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Current status of Higgs measurements
[ATLAS, Nature607, 52 (2022)]

• The data show success of the SM. 

• However possibility of extended Higgs sector is not excluded at all.  

- E.g., Alignment limit, decoupling limit.
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Probe of NP from Higgs sector

Higgs sector

Φ + X + . . .
X: Additional Higgs field

Dark matter 

(WIMP, axion, dark photon, …)

Neutrino masses

(Type-II seesaw, radiative seesaw,…)

EW baryogenesis

(Phase transition, GWs, CPV,…)

Muon g-2, W-mass, …

??

In this talk, we will discuss how axon DM  can be embedded in the 
context of the extended Higgs model.

- Correlation between axion mass and heavy Higgs boson masses. 
- Axion couplings have the  corrections from the mixing btw axion and heavy Higgs.
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Axion in keV scale
• Axion has a good nature as DM.

- The stability is explained by the lightness: 

- Thermal production and/or non thermal production

• KeV scale is accessible by direct searches of DM experiments.
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https://cajohare.github.io/AxionLimits/

XENONnT (current) : 

 at gae ∼ 10−14 ma ∼ 1keV

LZ (future) : 

 at  gae ∼ 10−14 ma ∼ 𝒪(10)keV
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X-ray constraint
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X-ray bounds

(ma ~ 5keV)  

DFSZ type-axion  

gaγγ ∼ 10−18GeV−1 ( 1015GeV
fa ) gaee = 5 × 10−19 ( 1015GeV

fa ) X-ray gives better 
sensitivity than DD exp.

E: EM anomaly coefficient 
N: QCD anomaly coefficient 
qe: PQ charge for electron 

https://cajohare.github.io/AxionLimits/
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Anomaly-free axion

= 0

[K. Nakayama, F. Takahashi, T. 
Yanagida, Phys.Lett.B 734 (2014) 178]

 [F. Takahashi, M. Yamada, W. Yin,  
Phys.Rev.Lett. 125 (2020) 161801]
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→ Both X-ray and DD experiments can explore anomaly-free axion.
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Three Higgs doublet models with B-L Higgs bosons
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qLe + qLµ + qL⌧ = 0
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• Three Φs are needed to write down the Yukawa interactions for each lepton generation:

• Axion is indeed anomaly-free. 
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Higgs doublet B-L Higgs
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<latexit sha1_base64="ebYOImd7YMWVP+xVJZibikh1p3o=">AAACAnicbZDNSsNAFIUn9a/Wv6grcTNYhLopiYp2WRDEZQXTFpoQJtNJO3QmiTMToYTixldx40IRtz6FO9/GaZqFth4Y+Dj3Xu7cEySMSmVZ30ZpaXllda28XtnY3NreMXf32jJOBSYOjlksugGShNGIOIoqRrqJIIgHjHSC0dW03nkgQtI4ulPjhHgcDSIaUoyUtnzzIHMFh07NPvGvXQjxEIkB0TC5982qVbdywUWwC6iCQi3f/HL7MU45iRRmSMqebSXKy5BQFDMyqbipJAnCIzQgPY0R4kR6WX7CBB5rpw/DWOgXKZi7vycyxKUc80B3cqSGcr42Nf+r9VIVNryMRkmqSIRni8KUQRXDaR6wTwXBio01ICyo/mseAsJKp1bRIdjzJy9C+7RuX9TPbs+rzUYRRxkcgiNQAza4BE1wA1rAARg8gmfwCt6MJ+PFeDc+Zq0lo5jZB39kfP4AcWSVhQ==</latexit>

U(1)F charge q

• Physical states:  
<latexit sha1_base64="Kxl9IgtcaKOnNuVuhLbJmfpdKO8="></latexit>

H1,2,3, H
±
1,2, A1,2, a

<latexit sha1_base64="yEU6PczjC9wR3q38bKzN1O95A1Q=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaRqEcSLx4hkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSwfzCRBP6JDyUPOqLFSo9IvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyd12+alRLtWoWRx7O4BwuwYMbqME91KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AHqHjLA=</latexit>

2
<latexit sha1_base64="jOrHGcQi8UB1Uvj5aUhtvc45EWE=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokW9Vjw4rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZquP1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjrZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpalxXvunLVqJZr1TyOApzCGVyABzdQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBd3+Mrg==</latexit>

0
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Masses for axion and heavy Higgs bosons

<latexit sha1_base64="Fxzf0OQEe1fyeCtU/rqyJO3eHfM=">AAAB+nicbVBNS8NAEJ3Ur1qrpnr0EixCBSmJinrwUPDisaL9gCaEzXbbrt1swu5GKbE/xYsHRbz6S7z5b9y2OWjrg4HHezPMzAtiRqWy7W8jt7S8srqWXy9sFDe3ts3STlNGicCkgSMWiXaAJGGUk4aiipF2LAgKA0ZawfBq4rceiJA04ndqFBMvRH1OexQjpSXfLBWbFTceUJ8e3fr3hy6nvlm2q/YU1iJxMlKGDHXf/HK7EU5CwhVmSMqOY8fKS5FQFDMyLriJJDHCQ9QnHU05Con00unpY+tAK12rFwldXFlT9fdEikIpR2GgO0OkBnLem4j/eZ1E9S68lPI4UYTj2aJewiwVWZMcrC4VBCs20gRhQfWtFh4ggbDSaRV0CM78y4ukeVx1zqonN6fl2mUWRx72YB8q4MA51OAa6tAADI/wDK/wZjwZL8a78TFrzRnZzC78gfH5A5Uckuo=</latexit>

V (�i, Sj) 3
<latexit sha1_base64="G5RKZJe/fjjc+2gLnG2/3eDjn1w="></latexit>h
1S

†
1S2̄(�

†
1�2) + 2S

†
2̄S1(�

†
2�3) + h.c.

i

<latexit sha1_base64="XD0BQCxHWcDGzOY/N6FudWoNqQU="></latexit>

�
h
m2

12�
†
1�2 + h.c.

i
Portal interaction 

Soft U(1)F breaking terms

<latexit sha1_base64="8wfcNsfwBIJhCy08xTK50BGMW5E="></latexit>

m2
� ⇠ m2

12v
2

v1v2
+ �iv

2

Mass of heavy Higgs: <latexit sha1_base64="rLnoUi3XPJXfpZiD62kg4iVhfJc=">AAACDXicbVDLSsNAFJ34rPUVdekmWIUKpSRtUTeFipsuK9gHNDFMppN26EwSZiZCCfkBN/6KGxeKuHXvzr9x2mahrQcu93DOvczc40WUCGma39rK6tr6xmZuK7+9s7u3rx8cdkQYc4TbKKQh73lQYEoC3JZEUtyLOIbMo7jrjW+mfvcBc0HC4E5OIuwwOAyITxCUSnL106LdGpF6000qpWpab94ndsRSN7FKlbR+Pe/nrl4wy+YMxjKxMlIAGVqu/mUPQhQzHEhEoRB9y4ykk0AuCaI4zduxwBFEYzjEfUUDyLBwktk1qXGmlIHhh1xVII2Z+nsjgUyICfPUJINyJBa9qfif14+lf+UkJIhiiQM0f8iPqSFDYxqNMSAcI0knikDEifqrgUaQQyRVgHkVgrV48jLpVMrWRbl6Wys0alkcOXAMTkARWOASNEATtEAbIPAInsEreNOetBftXfuYj65o2c4R+APt8wcb/5mm</latexit>

(� = H2,3 = H
±
1,2 = A1,2) Mass of axion:

→ The mass of heavy Higgs bosons and axion are related. 

<latexit sha1_base64="nEMafRUTEc8ziCOV2e2L1Gaa0II="></latexit>

m2
a ⇠ m2

12(1 + 2)vS1vS2

2m2
12 + (1 + 2)vS1vS2

v2

f2
a

We assume U(1)F preserving Z6. → One soft breaking parameter appears only in Higgs sector.

8



/12Anomaly-free axion and heavy Higgs bosons in 3HDMKodai Sakurai 

Axion-photon coupling 

[Threshold corrections] :

[Mixing contributions] : It arises due to the mixing among a and G0, A1,2. 

[U(1) charge contributions] :
<latexit sha1_base64="uSg6ntKxZFO2wE8s53r35iJmrag="></latexit>

gcha� ' ↵em

⇡fa

X

`

q` = 0

<latexit sha1_base64="6+eXlNBBoRBtCg0I8uA5UU2q1Fk="></latexit>

gtha� ' ↵em

⇡v

m2
a

12

qe
m2

e

(a-G mixing) ~

(a-A mixing) ~

<latexit sha1_base64="1OzpTmjzh8260zVzu8ss7P0gvjM=">AAACMHicbZDLSsNAFIYn9VbjLerSTbAIglASFXVZdKHLCvYCbQwn02k7dCaJMxOxhDySGx9FNwqKuPUpnF4WvfjDwM93zuHM+YOYUakc58PILSwuLa/kV8219Y3NLWt7pyqjRGBSwRGLRD0ASRgNSUVRxUg9FgR4wEgt6F0N6rVHIiSNwjvVj4nHoRPSNsWgNPKt646fQrMDnEPWlJSTB3OC3Ke4m5lHU0TNEU6fMt8qOEVnKHveuGNTQGOVfeu12YpwwkmoMAMpG64TKy8FoShmJDObiSQx4B50SEPbEDiRXjo8OLMPNGnZ7UjoFyp7SCcnUuBS9nmgOzmorpytDeB/tUai2hdeSsM4USTEo0XthNkqsgfp2S0qCFasrw1gQfVfbdwFAVjpjE0dgjt78rypHhfds+LJ7WmhdDmOI4/20D46RC46RyV0g8qogjB6Rm/oE30ZL8a78W38jFpzxnhmF03J+P0D46CrVw==</latexit>

ga� ' gcha� + gtha� + gmix
a�

<latexit sha1_base64="ODSRiWNm2P9WAajEjJpTE4Djjds="></latexit>↵em

⇡v

X

f

Nf
c Q

2
fXf = 0

<latexit sha1_base64="ZxiBQxz/yTDbnIhbH2NVZAMOqYo=">AAACHXicbVDLSgMxFM3UV62vUZdugkWoi5aZWqoboehGdxWsLbTjkEkzbWgmMyQZoQz9ETf+ihsXirhwI/6NaTtIbT0QOPece7m5x4sYlcqyvo3M0vLK6lp2PbexubW9Y+7u3ckwFpg0cMhC0fKQJIxy0lBUMdKKBEGBx0jTG1yO/eYDEZKG/FYNI+IEqMepTzFSWnLNSsv14Xmxeu36BewmHY8o5Nqj+3JRzlbHv15ZV66Zt0rWBHCR2CnJgxR11/zsdEMcB4QrzJCUbduKlJMgoShmZJTrxJJECA9Qj7Q15Sgg0kkm143gkVa60A+FflzBiTo7kaBAymHg6c4Aqb6c98bif147Vv6Zk1AexYpwPF3kxwyqEI6jgl0qCFZsqAnCguq/QtxHAmGlA83pEOz5kxfJXblkV0snN5V87SKNIwsOwCEoABucghq4AnXQABg8gmfwCt6MJ+PFeDc+pq0ZI53ZB39gfP0AATOgqw==</latexit>

Xf = �6If (c
2
�1

� s2�1
)c2�2(Due to shift symmetry )

• gaγ is suppressed  by  .
<latexit sha1_base64="hiibTybxsDMHKlDiFZ2j4PciON0=">AAAB9HicdVDLSgNBEJyNrxhfUY9eBoPgxWUnK3FzC3rxGMEkQrKE2ckkGTL7cKY3EJZ8hxcPinj1Y7z5N04egooWNBRV3XR3BYkUGhznw8qtrK6tb+Q3C1vbO7t7xf2Dpo5TxXiDxTJWdwHVXIqIN0CA5HeJ4jQMJG8Fo6uZ3xpzpUUc3cIk4X5IB5HoC0bBSD50s07AgXbJ9Ix0iyXHdqrlctnDjk1cz3OIIR5x3WoFE9uZo4SWqHeL751ezNKQR8Ak1bpNnAT8jCoQTPJpoZNqnlA2ogPeNjSiIdd+Nj96ik+M0sP9WJmKAM/V7xMZDbWehIHpDCkM9W9vJv7ltVPoe34moiQFHrHFon4qMcR4lgDuCcUZyIkhlClhbsVsSBVlYHIqmBC+PsX/k2bZJhXbvTkv1S6XceTRETpGp4igC1RD16iOGoihe/SAntCzNbYerRfrddGas5Yzh+gHrLdPlPeR/w==</latexit>

t�1 � 1

• The difference  is 4 digit  at  .
<latexit sha1_base64="cSdeaqxEvzI1l/FPFornLjdoUu0=">AAAB+nicdVDLSsNAFJ3UV62vVpduBovgKiSp1HRXdOOygq2FNoTJdNIOnTyYuVFK7Ke4caGIW7/EnX/j9CGo6IELh3Pu5d57glRwBZb1YRRWVtfWN4qbpa3tnd29cmW/o5JMUtamiUhkNyCKCR6zNnAQrJtKRqJAsJtgfDHzb26ZVDyJr2GSMi8iw5iHnBLQkl+ugJ/3AwbEt6d9xSPs+OWqZVoNx3FcbJl2zXUtWxPXrtUadWyb1hxVtETLL7/3BwnNIhYDFUSpnm2l4OVEAqeCTUv9TLGU0DEZsp6mMYmY8vL56VN8rJUBDhOpKwY8V79P5CRSahIFujMiMFK/vZn4l9fLIHS9nMdpBiymi0VhJjAkeJYDHnDJKIiJJoRKrm/FdEQkoaDTKukQvj7F/5OOY9p1s3Z1Wm2eL+MookN0hE6Qjc5QE12iFmojiu7QA3pCz8a98Wi8GK+L1oKxnDlAP2C8fQIj8pPx</latexit>

t�1 ⇠ 2

9

<latexit sha1_base64="YKRXx+l8X4MqzHsx+5WzUrA6usM="></latexit>

(c2�1
� s2�1

)
↵EW

⇡v

m2
12

vfa
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Comparison with X-ray bounds
 [KS, F. Takahashi ]

• gaγ is constrained as usual axion if tβ1-1~O(1). 

•Only in the limit of tβ1 —>1, threshold corrections dominates.
• tβ1 <1.1 is needed to evade current X-ray bounds. 

<latexit sha1_base64="ztmL42QqM0vzzzSlONsk6qoxq6U=">AAACLXicbZDLSsNAFIYn9VbrrerSTbAIrkpSRcVVwY3LCvYCTQmT6Uk7dHJx5qRQQl7D1/AF3OobuBDEpb6G0wtoW38Y+Oc/53BmPi8WXKFlvRu5ldW19Y38ZmFre2d3r7h/0FBRIhnUWSQi2fKoAsFDqCNHAa1YAg08AU1vcDOuN4cgFY/CexzF0AloL+Q+ZxR15BYtdFPHA6SunTnwkPCh40vKUgeGqRP3uY6z30sly9xiySpbE5nLxp6ZEpmp5ha/nG7EkgBCZIIq1batGDsplciZgKzgJApiyga0B21tQxqA6qSTn2XmiU66ph9JfUI0J+nfiZQGSo0CT3cGFPtqsTYO/6u1E/SvOikP4wQhZNNFfiJMjMwxJrPLJTAUI20ok1y/1WR9qsmghjm3Je6PFGdqDMZexLBsGpWyfVE+uzsvVa9niPLkiByTU2KTS1Ilt6RG6oSRR/JMXsir8WS8GR/G57Q1Z8xmDsmcjO8fouCq7Q==</latexit>

t�1 ⌘ h�1i
h�2i

10
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Correlation between Higgs and axion

CP :

 [KS, F. Takahashi ]

• The heavy Higgs masses are correlated with the ma and gae.

• We imposed the current X-ray bounds as well as various theoretical and exp. constraints.

→If axion is detected by future experiments, the information of extra Higgs can be extracted.

Excluded by XENONnT

<latexit sha1_base64="yEU6PczjC9wR3q38bKzN1O95A1Q=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaRqEcSLx4hkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSwfzCRBP6JDyUPOqLFSo9IvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyd12+alRLtWoWRx7O4BwuwYMbqME91KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AHqHjLA=</latexit>

2

5 10 15 20
1.× 10-16

5.× 10-16
1.× 10-15

5.× 10-15
1.× 10-14

5.× 10-14
1.× 10-13

ma [keV]

g a
e

Scan range of mΦ:
<latexit sha1_base64="irI7E/+qYqgzwFmmzrknrRUUcg8=">AAACCnicbZC7TsMwFIadcivlFmBkMVRITFVSEDB0qMQAY5F6k5oocly3tWo7ke0gVVFmFl6FhQGEWHkCNt4Gt80ALb9k6dd3ztHx+cOYUaUd59sqrKyurW8UN0tb2zu7e/b+QVtFicSkhSMWyW6IFGFUkJammpFuLAniISOdcHwzrXceiFQ0Ek09iYnP0VDQAcVIGxTYx1XHST3J4S1pZzUepF5jRLOaO4dNAwO77FScmeCycXNTBrkagf3l9SOccCI0ZkipnuvE2k+R1BQzkpW8RJEY4TEakp6xAnGi/HR2SgZPDenDQSTNExrO6O+JFHGlJjw0nRzpkVqsTeF/tV6iB9d+SkWcaCLwfNEgYVBHcJoL7FNJsGYTYxCW1PwV4hGSCGuTXsmE4C6evGza1Yp7WTm/vyjXq3kcRXAETsAZcMEVqIM70AAtgMEjeAav4M16sl6sd+tj3lqw8plD8EfW5w87+JlQ</latexit>

200GeV < m� < 10TeV

Axion-electron coupling:

Axion relic density:
<latexit sha1_base64="Kci1zU1tHj4+DXVkbxR/mRC5ISc="></latexit>

⌦ah
2 ⇠ 0.12

✓
✓i
2

◆2 ✓ fa
2⇥ 1011GeV

◆

 XENONnT (2σ): [arXiv:2207.11330]
mφ: mass of heavy Higgs bosons
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Summary

• We find that gaγ receive sizable corrections due to the mixing. 

• Properties of the additional Higgs are related to those of axion. 

• Anomaly-free axion can be probed by the future direct searches 
and future X-ray searches.

• We consider 3HDM as a  possible UV completion to predict the 
anomaly-free axion.

gaγ  ~ (Threshold corrections)

gaγ  ~ (Mixing corrections )

[No extra CP-odd Higgs]

[Additional CP-odd Higgs exists ]

12
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/12Anomaly-free axion and heavy Higgs bosons in 3HDMKodai Sakurai 

Can two Higgs doublet models realize anomaly-free axion?

→ It wouldn’t work. 

-  Two of three generations should have same U(1)F charge.

-  Axion necessarily couples with quarks. 

gaγ receives QCD corrections and a-π mixing, which gives O(1) contributions. 

<latexit sha1_base64="Vd03RSProflXDx3L5pFx8zYrBkA=">AAAB6HicdVDLSsNAFJ3UV62vqks3g0VwFZJG+tgV3LhswT6gDWUyvWnHTiZhZiKU0C9w40IRt36SO//G6UNQ0QMXDufcy733BAlnSjvOh5Xb2Nza3snvFvb2Dw6PiscnHRWnkkKbxjyWvYAo4ExAWzPNoZdIIFHAoRtMrxd+9x6kYrG41bME/IiMBQsZJdpILRgWS47t1Mtlr4Id2/Vq1bpnSM31DMWu7SxRQms0h8X3wSimaQRCU06U6rtOov2MSM0oh3lhkCpICJ2SMfQNFSQC5WfLQ+f4wigjHMbSlNB4qX6fyEik1CwKTGdE9ET99hbiX14/1WHNz5hIUg2CrhaFKcc6xouv8YhJoJrPDCFUMnMrphMiCdUmm4IJ4etT/D/plG23Ynutq1Kjso4jj87QObpELqqiBrpBTdRGFAF6QE/o2bqzHq0X63XVmrPWM6foB6y3T0A4jTg=</latexit>e
<latexit sha1_base64="MJPaNu1ojdYvco+2wKkcch3Yz2M=">AAAB6nicdVDJSgNBEK1xjXGLevTSGARPw0xGstwCXjxGNAskQ+jp9CRNunuG7h4hhHyCFw+KePWLvPk3dhZBRR8UPN6roqpelHKmjed9OGvrG5tb27md/O7e/sFh4ei4pZNMEdokCU9UJ8KaciZp0zDDaSdVFIuI03Y0vpr77XuqNEvknZmkNBR4KFnMCDZWuu2JrF8oeq5XK5WCMvJcP6hWaoElVT+wFPmut0ARVmj0C++9QUIyQaUhHGvd9b3UhFOsDCOczvK9TNMUkzEe0q6lEguqw+ni1Bk6t8oAxYmyJQ1aqN8nplhoPRGR7RTYjPRvby7+5XUzE1fDKZNpZqgky0VxxpFJ0PxvNGCKEsMnlmCimL0VkRFWmBibTt6G8PUp+p+0Sq5fdoOby2K9vIojB6dwBhfgQwXqcA0NaAKBITzAEzw73Hl0XpzXZeuas5o5gR9w3j4B1BqOJQ==</latexit>µ <latexit sha1_base64="e3ufh931J3VsdV9cRm8GVq17ZJo=">AAAB63icdVDLSsNAFJ3UV62vqks3g0VwFZJG+tgV3LisYB/QhjKZTtqhk0mYuRFK6C+4caGIW3/InX/jpK2gogcuHM65l3vvCRLBNTjOh1XY2Nza3inulvb2Dw6PyscnXR2nirIOjUWs+gHRTHDJOsBBsH6iGIkCwXrB7Dr3e/dMaR7LO5gnzI/IRPKQUwK5NASSjsoVx3aa1apXw47teo160zOk4XqGYtd2lqigNdqj8vtwHNM0YhKoIFoPXCcBPyMKOBVsURqmmiWEzsiEDQyVJGLaz5a3LvCFUcY4jJUpCXipfp/ISKT1PApMZ0Rgqn97ufiXN0ghbPgZl0kKTNLVojAVGGKcP47HXDEKYm4IoYqbWzGdEkUomHhKJoSvT/H/pFu13Zrt3V5VWrV1HEV0hs7RJXJRHbXQDWqjDqJoih7QE3q2IuvRerFeV60Faz1zin7AevsEl+mOlw==</latexit>⌧

<latexit sha1_base64="S1FkZvVe3D9ZnY8ERbg1eZsxnNE=">AAAB+nicbVDLSgMxFM3UV62vqS7dBIvQgi0zKtWNUHDjsgX7gHYYMumdNjTzIMkopfZT3LhQxK1f4s6/MW1noa2He+Fwzr3k5ngxZ1JZ1reRWVvf2NzKbud2dvf2D8z8YUtGiaDQpBGPRMcjEjgLoamY4tCJBZDA49D2Rrczv/0AQrIovFfjGJyADELmM0qUllwz3yiCy0o3xTI5K3u6Sq5ZsCrWHHiV2CkpoBR11/zq9SOaBBAqyomUXduKlTMhQjHKYZrrJRJiQkdkAF1NQxKAdCbz06f4VCt97EdCd6jwXP29MSGBlOPA05MBUUO57M3E/7xuovxrZ8LCOFEQ0sVDfsKxivAsB9xnAqjiY00IFUzfiumQCEKVTiunQ7CXv7xKWucVu1q5aFwWatU0jiw6RieoiGx0hWroDtVRE1H0iJ7RK3oznowX4934WIxmjHTnCP2B8fkDvwGRsg==</latexit>

Q(ei) = (�a,�b,�b)
<latexit sha1_base64="avkc4fLzzLvGsXlzM6mYyklr2uQ=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16CRahhVISlepFKHjx2IKthTaEzWbSLt1swu5GKbU/xYsHRbz6S7z5b9y2OWjrg4HHezPMzPMTRqWy7W8jt7a+sbmV3y7s7O7tH5jFw46MU0GgTWIWi66PJTDKoa2oYtBNBODIZ3Dvj25m/v0DCEljfqfGCbgRHnAaUoKVljyz2Cr3gTGPVq7LpBpUg4pnluyaPYe1SpyMlFCGpmd+9YOYpBFwRRiWsufYiXInWChKGEwL/VRCgskID6CnKccRSHcyP31qnWolsMJY6OLKmqu/JyY4knIc+bozwmool72Z+J/XS1V45U4oT1IFnCwWhSmzVGzNcrACKoAoNtYEE0H1rRYZYoGJ0mkVdAjO8surpHNWc+q189ZFqVHP4sijY3SCyshBl6iBblETtRFBj+gZvaI348l4Md6Nj0VrzshmjtAfGJ8/1HiSZQ==</latexit>

Q(`i) = (c, d, d)

( Anomolous photon 
coupling is zero      )

<latexit sha1_base64="BiTn96PGoKOrvdtyS1AbvhssHG0=">AAAB/HicbZDLSsNAFIYnXmu8Rbt0M1gUoVKSKtWNUHDjsoK9QBPKZDJph04mYWYihFBfxY0LRdz6IO58G6dtFtr6w8DHf87hnPn9hFGpbPvbWFldW9/YLG2Z2zu7e/vWwWFHxqnApI1jFouejyRhlJO2ooqRXiIIinxGuv74dlrvPhIhacwfVJYQL0JDTkOKkdLWwCqjat0/vbHPoeuauFoPNA+sil2zZ4LL4BRQAYVaA+vLDWKcRoQrzJCUfcdOlJcjoShmZGK6qSQJwmM0JH2NHEVEevns+Ak80U4Aw1joxxWcub8nchRJmUW+7oyQGsnF2tT8r9ZPVXjt5ZQnqSIczxeFKYMqhtMkYEAFwYplGhAWVN8K8QgJhJXOy9QhOItfXoZOveY0ahf3l5Vmo4ijBI7AMTgDDrgCTXAHWqANMMjAM3gFb8aT8WK8Gx/z1hWjmCmDPzI+fwAwXpHd</latexit>

a+ 2b = 0,

c+ 2d = 0

<latexit sha1_base64="qqpYYir1zrwDBtWGTaJQOBIbwuk=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRahHlp2VarHgpceK9gPaJeSTbNtaDYbkqxQlv4ILx4U8erv8ea/MW33oK0PBh7vzTAzL5CcaeO6305uY3Nreye/W9jbPzg8Kh6ftHWcKEJbJOax6gZYU84EbRlmOO1KRXEUcNoJJvdzv/NElWaxeDRTSf0IjwQLGcHGSp1GuYIr5HJQLLlVdwG0TryMlCBDc1D86g9jkkRUGMKx1j3PlcZPsTKMcDor9BNNJSYTPKI9SwWOqPbTxbkzdGGVIQpjZUsYtFB/T6Q40noaBbYzwmasV725+J/XS0x456dMyMRQQZaLwoQjE6P572jIFCWGTy3BRDF7KyJjrDAxNqGCDcFbfXmdtK+qXq16/XBTqteyOPJwBudQBg9uoQ4NaEILCEzgGV7hzZHOi/PufCxbc042cwp/4Hz+AKtkjnM=</latexit>

H(�a� c)
<latexit sha1_base64="VDjlqQvCa+2ab89WsVCK5DoTJug=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJUhJJUqR4LXnqsYD+gDWWz3bRLN5uwuymUkH/ixYMiXv0n3vw3btsctPXBwOO9GWbm+TFnSjvOt7WxubW9s1vYK+4fHB4d2yenbRUlktAWiXgkuz5WlDNBW5ppTruxpDj0Oe34k4e535lSqVgknvQspl6IR4IFjGBtpIFtN8r9QGKS4muSpdXsamCXnIqzAFonbk5KkKM5sL/6w4gkIRWacKxUz3Vi7aVYakY4zYr9RNEYkwke0Z6hAodUeeni8gxdGmWIgkiaEhot1N8TKQ6VmoW+6QyxHqtVby7+5/USHdx7KRNxoqkgy0VBwpGO0DwGNGSSEs1nhmAimbkVkTE2QWgTVtGE4K6+vE7a1Ypbq9w83pbqtTyOApzDBZTBhTuoQwOa0AICU3iGV3izUuvFerc+lq0bVj5zBn9gff4AhUWS6Q==</latexit>

H(
a+ c

2
)

<latexit sha1_base64="QWlir1cst2/5g6qdFerRAltTVAQ="></latexit>

L 3 yeēR`1H(�a� c) + yµµ̄R`2H(
a+ c

2
) + y⌧ ⌧̄R`3H(

a+ c

2
)

+ yUuRQH(
a+ c

2
) + yDdRQH(

a+ c

2
)
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Axion production

<latexit sha1_base64="C+SpGOuT+BtLz6MgBmUW9ttcTrA=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBA8hV0VFU8BLx4jmAckS5idzCZDZmfXmd5AWPY7vHhQxKsf482/cfI4aGJBQ1HVTXdXkEhh0HW/nZXVtfWNzcJWcXtnd2+/dHDYMHGqGa+zWMa6FVDDpVC8jgIlbyWa0yiQvBkM7yZ+c8S1EbF6xHHC/Yj2lQgFo2glvxNqyjIvz8IuzbulsltxpyDLxJuTMsxR65a+Or2YpRFXyCQ1pu25CfoZ1SiY5HmxkxqeUDakfd62VNGIGz+bHp2TU6v0SBhrWwrJVP09kdHImHEU2M6I4sAsehPxP6+dYnjjZ0IlKXLFZovCVBKMySQB0hOaM5RjSyjTwt5K2IDaHNDmVLQheIsvL5PGecW7qlw8XJart/M4CnAMJ3AGHlxDFe6hBnVg8ATP8Apvzsh5cd6dj1nrijOfOYI/cD5/AP6ckjs=</latexit>

1

fa

<latexit sha1_base64="yRLHOPUP3Sp4Tw1N3IFqVv4J8so=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqHgKePEY0TwgWcLsZDYZMo9lZlYISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSjgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGpVqQhtEcaXbETaUM0kblllO24mmWESctqLR7dRvPVFtmJKPdpzQUOCBZDEj2DrpQfRwr1zxq/4MaJkEOalAjnqv/NXtK5IKKi3h2JhO4Cc2zLC2jHA6KXVTQxNMRnhAO45KLKgJs9mpE3TilD6KlXYlLZqpvycyLIwZi8h1CmyHZtGbiv95ndTG12HGZJJaKsl8UZxyZBWa/o36TFNi+dgRTDRztyIyxBoT69IpuRCCxZeXSfOsGlxWz+8vKrWbPI4iHMExnEIAV1CDO6hDAwgM4Ble4c3j3ov37n3MWwtePnMIf+B9/gBD4o3F</latexit>ma

Thermal production

Scattering by thermal bath particles

Non thermal production

misalignment mechanism, etc.

• Thermal production
<latexit sha1_base64="LxDDgVAPcZ8Q1AXlxp53LPG0suE="></latexit>

<latexit sha1_base64="n7BrXh4sh8/kg3TuyXVz8Fz7i+o=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomKeix68diC/YA2lM120q7dbMLuRiihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVh71S2a24M5Bl4uWkDDlqvdJXtx+zNEJpmKBadzw3MX5GleFM4KTYTTUmlI3oADuWShqh9rPZoRNyapU+CWNlSxoyU39PZDTSehwFtjOiZqgXvan4n9dJTXjjZ1wmqUHJ5ovCVBATk+nXpM8VMiPGllCmuL2VsCFVlBmbTdGG4C2+vEya5xXvqnJRvyxXb/M4CnAMJ3AGHlxDFe6hBg1ggPAMr/DmPDovzrvzMW9dcfKZI/gD5/MH0JWM9A==</latexit>

h

<latexit sha1_base64="n7BrXh4sh8/kg3TuyXVz8Fz7i+o=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomKeix68diC/YA2lM120q7dbMLuRiihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVh71S2a24M5Bl4uWkDDlqvdJXtx+zNEJpmKBadzw3MX5GleFM4KTYTTUmlI3oADuWShqh9rPZoRNyapU+CWNlSxoyU39PZDTSehwFtjOiZqgXvan4n9dJTXjjZ1wmqUHJ5ovCVBATk+nXpM8VMiPGllCmuL2VsCFVlBmbTdGG4C2+vEya5xXvqnJRvyxXb/M4CnAMJ3AGHlxDFe6hBg1ggPAMr/DmPDovzrvzMW9dcfKZI/gD5/MH0JWM9A==</latexit>

h

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

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

-  ℳa ∼
1
f n
a

(n=4 for 
 )hh → aa

-  Many parameter space 
is excluded by X-ray.

• Misalignment mechanism 

Ex.)

<latexit sha1_base64="2xHqiszo9mk/DU8f0GKSp+gwaws=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqqMeCF48V7Ae0oWy2m3bpZhN3J0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilTg9HHGlf9MsVt+rOQVaJl5MK5Gj0y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5vfOyVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8MbPhEpS5IotFoWpJBiT2fNkIDRnKCeWUKaFvZWwEdWUoY2oZEPwll9eJa1a1buqXtxfVuq1PI4inMApnIMH11CHO2hAExhIeIZXeHMenRfn3flYtBacfOYY/sD5/AEgIo/8</latexit>

✓i

<latexit sha1_base64="3gWfhPjDd8p2gUi+0Tduy9U8sGo=">AAAB9HicdVDLSsNAFJ34rPVVdelmsAiuQtJIH7uCmy4r2Ae0oUymN+3QmSTOTAol9DvcuFDErR/jzr9x+hBU9MCFwzn3cu89QcKZ0o7zYW1sbm3v7Ob28vsHh0fHhZPTtopTSaFFYx7LbkAUcBZBSzPNoZtIICLg0AkmNwu/MwWpWBzd6VkCviCjiIWMEm0kv9HnoJRiAosBGRSKju3USiWvjB3b9aqVmmdI1fUMxa7tLFFEazQHhff+MKapgEhTTpTquU6i/YxIzSiHeb6fKkgInZAR9AyNiADlZ8uj5/jSKEMcxtJUpPFS/T6REaHUTASmUxA9Vr+9hfiX10t1WPUzFiWphoiuFoUpxzrGiwTwkEmgms8MIVQycyumYyIJ1SanvAnh61P8P2mXbLdse7fXxXppHUcOnaMLdIVcVEF11EBN1EIU3aMH9ISeran1aL1Yr6vWDWs9c4Z+wHr7BPzCkjg=</latexit>

H . ma

<latexit sha1_base64="eN9co7KJULXCLWdElE7+QMRfwOM=">AAAB7XicdVDJSgNBEO2JW4xb1KOXxiB4GmYykuUiAS85RjALJEPo6fQkrb0M3T1CGPIPXjwo4tX/8ebf2FkEFX1Q8Hiviqp6UcKoNp734eTW1jc2t/LbhZ3dvf2D4uFRR8tUYdLGkknVi5AmjArSNtQw0ksUQTxipBvdXc397j1RmkpxY6YJCTkaCxpTjIyVOs1LyIdoWCx5rlcvl4MK9Fw/qFXrgSU1P7AU+q63QAms0BoW3wcjiVNOhMEMad33vcSEGVKGYkZmhUGqSYLwHRqTvqUCcaLDbHHtDJ5ZZQRjqWwJAxfq94kMca2nPLKdHJmJ/u3Nxb+8fmriWphRkaSGCLxcFKcMGgnnr8MRVQQbNrUEYUXtrRBPkELY2IAKNoSvT+H/pFN2/YobXF+UGuVVHHlwAk7BOfBBFTRAE7RAG2BwCx7AE3h2pPPovDivy9acs5o5Bj/gvH0CJmqO1A==</latexit>

H > ma

<latexit sha1_base64="Kci1zU1tHj4+DXVkbxR/mRC5ISc="></latexit>

⌦ah
2 ⇠ 0.12

✓
✓i
2

◆2 ✓ fa
2⇥ 1011GeV

◆

[e.g., M. Bauer, G. Rostagni, 
J. Spinner,PRD 107 (2023) ]

<latexit sha1_base64="yEU6PczjC9wR3q38bKzN1O95A1Q=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaRqEcSLx4hkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSwfzCRBP6JDyUPOqLFSo9IvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyd12+alRLtWoWRx7O4BwuwYMbqME91KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AHqHjLA=</latexit>

2
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• The maximal size of deviation is around 2%. Perturvativity for the 
running coupling constants

• The keV scale axion can be tested by future colliders. 

<latexit sha1_base64="6dAoeUrwR6MM23Xoz8QzfYuAMOI="></latexit>

�� ⌘

s
�3HDM

h!��

�SM

h!��

� 1

FCC  0.31% (1σ)

<latexit sha1_base64="K+aYnU5rL8uLm2zJSW6urzBAbw0=">AAACCHicbVDLSsNAFJ34rPUVdenCwSK4MSStaDdCwYUuK9gHNDFMppN26EwSZiZCCXXnxl9x40IRt36CO//GaZuFth64cDjnXu69J0gYlcq2v42FxaXlldXCWnF9Y3Nr29zZbco4FZg0cMxi0Q6QJIxGpKGoYqSdCIJ4wEgrGFyO/dY9EZLG0a0aJsTjqBfRkGKktOSbB6GPLipW1VWUE+nYd9mJY48eMldweEWaI98s2ZY9AZwnTk5KIEfdN7/cboxTTiKFGZKy49iJ8jIkFMWMjIpuKkmC8AD1SEfTCOm1XjZ5ZASPtNKFYSx0RQpO1N8TGeJSDnmgOzlSfTnrjcX/vE6qwqqX0ShJFYnwdFGYMqhiOE4FdqkgWLGhJggLqm+FuI8EwkpnV9QhOLMvz5Nm2XLOrMrNaalWzuMogH1wCI6BA85BDVyDOmgADB7BM3gFb8aT8WK8Gx/T1gUjn9kDf2B8/gCeG5hr</latexit>

fa = 3.8⇥ 10�10 GeV
<latexit sha1_base64="K+aYnU5rL8uLm2zJSW6urzBAbw0=">AAACCHicbVDLSsNAFJ34rPUVdenCwSK4MSStaDdCwYUuK9gHNDFMppN26EwSZiZCCXXnxl9x40IRt36CO//GaZuFth64cDjnXu69J0gYlcq2v42FxaXlldXCWnF9Y3Nr29zZbco4FZg0cMxi0Q6QJIxGpKGoYqSdCIJ4wEgrGFyO/dY9EZLG0a0aJsTjqBfRkGKktOSbB6GPLipW1VWUE+nYd9mJY48eMldweEWaI98s2ZY9AZwnTk5KIEfdN7/cboxTTiKFGZKy49iJ8jIkFMWMjIpuKkmC8AD1SEfTCOm1XjZ5ZASPtNKFYSx0RQpO1N8TGeJSDnmgOzlSfTnrjcX/vE6qwqqX0ShJFYnwdFGYMqhiOE4FdqkgWLGhJggLqm+FuI8EwkpnV9QhOLMvz5Nm2XLOrMrNaalWzuMogH1wCI6BA85BDVyDOmgADB7BM3gFb8aT8WK8Gx/T1gUjn9kDf2B8/gCeG5hr</latexit>

fa = 3.8⇥ 10�10 GeV
<latexit sha1_base64="dtqaFi7YyHZTt6Nj6DjhI3Pxx5w=">AAACBHicbVDLSsNAFJ34rPUVddnNYBHcWJJa1GXBjcsK9gFNDJPppB06MwkzE6GELNz4K25cKOLWj3Dn3zhts9DWAxcO59zLvfeECaNKO863tbK6tr6xWdoqb+/s7u3bB4cdFacSkzaOWSx7IVKEUUHammpGeokkiIeMdMPx9dTvPhCpaCzu9CQhPkdDQSOKkTZSYFeGQYZI7inKYcPTlBMFXec+O3MbeWBXnZozA1wmbkGqoEArsL+8QYxTToTGDCnVd51E+xmSmmJG8rKXKpIgPEZD0jdUILPNz2ZP5PDEKAMYxdKU0HCm/p7IEFdqwkPTyZEeqUVvKv7n9VMdXfkZFUmqicDzRVHKoI7hNBE4oJJgzSaGICypuRXiEZIIa5Nb2YTgLr68TDr1mntRO79tVJv1Io4SqIBjcApccAma4Aa0QBtg8AiewSt4s56sF+vd+pi3rljFzBH4A+vzByjWlxU=</latexit>

gae ⇠ 4⇥ 10�14, , 
<latexit sha1_base64="dtqaFi7YyHZTt6Nj6DjhI3Pxx5w=">AAACBHicbVDLSsNAFJ34rPUVddnNYBHcWJJa1GXBjcsK9gFNDJPppB06MwkzE6GELNz4K25cKOLWj3Dn3zhts9DWAxcO59zLvfeECaNKO863tbK6tr6xWdoqb+/s7u3bB4cdFacSkzaOWSx7IVKEUUHammpGeokkiIeMdMPx9dTvPhCpaCzu9CQhPkdDQSOKkTZSYFeGQYZI7inKYcPTlBMFXec+O3MbeWBXnZozA1wmbkGqoEArsL+8QYxTToTGDCnVd51E+xmSmmJG8rKXKpIgPEZD0jdUILPNz2ZP5PDEKAMYxdKU0HCm/p7IEFdqwkPTyZEeqUVvKv7n9VMdXfkZFUmqicDzRVHKoI7hNBE4oJJgzSaGICypuRXiEZIIa5Nb2YTgLr68TDr1mntRO79tVJv1Io4SqIBjcApccAma4Aa0QBtg8AiewSt4s56sF+vd+pi3rljFzBH4A+vzByjWlxU=</latexit>

gae ⇠ 4⇥ 10�14

HL-LHC 1.6% (1σ)

FCC  0.31% (1σ)

HL-LHC 1.6% (1σ)

<latexit sha1_base64="LHM8LrGxz5PEimwRhX0WBrK1M4g=">AAACLXicbZDLSsNAFIYnXmu9VV26CRbBVUlaUXFVcOOygr1AU8JketIOnVycOSmUkNfwNXwBt/oGLgRxqa/h9ALa1h8G/vnPOZyZz4sFV2hZ78bK6tr6xmZuK7+9s7u3Xzg4bKgokQzqLBKRbHlUgeAh1JGjgFYsgQaegKY3uBnXm0OQikfhPY5i6AS0F3KfM4o6cgsWuqnjAVK3nDnwkPCh40vKUgeGqRP3uWtn2e+lkmVuoWiVrInMZWPPTJHMVHMLX043YkkAITJBlWrbVoydlErkTECWdxIFMWUD2oO2tiENQHXSyc8y81QnXdOPpD4hmpP070RKA6VGgac7A4p9tVgbh//V2gn6V52Uh3GCELLpIj8RJkbmGJPZ5RIYipE2lEmu32qyPtVkUMOc2xL3R4ozNQZjL2JYNo1yyb4oVe7Oi9XrGaIcOSYn5IzY5JJUyS2pkTph5JE8kxfyajwZb8aH8TltXTFmM0dkTsb3D6Y4qu8=</latexit>

t�2 ⌘ h�1i
h�3i



/31

Correlations for the potential parameters

17

 [KS, F. Takahashi ]

<latexit sha1_base64="FEiqf+CWeR9v3y9qoPIx4lgE/5A=">AAACCXicbVDLSsNAFJ3Ud31VXboZLIKrklSpLgU3LitYFZoQJtMbO3QyiTM3hRKydeOvuHGhiFv/wJ1/4/Sx8HXgXg7n3MvMPVEmhUHX/XQqc/MLi0vLK9XVtfWNzdrW9pVJc82hw1OZ6puIGZBCQQcFSrjJNLAkknAdDc7G/vUQtBGpusRRBkHCbpWIBWdopbBGfWTKjwBZ6Plwl4uhH2vGi2HYLG3zyrBWdxvuBPQv8WakTmZoh7UPv5fyPAGFXDJjup6bYVAwjYJLKKt+biBjfMBuoWupYgmYoJhcUtJ9q/RonGpbCulE/b5RsMSYURLZyYRh3/z2xuJ/XjfH+CQohMpyBMWnD8W5pJjScSy0JzRwlCNLGNfC/pXyPrNJoA2vakPwfp/8l1w1G16rcXhxVD9tzeJYJrtkjxwQjxyTU3JO2qRDOLknj+SZvDgPzpPz6rxNRyvObGeH/IDz/gUOU5qJ</latexit>

tan�1 ⌘ v2
v1

<latexit sha1_base64="kqLWZbFfVxUpkfJBwtH49tUQqyE=">AAACGHicbZBNS8NAEIY3ftb6VfXoJVgEQahJlOqx4MVjBatCU8NmO9HFzSbuTgIl5Gd48a948aCIV2/+G7c1B79eWHh4Z4bZecNUcI2O82FNTc/Mzs3XFuqLS8srq4219XOdZIpBjyUiUZch1SC4hB5yFHCZKqBxKOAivD0e1y9yUJon8gxHKQxiei15xBlFYwWNPR+p9ENAGng+3GU89yNFWZEH+2Xh6zuFBt0rbzcPvCuvLING02k5E9l/wa2gSSp1g8a7P0xYFoNEJqjWfddJcVBQhZwJKOt+piGl7JZeQ9+gpDHoQTE5rLS3jTO0o0SZJ9GeuN8nChprPYpD0xlTvNG/a2Pzv1o/w+hoUHCZZgiSfS2KMmFjYo9TsodcAUMxMkCZ4uavNruhJhg0WdZNCO7vk//Cuddy263904Nmp13FUSObZIvsEJcckg45IV3SI4zck0fyTF6sB+vJerXevlqnrGpmg/yQ9f4JZX6gkQ==</latexit>

tan�2 ⌘ v3p
v21 + v22

,

→  mΦ should be heavier than around 500 GeV if the mass of axion is fixed.

→  There is a correlation between mΦ and tanβ1,2 Characteristic decay pattern of  Φ.

<latexit sha1_base64="kh5uD+zCKLDW/kn8ernhqAAIXDQ="></latexit>

m�(= mH2,3 = m
H

±
1,2

' mA1,2) [GeV]
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Predictions for decays of the heavy Higgs bosons

18

• If the axion is detected at a few keV, one can obtain predictions of a similar decay 
pattern of H2 except for H2 –> ττ .

tt

ττ

bb

<latexit sha1_base64="gD5MY6TglbHXurjWJxeUEG7GBq0=">AAAB9XicbVBNSwMxEM3Wr1q/qh69BIvgqe62ol6EghePFewHdNcym6ZtaDYbkqxSlv4PLx4U8ep/8ea/MW33oK0PBh7vzTAzL5ScaeO6305uZXVtfSO/Wdja3tndK+4fNHWcKEIbJOaxaoegKWeCNgwznLalohCFnLbC0c3Ubz1SpVks7s1Y0iCCgWB9RsBY6cEHLofQrV77kp1VusWSW3ZnwMvEy0gJZah3i19+LyZJRIUhHLTueK40QQrKMMLppOAnmkogIxjQjqUCIqqDdHb1BJ9YpYf7sbIlDJ6pvydSiLQeR6HtjMAM9aI3Ff/zOonpXwUpEzIxVJD5on7CsYnxNALcY4oSw8eWAFHM3orJEBQQY4Mq2BC8xZeXSbNS9i7K1bvzUq2SxZFHR+gYnSIPXaIaukV11EAEKfSMXtGb8+S8OO/Ox7w152Qzh+gPnM8fbiGRxQ==</latexit>

↵3 = ⇡/2
<latexit sha1_base64="yXsoVPGMeVkqoR/H7kTYIJcyZZc=">AAAB9XicbVBNSwMxEJ31s9avqkcvwSJ4qrutVC9CwYvHCvYDumvJptk2NJsNSVYppf/DiwdFvPpfvPlvTNs9aOuDgcd7M8zMCyVn2rjut7Oyura+sZnbym/v7O7tFw4OmzpJFaENkvBEtUOsKWeCNgwznLalojgOOW2Fw5up33qkSrNE3JuRpEGM+4JFjGBjpQcfcznA3cq1L9l5tVsouiV3BrRMvIwUIUO9W/jyewlJYyoM4VjrjudKE4yxMoxwOsn7qaYSkyHu046lAsdUB+PZ1RN0apUeihJlSxg0U39PjHGs9SgObWeMzUAvelPxP6+TmugqGDMhU0MFmS+KUo5MgqYRoB5TlBg+sgQTxeytiAywwsTYoPI2BG/x5WXSLJe8aqlyd1GslbM4cnAMJ3AGHlxCDW6hDg0goOAZXuHNeXJenHfnY9664mQzR/AHzucPdDGRyQ==</latexit>

↵3 = ⇡/6

<latexit sha1_base64="vM5kAK+V5C54eOKmAmrsJZ8bfC4=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5LUUt0IBRd2WcG2QhvCZDpph85MwsxEqCH4K25cKOLW/3Dn3zhts9DWAxcO59zLvfcEMaNKO863VVhZXVvfKG6WtrZ3dvfs/YOOihKJSRtHLJL3AVKEUUHammpG7mNJEA8Y6Qbj66nffSBS0Ujc6UlMPI6GgoYUI20k3z7iftr0q9lV3XHSvuTwhnQy3y47FWcGuEzcnJRBjpZvf/UHEU44ERozpFTPdWLtpUhqihnJSv1EkRjhMRqSnqECcaK8dHZ9Bk+NMoBhJE0JDWfq74kUcaUmPDCdHOmRWvSm4n9eL9HhpZdSESeaCDxfFCYM6ghOo4ADKgnWbGIIwpKaWyEeIYmwNoGVTAju4svLpFOtuPXK+W2t3KjlcRTBMTgBZ8AFF6ABmqAF2gCDR/AMXsGb9WS9WO/Wx7y1YOUzh+APrM8f6RqUMg==</latexit>

mH2 = 600GeV
<latexit sha1_base64="T78vautX6H8AuBD2IDn1scavCxk=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCq5BofWyEghuXFewD2hAm00k7dDIJMzdCDf0SNy4UceunuPNvnLZZaPXAhcM593LvPWEquAbX/bJKK6tr6xvlzcrW9s5u1d7bb+skU5S1aCIS1Q2JZoJL1gIOgnVTxUgcCtYJxzczv/PAlOaJvIdJyvyYDCWPOCVgpMCuQpD3QwYk8KbXnnMe2DXXcefAf4lXkBoq0Azsz/4goVnMJFBBtO55bgp+ThRwKti00s80SwkdkyHrGSpJzLSfzw+f4mOjDHCUKFMS8Fz9OZGTWOtJHJrOmMBIL3sz8T+vl0F05edcphkwSReLokxgSPAsBTzgilEQE0MIVdzciumIKELBZFUxIXjLL/8l7VPHu3DO7uq1Rr2Io4wO0RE6QR66RA10i5qohSjK0BN6Qa/Wo/VsvVnvi9aSVcwcoF+wPr4Bn72SXw==</latexit>

t�1 = 1.5

<latexit sha1_base64="N/TM/YHoBRHcRm5cMtfLYiJF2FU="></latexit>

⇠⌧
H2

= � t�1

c�2

c↵3 + t�2s↵3

<latexit sha1_base64="3rbJEer5u4Q8HqG0xroiUCmRLbQ="></latexit>

⇠t,b
H2

= � 1

t�2

s↵3

2HDM Type X

• BR(H2 –> ττ) is relatively larger than the case of Type X 2HDM. 

<latexit sha1_base64="3+DPkmifsxLyJ7Yi6oLaM2i+sbI=">AAACBHicdVDLSgMxFM34rPU16rKbYBHcWGb60M6u6MZlBfuATimZNG1Dk8mQZMQyzMKNv+LGhSJu/Qh3/o3pQ1DRAxcO59zLvfcEEaNKO86HtbS8srq2ntnIbm5t7+zae/tNJWKJSQMLJmQ7QIowGpKGppqRdiQJ4gEjrWB8MfVbN0QqKsJrPYlIl6NhSAcUI22knp3jPeQrymHR54G4TU7SUuJLDsekmfbsvFPwqpVKuQidguN45UrJEM/z3KoLXaNMkQcL1Hv2u98XOOYk1JghpTquE+lugqSmmJE068eKRAiP0ZB0DA0RJ6qbzJ5I4ZFR+nAgpKlQw5n6fSJBXKkJD0wnR3qkfntT8S+vE+tBtZvQMIo1CfF80SBmUAs4TQT2qSRYs4khCEtqboV4hCTC2uSWNSF8fQr/J81iwT0tlK7K+dr5Io4MyIFDcAxccAZq4BLUQQNgcAcewBN4tu6tR+vFep23LlmLmQPwA9bbJ6cmmCM=</latexit>

ma ⇠ 2-3keV

<latexit sha1_base64="yU8X43uS9XjU5QDPRRhI88vvqEA=">AAACDHicbVDLSgMxFM34rPVVdelmsAgupMzUooIIBTcuK9gHdIaSSW/b0ExmSO4IZegHuPFX3LhQxK0f4M6/MW1noa0HQg7nnEtyTxALrtFxvq2l5ZXVtfXcRn5za3tnt7C339BRohjUWSQi1QqoBsEl1JGjgFasgIaBgGYwvJn4zQdQmkfyHkcx+CHtS97jjKKROoWiR0U8oB332gsAzX3qXWVSOZPKJuWUnCnsReJmpEgy1DqFL68bsSQEiUxQrduuE6OfUoWcCRjnvURDTNmQ9qFtqKQhaD+dLjO2j43StXuRMkeiPVV/T6Q01HoUBiYZUhzoeW8i/ue1E+xd+imXcYIg2eyhXiJsjOxJM3aXK2AoRoZQprj5q80GVFGGpr+8KcGdX3mRNMol97x0dlcpVitZHTlySI7ICXHJBamSW1IjdcLII3kmr+TNerJerHfrYxZdsrKZA/IH1ucP5HmaNg==</latexit>

↵1 = �1, ↵2 = �2

<latexit sha1_base64="JIWMQKV97YvQF/t1NtUcAGZL6sg="></latexit>

⌘ O↵3O↵2O↵1
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Higgs potential

19
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Yukawa interaction for the heavy Higgs

20
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Alignment limit  

21

• The alignment limit in 3HDM is defined by 

-  Higgs coupling:
<latexit sha1_base64="30B52s210uCCL/Pk2el0mQgERuQ="></latexit>

H1
V

= c↵2c↵1��1c�2 + s↵2s�2 ! 1

-  Mixing matrix:

<latexit sha1_base64="Lciy59QGGtXSe7mBSf+boNLsrC4=">AAACI3icdZDJSgNBEIZ7XGPcoh69NAbB0zCTCVk8Bbx4M4JZIAlDTaeTNOlZ6O4RwjDv4sVX8eJBCV48+C52FkGN/tDw81UV1fV7EWdSWda7sba+sbm1ndnJ7u7tHxzmjo6bMowFoQ0S8lC0PZCUs4A2FFOctiNBwfc4bXnjq1m9dU+FZGFwpyYR7fkwDNiAEVAaubnLpEuA45vUTbrAoxG4TrqCCileYXbq5vKWaVULBaeELdN2KuWqo03FdrTFtmnNlUdL1d3ctNsPSezTQBEOUnZsK1K9BIRihNM0240ljYCMYUg72gbgU9lL5jem+FyTPh6EQr9A4Tn9PpGAL+XE93SnD2okf9dm8K9aJ1aDSi9hQRQrGpDFokHMsQrxLDDcZ4ISxSfaABFM/xWTEQggSsea1SF8XYr/N82CaZdM57aYrxWXcWTQKTpDF8hGZVRD16iOGoigB/SEXtCr8Wg8G1PjbdG6ZixnTtAPGR+f9EylEw==</latexit>

O↵3O↵2O↵1

<latexit sha1_base64="/O99hIDTsGDuSETwBBerhC6WxHo=">AAACD3icdVDLSgNBEJz1bXxFPXoZDIqnZTcrMd4EL95UMA/IhqV3MjGDsw9meoWw7B948Ve8eFDEq1dv/o2TGCGKFjQUVd10d4WpFBod58OamZ2bX1hcWi6trK6tb5Q3t5o6yRTjDZbIRLVD0FyKmDdQoOTtVHGIQslb4c3pyG/dcqVFEl/hMOXdCK5j0RcM0EhBed/HJPcZSHpeBLkPMh1A4BVTUsgRiqBccWznuFr1atSxXa9+dOwZUnc9Q6lrO2NUyAQXQfnd7yUsi3iMTILWHddJsZuDQsEkL0p+pnkK7AauecfQGCKuu/n4n4LuGaVH+4kyFSMdq9MTOURaD6PQdEaAA/3bG4l/eZ0M+/VuLuI0Qx6zr0X9TFJM6Cgc2hOKM5RDQ4ApYW6lbAAKGJoISyaE70/p/6RZtd2a7V0eVk6qkziWyA7ZJQfEJUfkhJyRC9IgjNyRB/JEnq1769F6sV6/Wmesycw2+QHr7RPlQZ0x</latexit>

! O↵3O�

c.f.) 2HDM
<latexit sha1_base64="NvbaJJDpmwQEnOxQ7GViEMV3vjg=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSxCXViSKupGKLhxWcE+oAnlZjpth04mYWYi1FD8FTcuFHHrf7jzb5y2WWjrgQuHc+7l3nuCmDOlHefbyi0tr6yu5dcLG5tb2zv27l5DRYkktE4iHslWAIpyJmhdM81pK5YUwoDTZjC8mfjNByoVi8S9HsXUD6EvWI8R0Ebq2AeeYqLkBVTDqQc8HsDJtduxi07ZmQIvEjcjRZSh1rG/vG5EkpAKTTgo1XadWPspSM0Ip+OClygaAxlCn7YNFRBS5afT68f42Chd3IukKaHxVP09kUKo1CgMTGcIeqDmvYn4n9dOdO/KT5mIE00FmS3qJRzrCE+iwF0mKdF8ZAgQycytmAxAAtEmsIIJwZ1/eZE0KmX3onx2d16sVrI48ugQHaESctElqqJbVEN1RNAjekav6M16sl6sd+tj1pqzspl99AfW5w8o/pRX</latexit>

sin(� � ↵) = 1
<latexit sha1_base64="RrFTLk9YaHzzYCNxHaWgXf6/8zA=">AAACBnicbVBNS8NAEN3Ur1q/oh5FCBZBEEpSRb0IBS8eK9gPaEqZbDft0s0HuxOhhJy8+Fe8eFDEq7/Bm//GbZuDtj4YeLw3w8w8LxZcoW1/G4Wl5ZXVteJ6aWNza3vH3N1rqiiRlDVoJCLZ9kAxwUPWQI6CtWPJIPAEa3mjm4nfemBS8Si8x3HMugEMQu5zCqilnnnoYuSCiIdw7XoM4dT1JdDUjXmWVrOeWbYr9hTWInFyUiY56j3zy+1HNAlYiFSAUh3HjrGbgkROBctKbqJYDHQEA9bRNISAqW46fSOzjrXSt/xI6grRmqq/J1IIlBoHnu4MAIdq3puI/3mdBP2rbsrDOEEW0tkiPxEWRtYkE6vPJaMoxpoAlVzfatEh6BxQJ1fSITjzLy+SZrXiXFTO7s7LtWoeR5EckCNyQhxySWrkltRJg1DySJ7JK3kznowX4934mLUWjHxmn/yB8fkDdsmZFQ==</latexit>

! ↵ = � +
⇡

2

<latexit sha1_base64="5oj8C7vY54gWeYw5mwCuhYmgY2s=">AAACDHicdVBLSwMxGMz6rPVV9eglWAQPsuxD+jgIRS8eK9gHdJeSTdM2NJtdkqxQlvbuxb/ixYMiXv0B3vw3pu0KKjoQMszMR/JNEDMqlWV9GEvLK6tr67mN/ObW9s5uYW+/KaNEYNLAEYtEO0CSMMpJQ1HFSDsWBIUBI61gdDnzW7dESBrxGzWOiR+iAad9ipHSUrdQ9BCLh6hrn3sBUfo+nWaKkynOVKcs06o6jluClmm7lXLV1aRiu5pC27TmKIIM9W7h3etFOAkJV5ghKTu2FSs/RUJRzMgk7yWSxAiP0IB0NOUoJNJP58tM4LFWerAfCX24gnP1+0SKQinHYaCTIVJD+dubiX95nUT1K35KeZwowvHioX7CoIrgrBnYo4JgxcaaICyo/ivEQyQQVrq/vC7ha1P4P2k6pl0y3euzYu0iqyMHDsEROAE2KIMauAJ10AAY3IEH8ASejXvj0XgxXhfRJSObOQA/YLx9Av3Zmvw=</latexit>

↵1 = �1, ↵2 = �2

[D. Das, I. Saha, PRD100 (2019)]

<latexit sha1_base64="DVlo2JzMdZoAsLFElIXUAJjRCkY="></latexit>✓
H1

H2

◆
=

✓
� sin� � cos�
cos� � sin�

◆✓
h1

h2

◆
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•             charge:

Neutrino masses

22

If we introduce right-handed neutrinos Ni, we can explain the neutrino mass 
by the seesaw mechanism. 

<latexit sha1_base64="WE0Vr68in6Dr/P1xRAQ2wJfir34=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoJViEFmpJVFQEoeDFk7RgP6ANYbPdtks3m7C7EWroL/HiQRGv/hRv/hu3bQ7a+mDg8d4MM/P8iFGpbPvbyKysrq1vZDdzW9s7u3lzb78pw1hg0sAhC0XbR5IwyklDUcVIOxIEBT4jLX90O/Vbj0RIGvIHNY6IG6ABp32KkdKSZ+brxXuPlm6KTvnEKdslzyzYFXsGa5k4KSlAippnfnV7IY4DwhVmSMqOY0fKTZBQFDMyyXVjSSKER2hAOppyFBDpJrPDJ9axVnpWPxS6uLJm6u+JBAVSjgNfdwZIDeWiNxX/8zqx6l+5CeVRrAjH80X9mFkqtKYpWD0qCFZsrAnCgupbLTxEAmGls8rpEJzFl5dJ87TiXFTO6ueF6nUaRxYO4QiK4MAlVOEOatAADDE8wyu8GU/Gi/FufMxbM0Y6cwB/YHz+AOFckJ4=</latexit>

Q(Ni) = (1,�1, 0)

• Lagrangian for neutrinos:

0.0 0.2 0.4 0.6 0.8 1.0
10-5

10-4

0.001

0.010

0.100

1

Sin θ122
Si
n
θ 1
32

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

Sin θ122

Si
n
θ 2
32

<latexit sha1_base64="pkuchbVscS2q0eMIvp0MCpUPDe8="></latexit>

L = y1L̄eN1�̃3 + y2L̄⌧N2�̃3 + y3L̄µN3�̃3

+
1

2
(MN )ijN̄

c
i Nj + h.c.

<latexit sha1_base64="+gYzV7bs8ODWl1hNT6b3W1USrg0="></latexit>

(yN )ijN̄
c
i NjS0,1,2̄

<latexit sha1_base64="dNXFBWDe7NxDwLiFSwolMEkMYZs="></latexit>

(MN )ij ⇠

0

@
hS2̄i hS0i 0
hS0i 0 hS1i
0 hS1i hS0i

1

A

• Neutrino mass and mixing (                                   )

[1811.05487]

If 
<latexit sha1_base64="NGqfGBM0fpZQscej/GzQJIy1xC8=">AAACDnicbVDLSsNAFJ3UV62vWJduBotQNyVRqS4LblxpBfuAJpbJdNIOnUnCzEQMIf/gF7jVL3Anbv0FP8D/cNpmYVsPXDiccy/ncryIUaks69sorKyurW8UN0tb2zu7e+Z+uS3DWGDSwiELRddDkjAakJaiipFuJAjiHiMdb3w18TuPREgaBvcqiYjL0TCgPsVIaalvlpOHG0dSnjoYMXibVe2TvlmxatYUcJnYOamAHM2++eMMQhxzEijMkJQ924qUmyKhKGYkKzmxJBHCYzQkPU0DxIl00+nvGTzWygD6odATKDhV/16kiEuZcE9vcqRGctGbiP95vVj5l25KgyhWJMCzID9mUIVwUgQcUEGwYokmCAuqf4V4hATCStc1l+IJNCYq073Yiy0sk/Zpza7Xzu7OK4163lARHIIjUAU2uAANcA2aoAUweAIv4BW8Gc/Gu/FhfM5WC0Z+cwDmYHz9Aswdm/I=</latexit>

yN ⇠ O(1)

Global fit oscillation data (3σ)

<latexit sha1_base64="+8FBLGYHXu/FLZLs0zJDRbcxmjo=">AAAB+3icbVDLSgNBEOyNrxhfUY9eBoPgxbCrEj0GvHhMwDwgWcLspDcZMvtgZlYIy36BV/0Cb+LVj/ED/A8nyR5MYkFDUdVNd5cXC660bX9bhY3Nre2d4m5pb//g8Kh8fNJWUSIZtlgkItn1qELBQ2xprgV2Y4k08AR2vMnDzO88o1Q8Cp/0NEY3oKOQ+5xRbaTm1aBcsav2HGSdODmpQI7GoPzTH0YsCTDUTFCleo4dazelUnMmMCv1E4UxZRM6wp6hIQ1Quen80IxcGGVI/EiaCjWZq38nUhooNQ080xlQPVar3kz8z+sl2r93Ux7GicaQLRb5iSA6IrOvyZBLZFpMDaFMcnMrYWMqKdMmm6UtnqQT1JnJxVlNYZ20r6tOrXrTvK3Ua3lCRTiDc7gEB+6gDo/QgBYwQHiBV3izMuvd+rA+F60FK585hSVYX7/5zJUF</latexit>�

<latexit sha1_base64="CS7tmjtzOpkurnjAh7CxhZ4HUH0=">AAACHHicbVDLSgMxFM3UV31XXboJFsGNZUaluizowo2i0FahnQ6Z9I4NTTJjkhHKMFs/wy9wq1/gTtwKfoD/YVq7UOuBwLnn3Mu9OWHCmTau++EUpqZnZueK8wuLS8srq6W19aaOU0WhQWMeq+uQaOBMQsMww+E6UUBEyOEq7B8P/as7UJrFsm4GCfiC3EgWMUqMlYISFkHWlmne1kzAra1OOvWzIDvPO9mul9syKJXdijsCniTemJTRGBdB6bPdjWkqQBrKidYtz02MnxFlGOWQL7RTDQmhfXIDLUslEaD9bPSTHG9bpYujWNknDR6pPycyIrQeiNB2CmJ6+q83FP/zWqmJjvyMySQ1IOn3oijl2MR4GAvuMgXU8IElhCpmb8W0RxShxob3a0uoSB9MbnPx/qYwSZp7Fa9a2b88KNeq44SKaBNtoR3koUNUQ6foAjUQRffoET2hZ+fBeXFenbfv1oIzntlAv+C8fwGnRaJV</latexit>

m⌫ ' mT
DM�1

N mD

<latexit sha1_base64="nrMMxRL7zZ8gXRCKH4drOo7Nu4U="></latexit>

mD = diag(y1, y2, y3)
v3p
2

<latexit sha1_base64="Y39aaSa6unnyFa0c8KryhZqjow8="></latexit>

U †
PMNSm⌫UPMNS = diag(m1,m2,m3)

Large neutrino mixings are checked by scanning                      .

<latexit sha1_base64="pl5AF+Dgu3eqklOXwQld8V0t1Vc=">AAACAHicbVBNS8NAEJ34WetX1aOXYBHqpSRa1GNBEI8VTFtoQ9lsJ+3azSbsboRSevEXeNVf4E28+k/8Af4Pt20OtvXBwOO9GWbmBQlnSjvOt7Wyura+sZnbym/v7O7tFw4O6ypOJUWPxjyWzYAo5Eygp5nm2Ewkkijg2AgGNxO/8YRSsVg86GGCfkR6goWMEm2kuldyzzq3nULRKTtT2MvEzUgRMtQ6hZ92N6ZphEJTTpRquU6i/RGRmlGO43w7VZgQOiA9bBkqSITKH02vHdunRunaYSxNCW1P1b8TIxIpNYwC0xkR3VeL3kT8z2ulOrz2R0wkqUZBZ4vClNs6tiev210mkWo+NIRQycytNu0TSag2Ac1tCSQZoB6bXNzFFJZJ/bzsXpYv7ivFaiVLKAfHcAIlcOEKqnAHNfCAwiO8wCu8Wc/Wu/Vhfc5aV6xs5gjmYH39AspsloQ=</latexit>

U(1)F
(Type A)

Same assignment  
as  eRi

<latexit sha1_base64="C9bXrBPwHwihsTlr/XQshMVOssQ=">AAACFXicbVDLSsNAFJ3UV62vqCtxM1iEClISLeqy4MaNUsE+oAlhMp20YycPZiZCGKKf4Re41S9wJ25d+wH+h0nbhW09cOFwzr3ce48bMSqkYXxrhYXFpeWV4mppbX1jc0vf3mmJMOaYNHHIQt5xkSCMBqQpqWSkE3GCfJeRtju8zP32A+GChsGdTCJi+6gfUI9iJDPJ0fcsBVXi0PT4sXLtqJv0yFH0PoVW6uhlo2qMAOeJOSFlMEHD0X+sXohjnwQSMyRE1zQiaSvEJcWMpCUrFiRCeIj6pJvRAPlE2Gr0QgoPM6UHvZBnFUg4Uv9OKOQLkfhu1ukjORCzXi7+53Vj6V3YigZRLEmAx4u8mEEZwjwP2KOcYMmSjCDMaXYrxAPEEZZZalNbXI6GROa5mLMpzJPWSdU8q57e1sr12iShItgHB6ACTHAO6uAKNEATYPAEXsAreNOetXftQ/sctxa0ycwumIL29QvKtJ83</latexit>

{yi, (MN )ij}

<latexit sha1_base64="pKJXbqI/AlzoDAem11Ft3lChnhk="></latexit>

/ y2i v
2

vS

<latexit sha1_base64="9/LX1KzuY7danXnvQxQgWr/HNgc="></latexit>

⇠ 0.1eV
⇣ yi
0.01

⌘2
✓
1010GeV

vS

◆



/12Anomaly-free axion and heavy Higgs bosons in 3HDMKodai Sakurai 

10°
12

10°
11

10°
10

10°
9

10°
8

10°
7

10°
6

10°
5

10°
4

10°
3

10°
2

10°
1

100
101

102
103

104
105

106
107

ma [eV]

10°19

10°18

10°17

10°16

10°15

10°14

10°13

10°12

10°11

10°10

10°9

10°8

10°7

10°6
|g

ag
|[

G
eV

°
1 ]

H
al

os
co

pe
s

ADBC

aLIGODANCE

SRF-m 3

WISPLC

DM
Rad

io

QUAX
ADMX

BabyIAXO-RADES
FLASH

DALI
ALPHA

MADMAX
ORGAN

CADEx
BRASS

BR
EA

D LA
M

PO
STIAXO

W
IS

PF
I

MWD X-rays

M
U

SE V
IM

O
S

g

XMM-Newton

INTEGRAL
NuSTAR

Leo
T

THESEUS

Neutron stars


