
Impact of NLO corrections to the Higgs boson 
invisible decay in N2HDM

Kodai Sakurai (Tohoku U. ) 


LHC Higgs Working Group WG3 (BSM), online, July 7

Collaborators: 

Duarte Azevedo A, Pedro Gabriel A, Margarete Mühlleitner B, Rui Santos A,C 

(A: Lisbon U.,  B: KIT, C: ISEL)

[arXiv:2104.03184] 

under submission to JHEP



Impact of NLO corrections to the Higgs boson invisible decay in N2HDMKodai Sakurai /11

Introduction
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• After the discovery of the Higgs boson at the LHC, its properties have been  
measured in detail. 

• Still we do not know much about the structure of the Higgs sector. 

→  Current data shows that discovered Higgs behaves SM-like. 

→ We pursue a relation between Higgs sector and dark matter. 

→  Much parameter space is constrained for extended Higgs sectors. 

- Numbers of Higgs fields, symmetries 

- Hierarchy problem 

- Relation with BSM phenomena

- etc.
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Dark matter searches
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• Direct searches of dark matter   (XENON1T, LUX, Panda X, DARWIN, etc.)

• Higgs boson invisible decay   (LHC, HL-LHC, ILC, FCC, etc.)

-  In the SM, H—> inv. happens through H—>ZZ*, but the BR is very small. 

-  Scalar DM is searched by the spin independent cross section of DM-nuclei scattering.

-  Sensitive DM mass range: 
<latexit sha1_base64="hZ14HZCzHqniP4EyxguGD4mozGk=">AAACJnicbVDLSgMxFM34rPU16tJNsAh1U2ZU1I1QdKE7K/QFnVIymUwbmmTGJCOUoV/jxl9x46Ii4s5PMe10UVsPBA7nnEvuPX7MqNKO820tLa+srq3nNvKbW9s7u/befl1FicSkhiMWyaaPFGFUkJqmmpFmLAniPiMNv3879hvPRCoaiaoexKTNUVfQkGKkjdSxrz2OdA8jlj4Mi65zknqSwztSH3pPCQo8RXlGZlNZqGpCHbvglJwJ4CJxp6QApqh07JEXRDjhRGjMkFIt14l1O0VSU8zIMO8lisQI91GXtAwViBPVTidnDuGxUQIYRtI8oeFEnZ1IEVdqwH2THK+r5r2x+J/XSnR41U6piBNNBM4+ChMGdQTHncGASoI1GxiCsKRmV4h7SCKsTbN5U4I7f/IiqZ+W3IvS2eN5oXwzrSMHDsERKAIXXIIyuAcVUAMYvIA3MAIf1qv1bn1aX1l0yZrOHIA/sH5+AUvDpa0=</latexit>

O(10)GeV ⇠ O(1)TeV

-  Sensitive DM mass range: 
<latexit sha1_base64="tGY82yHkid5PWy6P/ak1KZGuAZ8=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKe5GUQ8egl48RjAPSJYwO5kkY+axzMwKYck/ePGgiFf/x5t/4yTZg0YLGoqqbrq7opgzY33/y8stLa+sruXXCxubW9s7xd29hlGJJrROFFe6FWFDOZO0bpnltBVrikXEaTMa3Uz95iPVhil5b8cxDQUeSNZnBFsnNa5Ed3hS6RZLftmfAf0lQUZKkKHWLX52eookgkpLODamHfixDVOsLSOcTgqdxNAYkxEe0LajEgtqwnR27QQdOaWH+kq7khbN1J8TKRbGjEXkOgW2Q7PoTcX/vHZi+5dhymScWCrJfFE/4cgqNH0d9ZimxPKxI5ho5m5FZIg1JtYFVHAhBIsv/yWNSjk4L5/enZWq11kceTiAQziGAC6gCrdQgzoQeIAneIFXT3nP3pv3Pm/NednMPvyC9/ENsWqOjw==</latexit>

< mh/2

-  H—> DM DM contributes to this process, thus DM can be tested. 

This work 
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Higgs boson invisible decay

4

Recent results 

Future sensitivity

<latexit sha1_base64="HYfaeLYJDkNplO143y0yPP7XmpE=">AAAB/XicbZC7TsMwFIadcivlFi4bi0WFxBQlgICBoSoLY0H0IrVR5LhOa9VxItupVKKIV2FhACFW3oONt8FNM0DLL1n69J9zdI5/P2ZUKtv+NkpLyyura+X1ysbm1vaOubvXklEiMGniiEWi4yNJGOWkqahipBMLgkKfkbY/upnW22MiJI34g5rExA3RgNOAYqS05ZkHaU+EsH6feTlQPraya8+s2padCy6CU0AVFGp45levH+EkJFxhhqTsOnas3BQJRTEjWaWXSBIjPEID0tXIUUikm+bXZ/BYO30YREI/rmDu/p5IUSjlJPR1Z4jUUM7XpuZ/tW6igis3pTxOFOF4tihIGFQRnEYB+1QQrNhEA8KC6lshHiKBsNKBVXQIzvyXF6F1ajkX1tndebVWL+Iog0NwBE6AAy5BDdyCBmgCDB7BM3gFb8aT8WK8Gx+z1pJRzOyDPzI+fwDGgJTL</latexit>

BRinv. < 0.11 0.19  <latexit sha1_base64="HYfaeLYJDkNplO143y0yPP7XmpE=">AAAB/XicbZC7TsMwFIadcivlFi4bi0WFxBQlgICBoSoLY0H0IrVR5LhOa9VxItupVKKIV2FhACFW3oONt8FNM0DLL1n69J9zdI5/P2ZUKtv+NkpLyyura+X1ysbm1vaOubvXklEiMGniiEWi4yNJGOWkqahipBMLgkKfkbY/upnW22MiJI34g5rExA3RgNOAYqS05ZkHaU+EsH6feTlQPraya8+s2padCy6CU0AVFGp45levH+EkJFxhhqTsOnas3BQJRTEjWaWXSBIjPEID0tXIUUikm+bXZ/BYO30YREI/rmDu/p5IUSjlJPR1Z4jUUM7XpuZ/tW6igis3pTxOFOF4tihIGFQRnEYB+1QQrNhEA8KC6lshHiKBsNKBVXQIzvyXF6F1ajkX1tndebVWL+Iog0NwBE6AAy5BDdyCBmgCDB7BM3gFb8aT8WK8Gx+z1pJRzOyDPzI+fwDGgJTL</latexit>

BRinv. <
[CMS,PLB793, 520 (2019)] 

Combined results of Run I and Run II at 95% CL.

CMS: ATLAS:
[ATLAS-CONF-2020-052] 

<latexit sha1_base64="HYfaeLYJDkNplO143y0yPP7XmpE=">AAAB/XicbZC7TsMwFIadcivlFi4bi0WFxBQlgICBoSoLY0H0IrVR5LhOa9VxItupVKKIV2FhACFW3oONt8FNM0DLL1n69J9zdI5/P2ZUKtv+NkpLyyura+X1ysbm1vaOubvXklEiMGniiEWi4yNJGOWkqahipBMLgkKfkbY/upnW22MiJI34g5rExA3RgNOAYqS05ZkHaU+EsH6feTlQPraya8+s2padCy6CU0AVFGp45levH+EkJFxhhqTsOnas3BQJRTEjWaWXSBIjPEID0tXIUUikm+bXZ/BYO30YREI/rmDu/p5IUSjlJPR1Z4jUUM7XpuZ/tW6igis3pTxOFOF4tihIGFQRnEYB+1QQrNhEA8KC6lshHiKBsNKBVXQIzvyXF6F1ajkX1tndebVWL+Iog0NwBE6AAy5BDdyCBmgCDB7BM3gFb8aT8WK8Gx+z1pJRzOyDPzI+fwDGgJTL</latexit>

BRinv. < 0.019  HL-LHC: 
<latexit sha1_base64="HYfaeLYJDkNplO143y0yPP7XmpE=">AAAB/XicbZC7TsMwFIadcivlFi4bi0WFxBQlgICBoSoLY0H0IrVR5LhOa9VxItupVKKIV2FhACFW3oONt8FNM0DLL1n69J9zdI5/P2ZUKtv+NkpLyyura+X1ysbm1vaOubvXklEiMGniiEWi4yNJGOWkqahipBMLgkKfkbY/upnW22MiJI34g5rExA3RgNOAYqS05ZkHaU+EsH6feTlQPraya8+s2padCy6CU0AVFGp45levH+EkJFxhhqTsOnas3BQJRTEjWaWXSBIjPEID0tXIUUikm+bXZ/BYO30YREI/rmDu/p5IUSjlJPR1Z4jUUM7XpuZ/tW6igis3pTxOFOF4tihIGFQRnEYB+1QQrNhEA8KC6lshHiKBsNKBVXQIzvyXF6F1ajkX1tndebVWL+Iog0NwBE6AAy5BDdyCBmgCDB7BM3gFb8aT8WK8Gx+z1pJRzOyDPzI+fwDGgJTL</latexit>

BRinv. < 0.0026  ILC: 
<latexit sha1_base64="HYfaeLYJDkNplO143y0yPP7XmpE=">AAAB/XicbZC7TsMwFIadcivlFi4bi0WFxBQlgICBoSoLY0H0IrVR5LhOa9VxItupVKKIV2FhACFW3oONt8FNM0DLL1n69J9zdI5/P2ZUKtv+NkpLyyura+X1ysbm1vaOubvXklEiMGniiEWi4yNJGOWkqahipBMLgkKfkbY/upnW22MiJI34g5rExA3RgNOAYqS05ZkHaU+EsH6feTlQPraya8+s2padCy6CU0AVFGp45levH+EkJFxhhqTsOnas3BQJRTEjWaWXSBIjPEID0tXIUUikm+bXZ/BYO30YREI/rmDu/p5IUSjlJPR1Z4jUUM7XpuZ/tW6igis3pTxOFOF4tihIGFQRnEYB+1QQrNhEA8KC6lshHiKBsNKBVXQIzvyXF6F1ajkX1tndebVWL+Iog0NwBE6AAy5BDdyCBmgCDB7BM3gFb8aT8WK8Gx+z1pJRzOyDPzI+fwDGgJTL</latexit>

BRinv. < 0.00024  FCC: 

[J. de Blas et al., JHEP 01, 139 (2020)] 
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Next-to two Higgs doublet model (N2HDM)
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The Higgs potential is composed of scalar doublets               and  singlet        as
<latexit sha1_base64="h10Ab/ZndASDrYL8ICKiIQa+eXg=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFcSJmpoi6LblxWsA9ox5JJM21oJhmSjFKG/ocbF4q49V/c+Tem01lo64HLPZxzL7k5QcyZNq777Swtr6yurRc2iptb2zu7pb39ppaJIrRBJJeqHWBNORO0YZjhtB0riqOA01Ywupn6rUeqNJPi3oxj6kd4IFjICDZWeujWh6znnaKsV3ulsltxM6BF4uWkDDnqvdJXty9JElFhCMdadzw3Nn6KlWGE00mxm2gaYzLCA9qxVOCIaj/Nrp6gY6v0USiVLWFQpv7eSHGk9TgK7GSEzVDPe1PxP6+TmPDKT5mIE0MFmT0UJhwZiaYRoD5TlBg+tgQTxeytiAyxwsTYoIo2BG/+y4ukWa14F5Wzu/Ny7TqPowCHcAQn4MEl1OAW6tAAAgqe4RXenCfnxXl3PmajS06+cwB/4Hz+ANz/kXU=</latexit>

�1,�2
<latexit sha1_base64="TxCc+R4isoCRkWMSllUG2WAHnOI=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBE8lV0V9Vj04rGi/YB2Kdk028ZmkyXJCmXpf/DiQRGv/h9v/hvTdg/a+mDg8d4MM/PCRHBjPe8bLS2vrK6tFzaKm1vbO7ulvf2GUammrE6VULoVEsMEl6xuuRWslWhG4lCwZji8mfjNJ6YNV/LBjhIWxKQvecQpsU5qdGoD3r3vlspexZsCLxI/J2XIUeuWvjo9RdOYSUsFMabte4kNMqItp4KNi53UsITQIemztqOSxMwE2fTaMT52Sg9HSruSFk/V3xMZiY0ZxaHrjIkdmHlvIv7ntVMbXQUZl0lqmaSzRVEqsFV48jrucc2oFSNHCNXc3YrpgGhCrQuo6ELw519eJI3Tin9RObs7L1ev8zgKcAhHcAI+XEIVbqEGdaDwCM/wCm9IoRf0jj5mrUsonzmAP0CfP0Bqju0=</latexit>

�S

where  Z2 symmetries                       are imposed:
<latexit sha1_base64="r3+w2yliJimdorIurvDOtFRAoiY=">AAACGHicbVC7TsMwFHXKq5RXgJHFokIqS0kKAsYKFsYi0YdoQuS4TmvVcSLbQaqifAYLv8LCAEKs3fgbnLYDbTnSlY7OuVf33uPHjEplWT9GYWV1bX2juFna2t7Z3TP3D1oySgQmTRyxSHR8JAmjnDQVVYx0YkFQ6DPS9oe3ud9+JkLSiD+oUUzcEPU5DShGSkueeeaESA18P33MntKKfZp5aS1zFA2JhHNWbWp5ZtmqWhPAZWLPSBnM0PDMsdOLcBISrjBDUnZtK1ZuioSimJGs5CSSxAgPUZ90NeVIb3bTyWMZPNFKDwaR0MUVnKh/J1IUSjkKfd2Z3yoXvVz8z+smKrh2U8rjRBGOp4uChEEVwTwl2KOCYMVGmiAsqL4V4gESCCudZUmHYC++vExatap9WT2/vyjXb2ZxFMEROAYVYIMrUAd3oAGaAIMX8AY+wKfxarwbX8b3tLVgzGYOwRyM8S+fwKAi</latexit>

Z(1)
2 ⇥ Z(2)

2

There are four different minima that triggers                                            .
<latexit sha1_base64="98R1csBSqq5YXMj9qn2bsQEjLMY=">AAACGnicbZDLSsNAFIYn9VbrLerSzWAR2k1JqqjLogi6ECqattKEMJlO26GTCzMToYQ8hxtfxY0LRdyJG9/GaZqFtv4w8POdc5hzfi9iVEjD+NYKC4tLyyvF1dLa+sbmlr690xJhzDGxcMhC3vGQIIwGxJJUMtKJOEG+x0jbG51P6u0HwgUNgzs5jojjo0FA+xQjqZCrm4nNfXhrVepV9yq1JfWJgBmzKmbVvVconNoMXlynrl42akYmOG/M3JRBrqarf9q9EMc+CSRmSIiuaUTSSRCXFDOSluxYkAjhERqQrrIBUis4SXZaCg8U6cF+yNULJMzo74kE+UKMfU91+kgOxWxtAv+rdWPZP3USGkSxJAGeftSPGVTnTnKCPcoJlmysDMKcql0hHiKOsFRpllQI5uzJ86ZVr5nHtcObo3LjLI+jCPbAPqgAE5yABrgETWABDB7BM3gFb9qT9qK9ax/T1oKWz+yCP9K+fgCcJ569</latexit>

SU(2)I ⇥U(1)Y ! U(1)EM

2HDM+ HS

IDM+ HS

2HDM+ DS

IDM+ DS

HS: Higgs singlet

DS: Dark singlet

[ I. Engeln, P. Ferreira, M. M. Muhlleitner, R. Santos, J. Wittbrodt, JHEP 08 (2020) 085 ]



Impact of NLO corrections to the Higgs boson invisible decay in N2HDMKodai Sakurai /11

Dark doublet phase (DDP)
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In DDP, component fields can be defined by

There are 6 physical states:

Dark scalars:
<latexit sha1_base64="t8VQUYlDXMgw8AriEaNl2Xa4Zyw=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgopRERV1W7aLLCvYBTQyT6aQdOpmEmYkQQv0VNy4UceuHuPNvnLZZaOuBC4dz7uXee/yYUaks69sorKyurW8UN0tb2zu7e+b+QUdGicCkjSMWiZ6PJGGUk7aiipFeLAgKfUa6/vh26ncfiZA04vcqjYkboiGnAcVIackzy02vUXXgtddwYLX54MSh1/DMilWzZoDLxM5JBeRoeeaXM4hwEhKuMENS9m0rVm6GhKKYkUnJSSSJER6jIelrylFIpJvNjp/AY60MYBAJXVzBmfp7IkOhlGno684QqZFc9Kbif14/UcGVm1EeJ4pwPF8UJAyqCE6TgAMqCFYs1QRhQfWtEI+QQFjpvEo6BHvx5WXSOa3ZF7Wzu/NK/SaPowgOwRE4ATa4BHXQBC3QBhik4Bm8gjfjyXgx3o2PeWvByGfK4A+Mzx/8nJMS</latexit>

HD, AD , H
±
D CP- even Higgs bosons :

→                         can be DM candidate.

<latexit sha1_base64="QeGVQ7NGp9OGxda8jvklkw6PnBQ="></latexit>✓
H1

H2

◆
=

✓
c↵ s↵

�s↵ c↵

◆✓
⇢1

⇢S

◆

The following  11 parameters are chosen as input parameters:

<latexit sha1_base64="7V8IUGEnpTRCyLWkEVTxPKLUdnI="></latexit>

v , vs , mX (X = HD, AD, H
±
D , H1, H2) , ↵ , m

2
22 , �2 , �8

<latexit sha1_base64="hMHnBE8Pu2FKlqeG5Eyl2Bx1XGw="></latexit>

V 3 m2
22|�2|2 + �2|�2|4 + �8|�2|2�2

S

<latexit sha1_base64="oLr0zHa79ggGoT5q/xf6ZJL3NJ0=">AAAB/3icdVDLSsNAFJ34rPUVFdy4GSxC3YSkkT52FbvosoJ9QBPCZDpph04ezEyEErvwV9y4UMStv+HOv3H6EFT0wIXDOfdy7z1+wqiQpvmhrayurW9s5rby2zu7e/v6wWFHxCnHpI1jFvOejwRhNCJtSSUjvYQTFPqMdP3x1czv3hIuaBzdyElC3BANIxpQjKSSPP246TUcWMwcHsKYO3DqwEuvce7pBdMwa6WSXYamYdnVSs1WpGrZikLLMOcogCVanv7uDGKchiSSmCEh+paZSDdDXFLMyDTvpIIkCI/RkPQVjVBIhJvN75/CM6UMYBBzVZGEc/X7RIZCISahrzpDJEfitzcT//L6qQyqbkajJJUkwotFQcqgjOEsDDignGDJJoogzKm6FeIR4ghLFVlehfD1KfyfdEqGVTbs64tCvbaMIwdOwCkoAgtUQB00QQu0AQZ34AE8gWftXnvUXrTXReuKtpw5Aj+gvX0CueaUoQ==</latexit>

HD (or AD)
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BRinv.  vs Higgs signal strength
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Radiative corrections change the picture ?

• The constraint from the Higgs signal strength →

• This is stronger than the current bound of BRinv. by ATLAS.

[ I. Engeln, P. Ferreira, M. M. Muhlleitner, R. Santos, J. Wittbrodt, JHEP 08 (2020) 085 ]

BRinv. =0.11 (ATLAS)

 0

 0.02

 0.04

 0.06

 0.08

 0.1

 0.12

 0.14

 0.9  0.91 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99  1

DDP mHD
 < mAD

,  mH1
=125.09 GeV

BR
LO

(H
1→

H
D

H
D

) 

µWW 

<latexit sha1_base64="ZrmQEf8s8ZonOjunVJM6NxvGncc="></latexit>

µWW =
�(pp ! h125 ! WW )

�SM(pp ! h125 ! WW )

<latexit sha1_base64="/kff9b/FpLMtwFVjw6z/tKB0IVA="></latexit>

BR
LO(H1 ! HDHD) =

�LO(H1 ! HDHD)

�H1

=
�
2

H1HDHD

32⇡2mH1�H1

s

1�
4m2

HD

m
2

H1

<latexit sha1_base64="Nq0lKDoEgtsoDj+RJ+qNqtDyDYw=">AAACA3icbVDLSgMxFM3UV62vUXe6CRbB1TCj4gNcFN24rGIf0BmGTJppQ5PMkGQKZSi48VfcuFDErT/hzr8xfSy09cDlHs65l+SeKGVUadf9tgoLi0vLK8XV0tr6xuaWvb1TV0kmManhhCWyGSFFGBWkpqlmpJlKgnjESCPq3Yz8Rp9IRRPxoAcpCTjqCBpTjLSRQnvv+j7MfckhFX1n6DOilKIcuo57Gdpl08aA88SbkjKYohraX347wRknQmOGlGp5bqqDHElNMSPDkp8pkiLcQx3SMlQgTlSQj28YwkOjtGGcSFNCw7H6eyNHXKkBj8wkR7qrZr2R+J/XynR8EeRUpJkmAk8eijMGdQJHgcA2lQRrNjAEYUnNXyHuIomwNrGVTAje7MnzpH7seGfOyd1puXI1jaMI9sEBOAIeOAcVcAuqoAYweATP4BW8WU/Wi/VufUxGC9Z0Zxf8gfX5A2l0lrU=</latexit>

BRinv. . 0.09
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Calculations of NLO corrections to H1,2 —> HD HD

8

<latexit sha1_base64="b3Z302UmgxL7vlbheDc0Za+vOBU="></latexit>

�NLO(H1,2 ! HDHD) = �LO


1 +

2

�H1,2HDHD

Re(M1PI +MCT)

�
• Decay rate at NLO

• Renormalization

<latexit sha1_base64="wrKpyz5ssVFxt6dIFvF5WaNS/AY="></latexit>

3 �m2
22 + ��8

-  Masses, mixing angles :  OS scheme

-                                        :  We use three different schemes. 
<latexit sha1_base64="nDwzaf+jUW3SRzFF/GrgpmRN+z8=">AAACDnicbVC7TsMwFHXKq5RXgJHFoqrEgKokIOjAUImFsUj0ITUhchyntWonke0gVVG/gIVfYWEAIVZmNv4Gt80ALUe60tE599r3niBlVCrL+jZKK6tr6xvlzcrW9s7unrl/0JFJJjBp44QlohcgSRiNSVtRxUgvFQTxgJFuMLqe+t0HIiRN4js1TonH0SCmEcVIack3a25ImEKQ+7njTO6dUxe6EBaiy/RDIfIbvlm16tYMcJnYBamCAi3f/HLDBGecxAozJGXftlLl5UgoihmZVNxMkhThERqQvqYx4kR6+eycCaxpJYRRInTFCs7U3xM54lKOeaA7OVJDuehNxf+8fqaihpfTOM0UifH8oyhjUCVwmg0MqSBYsbEmCAuqd4V4iATCSidY0SHYiycvk45Tty/qZ7fn1eZVEUcZHIFjcAJscAma4Aa0QBtg8AiewSt4M56MF+Pd+Ji3loxi5hD8gfH5A3xDmns=</latexit>

�m2
22, ��8

+<latexit sha1_base64="pFiPSCn5tPF8E9EhRfXQH2TQSc8=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARXJUZFRVxUXCjC6GCfUBnLJk0bUOTzJBkhDLOwl9x40IRt/6GO//GTDsLbT0QOJxzL/fkBBGjSjvOt1WYm19YXCoul1ZW19Y37M2thgpjiUkdhyyUrQApwqggdU01I61IEsQDRprB8DLzmw9EKhqKOz2KiM9RX9AexUgbqWPveBzpAUYsuUnvE09y6Nau0/OOXXYqzhhwlrg5KYMctY795XVDHHMiNGZIqbbrRNpPkNQUM5KWvFiRCOEh6pO2oQJxovxknD+F+0bpwl4ozRMajtXfGwniSo14YCaztGray8T/vHase2d+QkUUayLw5FAvZlCHMCsDdqkkWLORIQhLarJCPEASYW0qK5kS3Okvz5LGYcU9qRzdHperF3kdRbAL9sABcMEpqIIrUAN1gMEjeAav4M16sl6sd+tjMlqw8p1t8AfW5w92/5W5</latexit>

M1PI :
<latexit sha1_base64="ilef4+scIvPKKhYJcQGH2p/oVCs=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFoNgIeEuilpYBGxSRjAfkBxhb7NJluztHbtzQjjyI2wsFLH199j5b9wkV2jig4HHezPMzAtiKQy67reTW1vf2NzKbxd2dvf2D4qHR00TJZrxBotkpNsBNVwKxRsoUPJ2rDkNA8lbwfh+5reeuDYiUo84ibkf0qESA8EoWqlV66XeRWXaK5bcsjsHWSVeRkqQod4rfnX7EUtCrpBJakzHc2P0U6pRMMmnhW5ieEzZmA55x1JFQ278dH7ulJxZpU8GkbalkMzV3xMpDY2ZhIHtDCmOzLI3E//zOgkObv1UqDhBrthi0SCRBCMy+530heYM5cQSyrSwtxI2opoytAkVbAje8surpFkpe9fly4erUvUuiyMPJ3AK5+DBDVShBnVoAIMxPMMrvDmx8+K8Ox+L1pyTzRzDHzifP2MljvA=</latexit>

H1,2

<latexit sha1_base64="LhMnr5c6izzi4tsgAZC0i/TUNfw=">AAAB7HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5U1MIioEXKCF4SSI6wt9kkS/b2jt05IRz5DTYWitj6g+z8N26SKzT6YODx3gwz88JECoOu++UUVlbX1jeKm6Wt7Z3dvfL+QdPEqWbcZ7GMdTukhkuhuI8CJW8nmtMolLwVjm9nfuuRayNi9YCThAcRHSoxEIyilfx6L7ub9soVt+rOQf4SLycVyNHolT+7/ZilEVfIJDWm47kJBhnVKJjk01I3NTyhbEyHvGOpohE3QTY/dkpOrNIng1jbUkjm6s+JjEbGTKLQdkYUR2bZm4n/eZ0UB9dBJlSSIldssWiQSoIxmX1O+kJzhnJiCWVa2FsJG1FNGdp8SjYEb/nlv6R5VvUuq+f3F5XaTR5HEY7gGE7BgyuoQR0a4AMDAU/wAq+Ocp6dN+d90Vpw8plD+AXn4xukc46R</latexit>

HD

<latexit sha1_base64="LhMnr5c6izzi4tsgAZC0i/TUNfw=">AAAB7HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5U1MIioEXKCF4SSI6wt9kkS/b2jt05IRz5DTYWitj6g+z8N26SKzT6YODx3gwz88JECoOu++UUVlbX1jeKm6Wt7Z3dvfL+QdPEqWbcZ7GMdTukhkuhuI8CJW8nmtMolLwVjm9nfuuRayNi9YCThAcRHSoxEIyilfx6L7ub9soVt+rOQf4SLycVyNHolT+7/ZilEVfIJDWm47kJBhnVKJjk01I3NTyhbEyHvGOpohE3QTY/dkpOrNIng1jbUkjm6s+JjEbGTKLQdkYUR2bZm4n/eZ0UB9dBJlSSIldssWiQSoIxmX1O+kJzhnJiCWVa2FsJG1FNGdp8SjYEb/nlv6R5VvUuq+f3F5XaTR5HEY7gGE7BgyuoQR0a4AMDAU/wAq+Ocp6dN+d90Vpw8plD+AXn4xukc46R</latexit>

HD

<latexit sha1_base64="r8ewCSNTQT0N4ANxD+qCeZEK9pI=">AAAB/nicbVDLSgMxFM3UV62vUXHlJlgEV2VGRUVcFLpxI1ToCzpjyaSZNjTJDElGKMOAv+LGhSJu/Q53/o2ZtgttPRA4nHMv9+QEMaNKO863VVhaXlldK66XNja3tnfs3b2WihKJSRNHLJKdACnCqCBNTTUjnVgSxANG2sGolvvtRyIVjURDj2PiczQQNKQYaSP17AOPIz3EiKV32UPqSQ5rjey6Z5edijMBXCTujJTBDPWe/eX1I5xwIjRmSKmu68TaT5HUFDOSlbxEkRjhERqQrqECcaL8dBI/g8dG6cMwkuYJDSfq740UcaXGPDCTeVg17+Xif1430eGVn1IRJ5oIPD0UJgzqCOZdwD6VBGs2NgRhSU1WiIdIIqxNYyVTgjv/5UXSOq24F5Wz+/Ny9WZWRxEcgiNwAlxwCargFtRBE2CQgmfwCt6sJ+vFerc+pqMFa7azD/7A+vwB/PWVfA==</latexit>

MCT :

 OS process-dependent scheme    :

ZEM process-dependent scheme  :

MS scheme
( ZEM: Zero External Momentum )
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Extra Higgs loop contributions

9

• Approximate formula (MS scheme)

We take 
<latexit sha1_base64="HJWDUTwDkP7pCeEhpMxl4SLGhJ0=">AAACFHicbVDLSgMxFM34rPU16tJNsAiCUmZU1GVRF11WsA/oDMOdTKYNzTxIMkIZ+hFu/BU3LhRx68Kdf2PazkJbLwkczrmH5Bw/5Uwqy/o2FhaXlldWS2vl9Y3NrW1zZ7clk0wQ2iQJT0THB0k5i2lTMcVpJxUUIp/Ttj+4GevtByokS+J7NUypG0EvZiEjoDTlmccOSaQDPO2DoxJsnzgYO1z7A/DyumfXvVt9Rg7n2PbMilW1JoPngV2ACiqm4ZlfTpCQLKKxIhyk7NpWqtwchGKE01HZySRNgQygR7saxhBR6eaTUCN8qJkAh4nQN1Z4wv525BBJOYx8vRmB6stZbUz+p3UzFV65OYvTTNGYTB8KM451/HFDOGCCEsWHGgARTP8Vkz4IIEr3WNYl2LOR50HrtGpfVM/uziu166KOEtpHB+gI2egS1VAdNVATEfSIntErejOejBfj3fiYri4YhWcP/Rnj8wcwJp0D</latexit>

cos↵ ! 1, �H1HDHD ⌧ 1

<latexit sha1_base64="akRP48CcRrHB4VYZ8ddwR9nO8Xk="></latexit>

�H1!HDHD ' �LO

 
1� 4

v

1

16⇡2

h
�2

H2HDHD
B0(m

2

HD
,mH2 ,mHD ) + 2�2

HDH
+
DG�B0(m

2

HD
,m

H
±
D
,mG±)

i!

<latexit sha1_base64="WUMmWJiGFYoUcb+Iy8kYHtkgo8U=">AAAB6nicdVDLSsNAFL3xWeur6tLNYBFchaSRPnZFN11WtA9oQ5lMJ+3QySTMTIQS+gluXCji1i9y5984fQgqeuDC4Zx7ufeeIOFMacf5sNbWNza3tnM7+d29/YPDwtFxW8WpJLRFYh7LboAV5UzQlmaa024iKY4CTjvB5Hrud+6pVCwWd3qaUD/CI8FCRrA20m1jUBoUio7t1Eolr4wc2/WqlZpnSNX1DEWu7SxQhBWag8J7fxiTNKJCE46V6rlOov0MS80Ip7N8P1U0wWSCR7RnqMARVX62OHWGzo0yRGEsTQmNFur3iQxHSk2jwHRGWI/Vb28u/uX1Uh1W/YyJJNVUkOWiMOVIx2j+NxoySYnmU0MwkczcisgYS0y0SSdvQvj6FP1P2iXbLdvezWWxfrWKIwencAYX4EIF6tCAJrSAwAge4AmeLW49Wi/W67J1zVrNnMAPWG+fPmyNzA==</latexit>

H2

<latexit sha1_base64="2oOr169vhk1Z5W53PSV1AQ2PL+U=">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiB4GmYykuUW1EOOEc0CyRB6Op2kSU/P0N0jhCGf4MWDIl79Im/+jZ1FUNEHBY/3qqiqF8ScKe04H1ZmbX1jcyu7ndvZ3ds/yB8etVSUSEKbJOKR7ARYUc4EbWqmOe3EkuIw4LQdTK7mfvueSsUicaenMfVDPBJsyAjWRrqt96/7+YJjO9Vi0Sshx3a9SrnqGVJxPUORazsLFGCFRj//3htEJAmp0IRjpbquE2s/xVIzwuks10sUjTGZ4BHtGipwSJWfLk6doTOjDNAwkqaERgv1+0SKQ6WmYWA6Q6zH6rc3F//yuokeVvyUiTjRVJDlomHCkY7Q/G80YJISzaeGYCKZuRWRMZaYaJNOzoTw9Sn6n7SKtluyvZuLQu1yFUcWTuAUzsGFMtSgDg1oAoERPMATPFvcerRerNdla8ZazRzDD1hvn1m0jd4=</latexit>

HD

<latexit sha1_base64="4RVDdCTPEbM/QMRkp8MlfWouRnI=">AAAB7nicdVDLSgMxFM3UV62vqks3wSK4GmY60seuqIsuK9gHtGPJpGkbmmRCkhHK0I9w40IRt36PO//G9CGo6IELh3Pu5d57IsmoNp734WTW1jc2t7LbuZ3dvf2D/OFRS8eJwqSJYxarToQ0YVSQpqGGkY5UBPGIkXY0uZr77XuiNI3FrZlKEnI0EnRIMTJWatf713c9yfv5gud61WIxKEHP9YNKuRpYUvEDS6HvegsUwAqNfv69N4hxwokwmCGtu74nTZgiZShmZJbrJZpIhCdoRLqWCsSJDtPFuTN4ZpUBHMbKljBwoX6fSBHXesoj28mRGevf3lz8y+smZlgJUypkYojAy0XDhEETw/nvcEAVwYZNLUFYUXsrxGOkEDY2oZwN4etT+D9pFV2/5AY3F4Xa5SqOLDgBp+Ac+KAMaqAOGqAJMJiAB/AEnh3pPDovzuuyNeOsZo7BDzhvn1xXj50=</latexit>

H
±
D

<latexit sha1_base64="bKMqp6d0THXBf0ekMGmnqSm1xnE=">AAAB7HicdVDLSsNAFL2pr1pfVZduBovgKiSN9LErutBlBdMKbSyT6aQdOpmEmYlQSr/BjQtF3PpB7vwbpw9BRQ9cOJxzL/feE6acKe04H1ZuZXVtfSO/Wdja3tndK+4ftFSSSUJ9kvBE3oZYUc4E9TXTnN6mkuI45LQdji5mfvueSsUScaPHKQ1iPBAsYgRrI/mXd9007hVLju3Uy2Wvghzb9WrVumdIzfUMRa7tzFGCJZq94nu3n5AspkITjpXquE6qgwmWmhFOp4VupmiKyQgPaMdQgWOqgsn82Ck6MUofRYk0JTSaq98nJjhWahyHpjPGeqh+ezPxL6+T6agWTJhIM00FWSyKMo50gmafoz6TlGg+NgQTycytiAyxxESbfAomhK9P0f+kVbbdiu1dn5Ua58s48nAEx3AKLlShAVfQBB8IMHiAJ3i2hPVovVivi9actZw5hB+w3j4BFl+O5Q==</latexit>

G±,

,

}

<latexit sha1_base64="7JidvknDziJFOSNaeagcjQgw+t8="></latexit>

↵!0
= (��8vS)

2

• Many terms suppressed by                   .

[D. Azevedo P. Gabriel,M. Mühlleitner, KS, R. Santos]

<latexit sha1_base64="Ljk+/3ijHKwfUhvOMdbv9zOdsx8=">AAAB/HicbVDLSgMxFL1TX7W+Rrt0EyyCqzKj4mNX0EWXFewD2mHIZNI2NJMZkowwDPVX3LhQxK0f4s6/MW1nodVDAodzziU3J0g4U9pxvqzSyura+kZ5s7K1vbO7Z+8fdFScSkLbJOax7AVYUc4EbWumOe0lkuIo4LQbTG5mfveBSsVica+zhHoRHgk2ZARrI/l2dcBNOMR+3vTdpn9rztS3a07dmQP9JW5BalCg5dufgzAmaUSFJhwr1XedRHs5lpoRTqeVQapogskEj2jfUIEjqrx8vvwUHRslRMNYmis0mqs/J3IcKZVFgUlGWI/VsjcT//P6qR5eeTkTSaqpIIuHhilHOkazJlDIJCWaZ4ZgIpnZFZExlpho01fFlOAuf/kv6ZzW3Yv62d15rXFd1FGGQziCE3DhEhrQhBa0gUAGT/ACr9aj9Wy9We+LaMkqZqrwC9bHN7+4lCo=</latexit>

�H1HDHD

• The H2 loop can enhance the corrections. 

• For OS proc. scheme, the corrections 
can be reasonable.

A cancellation between                  and         
occurs.

<latexit sha1_base64="OLVrx+hY3gwUbPQlf9aUzk2Q11s="></latexit>

Mloop
H1!HDHD

<latexit sha1_base64="ro/L4gI8runHVKInoYAC6Vs2eRM="></latexit>

Mloop
H1!ADAD

<latexit sha1_base64="+4B08zHul0iaFKYYGWc5ShZkd94=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyq+LgFvOQY0TwgWcLspDcZMju7zMwKYcknePGgiFe/yJt/4yTZg0YLGoqqbrq7gkRwbVz3yymsrK6tbxQ3S1vbO7t75f2Dlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GtzO//YhK81g+mEmCfkSHkoecUWOl+3rf65crbtWdg/wlXk4qkKPRL3/2BjFLI5SGCap113MT42dUGc4ETku9VGNC2ZgOsWuppBFqP5ufOiUnVhmQMFa2pCFz9edERiOtJ1FgOyNqRnrZm4n/ed3UhNd+xmWSGpRssShMBTExmf1NBlwhM2JiCWWK21sJG1FFmbHplGwI3vLLf0nrrOpdVs/vLiq1mzyOIhzBMZyCB1dQgzo0oAkMhvAEL/DqCOfZeXPeF60FJ585hF9wPr4BwmiNbw==</latexit>

H1

<latexit sha1_base64="fAVlyK9uNced4IPoPuaVF5dFll8=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyq+LgF9JBjRPOAZAmzk04yZHZ2mZkVwpJP8OJBEa9+kTf/xkmyB00saCiquunuCmLBtXHdbye3srq2vpHfLGxt7+zuFfcPGjpKFMM6i0SkWgHVKLjEuuFGYCtWSMNAYDMY3U795hMqzSP5aMYx+iEdSN7njBorPVS7d91iyS27M5Bl4mWkBBlq3eJXpxexJERpmKBatz03Nn5KleFM4KTQSTTGlI3oANuWShqi9tPZqRNyYpUe6UfKljRkpv6eSGmo9TgMbGdIzVAvelPxP6+dmP61n3IZJwYlmy/qJ4KYiEz/Jj2ukBkxtoQyxe2thA2poszYdAo2BG/x5WXSOCt7l+Xz+4tS5SaLIw9HcAyn4MEVVKAKNagDgwE8wyu8OcJ5cd6dj3lrzslmDuEPnM8f3zSNgg==</latexit>

HD

<latexit sha1_base64="fAVlyK9uNced4IPoPuaVF5dFll8=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyq+LgF9JBjRPOAZAmzk04yZHZ2mZkVwpJP8OJBEa9+kTf/xkmyB00saCiquunuCmLBtXHdbye3srq2vpHfLGxt7+zuFfcPGjpKFMM6i0SkWgHVKLjEuuFGYCtWSMNAYDMY3U795hMqzSP5aMYx+iEdSN7njBorPVS7d91iyS27M5Bl4mWkBBlq3eJXpxexJERpmKBatz03Nn5KleFM4KTQSTTGlI3oANuWShqi9tPZqRNyYpUe6UfKljRkpv6eSGmo9TgMbGdIzVAvelPxP6+dmP61n3IZJwYlmy/qJ4KYiEz/Jj2ukBkxtoQyxe2thA2poszYdAo2BG/x5WXSOCt7l+Xz+4tS5SaLIw9HcAyn4MEVVKAKNagDgwE8wyu8OcJ5cd6dj3lrzslmDuEPnM8f3zSNgg==</latexit>

HD
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Correlation between BRLO and BRNLO

10

[D. Azevedo P. Gabriel,M. Mühlleitner, KS, R. Santos]

<latexit sha1_base64="R1w5y50UX3QC0vOGOcil9nFWpx4="></latexit>

BRinv.(ATLAS) < 0.11

<latexit sha1_base64="BWRaEfy6D5aUWLeUXYIPnxKocao="></latexit>

BRinv.(HL-LHC) < 0.019

• We generates parameter points with ScannerS. 

-  Theoretical constraints:  perturbative unitarity, Higgs potential bounded from below  

-  Experimental constraints: DM constraints, extra Higgs searches,  Higgs presicion, electroweak precision 

• Furthermore, we picked up points with the NLO corrections below 100%. 

[M. Muhlleitner, M. O. Sampaio, R. Santos, J. Wittbrodt, arXiv:2007.02985]

→ For ZEM scheme, some parameter space would be excluded by BRinv.(ATLAS). 
→ At HL-LHC era, effect of the NLO corrections become more important. 
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Summary

11

● We calculated NLO corrections to H1,2 —> HD HD , in dark doublet phase (DDP) 
in N2HDM. This process contributes to the Higgs boson invisible decay.

● At LO analysis, constraints from Higgs signal strength severe than those from 
Higgs invisible decay. 

● When we include the NLO corrections to the Higgs invisible decay, the situation 
can be changed. 

→  In some parameter regions, BR(H1 –> HDHD)NLO for ZEM scheme 
can reach sensitivity of the recent result by ATLAS. 

● As a future work, we also study this process in other phases of the N2HDM.



Buck up
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Parameter range for scan analysis

13

 We scan input parameters in the following range: 

 In scenario 1 we take the remaining parameters as

 In scenario 2, we set as
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Allowed parameter regions

14
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Size of NLO corrections for the BR

15
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Approximate formula for OS proc. scheme

16

We take                                          .
<latexit sha1_base64="HJWDUTwDkP7pCeEhpMxl4SLGhJ0=">AAACFHicbVDLSgMxFM34rPU16tJNsAiCUmZU1GVRF11WsA/oDMOdTKYNzTxIMkIZ+hFu/BU3LhRx68Kdf2PazkJbLwkczrmH5Bw/5Uwqy/o2FhaXlldWS2vl9Y3NrW1zZ7clk0wQ2iQJT0THB0k5i2lTMcVpJxUUIp/Ttj+4GevtByokS+J7NUypG0EvZiEjoDTlmccOSaQDPO2DoxJsnzgYO1z7A/DyumfXvVt9Rg7n2PbMilW1JoPngV2ACiqm4ZlfTpCQLKKxIhyk7NpWqtwchGKE01HZySRNgQygR7saxhBR6eaTUCN8qJkAh4nQN1Z4wv525BBJOYx8vRmB6stZbUz+p3UzFV65OYvTTNGYTB8KM451/HFDOGCCEsWHGgARTP8Vkz4IIEr3WNYl2LOR50HrtGpfVM/uziu166KOEtpHB+gI2egS1VAdNVATEfSIntErejOejBfj3fiYri4YhWcP/Rnj8wcwJp0D</latexit>

cos↵ ! 1, �H1HDHD ⌧ 1


