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The shape of the Higgs sector is unknown

2

• Extended Higgs sector is interesting possibility for new physics.

+…ΦSM + Φ′￼

Neutrino masses,Dark matter, 

Baryon asymmetry of the Universe,

muon-2,  W mass, GWs, …

• It is not completely excluded by the current LHC experiments. 

Reconstructing Higgs sector is an important task for finding new physics.

[CMS, Nature 607,60–68 (2022)][ATLAS, Nature 607,60–68 (2022)]
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How is the Higgs sector tested?

3

Direct search Indirect search

Higgs observables, 

𝐻±

𝐻   𝐴 

h

𝑀

S,T parameters,… 

𝐻±

𝐻   𝐴 
𝑀

LHC, ILC,


FCC, CLIC …

h

Discovery

Precision

measurements

A combination of these two ways can test the Higgs sector.

Mixing, loop correction
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●  Introduction

●  Model

-HCOUP, results for A—>Zh and h—>ZZ*

●  Summary

-  2HDM, motivations.

●  Radiative corrections to Higgs decays
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Two Higgs doublet models (2HDMs) [1/2]

5

• Higgs potential

• Softly broken  symmetry is imposed.Z2
<latexit sha1_base64="4xlszxrKVIF2jjy0A9jKs9X4YGI=">AAACEXicbZC7TsMwFIYdriXcAowsFhVSB6iSIgFjBQtjkehFaqLIcZzWqnPBdpCqqK/AwquwMIAQKxsbb4NzGaDlSJY+/+cc2f/vJYwKaZrf2tLyyuraem1D39za3tk19vZ7Ik45Jl0cs5gPPCQIoxHpSioZGSScoNBjpO9NrvN+/4FwQePoTk4T4oRoFNGAYiSV5BoNuzOmrmXLGJZ0Yt+nyNeLSyuXT0t0jbrZNIuCi2BVUAdVdVzjy/ZjnIYkkpghIYaWmUgnQ1xSzMhMt1NBEoQnaESGCiMUEuFkhaMZPFaKD4OYqxNJWKi/NzIUCjENPTUZIjkW871c/K83TGVw6WQ0SlJJIlw+FKQMKqN5PNCnnGDJpgoQ5lT9FeIx4ghLFaKuQrDmLS9Cr9W0zptnt2a9fVXFUQOH4Ag0gAUuQBvcgA7oAgwewTN4BW/ak/aivWsf5eiSVu0cgD+lff4Ani2bnQ==</latexit>

�1 ! �1, �2 ! ��2

• Component fields and physical states

3 of 8 d.o.f are G0, G±   : SM-like Higgs bosonh
  : Heavy Higgs bosonsH, A, H±

2HDM is a simple example of the extended Higgs sector. It has 
several motivations to study. 
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Two Higgs doublet models (2HDMs) [2/2]
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• Model parameters

m1-3, λ1-5
mH,A,H±, M2, sin(β − α), tan β,

v ( = 246GeV), mh ( = 125GeV)

M2 =
m2

3

cos β sin β

• Yukawa sector

-  Due to  symmetry, either  or  couple with each matter field. Z2 Φ1 Φ2

→ Flavor-changing neutral current (FCNC) is forbidden at the tree level. 

-  There are 4 types of interactions.

<latexit sha1_base64="W6rQiCfaL6Q2gwU9LaBWeaejd6o="></latexit>

�u �d �e

Type I �2 �2 �2

Type II �2 �1 �1

Type X �2 �2 �1

Type Y �2 �1 �2

MSSM
Radiative seesaw models

<latexit sha1_base64="zp28wJcS099igqwyATTVVrZ2Xe4="></latexit>

�LY = YuQLi�2�
⇤
uuR + YdQL�ddR + YeLL�eeR + h.c.

Light  scenarioH±
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Decoupling limit and alignment limit

7

Decoupling limit: 

m2
Φ ∼ M2 + f(λi)v2

• Heavy Higgs masses is governed by  :M2

M2 → ∞

 Alignment limit: α → β − π/2

• All scalars are diagonalized by  :β (Φ1
Φ2) = R(β)(H1

H2)
  ∋ h
  ∋ H, A, H±

• Higgs boson couplings coincide with the SM:

κV = sin(β − α) → 1

κf = sin(β − α) + ζf cos(β − α) → 1

• All effects of heavy Higgs is suppressed by .1/M2
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The relation between  and α M

8

-  The decoupling limit leads to the alignment limit ( if  perturbative).  λi

tan 2(β − α) =
∑i ciλiv2

∑i ciλiv2 + M2

M2 → ∞α → β − π/2

→ 0
M2 → ∞

0 = ∑
i

ciλiv2-  The opposite is not true :
Alignment 

limit

This doesn’t 
depend on M.

In 2HDM, alignment without decoupling scenario is possible.

counterexample: MSSM tan 2α
tan 2β

=
m2

H /m2
A + m2

h /m2
A

1 + m2
z /m2

Am2
A → ∞α → β − π/2

m2
H = m2

A + m2
Z(1 − cos2 2β)
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Distinct scenarios [1/3]

9

We can describe the model parameter space by the decoupling 
parameter and the alignment parameter. 

<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(� � ↵)

SM like-limit 

D
ec

ou
pl

in
g 

lim
it

Alignment limit
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Distinct scenarios [2/3]
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Exact alignment or nearly alignment scenarios are favored. 

<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(� � ↵)

SM like-limit 

D
ec

ou
pl

in
g 

lim
it

Alignment limit

Excluded by
Higgs measurements

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

Nearly alignmentExact 
alignment
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Distinct scenarios [3/3]
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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(� � ↵)

SM like-limit 

D
ec

ou
pl

in
g 

lim
it

Alignment limit

Excluded by
Higgs measurements

Alignment with 
decoupling

Alignment w.o. 
decoupling

Alignment with decoupling

Alignment w.o. decoupling

-  Deviations in the HCs. 

-  Strong1st EWPT

-  Gravitational wave

-  It is difficult to test.  

Intriguing scenario. The 
testability should be studied.
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Synergy between direct and indirect searches[1/2]
Exact alignment scenario:

<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="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 searchesc [2/2]
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]

(Ex.):  

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

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

13

<latexit sha1_base64="p8Nblu8a87kD8hMF78TpkyCXK/A=">AAACJHicbVDLSgMxFM34rPVVdekmWIR20WFG8VFEENy4VLAqdEq5k97a0ExmTDJCKf0YN/6KGxc+cOHGbzGts9DWA4HDOedyc0+YCK6N5306U9Mzs3PzuYX84tLyymphbf1Kx6liWGOxiNVNCBoFl1gz3Ai8SRRCFAq8DrunQ//6HpXmsbw0vQQbEdxK3uYMjJWahaNAc1kKQjRQCUAkHSgfU8+tVvcCWqIBi/Vf08YjvKMVz/XLzULRc70R6CTxM1IkGc6bhbegFbM0QmmYAK3rvpeYRh+U4UzgIB+kGhNgXbjFuqUSItSN/ujIAd22Sou2Y2WfNHSk/p7oQ6R1LwptMgLT0ePeUPzPq6emfdjoc5mkBiX7WdROBTUxHTZGW1whM6JnCTDF7V8p64ACZmyveVuCP37yJLnacf19d/fCK55UszpyZJNskRLxyQE5IWfknNQIIw/kibyQV+fReXbenY+f6JSTzWyQP3C+vgF4SqGR</latexit>

sin(� � ↵) = 0.995 (cos(� � ↵) ' �0.1)

<latexit sha1_base64="5XK7JWziGNKE6nh+yK8/eL63Dbc=">AAACBHicbVA9SwNBEN2LXzF+nVqmOQxCLAx3CtFGCNhYRjAfmDvC3GYvWbK3t+zuCSGksPGv2FgoYuuPsPPfuEmu0MQHA4/3ZpiZFwpGlXbdbyu3srq2vpHfLGxt7+zu2fsHTZWkEpMGTlgi2yEowignDU01I20hCcQhI61weD31Ww9EKprwOz0SJIihz2lEMWgjde2iPwQhoHt/5SvKy35INJz6wMQATrp2ya24MzjLxMtICWWod+0vv5fgNCZcYwZKdTxX6GAMUlPMyKTgp4oIwEPok46hHGKigvHsiYlzbJSeEyXSFNfOTP09MYZYqVEcms4Y9EAtelPxP6+T6ugyGFMuUk04ni+KUuboxJkm4vSoJFizkSGAJTW3OngAErA2uRVMCN7iy8ukeVbxqpXzW7dUq2Zx5FERHaEy8tAFqqEbVEcNhNEjekav6M16sl6sd+tj3pqzsplD9AfW5w/gfZeO</latexit>

Z = sin(� � ↵)



/2514

Importance of NLO corrections to heavy Higgs

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

m�(⌘ mH = mA = mH±) [GeV]

14

<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)

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

H   

     for ( )

∝ cos(β − α)

A → Zh, H → hh

H, A

  ∝
1

tan β

The loop effect on heavy Higgs decays can 
be significant.

<latexit sha1_base64="Li2/RFYmvASnK3rps+Dd8E44fqw="></latexit>

�NLO

S!SV = �̃LO(c2��↵ + c��↵�
NLO)

 ?ΔNLO > cβ−α

Our interest : impact of NLO corrections on heavy Higgs boson decays.
Correlation between decays of heavy Higgs and h(125).
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H-COUP ver. 3

15

http://www-het.phys.sci.osaka-u.ac.jp/~hcoup/

[2311.15892]

• Fortran program to evaluate the NLO EW corrections and 
(N)NLO QCD corrections to various Higgs decays. 

• Outputs (EW correction: On-shell scheme, QCD correction:MS scheme )

h: On-shell 2-body decays (e.g.,  )h → f̄ f
Off-shell 3-body decays (e.g.,  )h → ZZ* → Zf̄f

: H, A, H± On-shell 2-body decays (e.g.,  )A → f̄ f, Zh

• Model Two Higgs doublet models (Type I, Type II, Type X, Type Y)
Inert doublet model
Higgs singlet model (without global symmetry)
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Other public tools

16

• 2HDECAY, sHDECAY, NHDECAY

-  2-body decays of all Higgs boson with NLO EW and  the state of the art 
QCD corrections.

-  Model: THDMs (2HDECAY), the Singlet extension of the SM with   
(sHDECAY), THDMs + real singlet (NHDECAY)

Z2

• PROPHECY4F
-  CP-even Higgs decays into 4fermions with NLO EW and QCD corrections. 

-  Model: THDMs, the Singlet extension of the SM with .Z2

• Flexibledecay 

[M. Krause, M. Mühlleitner, M. Spira, CPC 246 (2020) 106852], 

[F. Egle, M. Mühlleitner, ,R. Santos,J. Viana, JHEP 11 (2023) 116]]
[M. Krause, M. Mühlleitner, 1904.02103]

[L. Altenkamp, S. Dittmaier, H. Rzehak,JHEP 1803 (2018) 110]

- 2-body decays of neutral Higgs bosons with SM QCD/EW corrections in 
HSM, Type II 2HDM, CMSSM,MRMSSM. 

- BSM effect is at LO.

[P. Athron, A. Büchner, et. al., Comput.Phys.Commun. 283, (2023) 108584]
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Numerical analysis

17

●  We chose  and  to illustrate the NLO corrections. A → Zh h → ZZ*

v ≲ ma

<latexit sha1_base64="rLzLRLL7YIneIp5JhzDeckxewTs="></latexit>

h H A H
±

h ! ff̄ H ! ff̄ A ! ff̄ H
± ! ff

0

h ! ZZ
⇤

H ! ZZ, WW A ! ZZ, WW H
± ! Wh

h ! WW
⇤

H ! hh A ! Zh H
± ! WH, WA

h ! gg H ! ZA,WH
±

A ! HZ, WH
±

H
± ! W�, WZ

h ! ��, Z� H ! gg A ! gg

H ! ��, Z� A ! ��, Z�

●  Benchmark scenarios for  alignment w.o. decoupling ( )|cβ−α | < 0.1

(I)  in Type I 2HDMmA = mH± = 300GeV

(II)  in Type I,II 2HDMsmA = mH± = 800GeV

 : Suppression of A → Zh ΓLO
A→Zh  : precise measurement in future 

                   colliders (e.g.  0.76% @ILC)
h → ZZ*

A realistic scenario for Type II due to   ( ).B → Xsγ mH± ≳ 600GeV

The scenario can be explored by HL-LHC.

[1710.07621]
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Non-decoupling effects in ΓA→Zh

18

[M. Aiko, S. Kanemura, KS]

Typical graph :

-30
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Type-I,II; sin(β-α)=0.995, cβ-α <0
∆

EW
(A
→

Zh
) [

%
] 

mΦ(=mH=mA=mH±) [GeV]

Fermion loop  Total ( M ∼ m
Φ )Total ( M ∼ M

min )

Boson loop 
( M ∼ Mmin )

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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Scenario I: BR(A —> Zh) vs ΔκV at LO

19

[M. Aiko, S. Kanemura, KS]

ΔκZ = sβ−α − 1 ≃ − c2
β−α /2

●   and BR( ) are governed by . Positive correlation.ΔκZ A → Zh c2
β−α

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
0.01

0.05

0.10

0.50

1

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

Type I, t� = 2

, BR(A → Zh) ≃ c2
β−α

m3
A

16πΓA
totv2

<latexit sha1_base64="5K6+zLn7lIyfipWCrr4w+LgXyX8=">AAACBnicbVBNS8NAEN3Ur1q/oh5FWCyCh1ISC9WLUPFgjxVsKzQxbLabduluEnY3Qgk5efGvePGgiFd/gzf/jds2B219MPB4b4aZeX7MqFSW9W0UlpZXVteK66WNza3tHXN3ryOjRGDSxhGLxJ2PJGE0JG1FFSN3sSCI+4x0/dHVxO8+ECFpFN6qcUxcjgYhDShGSkueeVhxIPfSZuWy0rx3Yp5d1CwrdQSH16STeWbZqlpTwEVi56QMcrQ888vpRzjhJFSYISl7thUrN0VCUcxIVnISSWKER2hAepqGiBPpptM3MnislT4MIqErVHCq/p5IEZdyzH3dyZEaynlvIv7n9RIVnLspDeNEkRDPFgUJgyqCk0xgnwqCFRtrgrCg+laIh0ggrHRyJR2CPf/yIumcVu16tXZjlRv1PI4iOABH4ATY4Aw0QBO0QBtg8AiewSt4M56MF+Pd+Ji1Fox8Zh/8gfH5A0/vlxY=</latexit>

, mH,A,H± = 300GeV

<latexit sha1_base64="+L2fQ+kScLcgICIpiDiEe3n+8Oc=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwY0kqqBuh4MZlBfuAJoSb6aQdOpmEmYlQQ/FX3LhQxK3/4c6/cdpmoa0HLhzOuZd77wlTzpR2nG9raXlldW29tFHe3Nre2bX39lsqySShTZLwRHZCUJQzQZuaaU47qaQQh5y2w+HNxG8/UKlYIu71KKV+DH3BIkZAGymwD0mQeyHVcOYBTwcwvnaqbmBXnKozBV4kbkEqqEAjsL+8XkKymApNOCjVdZ1U+zlIzQin47KXKZoCGUKfdg0VEFPl59Prx/jEKD0cJdKU0Hiq/p7IIVZqFIemMwY9UPPeRPzP62Y6uvJzJtJMU0Fmi6KMY53gSRS4xyQlmo8MASKZuRWTAUgg2gRWNiG48y8vklat6l5Uz++cSr1WxFFCR+gYnSIXXaI6ukUN1EQEPaJn9IrerCfrxXq3PmatS1Yxc4D+wPr8AVyRlHQ=</latexit>

c��↵ = 0.1
<latexit sha1_base64="R648J665M5Uv+VRf21kMHtvn0ZI=">AAAB/nicbVBNS8NAEN34WetXVDx5WSyCl4akgnoRCl48VrAf0IQw2W7bpZtN2N0IJRT8K148KOLV3+HNf+O2zUFbHww83pthZl6Ucqa0635bK6tr6xubpa3y9s7u3r59cNhSSSYJbZKEJ7ITgaKcCdrUTHPaSSWFOOK0HY1up377kUrFEvGgxykNYhgI1mcEtJFC+5iEuR9RDVUfeDqEyU3VdbzQrriOOwNeJl5BKqhAI7S//F5CspgKTTgo1fXcVAc5SM0Ip5OynymaAhnBgHYNFRBTFeSz8yf4zCg93E+kKaHxTP09kUOs1DiOTGcMeqgWvan4n9fNdP86yJlIM00FmS/qZxzrBE+zwD0mKdF8bAgQycytmAxBAtEmsbIJwVt8eZm0ao536Vzcu5V6rYijhE7QKTpHHrpCdXSHGqiJCMrRM3pFb9aT9WK9Wx/z1hWrmDlCf2B9/gDM85Sr</latexit>

c��↵ = �0.1

●  The maximum of   is 0.5% at LO. ΔκZ

ΔκZ =
Γ2HDM

h→ZZ*

ΓSM
h→ZZ*

− 1
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Scenario I: BR(A —> Zh) vs ΔκV at NLO

20

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

Type I, t� = 2

[M. Aiko, S. Kanemura, KS]

ΔκZ =
Γ2HDM

h→ZZ*

ΓSM
h→ZZ*

− 1
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<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="nrgHvOng5o8/QIhgkJdeoiq5Dyc=">AAACEHicbVDJSgNBEO1xjXGLevTSGEQPGmaSuJ6CXrwIEYwKmRhqOpWkSc9id48QhnyCF3/FiwdFvHr05t/YiVHcHhQ83quiqp4XCa60bb9ZI6Nj4xOTqan09Mzs3HxmYfFMhbFkWGGhCOWFBwoFD7CiuRZ4EUkE3xN47nUO+/75NUrFw+BUdyOs+dAKeJMz0EaqZ9aOL/Ou4j5eUXuDsnrieqhh0wURtaH36dD9eiZr5+wBqJ0rFLfyew79UpwhyZIhyvXMq9sIWexjoJkApaqOHelaAlJzJrCXdmOFEbAOtLBqaAA+qloyeKhHV43SoM1Qmgo0HajfJxLwler6nun0QbfVb68v/udVY93crSU8iGKNAftY1IwF1SHtp0MbXCLTomsIMMnNrZS1QQLTJsO0CcH5/fJfcpbPOdu5wkkxWzoYxpEiy2SFrBOH7JASOSJlUiGM3JA78kAerVvr3nqynj9aR6zhzBL5AevlHYyfm6s=</latexit>

M2 ' 0, c��↵ ' 0 :

[M. Aiko, S. Kanemura, KS]

ΔκZ =
Γ2HDM

h→ZZ*

ΓSM
h→ZZ*

− 1
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Scenario I: BR(A —> Zh) vs ΔκV at NLO

22

<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]

ΔκZ =
Γ2HDM

h→ZZ*

ΓSM
h→ZZ*

− 1
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:  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
EW =

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]
<latexit sha1_base64="DAA8jP/jarTCa1E/uSr+mDEnUSU="></latexit>

�BR

EW
=

BRNLO

A!Zh

BRLO

A!Zh

� 1
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Scenario II: Correlation in h(125) decays
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 ILC250

<latexit sha1_base64="q+Lsk6IP0LIpNwvtAz7aEnjrvY0=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1iEuilJFXUjFNy4EKxgH9CEMJlO26GTBzM3QgkBf8WNC0Xc+h3u/BunbRbaeuDC4Zx7ufcePxZcgWV9G4Wl5ZXVteJ6aWNza3vH3N1rqSiRlDVpJCLZ8YligoesCRwE68SSkcAXrO2Prid++5FJxaPwAcYxcwMyCHmfUwJa8syD1JEBvr3LKuCljs+AZFe1E88sW1VrCrxI7JyUUY6GZ345vYgmAQuBCqJU17ZicFMigVPBspKTKBYTOiID1tU0JAFTbjo9P8PHWunhfiR1hYCn6u+JlARKjQNfdwYEhmrem4j/ed0E+pduysM4ARbS2aJ+IjBEeJIF7nHJKIixJoRKrm/FdEgkoaATK+kQ7PmXF0mrVrXPq6f3Z+W6ncdRRIfoCFWQjS5QHd2gBmoiilL0jF7Rm/FkvBjvxsestWDkM/voD4zPHx9ElOU=</latexit> L
O
(
t �

=
2
)

<latexit sha1_base64="ShE9Ftt6H+NYxj8ioeymqbfb9l8=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWAR6qYkKupGKLhxIVjBPqAJYTKdtkMnD2ZuhBKz8FfcuFDErb/hzr9x2mahrQcuHM65l3vv8WPBFVjWt1FYWFxaXimultbWNza3zO2dpooSSVmDRiKSbZ8oJnjIGsBBsHYsGQl8wVr+8Grstx6YVDwK72EUMzcg/ZD3OCWgJc/cSx0Z4JvbrAJe6vgMSHZpW0eeWbaq1gR4ntg5KaMcdc/8croRTQIWAhVEqY5txeCmRAKngmUlJ1EsJnRI+qyjaUgCptx0cn+GD7XSxb1I6goBT9TfEykJlBoFvu4MCAzUrDcW//M6CfQu3JSHcQIspNNFvURgiPA4DNzlklEQI00IlVzfiumASEJBR1bSIdizL8+T5nHVPque3J2Wa3YeRxHtowNUQTY6RzV0jeqogSh6RM/oFb0ZT8aL8W58TFsLRj6zi/7A+PwBkyGVHg==</latexit> L
O
(
t �

=
1
0
)

Type I (X) Type II (Y)

HSM

(mH=500GeV)

IDM

(mH=500,1000GeV)

<latexit sha1_base64="3jdu11a3f6254ZbOPDF4WDTcwOA=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwVRJfdSMUXNhlBfuANoTJ9KYdOpOEmUmhhP6JGxeKuPVP3Pk3TtsstPXAhcM593LvPUHCmdKO820V1tY3NreK26Wd3b39A/vwqKXiVFJo0pjHshMQBZxF0NRMc+gkEogIOLSD0f3Mb49BKhZHT3qSgCfIIGIho0Qbybdt4dfvqtdO1pMCP0Br6ttlp+LMgVeJm5MyytHw7a9eP6apgEhTTpTquk6ivYxIzSiHaamXKkgIHZEBdA2NiADlZfPLp/jMKH0cxtJUpPFc/T2REaHURASmUxA9VMveTPzP66Y6vPUyFiWphoguFoUpxzrGsxhwn0mgmk8MIVQycyumQyIJ1SaskgnBXX55lbQuKu5N5fLxqlxz8ziK6ASdonPkoiqqoTpqoCaiaIye0St6szLrxXq3PhatBSufOUZ/YH3+AO5OkoQ=</latexit>

m
H = 750GeV

<latexit sha1_base64="Idzfs82n1jWQRPkIRjVzIOgW9SU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lUtMeCF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0UHPdfrniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzUKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmrPkZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vktZF1buuXt5fVepeHkcRTuAUzsGDG6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwBesY0n</latexit>

800

<latexit sha1_base64="96dyKec00CZq7y52n54r5I3uENk=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKez6zDHgxWNE84BkCbOT2WTI7Owy0yuEJZ/gxYMiXv0ib/6Nk2QPGi1oKKq66e4KEikMuu6XU1hZXVvfKG6WtrZ3dvfK+wctE6ea8SaLZaw7ATVcCsWbKFDyTqI5jQLJ28H4Zua3H7k2IlYPOEm4H9GhEqFgFK10X7t0++WKW3XnIH+Jl5MK5Gj0y5+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5ufOiUnVhmQMNa2FJK5+nMio5ExkyiwnRHFkVn2ZuJ/XjfFsOZnQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy//Ja2zqndVPb+7qNS9PI4iHMExnIIH11CHW2hAExgM4Qle4NWRzrPz5rwvWgtOPnMIv+B8fANmSo0s</latexit>

850
<latexit sha1_base64="X7dG9vKcjbz4Rh1PfU1k04fNAmU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lUtN4KXjxWtB/QhrLZbtqlm03YnQgl9Cd48aCIV3+RN/+N2zYHrT4YeLw3w8y8IJHCoOt+OYWV1bX1jeJmaWt7Z3evvH/QMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2Mb2Z++5FrI2L1gJOE+xEdKhEKRtFK97Vrt1+uuFV3DvKXeDmpQI5Gv/zZG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5qVNyYpUBCWNtSyGZqz8nMhoZM4kC2xlRHJllbyb+53VTDGt+JlSSIldssShMJcGYzP4mA6E5QzmxhDIt7K2EjaimDG06JRuCt/zyX9I6q3qX1fO7i0rdy+MowhEcwyl4cAV1uIUGNIHBEJ7gBV4d6Tw7b877orXg5DOH8AvOxzdsXo0w</latexit>

890 ΔRZ =
Γ2HDM

h→ZZ*

ΓSM
h→ZZ*

− 1

●  HSM, IDM: , 2HDMs:ΔRh→ττ ≃ ΔRh→ZZ |ΔRh→ττ | ≫ ΔRh→ZZ

→ The models can be distinguished from the difference in the gradients

●  If , the loop effect of  make  small.mA − mH ≃ 50GeV A, H± ΔRh→ZZ*

As can bee seen in the result of TypII, the NLO predictions can 
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Summary
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• The tree-level contributions to scalar-to-scalar decays (  and 
) are suppressed by the scalar mixing  .

A → Zh
H → hh cβ−α

• We evaluated the NLO corrections by using H-COUP.

• We investigated the impact of NLO corrections to  and .A → Zh h → ZZ*

• We found that the NLO corrections to  dominate if 
.

A → Zh
| (Γh→ZZ*/ΓSM

h→ZZ*)
1/2 − 1 | < 0.5 %

• Also, the correlation between  and  can be 
different from the tree-level result. 

A → Zh h → ZZ*



Back up
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Impact of the precise measurements
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𝜙1𝜙2

Same things can be applied to the Higgs physics. 

Ex.) S, T parameter  

αEMT ≃
3GF

8 2π2
(m2

t − m2
Zs2

W log
m2

h

m2
Z

)

[ Hagiwara, Haidt Matsumoto ] 

Non-decoupling effect

Top mass had been severely restricted

before the discovery.

[Physics Reports 427(2006)257 ]



Renormalization
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Details of the calculations of NLO EW corrections
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+≡ +

<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

30

●   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>
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= 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>
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h]/2) = 0
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µ0 = (mH2 +mH1 +MA + 2MH±)/5
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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]
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