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Neutrino Oscillation: Strong Reason for Seeking BSM

Y. Fukuda et al.. Phys. Rev. Lett., 81:1562–1567, Aug 1998

Zero in the Standard Model (due to lack of Right Handed partner)

Lack of Atmospheric neutrino observed in 
SuperKamiokande 


The difference between the ‘mass’ 
eigenstate and the ‘flavor’ eigenstate of 

neutrinos explains the phenomena


At least two non-zero Neutrino mass states!

The presence of Right-Handed Neutrinos, 

which is a BSM species, is required 



Possible Scenarios for Neutrino Mass 
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1. Dirac Mass: Simplest Solution

Example for experimental confirmation: 


Practically Impossible
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ν̄LHνR + h . c . Right-handed neutrino does not hurt SM symmetry.


just isolated.

Strong Motivation 
for finding alternative 

scenarios!

Too weak!
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2. Majorana Hypothesis
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Possible Scenarios for Neutrino Mass 
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ν̄C
R m ν Neutrino as Majorana Particle


Anti-neutrino as Right-handed partner

Example for experimental confirmation:

Neutrinoless Double beta decay 

Not observed yet!
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3. Seesaw Mechanism

(Example is Type-1 Seesaw)P. Minkowski,  Phys. Lett. B 67 (1977) 
T. Yanagida, Conf. Proc. C 7902131 (1979)

<latexit sha1_base64="ZqI7Sr98s5xn+m7ITx7gM5Q+yLU="></latexit>
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N̄ c

RMNR + h.c.

Small  and Large Majorana Mass  leads physical neutrino mass  : 

The greater , the smaller 

m M mν ≃
m2

M
M mν

Mass mixing with Right-Handed Majorana Neutrino

M

mν

Heavy

Light Still hard to confirm experimentally:  GeV requiredM ∼ 𝒪(109)

Possible Scenarios for Neutrino Mass 



6

Ernest Ma., Phys. Rev. D 73, 0773014. Scotogenic Model
Similar to Seesaw but experimentally reachable!

Loop-induced neutrino mass: 


Requirement: 

Non-zero VEV of SM Higgs , 


Additional scalar doublet  that couples to 
Higgs and neutrinos, 


and heavy Majorana neutrino 


Seesaw scale reduced by a factor : 
 gives experimentally 

reachable  TeV!

ϕ
η

λ5/16π2

λ5 ∼ 𝒪(10−4)
MN ∼ 𝒪(1)

λ5

Additional features:  might be Dark Matter & Leptogenesis Re η0

Possible Scenarios for Neutrino Mass 



Outline of Our Model
Scotogenic Model and Inert Higgs Doublet Model
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Small SM neutrino mass from  
Inert Higgs , decoupled scalar ,  

and TeV Scale Right-handed 
neutrino (RHN) 

H2 S
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V

The imposed symmetry  is broken 
down to  by Spurion. 

This breaking causes RHN mass, mass 
mixing between scalars 

Z4
Z2

DM

q

DM→

q

Z

Inert Higgs might be DM 
and such possibility is 

constrained by mass gap
NR
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RHN could be 
origin of 

leptogenesis



Particle Contents
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<latexit sha1_base64="8dLszazhmBROz0RP7VZddEgIrKA=">AAACA3icbZDLSgMxFIYz9VbrbdSdboJFEIQyI1LdCEU3LivYC3SGIZNm2tBMMiSZQhkKbnwVNy4UcetLuPNtTNsRtPWHwMd/zuHk/GHCqNKO82UVlpZXVteK66WNza3tHXt3r6lEKjFpYMGEbIdIEUY5aWiqGWknkqA4ZKQVDm4m9daQSEUFv9ejhPgx6nEaUYy0sQL7wBsimfQpvILD4IdPoSf7IrDLTsWZCi6Cm0MZ5KoH9qfXFTiNCdeYIaU6rpNoP0NSU8zIuOSliiQID1CPdAxyFBPlZ9MbxvDYOF0YCWke13Dq/p7IUKzUKA5NZ4x0X83XJuZ/tU6qo0s/ozxJNeF4tihKGdQCTgKBXSoJ1mxkAGFJzV8h7iOJsDaxlUwI7vzJi9A8q7jVSvXuvFy7zuMogkNwBE6ACy5ADdyCOmgADB7AE3gBr9aj9Wy9We+z1oKVz+yDP7I+vgGpw5bo</latexit>

' = v' + ⇢

<latexit sha1_base64="Fj7/ikrObZyEdViSc9gdfMdwRWg=">AAACCHicbVDJSgNBEK2JW4zbqEcPNgYhIoSZINGLEPTiMaJZIDOEnk5P0qRnsbtHCMMcvfgrXjwo4tVP8Obf2FkOGn1Q8Hiviqp6XsyZVJb1ZeQWFpeWV/KrhbX1jc0tc3unKaNEENogEY9E28OSchbShmKK03YsKA48Tlve8HLst+6pkCwKb9Uopm6A+yHzGcFKS11z/wadI8cXmKR2ljryTqi0kmWoJI8RQ/ioaxatsjUB+kvsGSnCDPWu+en0IpIENFSEYyk7thUrN8VCMcJpVnASSWNMhrhPO5qGOKDSTSePZOhQKz3kR0JXqNBE/TmR4kDKUeDpzgCrgZz3xuJ/XidR/pmbsjBOFA3JdJGfcKQiNE4F9ZigRPGRJpgIpm9FZIB1KkpnV9Ah2PMv/yXNStmulqvXJ8XaxSyOPOzBAZTAhlOowRXUoQEEHuAJXuDVeDSejTfjfdqaM2Yzu/ALxsc3SN+YPg==</latexit>

S =
1p
2
(s+ ia)

Spoiler: we will give VEV for  
which breaks  symmetry

φ
Z4

Note: In our model, the 125 GeV Higgs is different from :  is not mass eigenstate 
125GeV is the linear combination between  and  (after symmetry breaking)

h h
h ρ

<latexit sha1_base64="0kP8YqSWGp58cDLBsWhrL9M9tqI=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0WoFGpSpLoRqm66rGAf0NYwmU7aoZNJnJkIJeQX3Pgrblwo4tadO//GaZuFth64cDjnXu69xw0Zlcqyvo3M0vLK6lp2PbexubW9Y+7uNWUQCUwaOGCBaLtIEkY5aSiqGGmHgiDfZaTljq4nfuuBCEkDfqvGIen5aMCpRzFSWnLMQs0pwwvYdSkP/Lh2V0xiLVlFSOGlYx2fdOW9UHE5SRwzb5WsKeAisVOSBynqjvnV7Qc48glXmCEpO7YVql6MhKKYkSTXjSQJER6hAeloypFPZC+efpTAI630oRcIXVzBqfp7Ika+lGPf1Z0+UkM5703E/7xOpLzzXkx5GCnC8WyRFzGoAjiJB/apIFixsSYIC6pvhXiIBMJKh5jTIdjzLy+SZrlkV0qVm9N89SqNIwsOwCEoABucgSqogTpoAAwewTN4BW/Gk/FivBsfs9aMkc7sgz8wPn8As5SbGQ==</latexit>

H2 =

✓
H

+

(H0 + iA0)/
p
2

◆

Correspond to 
the SM Higgs

Inert Higgs

Heavy Scalar
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The General  Invariant Lagrangian for New speciesZ4
<latexit sha1_base64="r4D2B7ZfLqqCXmyBc+9pySgm9iE="></latexit>

Lint = �m
2
1|H1|2 �m

2
2|H2|2 � �1|H1|4 + �2|H2|4 � �3|H1|2|H2|2 � �4

⇣
H

†
1H2

⌘⇣
H

†
2H1

⌘

�m
2
S
|S|2 � �S |S|4 �

1

2
m

2
'
'
2 � 1

4
�''

4 � 1

2
�S'|S|2'2

+
⇣p

2S†
H

†
1H2 +

p
2�0

S'
'SH

†
1H2 + µ'S

2 + h.c.
⌘
�

X

i=1,2


�HiS

⇣
H

†
i
Hi

⌘
|S|2 � 1

2
�Hi'

⇣
H

†
i
Hi

⌘
'
2

�

�yN,ij l̄i
eH2NR,j �

1

2
�N,ij'N

c

R,i
NR,j + h.c. ( eH2 ⌘ i�2H

⇤
2 )

Too many parameters No  term: which is the part of 
the loop in the Scotogenic Model

λ5

λ5Too much dynamics
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Not every dynamics is in our concern!
<latexit sha1_base64="r4D2B7ZfLqqCXmyBc+9pySgm9iE="></latexit>

Lint = �m
2
1|H1|2 �m

2
2|H2|2 � �1|H1|4 + �2|H2|4 � �3|H1|2|H2|2 � �4

⇣
H

†
1H2

⌘⇣
H

†
2H1

⌘

�m
2
S
|S|2 � �S |S|4 �

1

2
m

2
'
'
2 � 1

4
�''

4 � 1

2
�S'|S|2'2

+
⇣p

2S†
H

†
1H2 +

p
2�0

S'
'SH

†
1H2 + µ'S

2 + h.c.
⌘
�

X

i=1,2


�HiS

⇣
H

†
i
Hi

⌘
|S|2 � 1

2
�Hi'

⇣
H

†
i
Hi

⌘
'
2

�

�yN,ij l̄i
eH2NR,j �

1

2
�N,ij'N

c

R,i
NR,j + h.c. ( eH2 ⌘ i�2H

⇤
2 )

The dynamics we have to consider are only those.


1. Interactions related to small neutrino mass

2. Interactions may be bounded from experiments 

Rather, the particle and their mass spectrum will be analyzed
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<latexit sha1_base64="QbQMceEtoDRFiCI+04w+iS9sCK4=">AAAB8nicbVBNTwIxEO3iF+IX6tFLIzHBC9klBj0SvXjE6ArJsiHdUqCh7W7aWROy4Wd48aAxXv013vw3FtiDgi+Z5OW9mczMixLBDbjut1NYW9/Y3Cpul3Z29/YPyodHjyZONWU+jUWsOxExTHDFfOAgWCfRjMhIsHY0vpn57SemDY/VA0wSFkoyVHzAKQErBVlXS3zvV+vn01654tbcOfAq8XJSQTlavfJXtx/TVDIFVBBjAs9NIMyIBk4Fm5a6qWEJoWMyZIGlikhmwmx+8hSfWaWPB7G2pQDP1d8TGZHGTGRkOyWBkVn2ZuJ/XpDC4CrMuEpSYIouFg1SgSHGs/9xn2tGQUwsIVRzeyumI6IJBZtSyYbgLb+8Sh7rNa9Ra9xdVJrXeRxFdIJOURV56BI10S1qIR9RFKNn9IreHHBenHfnY9FacPKZY/QHzucPA9uQcQ==</latexit>

SU(2)
<latexit sha1_base64="E/vyOUZAx/NSiVcviEIu3Z5iiPE=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHYNQY9ELx4xyiPChswOvTBhdnYzM2tCCJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzcxvPaHSPJYPZpygH9GB5CFn1Fjp/rFX6RVLbtmdg6wSLyMlyFDvFb+6/ZilEUrDBNW647mJ8SdUGc4ETgvdVGNC2YgOsGOppBFqfzI/dUrOrNInYaxsSUPm6u+JCY20HkeB7YyoGeplbyb+53VSE175Ey6T1KBki0VhKoiJyexv0ucKmRFjSyhT3N5K2JAqyoxNp2BD8JZfXiXNi7JXLVfvKqXadRZHHk7gFM7Bg0uowS3UoQEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8A5guNkA==</latexit>

Z4

<latexit sha1_base64="TEqbuCHL1I00E/bpyOoYq5+Wvy4=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELx4hyiOBDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJYPZpygH9GB5CFn1Fipft8rltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1Ku1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+ALG3jOI=</latexit>

S
<latexit sha1_base64="IeNBoL6YR6xSawfI0WCQC3Blipg=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmIckS5idnSRD5rHMzAphyVd48aCIVz/Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyUbMAItk56zHqR4jEKpv1yxa/6c6BVEuSkAjka/fJXL1YkFVRawrEx3cBPbJhhbRnhdFrqpYYmmIzxkHYdlVhQE2bzg6fozCkxGijtSlo0V39PZFgYMxGR6xTYjsyyNxP/87qpHVyHGZNJaqkki0WDlCOr0Ox7FDNNieUTRzDRzN2KyAhrTKzLqORCCJZfXiWti2pQq9buLyv1mzyOIpzAKZxDAFdQhztoQBMICHiGV3jztPfivXsfi9aCl88cwx94nz9f1ZAl</latexit>

1
<latexit sha1_base64="WbA6mvP0N/IkcjD+5Ytxnjm+W4c=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBahXmpSpHoRil48VrAf0May2W7apZtN2N0USug/8eJBEa/+E2/+G7dtDtr6YODx3gwz8/yYM6Ud59vKra1vbG7ltws7u3v7B/bhUVNFiSS0QSIeybaPFeVM0IZmmtN2LCkOfU5b/uhu5rfGVCoWiUc9iakX4oFgASNYG6ln2/QpZd2YXVSmqHSD2HnPLjplZw60StyMFCFDvWd/dfsRSUIqNOFYqY7rxNpLsdSMcDotdBNFY0xGeEA7hgocUuWl88un6MwofRRE0pTQaK7+nkhxqNQk9E1niPVQLXsz8T+vk+jg2kuZiBNNBVksChKOdIRmMaA+k5RoPjEEE8nMrYgMscREm7AKJgR3+eVV0qyU3Wq5+nBZrN1mceThBE6hBC5cQQ3uoQ4NIDCGZ3iFNyu1Xqx362PRmrOymWP4A+vzB35qkkc=</latexit>

ei⇡/2(= i)

<latexit sha1_base64="JbbV4CLzAhTOrmADUs0leah7svs=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKVI9FLx4r2A9ol5JNs21oNhuSbKEs/RFePCji1d/jzX9j2u5BWx8MPN6bYWZeqAQ31vO+UWFjc2t7p7hb2ts/ODwqH5+0TJJqypo0EYnuhMQwwSVrWm4F6yjNSBwK1g7H93O/PWHa8EQ+2aliQUyGkkecEuukdm9CtBrxfrniVb0F8Drxc1KBHI1++as3SGgaM2mpIMZ0fU/ZICPacirYrNRLDVOEjsmQdR2VJGYmyBbnzvCFUwY4SrQrafFC/T2RkdiYaRy6zpjYkVn15uJ/Xje10W2QcalSyyRdLopSgW2C57/jAdeMWjF1hFDN3a2Yjogm1LqESi4Ef/XlddK6qvq1au3xulK/y+MowhmcwyX4cAN1eIAGNIHCGJ7hFd6QQi/oHX0sWwsonzmFP0CfP37cj7E=</latexit>' <latexit sha1_base64="IeNBoL6YR6xSawfI0WCQC3Blipg=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmIckS5idnSRD5rHMzAphyVd48aCIVz/Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyUbMAItk56zHqR4jEKpv1yxa/6c6BVEuSkAjka/fJXL1YkFVRawrEx3cBPbJhhbRnhdFrqpYYmmIzxkHYdlVhQE2bzg6fozCkxGijtSlo0V39PZFgYMxGR6xTYjsyyNxP/87qpHVyHGZNJaqkki0WDlCOr0Ox7FDNNieUTRzDRzN2KyAhrTKzLqORCCJZfXiWti2pQq9buLyv1mzyOIpzAKZxDAFdQhztoQBMICHiGV3jztPfivXsfi9aCl88cwx94nz9f1ZAl</latexit>

1
<latexit sha1_base64="Pu38rwQ460elON9RpDvkGYknivM=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEI9WBJRKoXoejFYwX7AW0sm+2mXbrZhN2NUEN/iRcPinj1p3jz37htc9DWBwOP92aYmefHnCntON9WbmV1bX0jv1nY2t7ZLdp7+00VJZLQBol4JNs+VpQzQRuaaU7bsaQ49Dlt+aObqd96pFKxSNzrcUy9EA8ECxjB2kg9u0gfUtaN2QSVr9Cpe9KzS07FmQEtEzcjJchQ79lf3X5EkpAKTThWquM6sfZSLDUjnE4K3UTRGJMRHtCOoQKHVHnp7PAJOjZKHwWRNCU0mqm/J1IcKjUOfdMZYj1Ui95U/M/rJDq49FIm4kRTQeaLgoQjHaFpCqjPJCWajw3BRDJzKyJDLDHRJquCCcFdfHmZNM8qbrVSvTsv1a6zOPJwCEdQBhcuoAa3UIcGEEjgGV7hzXqyXqx362PemrOymQP4A+vzB7EekdE=</latexit>

ei⇡(= �1)

<latexit sha1_base64="MkIjwrAzAQoJ6FhLC50Pw6OoNEI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseilx4rWltoQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fDoUcepYthisYhVJ6AaBZfYMtwI7CQKaRQIbAfj25nffkKleSwfzCRBP6JDyUPOqLHSfaPv9csVt+rOQVaJl5MK5Gj2y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+anTsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14bWfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyKnm8qHq1au3uslK/yeMowgmcwjl4cAV1aEATWsBgCM/wCm+OcF6cd+dj0Vpw8plj+APn8wfGE417</latexit>

H1
<latexit sha1_base64="ujoq7TVL1Cnz7BStZ44lF7qb+Y0=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBA8hd0g0WPQi8cI5iHJEmZnJ8mQeSwzs0JY8hVePCji1c/x5t84SfagiQUNRVU33V1Rwpmxvv/tra1vbG5tF3aKu3v7B4elo+OWUakmtEkUV7oTYUM5k7RpmeW0k2iKRcRpOxrfzvz2E9WGKflgJwkNBR5KNmAEWyc9Zr1I8RhVp/1S2a/4c6BVEuSkDDka/dJXL1YkFVRawrEx3cBPbJhhbRnhdFrspYYmmIzxkHYdlVhQE2bzg6fo3CkxGijtSlo0V39PZFgYMxGR6xTYjsyyNxP/87qpHVyHGZNJaqkki0WDlCOr0Ox7FDNNieUTRzDRzN2KyAhrTKzLqOhCCJZfXiWtaiWoVWr3l+X6TR5HAU7hDC4ggCuowx00oAkEBDzDK7x52nvx3r2PReual8+cwB94nz9hWpAm</latexit>

2
<latexit sha1_base64="mM175QWOtUFgAichMZIWmgGKdUI=">AAAB8nicbVBNSwMxEJ31s9avqkcvwSLUS9kVqV6EohePFewHbNeSTbNtaDZZkqxQlv4MLx4U8eqv8ea/MW33oK0PBh7vzTAzL0w408Z1v52V1bX1jc3CVnF7Z3dvv3Rw2NIyVYQ2ieRSdUKsKWeCNg0znHYSRXEcctoOR7dTv/1ElWZSPJhxQoMYDwSLGMHGSj59zNwJqlwj76xXKrtVdwa0TLyclCFHo1f66vYlSWMqDOFYa99zExNkWBlGOJ0Uu6mmCSYjPKC+pQLHVAfZ7OQJOrVKH0VS2RIGzdTfExmOtR7Hoe2MsRnqRW8q/uf5qYmugoyJJDVUkPmiKOXISDT9H/WZosTwsSWYKGZvRWSIFSbGplS0IXiLLy+T1nnVq1Vr9xfl+k0eRwGO4QQq4MEl1OEOGtAEAhKe4RXeHOO8OO/Ox7x1xclnjuAPnM8fIe2P3Q==</latexit>

e0(= 1)

<latexit sha1_base64="d9233qNzkj19kB/maF6OoCWB9ss=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHaJQY9ELxwxyiOBDZkdBpgwO7uZ6TUhGz7BiweN8eoXefNvHGAPClbSSaWqO91dQSyFQdf9dnIbm1vbO/ndwt7+weFR8fikZaJEM95kkYx0J6CGS6F4EwVK3ok1p2EgeTuY3M399hPXRkTqEacx90M6UmIoGEUrPdT7lX6x5JbdBcg68TJSggyNfvGrN4hYEnKFTFJjup4bo59SjYJJPiv0EsNjyiZ0xLuWKhpy46eLU2fkwioDMoy0LYVkof6eSGlozDQMbGdIcWxWvbn4n9dNcHjjp0LFCXLFlouGiSQYkfnfZCA0ZyinllCmhb2VsDHVlKFNp2BD8FZfXietStmrlqv3V6XabRZHHs7gHC7Bg2uoQR0a0AQGI3iGV3hzpPPivDsfy9ack82cwh84nz/Hl418</latexit>

H2
<latexit sha1_base64="ujoq7TVL1Cnz7BStZ44lF7qb+Y0=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBA8hd0g0WPQi8cI5iHJEmZnJ8mQeSwzs0JY8hVePCji1c/x5t84SfagiQUNRVU33V1Rwpmxvv/tra1vbG5tF3aKu3v7B4elo+OWUakmtEkUV7oTYUM5k7RpmeW0k2iKRcRpOxrfzvz2E9WGKflgJwkNBR5KNmAEWyc9Zr1I8RhVp/1S2a/4c6BVEuSkDDka/dJXL1YkFVRawrEx3cBPbJhhbRnhdFrspYYmmIzxkHYdlVhQE2bzg6fo3CkxGijtSlo0V39PZFgYMxGR6xTYjsyyNxP/87qpHVyHGZNJaqkki0WDlCOr0Ox7FDNNieUTRzDRzN2KyAhrTKzLqOhCCJZfXiWtaiWoVWr3l+X6TR5HAU7hDC4ggCuowx00oAkEBDzDK7x52nvx3r2PReual8+cwB94nz9hWpAm</latexit>

2
<latexit sha1_base64="WbA6mvP0N/IkcjD+5Ytxnjm+W4c=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBahXmpSpHoRil48VrAf0May2W7apZtN2N0USug/8eJBEa/+E2/+G7dtDtr6YODx3gwz8/yYM6Ud59vKra1vbG7ltws7u3v7B/bhUVNFiSS0QSIeybaPFeVM0IZmmtN2LCkOfU5b/uhu5rfGVCoWiUc9iakX4oFgASNYG6ln2/QpZd2YXVSmqHSD2HnPLjplZw60StyMFCFDvWd/dfsRSUIqNOFYqY7rxNpLsdSMcDotdBNFY0xGeEA7hgocUuWl88un6MwofRRE0pTQaK7+nkhxqNQk9E1niPVQLXsz8T+vk+jg2kuZiBNNBVksChKOdIRmMaA+k5RoPjEEE8nMrYgMscREm7AKJgR3+eVV0qyU3Wq5+nBZrN1mceThBE6hBC5cQQ3uoQ4NIDCGZ3iFNyu1Xqx362PRmrOymWP4A+vzB35qkkc=</latexit>

ei⇡/2(= i)

<latexit sha1_base64="zLt/ASmFUP12CJU7Uz54kO8al/s=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BL54kPvKAZAmzk0kyZHZ2mekVwpJP8OJBEa9+kTf/xkmyB00saCiquunuCmIpDLrut5NbWV1b38hvFra2d3b3ivsHDRMlmvE6i2SkWwE1XArF6yhQ8lasOQ0DyZvB6HrqN5+4NiJSjziOuR/SgRJ9wSha6eG2e98tltyyOwNZJl5GSpCh1i1+dXoRS0KukElqTNtzY/RTqlEwySeFTmJ4TNmIDnjbUkVDbvx0duqEnFilR/qRtqWQzNTfEykNjRmHge0MKQ7NojcV//PaCfYv/VSoOEGu2HxRP5EEIzL9m/SE5gzl2BLKtLC3EjakmjK06RRsCN7iy8ukcVb2KuXK3XmpepXFkYcjOIZT8OACqnADNagDgwE8wyu8OdJ5cd6dj3lrzslmDuEPnM8fAUqNog==</latexit>

NR
<latexit sha1_base64="IeNBoL6YR6xSawfI0WCQC3Blipg=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmIckS5idnSRD5rHMzAphyVd48aCIVz/Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyUbMAItk56zHqR4jEKpv1yxa/6c6BVEuSkAjka/fJXL1YkFVRawrEx3cBPbJhhbRnhdFrqpYYmmIzxkHYdlVhQE2bzg6fozCkxGijtSlo0V39PZFgYMxGR6xTYjsyyNxP/87qpHVyHGZNJaqkki0WDlCOr0Ox7FDNNieUTRzDRzN2KyAhrTKzLqORCCJZfXiWti2pQq9buLyv1mzyOIpzAKZxDAFdQhztoQBMICHiGV3jztPfivXsfi9aCl88cwx94nz9f1ZAl</latexit>

1
<latexit sha1_base64="WbA6mvP0N/IkcjD+5Ytxnjm+W4c=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBahXmpSpHoRil48VrAf0May2W7apZtN2N0USug/8eJBEa/+E2/+G7dtDtr6YODx3gwz8/yYM6Ud59vKra1vbG7ltws7u3v7B/bhUVNFiSS0QSIeybaPFeVM0IZmmtN2LCkOfU5b/uhu5rfGVCoWiUc9iakX4oFgASNYG6ln2/QpZd2YXVSmqHSD2HnPLjplZw60StyMFCFDvWd/dfsRSUIqNOFYqY7rxNpLsdSMcDotdBNFY0xGeEA7hgocUuWl88un6MwofRRE0pTQaK7+nkhxqNQk9E1niPVQLXsz8T+vk+jg2kuZiBNNBVksChKOdIRmMaA+k5RoPjEEE8nMrYgMscREm7AKJgR3+eVV0qyU3Wq5+nBZrN1mceThBE6hBC5cQQ3uoQ4NIDCGZ3iFNyu1Xqx362PRmrOymWP4A+vzB35qkkc=</latexit>

ei⇡/2(= i)

<latexit sha1_base64="EnMHjQwRPGFDDi5DfmUHgY5sWkc=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHaJQY9ELx4xyiPChswOvTBhdnYzM2tCCJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzcxvPaHSPJYPZpygH9GB5CFn1Fjp/rFX6RVLbtmdg6wSLyMlyFDvFb+6/ZilEUrDBNW647mJ8SdUGc4ETgvdVGNC2YgOsGOppBFqfzI/dUrOrNInYaxsSUPm6u+JCY20HkeB7YyoGeplbyb+53VSE175Ey6T1KBki0VhKoiJyexv0ucKmRFjSyhT3N5K2JAqyoxNp2BD8JZfXiXNStmrlqt3F6XadRZHHk7gFM7Bg0uowS3UoQEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8A4wONjg==</latexit>

Z2

<latexit sha1_base64="K7phoZ3QXjUefl86G9MfI08I0Ys=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgxbArEj0GvXhMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGdzO/9YRK81g+mHGCfkQHkoecUWOl+kWvWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rwxp9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6WvUq5Ur8qVW+zOPJwAqdwDh5cQxXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A3gfjLw=</latexit>�
<latexit sha1_base64="7CDz+hFii/hnzm/SPcG6JVj1JjA=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXJHoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwse5VypX5Vqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3UXjLo=</latexit>

+
<latexit sha1_base64="7CDz+hFii/hnzm/SPcG6JVj1JjA=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXJHoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwse5VypX5Vqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3UXjLo=</latexit>

+

<latexit sha1_base64="K7phoZ3QXjUefl86G9MfI08I0Ys=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgxbArEj0GvXhMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGdzO/9YRK81g+mHGCfkQHkoecUWOl+kWvWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rwxp9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6WvUq5Ur8qVW+zOPJwAqdwDh5cQxXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A3gfjLw=</latexit>�
<latexit sha1_base64="K7phoZ3QXjUefl86G9MfI08I0Ys=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgxbArEj0GvXhMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGdzO/9YRK81g+mHGCfkQHkoecUWOl+kWvWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rwxp9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6WvUq5Ur8qVW+zOPJwAqdwDh5cQxXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A3gfjLw=</latexit>�

→

As  gets VEV,  symmetry is broken 
down to its subgroup 

φ Z4
Z2

Consequences of Symmetry Breaking


1. RHN gets mass proportional to 

2. Mass mixing between components of 

scalar: , , 

3. The Lightest particle with  parity 

is stabilized: Dark matter candidates

vφ

(h, ρ) (s, H0) (a, A0)
( − )

<latexit sha1_base64="/V8XF7MgG848UeaLYPPqygsTRE4=">AAACFHicbVDLSgMxFM3UV62vqks3wSIIhTJTpLoRim66rGAf0ClDJs20oZnMmGQKJcxHuPFX3LhQxK0Ld/6NaTsLbT1w4XDOvdx7jx8zKpVtf1u5tfWNza38dmFnd2//oHh41JZRIjBp4YhFousjSRjlpKWoYqQbC4JCn5GOP76d+Z0JEZJG/F5NY9IP0ZDTgGKkjOQVyw3PgdfQDQTC2km1Kx+E0tU0ha5PeRRqO9UTrwHLcJR6xZJdseeAq8TJSAlkaHrFL3cQ4SQkXGGGpOw5dqz6GglFMSNpwU0kiREeoyHpGcpRSGRfz59K4ZlRBjCIhCmu4Fz9PaFRKOU09E1niNRILnsz8T+vl6jgqq8pjxNFOF4sChIGVQRnCcEBFQQrNjUEYUHNrRCPkMlHmRwLJgRn+eVV0q5WnFqldndRqt9kceTBCTgF58ABl6AOGqAJWgCDR/AMXsGb9WS9WO/Wx6I1Z2Uzx+APrM8fTeadww==</latexit>

H1 =
1p
2

✓
0

vH + h

◆
<latexit sha1_base64="8dLszazhmBROz0RP7VZddEgIrKA=">AAACA3icbZDLSgMxFIYz9VbrbdSdboJFEIQyI1LdCEU3LivYC3SGIZNm2tBMMiSZQhkKbnwVNy4UcetLuPNtTNsRtPWHwMd/zuHk/GHCqNKO82UVlpZXVteK66WNza3tHXt3r6lEKjFpYMGEbIdIEUY5aWiqGWknkqA4ZKQVDm4m9daQSEUFv9ejhPgx6nEaUYy0sQL7wBsimfQpvILD4IdPoSf7IrDLTsWZCi6Cm0MZ5KoH9qfXFTiNCdeYIaU6rpNoP0NSU8zIuOSliiQID1CPdAxyFBPlZ9MbxvDYOF0YCWke13Dq/p7IUKzUKA5NZ4x0X83XJuZ/tU6qo0s/ozxJNeF4tihKGdQCTgKBXSoJ1mxkAGFJzV8h7iOJsDaxlUwI7vzJi9A8q7jVSvXuvFy7zuMogkNwBE6ACy5ADdyCOmgADB7AE3gBr9aj9Wy9We+z1oKVz+yDP7I+vgGpw5bo</latexit>

' = v' + ⇢
<latexit sha1_base64="Fj7/ikrObZyEdViSc9gdfMdwRWg=">AAACCHicbVDJSgNBEK2JW4zbqEcPNgYhIoSZINGLEPTiMaJZIDOEnk5P0qRnsbtHCMMcvfgrXjwo4tVP8Obf2FkOGn1Q8Hiviqp6XsyZVJb1ZeQWFpeWV/KrhbX1jc0tc3unKaNEENogEY9E28OSchbShmKK03YsKA48Tlve8HLst+6pkCwKb9Uopm6A+yHzGcFKS11z/wadI8cXmKR2ljryTqi0kmWoJI8RQ/ioaxatsjUB+kvsGSnCDPWu+en0IpIENFSEYyk7thUrN8VCMcJpVnASSWNMhrhPO5qGOKDSTSePZOhQKz3kR0JXqNBE/TmR4kDKUeDpzgCrgZz3xuJ/XidR/pmbsjBOFA3JdJGfcKQiNE4F9ZigRPGRJpgIpm9FZIB1KkpnV9Ah2PMv/yXNStmulqvXJ8XaxSyOPOzBAZTAhlOowRXUoQEEHuAJXuDVeDSejTfjfdqaM2Yzu/ALxsc3SN+YPg==</latexit>

S =
1p
2
(s+ ia)

<latexit sha1_base64="0kP8YqSWGp58cDLBsWhrL9M9tqI=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0WoFGpSpLoRqm66rGAf0NYwmU7aoZNJnJkIJeQX3Pgrblwo4tadO//GaZuFth64cDjnXu69xw0Zlcqyvo3M0vLK6lp2PbexubW9Y+7uNWUQCUwaOGCBaLtIEkY5aSiqGGmHgiDfZaTljq4nfuuBCEkDfqvGIen5aMCpRzFSWnLMQs0pwwvYdSkP/Lh2V0xiLVlFSOGlYx2fdOW9UHE5SRwzb5WsKeAisVOSBynqjvnV7Qc48glXmCEpO7YVql6MhKKYkSTXjSQJER6hAeloypFPZC+efpTAI630oRcIXVzBqfp7Ika+lGPf1Z0+UkM5703E/7xOpLzzXkx5GCnC8WyRFzGoAjiJB/apIFixsSYIC6pvhXiIBMJKh5jTIdjzLy+SZrlkV0qVm9N89SqNIwsOwCEoABucgSqogTpoAAwewTN4BW/Gk/FivBsfs9aMkc7sgz8wPn8As5SbGQ==</latexit>

H2 =

✓
H

+

(H0 + iA0)/
p
2

◆
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<latexit sha1_base64="/V8XF7MgG848UeaLYPPqygsTRE4=">AAACFHicbVDLSgMxFM3UV62vqks3wSIIhTJTpLoRim66rGAf0ClDJs20oZnMmGQKJcxHuPFX3LhQxK0Ld/6NaTsLbT1w4XDOvdx7jx8zKpVtf1u5tfWNza38dmFnd2//oHh41JZRIjBp4YhFousjSRjlpKWoYqQbC4JCn5GOP76d+Z0JEZJG/F5NY9IP0ZDTgGKkjOQVyw3PgdfQDQTC2km1Kx+E0tU0ha5PeRRqO9UTrwHLcJR6xZJdseeAq8TJSAlkaHrFL3cQ4SQkXGGGpOw5dqz6GglFMSNpwU0kiREeoyHpGcpRSGRfz59K4ZlRBjCIhCmu4Fz9PaFRKOU09E1niNRILnsz8T+vl6jgqq8pjxNFOF4sChIGVQRnCcEBFQQrNjUEYUHNrRCPkMlHmRwLJgRn+eVV0q5WnFqldndRqt9kceTBCTgF58ABl6AOGqAJWgCDR/AMXsGb9WS9WO/Wx6I1Z2Uzx+APrM8fTeadww==</latexit>

H1 =
1p
2

✓
0

vH + h

◆
<latexit sha1_base64="8dLszazhmBROz0RP7VZddEgIrKA=">AAACA3icbZDLSgMxFIYz9VbrbdSdboJFEIQyI1LdCEU3LivYC3SGIZNm2tBMMiSZQhkKbnwVNy4UcetLuPNtTNsRtPWHwMd/zuHk/GHCqNKO82UVlpZXVteK66WNza3tHXt3r6lEKjFpYMGEbIdIEUY5aWiqGWknkqA4ZKQVDm4m9daQSEUFv9ejhPgx6nEaUYy0sQL7wBsimfQpvILD4IdPoSf7IrDLTsWZCi6Cm0MZ5KoH9qfXFTiNCdeYIaU6rpNoP0NSU8zIuOSliiQID1CPdAxyFBPlZ9MbxvDYOF0YCWke13Dq/p7IUKzUKA5NZ4x0X83XJuZ/tU6qo0s/ozxJNeF4tihKGdQCTgKBXSoJ1mxkAGFJzV8h7iOJsDaxlUwI7vzJi9A8q7jVSvXuvFy7zuMogkNwBE6ACy5ADdyCOmgADB7AE3gBr9aj9Wy9We+z1oKVz+yDP7I+vgGpw5bo</latexit>

' = v' + ⇢
<latexit sha1_base64="Fj7/ikrObZyEdViSc9gdfMdwRWg=">AAACCHicbVDJSgNBEK2JW4zbqEcPNgYhIoSZINGLEPTiMaJZIDOEnk5P0qRnsbtHCMMcvfgrXjwo4tVP8Obf2FkOGn1Q8Hiviqp6XsyZVJb1ZeQWFpeWV/KrhbX1jc0tc3unKaNEENogEY9E28OSchbShmKK03YsKA48Tlve8HLst+6pkCwKb9Uopm6A+yHzGcFKS11z/wadI8cXmKR2ljryTqi0kmWoJI8RQ/ioaxatsjUB+kvsGSnCDPWu+en0IpIENFSEYyk7thUrN8VCMcJpVnASSWNMhrhPO5qGOKDSTSePZOhQKz3kR0JXqNBE/TmR4kDKUeDpzgCrgZz3xuJ/XidR/pmbsjBOFA3JdJGfcKQiNE4F9ZigRPGRJpgIpm9FZIB1KkpnV9Ah2PMv/yXNStmulqvXJ8XaxSyOPOzBAZTAhlOowRXUoQEEHuAJXuDVeDSejTfjfdqaM2Yzu/ALxsc3SN+YPg==</latexit>

S =
1p
2
(s+ ia)

Mass Mixing after Symmetry Breaking
<latexit sha1_base64="1vd237HinNIeR3Ctefles8hwXIY="></latexit>

L �� 1

2
(h ⇢)

 
�1v

2
H
+

�H1'v
2
'

2 �H1'vHv'

�H1'vHv' �'v
2
'
+

�H1'v
2
H

2

!✓
h

⇢

◆

� 1

2
(H0 s)

 
m

2
2 +

�3v
2
H

2 +
�H2'v

2
'

2 (+ 
0)vH

(+ 
0)vH m

2
S
+

�H1Sv
2
H

2 +
�S'v

2
'

2 + m̂S

2

!✓
H0

s

◆

� 1

2
(A0 a)

 
m

2
2 +

�3v
2
H

2 +
�H2'v

2
'

2 (� 
0)vH

(� 
0)vH m

2
S
+

�H1Sv
2
H

2 +
�S'v

2
'

2 + m̂S

2

!✓
A0

a

◆

(1) (2) (3)

(4)

(5)

(6)

<latexit sha1_base64="0kP8YqSWGp58cDLBsWhrL9M9tqI=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0WoFGpSpLoRqm66rGAf0NYwmU7aoZNJnJkIJeQX3Pgrblwo4tadO//GaZuFth64cDjnXu69xw0Zlcqyvo3M0vLK6lp2PbexubW9Y+7uNWUQCUwaOGCBaLtIEkY5aSiqGGmHgiDfZaTljq4nfuuBCEkDfqvGIen5aMCpRzFSWnLMQs0pwwvYdSkP/Lh2V0xiLVlFSOGlYx2fdOW9UHE5SRwzb5WsKeAisVOSBynqjvnV7Qc48glXmCEpO7YVql6MhKKYkSTXjSQJER6hAeloypFPZC+efpTAI630oRcIXVzBqfp7Ika+lGPf1Z0+UkM5703E/7xOpLzzXkx5GCnC8WyRFzGoAjiJB/apIFixsSYIC6pvhXiIBMJKh5jTIdjzLy+SZrlkV0qVm9N89SqNIwsOwCEoABucgSqogTpoAAwewTN4BW/Gk/FivBsfs9aMkc7sgz8wPn8As5SbGQ==</latexit>

H2 =

✓
H

+

(H0 + iA0)/
p
2

◆

(7)

→ Mass Eigenstates:
<latexit sha1_base64="BT+XFLJOaLjFBEUdBtmr4nGvN4g="></latexit>✓
h1

h2

◆
=

✓
c↵ s↵
�s↵ c↵

◆✓
h

⇢

◆
<latexit sha1_base64="0Iw2sm7DZnZ3MYJqXlYYA7aECxk="></latexit>✓
H1

H2

◆
=

✓
cs ss

�ss cs

◆✓
H0

s

◆ <latexit sha1_base64="37Nomc3QNb0xa/y9f5SDm6WL3vg="></latexit>✓
A1

A2

◆
=

✓
ca sa
�sa ca

◆✓
A0

a

◆

κ′ ≡ λ′ Sφvφ m̂2
S = 2μvφ

−

Not only for determining DM candidate also for neutrino mass
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<latexit sha1_base64="3XK3rw50WtnoBFDD3lkR6oNNuU4="></latexit>
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H
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<latexit sha1_base64="BT+XFLJOaLjFBEUdBtmr4nGvN4g="></latexit>✓
h1

h2

◆
=

✓
c↵ s↵
�s↵ c↵

◆✓
h

⇢

◆
<latexit sha1_base64="0Iw2sm7DZnZ3MYJqXlYYA7aECxk="></latexit>✓
H1

H2

◆
=

✓
cs ss

�ss cs

◆✓
H0

s

◆ <latexit sha1_base64="37Nomc3QNb0xa/y9f5SDm6WL3vg="></latexit>✓
A1

A2

◆
=

✓
ca sa
�sa ca

◆✓
A0

a

◆
General Formulae

We will use the phenomenological limit and simplified formula

Lightest among 
these four is 

DM candidate!
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Comments on Scalar mass
Scalar Mass Spectrum 

 symmetry stabilizes the lightest odd particle (Including ). 

There is a strong experimental bound from the inelastic 
scattering process  for  odd DM. 
( : the next-lightest  odd particle)

Z2 RN,i

DM q → DM′ q Z2
DM′ Z2

, one of the  even scalar, corresponds to 125 GeV Higgs.  
 is different from the interaction eigenstate .  

h1 Z2
h1 h

<latexit sha1_base64="BT+XFLJOaLjFBEUdBtmr4nGvN4g="></latexit>✓
h1

h2

◆
=

✓
c↵ s↵
�s↵ c↵

◆✓
h

⇢

◆
<latexit sha1_base64="0Iw2sm7DZnZ3MYJqXlYYA7aECxk="></latexit>✓
H1

H2

◆
=

✓
cs ss

�ss cs

◆✓
H0

s

◆ <latexit sha1_base64="37Nomc3QNb0xa/y9f5SDm6WL3vg="></latexit>✓
A1

A2

◆
=

✓
ca sa
�sa ca

◆✓
A0

a

◆

 evenZ2  oddZ2  oddZ2

Scalar masses appear in the neutrino mass formula
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q

DM→

q

Z

Modification of Higgs 
quartic coupling is 

required, which is not 
tested well
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Sterile Neutrino mass parameter  
(diagonal  is assumed for simplicity)
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λN,ij

Lagrangian after Symmetry Breaking
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Small Neutrino Mass

Relevant Diagram General formula for neutrino mass

<latexit sha1_base64="g1EvtR7QgrDxHiQL8fGTkI1+P7U="></latexit>

(M⌫)ij =
1

16⇡2

X

↵

X

k

yN,ikyN,jkMN,kF↵


m2

↵

m2
↵ �M2

N,k

ln
m2

↵

M2
N,k

�

(F↵,m↵) = (c2s,mH1), (s
2
s,mH2), (c

2
a,mA1), (c

2
a,mA2)



Neutrino Mass

16

In Scalar Decoupling Limit
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→H†
1↑ →H†
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ω
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H2 S H2

The decoupling scalar limit ( )  

corresponds to the original scotogenic case with 


Scotogenic & Inert Higgs model unified!

mS ≫ κ′ , 2μvφ

λ5,eff = −
4κκ′ 

m2
S
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Limit 1:  (Scalar as DM Candidate)MN,k ≫ m0
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Limit 2:  (RHN as DM Candidate)m0 ≫ MN,k
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In the small  limitλ5,eff
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mH0
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≈
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H

m2
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Avoiding DD bound requires at least 100keV 
mass difference between  and H0 A0

The case we focused on
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 eV 

 keV 

mν = 0.1

|mH0
− mA0

| > 100

|λ5,eff | < 1

Assumptions

<latexit sha1_base64="RQZH1jo/6OrSNoRkcRJdUpON2GQ="></latexit>

m2
0 ⌘

m2
H1

+m2
A1

2
⇡ m2

H0

Note: Smaller  ( ) leads the diagonal bound shift to the leftyN ℒint ⊃ − yNl̄H̃2NR
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Correlation between  and Heavy Scalar Mass in the  limitmν MN,k ≫ m0

Analysis on Neutrino

 keV |mH0
− mA0

| > 100

|λ5,eff | < 1

Note: Smaller  leads the diagonal bound shift to the bottomyN

Assumptions
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DM

q

DM→

q

Z

Detectability of DM

NR

H2

l

l

H2

NR

NR

H2

l

l

H2

NR

Baryon Asymmetry 
from RHN Decay

The reason for at least 100 keV mass difference 
between  and  H0 A0

Leptogenesis

Note: The sign of  determines which particle is Dark matter among  .  
However, since all heavier species was annihilated into DM, this does not change 

phenomenology significantly. We assume  to be positive. 

λ5,eff
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XENON1T Collaboration., Phys. Rev. D 103, 063028 (2021) LZ Collaboration., Phys. Rev. Lett. 131, 041002

Strong Experimental Bound for mass gap less than 100 keV

The Region of interest in several DM DD is energy transfer less than  keV: 
inelastic scattering with energy transfer (= mass gap between DM and next-lightest 

DS particle) greater than  keV is not constrained well.

𝒪(100)

𝒪(100)
Mass Splitting in Decoupling Limit 
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− mA0
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H
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Relic of the Inert Higgs DM

Dark Matter Relic for each DM 
mass with three 

 values withλH2φ ( = 0, 0.01, 0.03)

 

 

cα = 1 , sα = 0, λH1φ = 0, vφ = 104GeV,

m± = m0 + 1GeV, |mH0
− mA0

| = 10MeV

mh2
= 80GeV, (λ3 + λ4 − λ5,eff) = 0.01
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The lightest RHN dominates 
whole leptogenesis process 

(Contribution from heavier RHN 
is ignored due to washout)

Assumption

NR

H2

l

l

H2

NR NR

H2

l

l

H2

NR

ηobs
B = 6.1 × 10−10
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Conclusion
• The scotogenic model provides the possibility of heavy but 

experimentally viable Right-Handed neutrino


• We imposed  symmetry and its breaking to our model.  
Here, Inert Higgs and scalar  provides a small neutrino mass. 


• In the decoupling scalar limit, our model goes to the scotogenic 
limit, and the  term: explaining small neutrino mass is 
effectively generated


• The lightest particle in  odd sector is a DM candidate.  
If the Inert Higgs is the lightest, evading strong direct detection 
bounds requires at least a 100keV mass gap (determined by )


• We commented on the possibility of RHN as the source of the 
leptogenesis in our model

Z4
S

λ5

Z2

λ5
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