAB9XicdVDLSgMxFM3UV62vqks3wSK4GuYhdborunFZwdZCZyyZNNOGZjIxySil9D/cuFDErf/izr8xfQgqeuDC4Zx7ufeeWDCqtON8WIWl5ZXVteJ6aWNza3unvLvXUlkuMWnijGWyHSNFGOWkqalmpC0kQWnMyHU8PJ/613dEKprxKz0SJEpRn9OEYqSNdBMOkRCo2w45uYVut1xxbKfmeV4AHdv1g8BxDQlc369VoWs7M1TAAo1u+T3sZThPCdeYIaU6riN0NEZSU8zIpBTmigiEh6hPOoZylBIVjWdXT+CRUXowyaQpruFM/T4xRqlSozQ2nSnSA/Xbm4p/eZ1cJ0E0plzkmnA8X5TkDOoMTiOAPSoJ1mxkCMKSmlshHiCJsDZBlUwIX5/C/0nLs92q7V+eVOpniziK4AAcgmPgglNQBxegAZoAAwkewBN4tu6tR+vFep23FqzFzD74AevtE0/ekmk=</latexit>

X 6= 1

•  The scenario can be tested 
by future precision 
measurements of       .  

•  Importantly, non-decoupling 
effects can be comparable with 
the precision measurements. 

<latexit sha1_base64="4LGZoOpj1M2tJByaj5HU648TxKw=">AAAB73icdVDLSgMxFM34rPVVdekmWARXwzykTl0V3LisYNuBdiiZNNOGZjIxyQhl6E+4caGIW3/HnX9j+hBU9MCFwzn3cu89sWBUacf5sFZW19Y3Nktb5e2d3b39ysFhW2W5xKSFM5bJMEaKMMpJS1PNSCgkQWnMSCceX838zj2Rimb8Vk8EiVI05DShGGkjhb0xEgL1w36l6thO3fO8ADq26weB4xoSuL5fr0HXduaogiWa/cp7b5DhPCVcY4aU6rqO0FGBpKaYkWm5lysiEB6jIekaylFKVFTM753CU6MMYJJJU1zDufp9okCpUpM0Np0p0iP125uJf3ndXCdBVFAuck04XixKcgZ1BmfPwwGVBGs2MQRhSc2tEI+QRFibiMomhK9P4f+k7dluzfZvzquNy2UcJXAMTsAZcMEFaIBr0AQtgAEDD+AJPFt31qP1Yr0uWles5cwR+AHr7RNlt5A0</latexit>X

NLO corrections should be 
included to compare the 
experiments.

near alignment region

[ ATLAS collaboration, PRD 101, 012002 (2020) ]

<latexit sha1_base64="rnH77ScAAYoTEPa/QQG0hmFKgv4="></latexit>

c��↵ . 0.3 (0.1) for Type I (II)
Theoretically not allowed

Theoretically not allowed

• It is favored by measurements 
of the signal strength of h :

• Alignment w.o. decoupling is 
accessible by collider experiments. 
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[Kanemura,Kikuchi,Mawatari,KS,Yagyu]
<latexit sha1_base64="sJBikwBu6z4kSD+eXS4iahnpBsU=">AAACAnicdVBNSwMxEM36bf1a9SRegkXQy5JVW+tBELx4EKxga6FbSjZNbTCbXZJZsSzFi3/FiwdFvPorvPlvTD8EFX0w8Hhvhpl5YSKFAUI+nLHxicmp6ZnZ3Nz8wuKSu7xSNXGqGa+wWMa6FlLDpVC8AgIkryWa0yiU/DK8Pu77lzdcGxGrC+gmvBHRKyXaglGwUtNdC4CqIORAD30c4CAK49ts6/Rsu9d088QrHFiUMPGKhBC/MCKkgH2PDJBHI5Sb7nvQilkacQVMUmPqPkmgkVENgkneywWp4Qll1/SK1y1VNOKmkQ1e6OFNq7RwO9a2FOCB+n0io5Ex3Si0nRGFjvnt9cW/vHoK7VIjEypJgSs2XNROJYYY9/PALaE5A9m1hDIt7K2YdaimDGxqORvC16f4f1Ld8fyit3u+lz/aGcUxg9bRBtpCPtpHR+gElVEFMXSHHtATenbunUfnxXkdto45o5lV9APO2yf4TpZ8</latexit>

ta
n
�
=
1
(L
O
)

<latexit sha1_base64="hV5PNewgns5GSv7gZlLOxswPDkw=">AAACAnicbVA9SwNBEN3zM8avqJXYLAYhNuEuEbURAjYWghHMB+SOsLfZJEv29o7dOTEcwca/YmOhiK2/ws5/4ya5QhMfDDzem2Fmnh8JrsG2v62FxaXlldXMWnZ9Y3NrO7ezW9dhrCir0VCEqukTzQSXrAYcBGtGipHAF6zhDy7HfuOeKc1DeQfDiHkB6Une5ZSAkdq5fReIdH0G5KKMXewGfviQFK5vjkftXN4u2hPgeeKkJI9SVNu5L7cT0jhgEqggWrccOwIvIQo4FWyUdWPNIkIHpMdahkoSMO0lkxdG+MgoHdwNlSkJeKL+nkhIoPUw8E1nQKCvZ72x+J/XiqF77iVcRjEwSaeLurHAEOJxHrjDFaMghoYQqri5FdM+UYSCSS1rQnBmX54n9VLROS2Wb0/ylVIaRwYdoENUQA46QxV0haqohih6RM/oFb1ZT9aL9W59TFsXrHRmD/2B9fkDkeyWNg==</latexit> t
a
n
�
=
3
(
L
O
)

(NLO)
(NLO)

•  We can distinguish the type of 
2HDM. 

•  The size of deviation determine the 
upper bounds of mΦ .

<latexit sha1_base64="+IQS/eHV1C9x0ZCiUD5hFuz93Ps=">AAACA3icbVDLSgMxFM3UV62vUXe6CRbBVZmpom6EipsuK9gHdMYhk6ZtaJIZkoxQhgE3/oobF4q49Sfc+Tem7Sy09cCBwzn3ktwTxowq7TjfVmFpeWV1rbhe2tjc2t6xd/daKkokJk0csUh2QqQIo4I0NdWMdGJJEA8ZaYejm0nefiBS0Ujc6XFMfI4GgvYpRtpYgX3Ag9RrDGl2xYO64bVhWr/3Yp4FdtmpOFPAReHmogxyNAL7y+tFOOFEaMyQUl3XibWfIqkpZiQreYkiMcIjNCBdIwXiRPnp9IYMHhunB/uRNBQaTt3fGyniSo15aCY50kM1n03M/7JuovuXfkpFnGgi8OyhfsKgjuCkENijkmDNxkYgLKn5K8RDJBHWpraSKcGdP3lRtKoV97xyentWrlXzOorgEByBE+CCC1ADddAATYDBI3gGr+DNerJerHfrYzZasPKdffAH1ucPfxqXYw==</latexit>m� = mH = mA = mH±

<latexit sha1_base64="x/TgkwCqrf/bIVwTJyQw0qDwXEE=">AAAB+nicdVDJSgNBEO1xjXGb6NFLYxC8GGY0izkIAS8eI5gFMkOo6fQkTXoWunuUMOZTvHhQxKtf4s2/sZOMoKIPCh7vVVFVz4s5k8qyPoyl5ZXVtfXcRn5za3tn1yzstWWUCEJbJOKR6HogKWchbSmmOO3GgkLgcdrxxpczv3NLhWRReKMmMXUDGIbMZwSUlvpmQfZTx6MKThzg8QimF32zaJUqll2v1PGC1MoZqVawXbLmKKIMzb757gwikgQ0VISDlD3bipWbglCMcDrNO4mkMZAxDGlP0xACKt10fvoUH2llgP1I6AoVnqvfJ1IIpJwEnu4MQI3kb28m/uX1EuWfuykL40TRkCwW+QnHKsKzHPCACUoUn2gCRDB9KyYjEECUTiuvQ/j6FP9P2qclu1o6uy4XG1YWRw4doEN0jGxUQw10hZqohQi6Qw/oCT0b98aj8WK8LlqXjGxmH/2A8fYJj1yUKg==</latexit>s��↵ =
<latexit sha1_base64="7ok4Xd3+i7TE4HMJMXXtq4AsxO0=">AAAB7HicdVBNS8NAEN3Ur1q/qh69LBbBU9ho05pbwYvHCqYttKFstpt26WYTdjdCCf0NXjwo4tUf5M1/47aNoKIPBh7vzTAzL0w5UxqhD6u0tr6xuVXeruzs7u0fVA+POirJJKE+SXgieyFWlDNBfc00p71UUhyHnHbD6fXC795TqVgi7vQspUGMx4JFjGBtJB/ZnucOqzVku8jxXA+uSLNekIYLHRstUQMF2sPq+2CUkCymQhOOleo7KNVBjqVmhNN5ZZApmmIyxWPaN1TgmKogXx47h2dGGcEokaaEhkv1+0SOY6VmcWg6Y6wn6re3EP/y+pmOroKciTTTVJDVoijjUCdw8TkcMUmJ5jNDMJHM3ArJBEtMtMmnYkL4+hT+TzoXttOwL2/rtRYq4iiDE3AKzoEDmqAFbkAb+IAABh7AE3i2hPVovVivq9aSVcwcgx+w3j4Bw/WN+A==</latexit>

0.995
<latexit sha1_base64="eI/8N8U7EOyRMrGonLe58ZvjSVg=">AAAB63icdVDLSgMxFM3UV62vqks3wSK4GjLah7MruHFZwT6gHUomTdvQJDMkGaEM/QU3LhRx6w+582/MtCOo6IELh3Pu5d57wpgzbRD6cApr6xubW8Xt0s7u3v5B+fCoo6NEEdomEY9UL8SaciZp2zDDaS9WFIuQ0244u8787j1VmkXyzsxjGgg8kWzMCDaZhFzfH5YryK0hz6/5cEUa1ZzUa9Bz0RIVkKM1LL8PRhFJBJWGcKx130OxCVKsDCOcLkqDRNMYkxme0L6lEguqg3R56wKeWWUEx5GyJQ1cqt8nUiy0novQdgpspvq3l4l/ef3EjK+ClMk4MVSS1aJxwqGJYPY4HDFFieFzSzBRzN4KyRQrTIyNp2RD+PoU/k86F65Xdy9vq5UmyuMoghNwCs6BBxqgCW5AC7QBAVPwAJ7AsyOcR+fFeV21Fpx85hj8gPP2CU3njbk=</latexit>

0.99

<latexit sha1_base64="B/BSi2wgaYtGadFM6gHiE9WVWuM=">AAAB63icdVDLSgMxFM34rPVVdekmWARXQ0b73BXcuKxgH9AOJZNm2tAkMyQZoQz9BTcuFHHrD7nzb8y0I6jogQuHc+7l3nuCmDNtEPpw1tY3Nre2CzvF3b39g8PS0XFXR4kitEMiHql+gDXlTNKOYYbTfqwoFgGnvWB2nfm9e6o0i+SdmcfUF3giWcgINpmE3GZjVCojt4q8ZrUJV6ReyUmtCj0XLVEGOdqj0vtwHJFEUGkIx1oPPBQbP8XKMMLpojhMNI0xmeEJHVgqsaDaT5e3LuC5VcYwjJQtaeBS/T6RYqH1XAS2U2Az1b+9TPzLGyQmbPgpk3FiqCSrRWHCoYlg9jgcM0WJ4XNLMFHM3grJFCtMjI2naEP4+hT+T7qXrldzr24r5RbK4yiAU3AGLoAH6qAFbkAbdAABU/AAnsCzI5xH58V5XbWuOfnMCfgB5+0TTGONuA==</latexit>

0.98

<latexit sha1_base64="xc9Xb5fEEl5G0Uo7VzGtvdXOKFg=">AAAB63icdVDLSgMxFM3UV62vqks3wSK4GjLaae2u4MZlBfuAdiiZNG1Dk8yQZIQy9BfcuFDErT/kzr8x046gogcuHM65l3vvCWPOtEHowymsrW9sbhW3Szu7e/sH5cOjjo4SRWibRDxSvRBrypmkbcMMp71YUSxCTrvh7Drzu/dUaRbJOzOPaSDwRLIxI9hkEnIb/rBcQa6PvIbfgCtSr+ak5kPPRUtUQI7WsPw+GEUkEVQawrHWfQ/FJkixMoxwuigNEk1jTGZ4QvuWSiyoDtLlrQt4ZpURHEfKljRwqX6fSLHQei5C2ymwmerfXib+5fUTM74KUibjxFBJVovGCYcmgtnjcMQUJYbPLcFEMXsrJFOsMDE2npIN4etT+D/pXLhezb28rVaaKI+jCE7AKTgHHqiDJrgBLdAGBEzBA3gCz45wHp0X53XVWnDymWPwA87bJ0fXjbU=</latexit>

0.95 • Theoretical predictions can be 
changed by loop effects within 
several %. 

→  Future precision measurements is 
needed to detect the loop effect. 

<latexit sha1_base64="c9h8J4KGC6t/2MIi62MdogI8qBs=">AAACLXicbVDLSsNAFJ34rPUVdelmsAi6sCQq6kYQLehGqI9qoSnlZjppB2eSMDMRSsgPufFXRHBREbf+htMaRKsHBg7n3Mudc/yYM6Udp2+NjU9MTk0XZoqzc/MLi/bS8o2KEklojUQ8knUfFOUspDXNNKf1WFIQPqe3/t3JwL+9p1KxKLzWvZg2BXRCFjAC2kgtu+JVKNeALze6no5wvb556AUSSOqdghDwrWajQiv1pMBX51m25bbsklN2hsB/iZuTEspRbdnPXjsiiaChJhyUarhOrJspSM0Ip1nRSxSNgdxBhzYMDUFQ1UyHaTO8bpQ2DiJpXqjxUP25kYJQqid8MylAd9WoNxD/8xqJDg6aKQvjRNOQfB0KEo5N4EF1uM0kJZr3DAEimfkrJl0wZWlTcNGU4I5G/ktutsvuXnnnYrd0dJzXUUCraA1tIBftoyN0hqqohgh6QE+oj16tR+vFerPev0bHrHxnBf2C9fEJ7xSmvg==</latexit>

�R(h ! XX) =
�(h ! XX)

�(h ! XX)SM
� 1
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<latexit sha1_base64="DieAnA/ZbtXolZ3ys8zsTwkmIc4=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6jHoxYsQ0TwgWcPsZJIMmZ1dZnqFsOQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7glgKg6777Swtr6yurec28ptb2zu7hb39uokSzXiNRTLSzYAaLoXiNRQoeTPWnIaB5I1geD3xG09cGxGpBxzF3A9pX4meYBStdH/7WO4Uim7JnYIsEi8jRchQ7RS+2t2IJSFXyCQ1puW5Mfop1SiY5ON8OzE8pmxI+7xlqaIhN346PXVMjq3SJb1I21JIpurviZSGxozCwHaGFAdm3puI/3mtBHuXfipUnCBXbLaol0iCEZn8TbpCc4ZyZAllWthbCRtQTRnadPI2BG/+5UVSL5e889Lp3VmxcpXFkYNDOIIT8OACKnADVagBgz48wyu8OdJ5cd6dj1nrkpPNHMAfOJ8/zLqNfQ==</latexit> M
2

<latexit sha1_base64="phRLLqE7xTbOvUkJ10Rbgmqi3VQ=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSxCXbQkKuqy6MZlBfuAJpSb6bQdOpmEmYlQQ/FX3LhQxK3/4c6/cdpmoa0HLhzOuZd77wlizpR2nG8rt7S8srqWXy9sbG5t79i7ew0VJZLQOol4JFsBKMqZoHXNNKetWFIIA06bwfBm4jcfqFQsEvd6FFM/hL5gPUZAG6ljH7hlTzFR8gKqoewBjwdw0rGLTsWZAi8SNyNFlKHWsb+8bkSSkApNOCjVdp1Y+ylIzQin44KXKBoDGUKftg0VEFLlp9Prx/jYKF3ci6QpofFU/T2RQqjUKAxMZwh6oOa9ifif105078pPmYgTTQWZLeolHOsIT6LAXSYp0XxkCBDJzK2YDEAC0SawggnBnX95kTROK+5F5ezuvFi9zuLIo0N0hErIRZeoim5RDdURQY/oGb2iN+vJerHerY9Za87KZvbRH1ifPw8ilFc=</latexit>

1� sin(� � ↵)

Alignment with 
decoupling

Alignment w.o. 
decoupling

Non-alignment with 
decoupling

Non-alignment w.o. 
decoupling

SM like-limit 

Difficult to test

•  Heavy Higgs boson is 
relatively light. 

• Large parameter regions can be 
probed by a synergy between 
direct searches of Φ and the 
indirect searches.

D
ec

ou
pl

in
g 

lim
it

near alignment region

Alignment limit
<latexit sha1_base64="w7mvbIdjOeXfpQyN3BfXCx5zVa4=">AAAB+3icdVDJSgNBEO2JW4xbjEcvjUHwYuhJTEwOQtCLxwhmgUwINZ1O0qRnobtHDMP8ihcPinj1R7z5N3YWQUUfFDzeq6KqnhsKrjQhH1ZqZXVtfSO9mdna3tndy+7nWiqIJGVNGohAdlxQTHCfNTXXgnVCycBzBWu7k6uZ375jUvHAv9XTkPU8GPl8yCloI/WzOdWPHZdpOHVAhGNILux+Nk8KpFKukRomhTKxq3NCSKVaLGHbkBnyaIlGP/vuDAIaeczXVIBSXZuEuheD1JwKlmScSLEQ6ARGrGuoDx5TvXh+e4KPjTLAw0Ca8jWeq98nYvCUmnqu6fRAj9Vvbyb+5XUjPaz2Yu6HkWY+XSwaRgLrAM+CwAMuGdViaghQyc2tmI5BAtUmrowJ4etT/D9pFQt2pVC6OcvXL5dxpNEhOkInyEbnqI6uUQM1EUX36AE9oWcrsR6tF+t10ZqyljMH6Aest0/8h5Rt</latexit>

s��↵ = 1

Theoretically not allowed

Theoretically not allowed
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Branching ratios for the Heavy Higgs bosons

17

•   :   are dominant process.
<latexit sha1_base64="FoW9Il8JbJvSmD127I0gk+97USk=">AAAB/XicbVDJSgNBEO2JW4zbuNy8NAYhHgwzKi4HIeDFYwSzQGYINZ2epElPz9DdI8Qh+CtePCji1f/w5t/YWQ6a+KDg8V4VVfWChDOlHefbyi0sLi2v5FcLa+sbm1v29k5dxakktEZiHstmAIpyJmhNM81pM5EUooDTRtC/GfmNByoVi8W9HiTUj6ArWMgIaCO17T1PMVHyAqrh2AOe9ODo2m3bRafsjIHniTslRTRFtW1/eZ2YpBEVmnBQquU6ifYzkJoRTocFL1U0AdKHLm0ZKiCiys/G1w/xoVE6OIylKaHxWP09kUGk1CAKTGcEuqdmvZH4n9dKdXjpZ0wkqaaCTBaFKcc6xqMocIdJSjQfGAJEMnMrJj2QQLQJrGBCcGdfnif1k7J7Xj69OytWrqZx5NE+OkAl5KILVEG3qIpqiKBH9Ixe0Zv1ZL1Y79bHpDVnTWd20R9Ynz8rGZRe</latexit>

sin(� � ↵) = 1
<latexit sha1_base64="1VAfRiaxP/9E4V1DIbn78+YNoJg=">AAAB+XicbVDJSgNBEK1xjXEb9eilMQgeJMyouNwiXnKMYBbIhNDT6Uma9Cx01wTCkD/x4kERr/6JN//GTjIHTXxQ8Hiviqp6fiKFRsf5tlZW19Y3Ngtbxe2d3b19++CwoeNUMV5nsYxVy6eaSxHxOgqUvJUoTkNf8qY/fJj6zRFXWsTRE44T3glpPxKBYBSN1LXt+/Mq8TAmnk9VhhPs2iWn7MxAlombkxLkqHXtL68XszTkETJJtW67ToKdjCoUTPJJ0Us1Tygb0j5vGxrRkOtONrt8Qk6N0iNBrExFSGbq74mMhlqPQ990hhQHetGbiv957RSD204moiRFHrH5oiCVxHw6jYH0hOIM5dgQypQwtxI2oIoyNGEVTQju4svLpHFRdq/Ll49XpcpdHkcBjuEEzsCFG6hAFWpQBwYjeIZXeLMy68V6tz7mrStWPnMEf2B9/gCFEJLv</latexit>

A,H ! t̄t

10-3

10-2

10-1

100

10-2 10-1

mH+=mH=mA=M=800 GeV, tan`=3, cos(`-_)<0, Type-I

BR
(A

A
XX

)

|cos(`-_)| 

<latexit sha1_base64="OOcwPW3AogeA3xZqsYaBwmTkx+k=">AAAB73icdVDLSgNBEOz1GeMr6tHLYBA8hd2o0dwCXjxGMA9IljA7mSRDZmfXmV4hLPkJLx4U8ervePNvnCQrqGhBQ1HVTXdXEEth0HU/nKXlldW19dxGfnNre2e3sLffNFGiGW+wSEa6HVDDpVC8gQIlb8ea0zCQvBWMr2Z+655rIyJ1i5OY+yEdKjEQjKKV2t2A6hSn2CsU3ZI7B1kQr2zJuetVKxXiZVYRMtR7hfduP2JJyBUySY3peG6Mfko1Cib5NN9NDI8pG9Mh71iqaMiNn87vnZJjq/TJINK2FJK5+n0ipaExkzCwnSHFkfntzcS/vE6Cg0s/FSpOkCu2WDRIJMGIzJ4nfaE5QzmxhDIt7K2EjaimDG1EeRvC16fkf9Isl7xK6fTmrFirZnHk4BCO4AQ8uIAaXEMdGsBAwgM8wbNz5zw6L87ronXJyWYO4Aect0+f+ZBY</latexit>

t̄t

<latexit sha1_base64="y8tmrrDNjm6tKi6JGdudEGwzLxs=">AAAB6XicbVDLSsNAFL2pr1pfVZduBovgKiRtfXRXcOOyin1gG8pkOmmHTiZhZiKU0D9w40IRt/6RO//GaRtEqwcuHM65l3vv8WPOlHacTyu3srq2vpHfLGxt7+zuFfcPWipKJKFNEvFIdnysKGeCNjXTnHZiSXHoc9r2x1czv/1ApWKRuNOTmHohHgoWMIK1kW7vR/1iybGdOZBjV6pn5ZqLvhU3IyXI0OgXP3qDiCQhFZpwrFTXdWLtpVhqRjidFnqJojEmYzykXUMFDqny0vmlU3RilAEKImlKaDRXf06kOFRqEvqmM8R6pJa9mfif1010cOmlTMSJpoIsFgUJRzpCs7fRgElKNJ8Ygolk5lZERlhiok04BROCu/zyX9Iq2+65Xbmpluq1LI48HMExnIILF1CHa2hAEwgE8AjP8GKNrSfr1XpbtOasbOYQfsF6/wKeUI1n</latexit>

Zh

<latexit sha1_base64="Ff2hd9B+OqamYfwxT2IK2/b/BOQ=">AAAB6XicdVDLSsNAFL2pr1pfVZduBovgKiS2tc2u4MZlFfuANpTJdNIOnUzCzEQooX/gxoUibv0jd/6N04egogcuHM65l3vvCRLOlHacDyu3tr6xuZXfLuzs7u0fFA+P2ipOJaEtEvNYdgOsKGeCtjTTnHYTSXEUcNoJJldzv3NPpWKxuNPThPoRHgkWMoK1kW5Ho0Gx5Nhe3XPcMnLsSrlaq3iG1F23VnWQazsLlGCF5qD43h/GJI2o0IRjpXquk2g/w1Izwums0E8VTTCZ4BHtGSpwRJWfLS6doTOjDFEYS1NCo4X6fSLDkVLTKDCdEdZj9dubi395vVSHdT9jIkk1FWS5KEw50jGav42GTFKi+dQQTCQztyIyxhITbcIpmBC+PkX/k/aF7V7a5ZtKqeGt4sjDCZzCObhQgwZcQxNaQCCEB3iCZ2tiPVov1uuyNWetZo7hB6y3TwfVja8=</latexit>gg

10-3

10-2

10-1

100

10-2 10-1

mH+=mH=mA=M=800 GeV, tan`=3, cos(`-_)<0, Type-I

BR
(H

A
XX

)

|cos(`-_)| 

<latexit sha1_base64="UJ3IcXLd56gLx3IkkaRmKRnHBCU=">AAAB6XicdVDJSgNBEK1xjXGLevTSGARPQ88kZrkFvHiMYhZIhtDT6Uma9Cx09whhyB948aCIV//Im39jZxFU9EHB470qqur5ieBKY/xhra1vbG5t53byu3v7B4eFo+O2ilNJWYvGIpZdnygmeMRammvBuolkJPQF6/iTq7nfuWdS8Ti609OEeSEZRTzglGgj3Y5Gg0IR27VK2cUYYdtxL0tu3RBcrVeqDnJsvEARVmgOCu/9YUzTkEWaCqJUz8GJ9jIiNaeCzfL9VLGE0AkZsZ6hEQmZ8rLFpTN0bpQhCmJpKtJooX6fyEio1DT0TWdI9Fj99ubiX14v1UHNy3iUpJpFdLkoSAXSMZq/jYZcMqrF1BBCJTe3IjomklBtwsmbEL4+Rf+Ttms7Fbt0Uy426qs4cnAKZ3ABDlShAdfQhBZQCOABnuDZmliP1ov1umxds1YzJ/AD1tsn9baNow==</latexit>gg

<latexit sha1_base64="PAf6zyQ77J1INHY3vU7FhUSUcec=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBoPgadk1icneAl48RjEPkixhdjKbDJmdXWZmhRDyB148KOLVP/Lm3zh5CCpa0FBUddPdFSScKe04H1ZmbX1jcyu7ndvZ3ds/yB8eNVWcSkIbJOaxbAdYUc4EbWimOW0nkuIo4LQVjK/mfuueSsVicacnCfUjPBQsZARrI912Ov18wbG9que4ReTYpWK5UvIMqbpupewg13YWKMAK9X7+vTeISRpRoQnHSnVdJ9H+FEvNCKezXC9VNMFkjIe0a6jAEVX+dHHpDJ0ZZYDCWJoSGi3U7xNTHCk1iQLTGWE9Ur+9ufiX1011WPWnTCSppoIsF4UpRzpG87fRgElKNJ8Ygolk5lZERlhiok04ORPC16fof9K8sN1Lu3hTKtS8VRxZOIFTOAcXKlCDa6hDAwiE8ABP8GyNrUfrxXpdtmas1cwx/ID19gngUY2V</latexit>

ZZ

<latexit sha1_base64="6o+Wxv97Ge2y3NEKuzwOsBGFWI4=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBoPgaZlNTExuAS8eo5gHJEuYncwmQ2YfzMwKYckfePGgiFf/yJt/42wSQUULGoqqbrq7vFhwpTH+sHJr6xubW/ntws7u3v5B8fCoo6JEUtamkYhkzyOKCR6ytuZasF4sGQk8wbre9Crzu/dMKh6Fd3oWMzcg45D7nBJtpNvJZFgsYRvXqg3cQNiuYqe+IBjX6uUKcgzJUIIVWsPi+2AU0SRgoaaCKNV3cKzdlEjNqWDzwiBRLCZ0Ssasb2hIAqbcdHHpHJ0ZZYT8SJoKNVqo3ydSEig1CzzTGRA9Ub+9TPzL6yfar7spD+NEs5AuF/mJQDpC2dtoxCWjWswMIVRycyuiEyIJ1Sacggnh61P0P+mUbadmV24uSs3GKo48nMApnIMDl9CEa2hBGyj48ABP8GxNrUfrxXpdtuas1cwx/ID19gn3zo2k</latexit>

hh

<latexit sha1_base64="OOcwPW3AogeA3xZqsYaBwmTkx+k=">AAAB73icdVDLSgNBEOz1GeMr6tHLYBA8hd2o0dwCXjxGMA9IljA7mSRDZmfXmV4hLPkJLx4U8ervePNvnCQrqGhBQ1HVTXdXEEth0HU/nKXlldW19dxGfnNre2e3sLffNFGiGW+wSEa6HVDDpVC8gQIlb8ea0zCQvBWMr2Z+655rIyJ1i5OY+yEdKjEQjKKV2t2A6hSn2CsU3ZI7B1kQr2zJuetVKxXiZVYRMtR7hfduP2JJyBUySY3peG6Mfko1Cib5NN9NDI8pG9Mh71iqaMiNn87vnZJjq/TJINK2FJK5+n0ipaExkzCwnSHFkfntzcS/vE6Cg0s/FSpOkCu2WDRIJMGIzJ4nfaE5QzmxhDIt7K2EjaimDG1EeRvC16fkf9Isl7xK6fTmrFirZnHk4BCO4AQ8uIAaXEMdGsBAwgM8wbNz5zw6L87ronXJyWYO4Aect0+f+ZBY</latexit>

t̄t

<latexit sha1_base64="/Qsodvi8TeF5aZMieORIG94rnns=">AAAB6XicdVDLSgMxFM34rPVVdekmWARXQ6JO29kV3LisYjuFdiiZNNOGZh4kGaEM/QM3LhRx6x+582/MtBVU9MCFwzn3cu89QSq40gh9WCura+sbm6Wt8vbO7t5+5eCwo5JMUtamiUhkNyCKCR6ztuZasG4qGYkCwbxgclX43j2TiifxnZ6mzI/IKOYhp0Qb6dbzBpUqsh2E3VodIhsh7Dg1Q1y34WAMsVEKVMESrUHlvT9MaBaxWFNBlOphlGo/J1JzKtis3M8USwmdkBHrGRqTiCk/n186g6dGGcIwkaZiDefq94mcREpNo8B0RkSP1W+vEP/yepkOG37O4zTTLKaLRWEmoE5g8TYccsmoFlNDCJXc3ArpmEhCtQmnbEL4+hT+TzrnNq7ZFzeX1aa7jKMEjsEJOAMY1EETXIMWaAMKQvAAnsCzNbEerRfrddG6Yi1njsAPWG+fze+NiQ==</latexit>

WW

•  :   Scalar to scalar decays are important
<latexit sha1_base64="5BV2FTvysOp/MhYXY9Xh9I35xRM=">AAACAnicbVDJSgNBEO2JW4xb1JN4aQxCPBhmVFxuAS8eI5gFMiHUdCpJk56esbtHCCF48Ve8eFDEq1/hzb+xsxw08UHB470qquoFseDauO63k1pYXFpeSa9m1tY3Nrey2zsVHSWKYZlFIlK1ADQKLrFsuBFYixVCGAisBr3rkV99QKV5JO9MP8ZGCB3J25yBsVIzu0d9zWXeD9DAsQ8i7sKRL/Gees1szi24Y9B54k1JjkxRama//FbEkhClYQK0rntubBoDUIYzgcOMn2iMgfWgg3VLJYSoG4PxC0N6aJUWbUfKljR0rP6eGECodT8MbGcIpqtnvZH4n1dPTPuyMeAyTgxKNlnUTgQ1ER3lQVtcITOibwkwxe2tlHVBATM2tYwNwZt9eZ5UTgreeeH09ixXvJrGkSb75IDkiUcuSJHckBIpE0YeyTN5JW/Ok/PivDsfk9aUM53ZJX/gfP4AgqOWMw==</latexit>

sin(� � ↵) 6= 1
<latexit sha1_base64="Kme2FSF2JywVuKY3hf5pO2EjIn8="></latexit>

�(H ! hh) ⇠ cos(� � ↵)2
m

3
H

16⇡v2

<latexit sha1_base64="GCnT/PV5eoNqQqX+EE+axQ0+mWU="></latexit>

�(A ! Zh) / cos(� � ↵)2
m3

A

16⇡v2

→  Behaviors of BRs strongly depend on the alignment parameter. 
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Synergy between direct and indirect searches[1/3]
Alignment limit:

<latexit sha1_base64="uaGmhVHxrc8s/+MMyMG4AB93nlM=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IR6sGSqKgXoejFYwX7AU0ok+2mXbrZhN2NUELBv+LFgyJe/R3e/Ddu2xy0+mDg8d4MM/OChDOlHefLKiwsLi2vFFdLa+sbm1v29k5TxakktEFiHst2AIpyJmhDM81pO5EUooDTVjC8mfitByoVi8W9HiXUj6AvWMgIaCN17T1PMVHxAqrh2AOeDODoCrtdu+xUnSnwX+LmpIxy1Lv2p9eLSRpRoQkHpTquk2g/A6kZ4XRc8lJFEyBD6NOOoQIiqvxsev4YHxqlh8NYmhIaT9WfExlESo2iwHRGoAdq3puI/3mdVIeXfsZEkmoqyGxRmHKsYzzJAveYpETzkSFAJDO3YjIACUSbxEomBHf+5b+keVJ1z6und2fl2nUeRxHtowNUQS66QDV0i+qogQjK0BN6Qa/Wo/VsvVnvs9aClc/sol+wPr4BilKUkQ==</latexit>

sin(� � ↵) = 1
[M. Aiko, S. Kanemura, M. Kikuchi, K. Mawatari, KS, K. Yagyu, NPB 966 (2021) 115375]

Direct searches :   Lower bounds for  and  are given. <latexit sha1_base64="74h3TSsWAMuVHWDlw/LGjcSJd3I=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqGI8BLx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWye1RL/XGLF+ueJX/TnQKglyUoEcjX75qzdQJBVUWsKxMd3AT2yYYW0Z4XRa6qWGJpiM8ZB2HZVYUBNm82un6MwpAxQr7UpaNFd/T2RYGDMRkesU2I7MsjcT//O6qY1vwozJJLVUksWiOOXIKjR7HQ2YpsTyiSOYaOZuRWSENSbWBVRyIQTLL6+S1kU1uK5e3l9V6rU8jiKcwCmcQwA1qMMdNKAJBB7hGV7hzVPei/fufSxaC14+cwx/4H3+AGTHjvw=</latexit>m�
<latexit sha1_base64="39Q701Luy9QbmwNq8ttKSmSPoOE=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69BIvgqSQq1mPBi8cK9kOaUDbbTbt0dxN2J0Ip/RVePCji1Z/jzX/jts1BWx8MPN6bYWZelApu0PO+ncLa+sbmVnG7tLO7t39QPjxqmSTTlDVpIhLdiYhhgivWRI6CdVLNiIwEa0ej25nffmLa8EQ94DhloSQDxWNOCVrpMUCigogh6ZUrXtWbw10lfk4qkKPRK38F/YRmkimkghjT9b0UwwnRyKlg01KQGZYSOiID1rVUEclMOJkfPHXPrNJ340TbUujO1d8TEyKNGcvIdkqCQ7PszcT/vG6G8U044SrNkCm6WBRnwsXEnX3v9rlmFMXYEkI1t7e6dEg0oWgzKtkQ/OWXV0nroupfVy/vryr1Wh5HEU7gFM7BhxrU4Q4a0AQKEp7hFd4c7bw4787HorXg5DPH8AfO5w/WgJBo</latexit>

tan�

Indirect searches :  No sensitivity since Higgs couplings do not deviate. 

<latexit sha1_base64="csh0QDpHMpMtVhQf0Rpge0FhYC0=">AAACF3icbVBNS8NAEN34WetX1KOXxSLopSQq1ougeLDHCrYKTQyb7dQu3U3i7kYsIf/Ci3/FiwdFvOrNf+O2zcGvBwOP92aYmRcmnCntOJ/WxOTU9Mxsaa48v7C4tGyvrLZUnEoKTRrzWF6GRAFnETQ10xwuEwlEhBwuwv7J0L+4BalYHJ3rQQK+INcR6zJKtJECuyoCr9FjWx7cpOwWi6B+KIJjU1n9yktEvu1hT4TxXdY+hZafB3bFqToj4L/ELUgFFWgE9ofXiWkqINKUE6XarpNoPyNSM8ohL3upgoTQPrmGtqEREaD8bPRXjjeN0sHdWJqKNB6p3ycyIpQaiNB0CqJ76rc3FP/z2qnuHvgZi5JUQ0THi7opxzrGw5Bwh0mgmg8MIVQycyumPSIJ1SbKsgnB/f3yX9Laqbr71d2zvcpRrYijhNbRBtpCLqqhI1RHDdREFN2jR/SMXqwH68l6td7GrRNWMbOGfsB6/wIFRp8y</latexit>

m�(⌘ mH = mA = mH±) [GeV]

(Ex.):  <latexit sha1_base64="GCR8R4shsQPePnNdK00xEWwh1XA=">AAACOnicbVC7SgNBFJ31GeMramkzGIRYGHZVVKwCNpYJmAdkl+XuZJIMmZ1dZmaFsOS7bPwKOwsbC0Vs/QAnyRbmcWDgcM653LkniDlT2rbfrJXVtfWNzdxWfntnd2+/cHDYUFEiCa2TiEeyFYCinAla10xz2oolhTDgtBkM7sd+84lKxSLxqIcx9ULoCdZlBLSR/EJN+akbUA3nLvC4D6M7F7uKidKseua6ebIkSSI1n/QLRbtsT4AXiZORIspQ9QuvbiciSUiFJhyUajt2rL0UpGaE01HeTRSNgQygR9uGCgip8tLJ6SN8apQO7kbSPKHxRP0/kUKo1DAMTDIE3Vfz3lhc5rUT3b31UibiRFNBpou6Ccc6wuMecYdJSjQfGgJEMvNXTPoggWjTdt6U4MyfvEgaF2XnunxZuypWylkdOXSMTlAJOegGVdADqqI6IugZvaNP9GW9WB/Wt/Uzja5Y2cwRmoH1+wfsfa1w</latexit>

s��↵ : sin(� � ↵)

c��↵ : cos(� � ↵)

<latexit sha1_base64="CaUVps/5DmViayA/iyU5ihxSm08=">AAACHXicbVDLSgMxFM34tr6qLt0MFkE3ZaaKulRc6FLB2kJTy500o8EkMyR3hDLMj7jxV9y4UMSFG/FvTB8LrR4IHM65l5tzolQKi0Hw5U1MTk3PzM7NlxYWl5ZXyqtrVzbJDON1lsjENCOwXArN6yhQ8mZqOKhI8kZ0d9L3G/fcWJHoS+ylvK3gRotYMEAndcp79BSUgu1jiokf0whMHhc7NDVJ6gQaG2C56hwXOUXQ1zUacYSiU64E1WAA/y8JR6RCRjjvlD9oN2GZ4hqZBGtbYZBiOweDgklelGhmeQrsDm54y1ENitt2PkhX+FtO6fpxYtzT6A/Unxs5KGt7KnKTCvDWjnt98T+vlWF82M6FTjPkmg0PxZn0XfB+VX5XGM5Q9hwBZoT7q89uwTWCrtCSKyEcj/yXXNWq4X5192KvclQb1TFHNsgm2SYhOSBH5Iyckzph5IE8kRfy6j16z96b9z4cnfBGO+vkF7zPb+tWomw=</latexit>

�(A ! ff̄) / mA

tan2 �
<latexit sha1_base64="EKCjYc9LTJOKFa4AhksuJ5zUj5Q="></latexit>

�(H+ ! tb̄) / mH±

tan2 �

at HL-LHC
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Synergy between direct and indirect searches[2/3]
Near alignment scenario:

[M. Aiko, S. Kanemura, M. Kikuchi, K. Mawatari, KS, K. Yagyu, NPB 966 (2021) 115375]

Direct searches :    and  give wider sensitivity  regions for  plane. 
<latexit sha1_base64="GF2o1lMeQYx6EZl0+oSiTiOFppY=">AAAB7nicbVDLSgMxFL1TX7W+qi7dBIvgqsyo+NhV3LisYB/YDiWT3mlDM5khyQhl6Ee4caGIW7/HnX9j2s5CqwcCh3PuJfecIBFcG9f9cgpLyyura8X10sbm1vZOeXevqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaLSPJb3ZpygH9GB5CFn1Fipdd01MXkY9soVt+rOQP4SLycVyFHvlT+7/ZilEUrDBNW647mJ8TOqDGcCJ6VuqjGhbEQH2LFU0gi1n83OnZAjq/RJGCv7pCEz9edGRiOtx1FgJyNqhnrRm4r/eZ3UhJd+xmWSGpRs/lGYCmIzTrOTPlfIjBhbQpni9lbChlRRZmxDJVuCtxj5L2meVL3z6undWaV2lddRhAM4hGPw4AJqcAt1aACDETzBC7w6ifPsvDnv89GCk+/swy84H9+xg48h</latexit>

A ! Zh
<latexit sha1_base64="O7lzQwzmujk/PeAzu8/kegkK+j4=">AAAB7nicbVDLSgMxFL1TX7W+qi7dBIvgqsyo+NgV3HRZwT6gHUomzbShmcyQ3BHK0I9w40IRt36PO//GtJ2Fth4IHM65l9xzgkQKg6777RTW1jc2t4rbpZ3dvf2D8uFRy8SpZrzJYhnrTkANl0LxJgqUvJNoTqNA8nYwvp/57SeujYjVI04S7kd0qEQoGEUrtes9jMlo1C9X3Ko7B1klXk4qkKPRL3/1BjFLI66QSWpM13MT9DOqUTDJp6VeanhC2ZgOeddSRSNu/Gx+7pScWWVAwljbp5DM1d8bGY2MmUSBnYwojsyyNxP/87ophrd+JlSSIlds8VGYSmIzzrKTgdCcoZxYQpkW9lbCRlRThrahki3BW468SloXVe+6evlwVand5XUU4QRO4Rw8uIEa1KEBTWAwhmd4hTcncV6cd+djMVpw8p1j+APn8wfRj482</latexit>

H ! hh
<latexit sha1_base64="gc6p8pkx1IQvSNE34ahgcFKtkNg=">AAACAHicbVDJSgNBEO2JW4xb1IMHL41BiCBhRsUFLwEvHiOYBTIh9HR6kibdPUN3jRCGufgrXjwo4tXP8Obf2FkOGn1Q8Hiviqp6QSy4Adf9cnILi0vLK/nVwtr6xuZWcXunYaJEU1ankYh0KyCGCa5YHTgI1oo1IzIQrBkMb8Z+84FpwyN1D6OYdSTpKx5ySsBK3eJeWXZTvzbg2bF/jX0gyg8YkKNuseRW3AnwX+LNSAnNUOsWP/1eRBPJFFBBjGl7bgydlGjgVLCs4CeGxYQOSZ+1LVVEMtNJJw9k+NAqPRxG2pYCPFF/TqREGjOSge2UBAZm3huL/3ntBMLLTspVnABTdLooTASGCI/TwD2uGQUxsoRQze2tmA6IJhRsZgUbgjf/8l/SOKl455XTu7NS9WoWRx7towNURh66QFV0i2qojijK0BN6Qa/Oo/PsvDnv09acM5vZRb/gfHwDYd6VnA==</latexit>

(m�, tan�)

Indirect searches :  If a deviation in hZZ founds, the upper bounds for  are given.<latexit sha1_base64="gtADNVEaBHQB1WBq8AQtsMw6tEI=">AAAB73icbVDJSgNBEK2JW4xb1KOXxiB4CjMqLreAF48RzALJEHo6PUmTXsbuHiEM+QkvHhTx6u9482/sJHPQxAcFj/eqqKoXJZwZ6/vfXmFldW19o7hZ2tre2d0r7x80jUo1oQ2iuNLtCBvKmaQNyyyn7URTLCJOW9Hoduq3nqg2TMkHO05oKPBAspgRbJ3UFr2sWx+ySa9c8av+DGiZBDmpQI56r/zV7SuSCiot4diYTuAnNsywtoxwOil1U0MTTEZ4QDuOSiyoCbPZvRN04pQ+ipV2JS2aqb8nMiyMGYvIdQpsh2bRm4r/eZ3UxtdhxmSSWirJfFGccmQVmj6P+kxTYvnYEUw0c7ciMsQaE+siKrkQgsWXl0nzrBpcVs/vLyq1mzyOIhzBMZxCAFdQgzuoQwMIcHiGV3jzHr0X7937mLcWvHzmEP7A+/wBLLmQCg==</latexit>m�

<latexit sha1_base64="csh0QDpHMpMtVhQf0Rpge0FhYC0=">AAACF3icbVBNS8NAEN34WetX1KOXxSLopSQq1ougeLDHCrYKTQyb7dQu3U3i7kYsIf/Ci3/FiwdFvOrNf+O2zcGvBwOP92aYmRcmnCntOJ/WxOTU9Mxsaa48v7C4tGyvrLZUnEoKTRrzWF6GRAFnETQ10xwuEwlEhBwuwv7J0L+4BalYHJ3rQQK+INcR6zJKtJECuyoCr9FjWx7cpOwWi6B+KIJjU1n9yktEvu1hT4TxXdY+hZafB3bFqToj4L/ELUgFFWgE9ofXiWkqINKUE6XarpNoPyNSM8ohL3upgoTQPrmGtqEREaD8bPRXjjeN0sHdWJqKNB6p3ycyIpQaiNB0CqJ76rc3FP/z2qnuHvgZi5JUQ0THi7opxzrGw5Bwh0mgmg8MIVQycyumPSIJ1SbKsgnB/f3yX9Laqbr71d2zvcpRrYijhNbRBtpCLqqhI1RHDdREFN2jR/SMXqwH68l6td7GrRNWMbOGfsB6/wIFRp8y</latexit>

m�(⌘ mH = mA = mH±) [GeV]

<latexit sha1_base64="pjuQ4uXb9LnWPszpJe30JHq+O5g=">AAACAnicbVDJSgNBEO2JW4zbqCfx0hiEeDDMuOcgBLx4jGAWyAyhptOTNOnpGbp7hBCCF3/FiwdFvPoV3vwbO8tBEx8UPN6roqpekHCmtON8W5mFxaXllexqbm19Y3PL3t6pqTiVhFZJzGPZCEBRzgStaqY5bSSSQhRwWg96NyO//kClYrG41/2E+hF0BAsZAW2klr3nKSYKXkA1HHvAky4cXWOnWCqdt+y8U3TGwPPEnZI8mqLSsr+8dkzSiApNOCjVdJ1E+wOQmhFOhzkvVTQB0oMObRoqIKLKH4xfGOJDo7RxGEtTQuOx+ntiAJFS/SgwnRHorpr1RuJ/XjPV4ZU/YCJJNRVksihMOdYxHuWB20xSonnfECCSmVsx6YIEok1qOROCO/vyPKmdFN2L4undWb5cmsaRRfvoABWQiy5RGd2iCqoigh7RM3pFb9aT9WK9Wx+T1ow1ndlFf2B9/gB7JJWE</latexit>

sin(� � ↵) = 0.995

(Ex.):  

→  Most parameter space can be surveyed by the combination of Scalar-to scalar decays and 
precision measurements of the Higgs coupling. 

<latexit sha1_base64="GCR8R4shsQPePnNdK00xEWwh1XA=">AAACOnicbVC7SgNBFJ31GeMramkzGIRYGHZVVKwCNpYJmAdkl+XuZJIMmZ1dZmaFsOS7bPwKOwsbC0Vs/QAnyRbmcWDgcM653LkniDlT2rbfrJXVtfWNzdxWfntnd2+/cHDYUFEiCa2TiEeyFYCinAla10xz2oolhTDgtBkM7sd+84lKxSLxqIcx9ULoCdZlBLSR/EJN+akbUA3nLvC4D6M7F7uKidKseua6ebIkSSI1n/QLRbtsT4AXiZORIspQ9QuvbiciSUiFJhyUajt2rL0UpGaE01HeTRSNgQygR9uGCgip8tLJ6SN8apQO7kbSPKHxRP0/kUKo1DAMTDIE3Vfz3lhc5rUT3b31UibiRFNBpou6Ccc6wuMecYdJSjQfGgJEMvNXTPoggWjTdt6U4MyfvEgaF2XnunxZuypWylkdOXSMTlAJOegGVdADqqI6IugZvaNP9GW9WB/Wt/Uzja5Y2cwRmoH1+wfsfa1w</latexit>

s��↵ : sin(� � ↵)

c��↵ : cos(� � ↵)

at HL-LHC

<latexit sha1_base64="Kme2FSF2JywVuKY3hf5pO2EjIn8="></latexit>

�(H ! hh) ⇠ cos(� � ↵)2
m

3
H

16⇡v2

<latexit sha1_base64="GCnT/PV5eoNqQqX+EE+axQ0+mWU="></latexit>

�(A ! Zh) / cos(� � ↵)2
m3

A

16⇡v2

19
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Importance of NLO corrections to heavy Higgs

20

[M. Aiko, S. Kanemura, M. Kikuchi, K. Mawatari, KS, K. Yagyu, NPB 966 (2021) 115375]

<latexit sha1_base64="csh0QDpHMpMtVhQf0Rpge0FhYC0=">AAACF3icbVBNS8NAEN34WetX1KOXxSLopSQq1ougeLDHCrYKTQyb7dQu3U3i7kYsIf/Ci3/FiwdFvOrNf+O2zcGvBwOP92aYmRcmnCntOJ/WxOTU9Mxsaa48v7C4tGyvrLZUnEoKTRrzWF6GRAFnETQ10xwuEwlEhBwuwv7J0L+4BalYHJ3rQQK+INcR6zJKtJECuyoCr9FjWx7cpOwWi6B+KIJjU1n9yktEvu1hT4TxXdY+hZafB3bFqToj4L/ELUgFFWgE9ofXiWkqINKUE6XarpNoPyNSM8ohL3upgoTQPrmGtqEREaD8bPRXjjeN0sHdWJqKNB6p3ycyIpQaiNB0CqJ76rc3FP/z2qnuHvgZi5JUQ0THi7opxzrGw5Bwh0mgmg8MIVQycyumPSIJ1SbKsgnB/f3yX9Laqbr71d2zvcpRrYijhNbRBtpCLqqhI1RHDdREFN2jR/SMXqwH68l6td7GrRNWMbOGfsB6/wIFRp8y</latexit>

m�(⌘ mH = mA = mH±) [GeV]
<latexit sha1_base64="csh0QDpHMpMtVhQf0Rpge0FhYC0=">AAACF3icbVBNS8NAEN34WetX1KOXxSLopSQq1ougeLDHCrYKTQyb7dQu3U3i7kYsIf/Ci3/FiwdFvOrNf+O2zcGvBwOP92aYmRcmnCntOJ/WxOTU9Mxsaa48v7C4tGyvrLZUnEoKTRrzWF6GRAFnETQ10xwuEwlEhBwuwv7J0L+4BalYHJ3rQQK+INcR6zJKtJECuyoCr9FjWx7cpOwWi6B+KIJjU1n9yktEvu1hT4TxXdY+hZafB3bFqToj4L/ELUgFFWgE9ofXiWkqINKUE6XarpNoPyNSM8ohL3upgoTQPrmGtqEREaD8bPRXjjeN0sHdWJqKNB6p3ycyIpQaiNB0CqJ76rc3FP/z2qnuHvgZi5JUQ0THi7opxzrGw5Bwh0mgmg8MIVQycyumPSIJ1SbKsgnB/f3yX9Laqbr71d2zvcpRrYijhNbRBtpCLqqhI1RHDdREFN2jR/SMXqwH68l6td7GrRNWMbOGfsB6/wIFRp8y</latexit>

m�(⌘ mH = mA = mH±) [GeV]

Sensitivity regions by direct searches are 
drastically changed by , especially for BRs. sin(β − α)

Loop effect to heavy Higgs decays can be significant. We should 
include it in alignment w.o the decoupling scenario.

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

H   

     for ( )

∝ cos(β − α)

A → Zh, H → hh

H, A

  ∝
1

tan β
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H-COUP

21

We have calculated full NLO corrections to two-body decays of H,A,H± . 
They will be implemented in H-COUP ver. 3.

[Kanemura, Kikuchi, KS, 
Mawatari, Yagyu]

• Two Higgs doublet models 

• Higgs Singlet model

• Inert doublet model 

ModelObservables (NLO EW+NNLO QCD)

BR(h → f f ), BR(h → VV*), λhhh(v2.0):

H-COUP

(v3.0): BR(Φ → f f ), BR(Φ → SV/VV ), BR(Φ → SS)

Fortran program to evaluate loop-corrected Higgs observables  
in the improved on-shell scheme.

[Aiko, Kanemura, Kikuchi, 
KS, Yagyu]

Predictions for each model are evaluated in the same scheme

-  Heavy Higgs decays for all models
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Open questions

22

●  How large is the size of NLO corrections? 
What is the origin of sizable corrections?

●  Correlation between  heavy Higgs boson decays and 
observables for h125 at 1-loop level. 

Impact of NLO corrections to scalar-to-scalar decays 
(e.g,  )A → Zh, H → hh

<latexit sha1_base64="rp7u6foHC/44LD/Ev3Tsr2FgcYg=">AAACBHicbVA9SwNBEN2LXzF+RS3THAYhFoY7FbURgjaWEcwH5I5jbrNJluztLbt7QjhS2PhXbCwUsfVH2Plv3CRXaOKDgcd7M8zMCwWjSjvOt5VbWl5ZXcuvFzY2t7Z3irt7TRUnEpMGjlks2yEowignDU01I20hCUQhI61weDPxWw9EKhrzez0SxI+gz2mPYtBGCoolbwhCQNC88hTlFS8kGo49YGIAR0Gx7FSdKexF4makjDLUg+KX141xEhGuMQOlOq4jtJ+C1BQzMi54iSIC8BD6pGMoh4goP50+MbYPjdK1e7E0xbU9VX9PpBApNYpC0xmBHqh5byL+53US3bv0U8pFognHs0W9hNk6tieJ2F0qCdZsZAhgSc2tNh6ABKxNbgUTgjv/8iJpnlTd8+rp3Vm5dp3FkUcldIAqyEUXqIZuUR01EEaP6Bm9ojfryXqx3q2PWWvOymb20R9Ynz/e/Zea</latexit>

V = sin(� � ↵)
<latexit sha1_base64="ulaJJFDHLdlfBL+O4Nq9JFNmCCk=">AAACHnicbVDLSgMxFM3UV62vqks3wSJUxDLjeyMU3bhUsFXolHInTdvQTBKSjFiGfokbf8WNC0UEV/o3ZmoXvg4EDufcw809keLMWN//8HITk1PTM/nZwtz8wuJScXmlbmSiCa0RyaW+jsBQzgStWWY5vVaaQhxxehX1TzP/6oZqw6S4tANFmzF0BeswAtZJreJ+2AeloFU/Dg0T5TCiFrZD4KoHm1thHMnbtMylVJhIrSnJQmZz2CqW/Io/Av5LgjEpoTHOW8W3sC1JElNhCQdjGoGvbDMFbRnhdFgIE0MVkD50acNRATE1zXR03hBvOKWNO1K7Jyweqd8TKcTGDOLITcZge+a3l4n/eY3Edo6aKRMqsVSQr0WdhGMrcdYVbrPsZD5wBIhm7q+Y9EADsa7Rgish+H3yX1LfqQQHld2LvVL1ZFxHHq2hdVRGATpEVXSGzlENEXSHHtATevbuvUfvxXv9Gs1548wq+gHv/RNdd6Kp</latexit>

V = sin(� � ↵) + (loop corrections)

Definition of Alignment limit: 
<latexit sha1_base64="gpYZ7EzMydOPyHPY5CmiucDTRjQ=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU1ItQ9OKxgv3ANpTJdtMu3WzC7kYoof/CiwdFvPpvvPlv3LY5aPXBwOO9GWbmBYng2rjul1NYWl5ZXSuulzY2t7Z3yrt7TR2nirIGjUWs2gFqJrhkDcONYO1EMYwCwVrB6Gbqtx6Z0jyW92acMD/CgeQhp2is9NAdYZJgr3nl9coVt+rOQP4SLycVyFHvlT+7/ZimEZOGCtS647mJ8TNUhlPBJqVuqlmCdIQD1rFUYsS0n80unpAjq/RJGCtb0pCZ+nMiw0jrcRTYzgjNUC96U/E/r5Oa8NLPuExSwySdLwpTQUxMpu+TPleMGjG2BKni9lZCh6iQGhtSyYbgLb78lzRPqt559fTurFK7zuMowgEcwjF4cAE1uIU6NICChCd4gVdHO8/Om/M+by04+cw+/ILz8Q3xYJBy</latexit>

V = 1
(tree):

(loop):

The dependence of  on  may change from the tree-level analysis. ΓA→Zh,H→hh κV



Detail of calculations
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Details of the calculations of NLO EW corrections

24

+≡ +

<latexit sha1_base64="PNjhyBk3NFMA2jQRGAU66ykpU/w="></latexit>

p2

p1

q

A

f̄

f

Ex). A—>ff

Renormalization scheme : on-shell scheme

δmΦ	,	δZΦ1Φ2	:		

δα,	δβ:	

𝜙1𝜙2δTh,	δTH	:		standard	tadpole	scheme,	alternative	tadpole	scheme

δM2  : MS scheme

The CTs are renormalized by Π̂ij(p2)

Another choice: Γ̂Φ→SS = 0

• Numerical instability

• Limit for parameter space by kinematics
[M. Krause, M. Muhlleitner, R. Santos, H. Ziesche]

On-shell}

Tree 1-loop Counter terms (CTs)
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Renormalization of tadpoles

25

●   Standard tadpole scheme (STS) [W.F.L. Hollik, Fortschr. Phys. 38 (1990) 165.]

tB
i = tR

i + δti (i = h, H )

Γ̂i = tR + δti + Γ1PI
i δti = − Γ1PI

i

●  Alternative tadpole scheme (ATS)

Φm → Φm + Δvm (m = 1,2)

Γ̂i = tB + f(Δvm) + Γ1PI
i

Δvm = ∑
i

RmiΓ1PI
i /m2

i

[J. Fleischer and F. Jegerlehner, PRD23, 2001 (1981) ]

(tB
i = 0, Γ̂i = 0)

(tR
i = 0, Γ̂i = 0)

-  While in STS tadpole affects only scalar self-energy, 
in ATS all self-energy has tadpole contributions.

-  This makes self-energy gauge-independent at on-shell mass.

Π̂ATS
ij = Π̂ij+

1PI

●  Difference between STS and ATS

Gauge invariant CTs can be obtained in ATS. 
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• In renormalization of mixing angle, there is a technical issue, namely, gauge 
dependence appears. [ Yamada, PRD64(2001)036008 ]

• We can check gauge dependence from Nielsen identify:

∂ξΠhh(p2) = 0

at                        ,     p2 = m2
H = m2

h∂ξΠHh ≠ 0 Gauge dependence for δα

∂ξΠij = (2p2 − m2
i − m2

j )Π̃ij
i, j = h, H, A, H±

Π̃ij : function of loop functions

-  i = j = h : δm2
h = Π1PI

hh (m2
h)

at p2 = m2
h   is gauge-independent.δm2

h

-  i = h, j = H : δα = {Π1PI
hH (m2

h) + Π1PI
hH (m2

H)}/(m2
H − m2

h)

• Though this , the decay amplitudes are also gauge-dependent. 
<latexit sha1_base64="26iz375zRQFFk250R70HF3rxh5Y="></latexit>

@MA!Zh

@⇠
=

@

@⇠

⇣
Mtree

A!Zh +M1PI
A!Zh + �MA!Zh

⌘

=
@

@⇠

⇣
M1PI

A!Zh + f(�Zi) + g(�↵, ��) + h(�mi)
⌘
=

@

@⇠
g(�↵, ��)

<latexit sha1_base64="jrcp3vklrXRwl2b5ypmvert0AZY=">AAAB7HicdVDLSsNAFJ34rPVVdelmsAiuwiSRmu6KblxWMG2hDWUynbRDJ5M4MxFK6De4caGIWz/InX/j9CGo6IELh3Pu5d57oowzpRH6sFZW19Y3Nktb5e2d3b39ysFhS6W5JDQgKU9lJ8KKciZooJnmtJNJipOI03Y0vpr57XsqFUvFrZ5kNEzwULCYEayNFPQEvUP9ShXZqO66rg+R7Xi+jxxDfMfz6jXo2GiOKlii2a+89wYpyRMqNOFYqa6DMh0WWGpGOJ2We7miGSZjPKRdQwVOqAqL+bFTeGqUAYxTaUpoOFe/TxQ4UWqSRKYzwXqkfnsz8S+vm+vYDwsmslxTQRaL4pxDncLZ53DAJCWaTwzBRDJzKyQjLDHRJp+yCeHrU/g/abm2U7O9m/Nq43IZRwkcgxNwBhxwARrgGjRBAAhg4AE8gWdLWI/Wi/W6aF2xljNH4Aest0/0wY7O</latexit>

6= 0
<latexit sha1_base64="vRYM8PSQKPamLl2nKEoQ0kSvme8=">AAAB6XicdVDLSsNAFJ3UV62vqks3g0VwFSaJ1HQhFN24rGIf0IYymU7aoZNJmJkIJfQP3LhQxK1/5M6/cfoQVPTAhcM593LvPWHKmdIIfViFldW19Y3iZmlre2d3r7x/0FJJJgltkoQnshNiRTkTtKmZ5rSTSorjkNN2OL6a+e17KhVLxJ2epDSI8VCwiBGsjXR7gfrlCrJRzXVdHyLb8XwfOYb4jufVqtCx0RwVsESjX37vDRKSxVRowrFSXQelOsix1IxwOi31MkVTTMZ4SLuGChxTFeTzS6fwxCgDGCXSlNBwrn6fyHGs1CQOTWeM9Uj99mbiX14305Ef5EykmaaCLBZFGYc6gbO34YBJSjSfGIKJZOZWSEZYYqJNOCUTwten8H/Scm2nans3Z5X65TKOIjgCx+AUOOAc1ME1aIAmICACD+AJPFtj69F6sV4XrQVrOXMIfsB6+wRoJ41N</latexit>

= 0

Gauge dependence in mixing angles
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Gauge independent renormalization of mixing angles

• In order to remove the gauge dependence in               ,  we utilize pinch technique.

Basic idea: 

δα, δβ

ΠHh → ΠHh+ΠPinch
Hh

∂ξδα = 0, ∂ξδβ = 0

• Another scheme for mixing angles in gauge invariant way

- p✳︎ scheme : Π̂Hh(p2 = [m2
H + m2

h]/2) = 0 [ Espinosa, Yamada, PRD67(2003) 036003 ]

T  = + + 

- On-shell conditions with S matrix (THDM+        (i=1,2),                 )νRi yνi → 0

ℳloop
H→νR1νR1

ℳloop
h→νR1νR1

=
ℳtree

H→νR1νR1

ℳtree
h→νR1νR1

=
cα

sα
h (H)

νRi

= yνi
cα (sα)

νRi

[ Denner, Dittmaier, Lang,

JHEP 1811(2018)104 ]

This should arise from the full NLO amp.


e.g., gg → A /H → f̄ f
<latexit sha1_base64="1VXRYoyB3wkuXIi2DbxwgsDJwAw="></latexit>

MNLO

gg!h/H!f̄f
3 MSE�like

gg!h/H!f̄f

Π̂Hh(p2 = [m2
H + m2

h]/2) = 0
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<latexit sha1_base64="jScH4D02q22YnJRVrLPsjsi+fsQ=">AAACEXicbVDLSgMxFM3UV62vqks3wSJUCnWmPjdC1U03hQr2AW0dMmmmDU1mhiQjlGF+wY2/4saFIm7dufNvTKddaOuBkJNz7uXmHidgVCrT/DZSC4tLyyvp1cza+sbmVnZ7pyH9UGBSxz7zRctBkjDqkbqiipFWIAjiDiNNZ3gz9psPREjqe3dqFJAuR32PuhQjpSU7m+/w0DYv89yOKnYpLiS3FReq9lWhVNWP+07A48OjUzubM4tmAjhPrCnJgSlqdvar0/NxyImnMENSti0zUN0ICUUxI3GmE0oSIDxEfdLW1EOcyG6UbBTDA630oOsLfTwFE/V3R4S4lCPu6EqO1EDOemPxP68dKveiG1EvCBXx8GSQGzKofDiOB/aoIFixkSYIC6r/CvEACYSVDjGjQ7BmV54njVLROise357kytfTONJgD+yDPLDAOSiDCqiBOsDgETyDV/BmPBkvxrvxMSlNGdOeXfAHxucPNdabXg==</latexit>

µ0 = (mH2 +mH1 +MA + 2MH±)/5

<latexit sha1_base64="hNiljKO8s0IOSir1ski1bNWezbo="></latexit>

MH2 = 125GeV, MH1 = 300GeV, MA,H+ = 460GeV,

�5 = �1.9, t� = 2, c��↵ = 0.1
BP: A1

Scheme difference in counterterms of mixing angles

,

OS1,2,12: On shell with H, h → νRiν̄Ri

BFMS: On-shell with  and the PTΠ̂Hh

Theoretical uncertainty (scheme difference) for on-shell scheme is a few %. 

[A. Denner, S. Dittmaier, J.N. Lang,1808.03466]



Results for A—>Zh and H—>hh
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Non-decoupling effects in ΓA→Zh

30

[M. Aiko, S. Kanemura, KS]

Typical graph :
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Boson loop 
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Boson loop 
( M ∼ mΦ )

Theoretically

excluded

<latexit sha1_base64="AGmuOj5BKRDgXBKyxRSqHSAQ8+c="></latexit>

W

h

A

fermion loop

Boson loop

• Some diagrams are not suppressed by  . cβ−α

<latexit sha1_base64="+3HcbTK4gOoe564jUtiyahlHFP0=">AAAB+3icdVDJSgNBEO2JW4xbjEcvjUGIB4eZTMhyC3jxGMEskAmhptNJmvT0DN09Ygj5FS8eFPHqj3jzb+wsgoo+KHi8V0VVvSDmTGnH+bBSG5tb2zvp3cze/sHhUfY411JRIgltkohHshOAopwJ2tRMc9qJJYUw4LQdTK4WfvuOSsUicaunMe2FMBJsyAhoI/WzOV8xUfADquHSBx6P4aKfzTu2UysWvTJ2bNerVmqeIVXXMxS7trNEHq3R6Gff/UFEkpAKTTgo1XWdWPdmIDUjnM4zfqJoDGQCI9o1VEBIVW+2vH2Oz40ywMNImhIaL9XvEzMIlZqGgekMQY/Vb28h/uV1Ez2s9mZMxImmgqwWDROOdYQXQeABk5RoPjUEiGTmVkzGIIFoE1fGhPD1Kf6ftIq2W7a9m1K+XlrHkUan6AwVkIsqqI6uUQM1EUH36AE9oWdrbj1aL9brqjVlrWdO0A9Yb5+jCJQq</latexit>

sin(� � ↵)
t

<latexit sha1_base64="DSqOowY54esdIvF1ZCaUY0mxu0U="></latexit>

MF
A!Zh

<latexit sha1_base64="KkIyryyJrWEGOFuhJVnud4wR0mY=">AAAB/HicdVDJSgNBEO1xjXGL5uilMQiehplMyHILePEYwSyQGUJPpydp0rPQXSOEYfwVLx4U8eqHePNv7CyCij4oeLxXRVU9PxFcgWV9GBubW9s7u4W94v7B4dFx6eS0p+JUUtalsYjlwCeKCR6xLnAQbJBIRkJfsL4/u1r4/TsmFY+jW5gnzAvJJOIBpwS0NCqV3UASmtl5BqPM9RmQPB+VKpZptapVp44t03aajZajSdN2NMW2aS1RQWt0RqV3dxzTNGQRUEGUGtpWAl5GJHAqWF50U8USQmdkwoaaRiRkysuWx+f4QitjHMRSVwR4qX6fyEio1Dz0dWdIYKp+ewvxL2+YQtD0Mh4lKbCIrhYFqcAQ40USeMwloyDmmhAqub4V0ynRaYDOq6hD+PoU/096VdOum85NrdKureMooDN0ji6RjRqoja5RB3URRXP0gJ7Qs3FvPBovxuuqdcNYz5TRDxhvn+cQlZI=</latexit>

1

t�

h

W+

H
<latexit sha1_base64="+3HcbTK4gOoe564jUtiyahlHFP0=">AAAB+3icdVDJSgNBEO2JW4xbjEcvjUGIB4eZTMhyC3jxGMEskAmhptNJmvT0DN09Ygj5FS8eFPHqj3jzb+wsgoo+KHi8V0VVvSDmTGnH+bBSG5tb2zvp3cze/sHhUfY411JRIgltkohHshOAopwJ2tRMc9qJJYUw4LQdTK4WfvuOSsUicaunMe2FMBJsyAhoI/WzOV8xUfADquHSBx6P4aKfzTu2UysWvTJ2bNerVmqeIVXXMxS7trNEHq3R6Gff/UFEkpAKTTgo1XWdWPdmIDUjnM4zfqJoDGQCI9o1VEBIVW+2vH2Oz40ywMNImhIaL9XvEzMIlZqGgekMQY/Vb28h/uV1Ez2s9mZMxImmgqwWDROOdYQXQeABk5RoPjUEiGTmVkzGIIFoE1fGhPD1Kf6ftIq2W7a9m1K+XlrHkUan6AwVkIsqqI6uUQM1EUH36AE9oWdrbj1aL9brqjVlrWdO0A9Yb5+jCJQq</latexit>

sin(� � ↵)

<latexit sha1_base64="81peRkOl40ipOxTEaQHLOvgqtEs="></latexit>

���0�00 ⇠ (m2
� �M2)/v

<latexit sha1_base64="SJvXWa96Kh6cFbVVapfqYwR6zGg=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0m0VI8FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NGxHbFStuXV3AbROvILUoEB7VP0ajmOSCioN4Vjrgecmxs+wMoxwOq8MU00TTKZ4QgeWSiyo9rPFrXN0YZUxCmNlSxq0UH9PZFhoPROB7RTYRHrVy8X/vEFqwls/YzJJDZVkuShMOTIxyh9HY6YoMXxmCSaK2VsRibDCxNh4KjYEb/XlddK9qnvN+vVDo9ZqFHGU4QzO4RI8uIEW3EMbOkAggmd4hTdHOC/Ou/OxbC05xcwp/IHz+QPhH44Z</latexit>

�

<latexit sha1_base64="rXc+5dtdT9fLMq+gfNcMjiYa2v8="></latexit>

1

16⇡2
s��↵

m2
�

v2
(M ⇠ v)

<latexit sha1_base64="8f8ObJZV1pDDDvoPBZzXPOKI77M="></latexit>

1

16⇡2
s��↵

m4
h

v2m2
�

(M � v)

<latexit sha1_base64="WilRWni4Uo4ofHdKMr5zffVcfyo="></latexit>

MB
A!Zh ⇠

• Fermion loop and Boson loop are destructive. → Total corrections reach ~15%.

<latexit sha1_base64="0Nno4BqVPRFipRqNDv4CpJgXai0="></latexit>

⇠ � 1

16⇡2

s��↵

t�

m4
t

v2m2
�

(mt ⌧ m�)

Suppression by tβ, m2
Φ

Nondecoupling effects
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BR(A —> Zh) vs ΔκV

31

<latexit sha1_base64="znmo9pwBLsW0L+yChxbHXjw+XFg=">AAACBXicbVC7SgNBFJ2Nrxhfq5ZaDAbBQsJuFLURgjbaRcgLsssyO5kkQ2YfzNwVw7KNjb9iY6GIrf9g5984eRSaeODC4Zx7ufcePxZcgWV9G7mFxaXllfxqYW19Y3PL3N5pqCiRlNVpJCLZ8oligoesDhwEa8WSkcAXrOkPrkd+855JxaOwBsOYuQHphbzLKQEteea+E/jRQ1rTloNvjx2cgZc6PgOSXZY9s2iVrDHwPLGnpIimqHrml9OJaBKwEKggSrVtKwY3JRI4FSwrOIliMaED0mNtTUMSMOWm4y8yfKiVDu5GUlcIeKz+nkhJoNQw8HVnQKCvZr2R+J/XTqB74aY8jBNgIZ0s6iYCQ4RHkeAOl4yCGGpCqOT6Vkz7RBIKOriCDsGefXmeNMol+6x0cndarFxN48ijPXSAjpCNzlEF3aAqqiOKHtEzekVvxpPxYrwbH5PWnDGd2UV/YHz+ALy7mBY=</latexit>

Type I, t� = 2

Nondecoupling effect of H,A,H± enhances ΔκZ → ΔκZ ≠ 0 but BR~1%
<latexit sha1_base64="xVC/xM+ipPtCad5B01jQFtqCaHc="></latexit>

M2 ' m2
A, |c��↵| ⇠ 0.1 :

<latexit sha1_base64="nrgHvOng5o8/QIhgkJdeoiq5Dyc=">AAACEHicbVDJSgNBEO1xjXGLevTSGEQPGmaSuJ6CXrwIEYwKmRhqOpWkSc9id48QhnyCF3/FiwdFvHr05t/YiVHcHhQ83quiqp4XCa60bb9ZI6Nj4xOTqan09Mzs3HxmYfFMhbFkWGGhCOWFBwoFD7CiuRZ4EUkE3xN47nUO+/75NUrFw+BUdyOs+dAKeJMz0EaqZ9aOL/Ou4j5eUXuDsnrieqhh0wURtaH36dD9eiZr5+wBqJ0rFLfyew79UpwhyZIhyvXMq9sIWexjoJkApaqOHelaAlJzJrCXdmOFEbAOtLBqaAA+qloyeKhHV43SoM1Qmgo0HajfJxLwler6nun0QbfVb68v/udVY93crSU8iGKNAftY1IwF1SHtp0MbXCLTomsIMMnNrZS1QQLTJsO0CcH5/fJfcpbPOdu5wkkxWzoYxpEiy2SFrBOH7JASOSJlUiGM3JA78kAerVvr3nqynj9aR6zhzBL5AevlHYyfm6s=</latexit>

M2 ' 0, c��↵ ' 0 :

Nondecoupling effect of H can affect → ΔκZ ~ 0 but BR~O(10)%

h

H

Z

<latexit sha1_base64="JdXp/239O/4BCEMxvGH7JTStZLA=">AAAB+3icdVDJSgNBEO2JW4xbjEcvjUGIB4eZTMhyC3jxGMEskAmhptOTNOlZ6O4Rw5Bf8eJBEa/+iDf/xs4iqOiDgsd7VVTV82LOpLKsDyOzsbm1vZPdze3tHxwe5Y8LHRklgtA2iXgkeh5IyllI24opTnuxoBB4nHa96dXC795RIVkU3qpZTAcBjEPmMwJKS8N8wSWRLLkeVXDpAo8ncDHMFy3TapTLThVbpu3Uaw1Hk7rtaIpt01qiiNZoDfPv7igiSUBDRThI2betWA1SEIoRTuc5N5E0BjKFMe1rGkJA5SBd3j7H51oZYT8SukKFl+r3iRQCKWeBpzsDUBP521uIf3n9RPn1QcrCOFE0JKtFfsKxivAiCDxighLFZ5oAEUzfiskEBBCl48rpEL4+xf+TTtm0q6ZzUyk2K+s4sugUnaESslENNdE1aqE2IugePaAn9GzMjUfjxXhdtWaM9cwJ+gHj7RObFJQl</latexit>

cos(� � ↵)
H

<latexit sha1_base64="K+ZwB/qk+NP5SgH7HGnoWgC9syY=">AAAB9HicdVDLSgMxFL1TX7W+qi7dBIvgaphpre3sCm66rGAf0A4lk0nb0MzDJFMoQ7/DjQtF3Pox7vwbM20FFT0QOJxzLvfmeDFnUlnWh5Hb2Nza3snvFvb2Dw6PiscnHRklgtA2iXgkeh6WlLOQthVTnPZiQXHgcdr1pjeZ351RIVkU3ql5TN0Aj0M2YgQrLbkDrqM+HqaTZnMxLJYs06lXq5U6skzLcspOTRPHceyajWytZCjBGq1h8X3gRyQJaKgIx1L2bStWboqFYoTTRWGQSBpjMsVj2tc0xAGVbro8eoEutOKjUST0CxVaqt8nUhxIOQ88nQywmsjfXib+5fUTNaq7KQvjRNGQrBaNEo5UhLIGkM8EJYrPNcFEMH0rIhMsMFG6p4Iu4eun6H/SKZv2tVm5vSo1yus68nAG53AJNtSgAU1oQRsI3MMDPMGzMTMejRfjdRXNGeuZU/gB4+0TQOOSZQ==</latexit>

�hHH

<latexit sha1_base64="w8p7j/8E/08S8P6KnsdGgKbpr0Y=">AAAB9HicdVDLSsNAFJ3UV62vqks3g0VwFZLW2mZXcJNlBfuANpTJZNIOnUzizKRQQr/DjQtF3Pox7vwbJ20FFT0wcDjnXO6d4yeMSmVZH0ZhY3Nre6e4W9rbPzg8Kh+fdGWcCkw6OGax6PtIEkY56SiqGOkngqDIZ6TnT29yvzcjQtKY36l5QrwIjTkNKUZKS96Q6WiARpnruotRuWKZTrNerzWhZVqWU3UamjiOYzdsaGslRwWs0R6V34dBjNOIcIUZknJgW4nyMiQUxYwsSsNUkgThKRqTgaYcRUR62fLoBbzQSgDDWOjHFVyq3ycyFEk5j3ydjJCayN9eLv7lDVIVNr2M8iRVhOPVojBlUMUwbwAGVBCs2FwThAXVt0I8QQJhpXsq6RK+fgr/J92qaV+btdurSqu6rqMIzsA5uAQ2aIAWcEEbdAAG9+ABPIFnY2Y8Gi/G6ypaMNYzp+AHjLdPEAOSRQ==</latexit>

�HHH

Z
Dominant diagrams : 
for h—>ZZ*

<latexit sha1_base64="kaxXtZAEfEPbTmtu1X4CtTE7eC4="></latexit>

⇠ 1

16⇡2
(m2

H
�M2)2c��↵

This compensates tree 
level contributions in ΔκZ . 

[M. Aiko, S. Kanemura, KS]

<latexit sha1_base64="6ghUmua35trtF846t8hIF+p7sjY="></latexit>

�Z =
�2HDM

h!ZZ⇤

�SM

h!ZZ⇤
� 1
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NLO corrections for BR(A —> Zh)

32

:  ΔBR can exceed 100%
<latexit sha1_base64="fphIvnWf4lPHdliMhRCnTkcPGzM=">AAACCnicbVDJTgJBEO3BDXEb9eillZB4IjPuR6IePGIiS2QIqWkK6NCzpLvHhABnL/6KFw8a49Uv8Obf2CwHBV9Syct7Vamq58eCK+0431ZqYXFpeSW9mllb39jcsrd3yipKJMMSi0Qkqz4oFDzEkuZaYDWWCIEvsOJ3r0Z+5QGl4lF4p3sx1gNoh7zFGWgjNez9gXeNQgP1uhDH0LgfUE+gUooH1MmfUi/XsLNO3hmDzhN3SrJkimLD/vKaEUsCDDUToFTNdWJd74PUnAkcZrxEYQysC22sGRpCgKreH78ypDmjNGkrkqZCTcfq74k+BEr1At90BqA7atYbif95tUS3Lup9HsaJxpBNFrUSQXVER7nQJpfItOgZAkxycytlHZDAtEkvY0JwZ1+eJ+WjvHuWP749yRYup3GkyR45IIfEJeekQG5IkZQII4/kmbySN+vJerHerY9Ja8qazuySP7A+fwA3gplN</latexit>

|�Z | . 0.5%

<latexit sha1_base64="qSfroeQyMLWRO7rRNNUqT89nFwo="></latexit>

|M(A ! Zh)|2 = CAZh

✓
g2Z
4
c2��↵ + gZc��↵Re�

loop
AZh + |�loop

AZh|
2

◆

Tree 1-loop

<latexit sha1_base64="JIBERIT0taJjudE3pajP2D6cQBk=">AAACBXicbVDLSsNAFJ34rPUVdamLwSK4MSQq6rLoxmUF+4AmhJvppB06eTAzEUrajRt/xY0LRdz6D+78G6dtFtp64MLhnHu5954g5Uwq2/42FhaXlldWS2vl9Y3NrW1zZ7chk0wQWicJT0QrAEk5i2ldMcVpKxUUooDTZtC/GfvNByokS+J7NUipF0E3ZiEjoLTkmwdD4uduQBWcuMDTHoyG2JUswrblYN+s2JY9AZ4nTkEqqEDNN7/cTkKyiMaKcJCy7dip8nIQihFOR2U3kzQF0ocubWsaQ0Sll0++GOEjrXRwmAhdscIT9fdEDpGUgyjQnRGonpz1xuJ/XjtT4ZWXszjNFI3JdFGYcawSPI4Ed5igRPGBJkAE07di0gMBROngyjoEZ/bledI4tZwL6+zuvFK9LuIooX10iI6Rgy5RFd2iGqojgh7RM3pFb8aT8WK8Gx/T1gWjmNlDf2B8/gABQpeY</latexit>

|c��↵| ⇠ 0.1 :  ΔBR is close to 0%
<latexit sha1_base64="i8qQBsoVb0+LFHL//udzV3Dc+1g="></latexit>

�BR
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1 +�EW
A!Zh

1 +�EW
tot

� 1

<latexit sha1_base64="3/FGVCb/JHxTMGDL76uq7FJIarA="></latexit>

⇠ �EW
A!Zh

<latexit sha1_base64="ktdZkB+1koiVpSFqjUrME5eilbI=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KomKeix68VjBfkAbymY7aZfuJunuRiihf8KLB0W8+ne8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dJwqhnUWi1i1AqpR8AjrhhuBrUQhlYHAZjC8m/rNJ1Sax9GjGSfoS9qPeMgZNVZqdTSXOCJut1R2K+4MZJl4OSlDjlq39NXpxSyVGBkmqNZtz02Mn1FlOBM4KXZSjQllQ9rHtqURlaj9bHbvhJxapUfCWNmKDJmpvycyKrUey8B2SmoGetGbiv957dSEN37GoyQ1GLH5ojAVxMRk+jzpcYXMiLEllClubyVsQBVlxkZUtCF4iy8vk8Z5xbuqXDxclqu3eRwFOIYTOAMPrqEK91CDOjAQ8Ayv8OaMnBfn3fmYt644+cwR/IHz+QN8eo+d</latexit>' 0

[M. Aiko, S. Kanemura, KS]
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Correlation between  and  ΓH→hh λhhh

33

[Kanemura, Kikchi, Yagyu]

  BRMax
LO

  BRMax
NLO

   Δm ≡ mA − mH

Nondecoupling effect in  predicts sizable deviation in  . ΓH→hh λhhh

→  if  H is discovered and the BRs are precisely determined, the 
scenario of EWBG can be tested. 

Realization of strong 1st OPT
λhhh

λSM
hhh

− 1 ≳ 10 % [S. Kanemura, Y. Okada, E. Senaha, 
Phys.Lett.B 606 (2005) 361]



Radiative corrections to heavy Higgs bosons decays in 2HDMKodai Sakurai /3534

How can we discriminate types of 2HDMs?

34

Near alignment regions   —>  precise measurements of h ( ILC, CLIC, FCC-ee, etc.)(sin(β − α) ≠ 1)

Exact alignment regions    —>   Decay pattern of A (HL-LHC, FCC-hh, μ collider, etc.)(sin(β − α) = 1)

    (type I)
mA

t2
β

•    does not depends on  ΓA→f f̄ sin(β − α)

• Different  dependence.tan β

  (type II)mAt2
β

  ΓA→f f̄ ∝

• Suppression by    ΓA→ZH ∝ (mA − mH)2

  mA = 800GeV

  
m

A
−

m
H

[G
eV

]
→  Characteristic decay pattern of A 

even in alignment limit

→  Direct search of A and precision measurements of h are complimentary to determine Type. 

[M. Aiko, S. Kanemura, KS]
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Summary

35

●  Scalar-to-scalar decays (e.g., A—>Zh,H —>hh) are proportional to cos(β-α).In near 
alignment region (sin(β-α)≠1), loop corrections to those processes can be significant. 

<latexit sha1_base64="znmo9pwBLsW0L+yChxbHXjw+XFg=">AAACBXicbVC7SgNBFJ2Nrxhfq5ZaDAbBQsJuFLURgjbaRcgLsssyO5kkQ2YfzNwVw7KNjb9iY6GIrf9g5984eRSaeODC4Zx7ufcePxZcgWV9G7mFxaXllfxqYW19Y3PL3N5pqCiRlNVpJCLZ8oligoesDhwEa8WSkcAXrOkPrkd+855JxaOwBsOYuQHphbzLKQEteea+E/jRQ1rTloNvjx2cgZc6PgOSXZY9s2iVrDHwPLGnpIimqHrml9OJaBKwEKggSrVtKwY3JRI4FSwrOIliMaED0mNtTUMSMOWm4y8yfKiVDu5GUlcIeKz+nkhJoNQw8HVnQKCvZr2R+J/XTqB74aY8jBNgIZ0s6iYCQ4RHkeAOl4yCGGpCqOT6Vkz7RBIKOriCDsGefXmeNMol+6x0cndarFxN48ijPXSAjpCNzlEF3aAqqiOKHtEzekVvxpPxYrwbH5PWnDGd2UV/YHz+ALy7mBY=</latexit>

Type I, t� = 2

●  We calculated NLO corrections to two-body decays of heavy Higgs in 2HDMs. 

●  We discussed the correlation between heavy Higgs decays and observables for 
h125 at the 1-loop level.  

Loop corrections can affect both of them. Correlations at 
loop level are changed from the tree-level analysis. 


