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Axion/Axion like particles (ALPs)
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• Axion/ALPs are prominent candidates of light DM. 

• They emerge as pseudo Nambu Goldstone boson by  
spontaneous symmetry breaking of  global U(1) symmetry. 

• Mass range of axion is not fixed. 

TeVGeVMeVkeVeVmeV…

Axions can be DM if  
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⌧a = 1/�a & 150 Gyr

[K. Enqvist, S. Nadathur, et al., JCAP 04 (2020) 015]
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1Gyr = 3.15⇥ 1016s

• Dark matter (DM) is one of the most important unsolved problems in the SM.
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Axion-photon coupling
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E :
QCD anomaly coeefieicnt
EM anomaly coeefieicnt
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Experimental bounds for axion-pohoton couploing
https://cajohare.github.io/AxionLimits/

QCD axion has the anomalous photon coupling:

If                    , the constraint 
tighten.  
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ma & 10 eV

e.g., for 
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ma ⇠ 1 keV
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This is too small to be survyed  
by direct seaches.  

https://cajohare.github.io/AxionLimits/
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Anomaly-free axion[1/3]
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• It does not has the anomalous  photon coupling: 

• It can be orignated from the SSB of U(1)F .

• fa can be O(1010-12 GeV) while keeping the mass keV scale.

0

( if qe+qμ+qτ = 0 )

<latexit sha1_base64="RwIfhzhkF44rCuM4kJj0UedaB34=">AAACDHicdVDLSgMxFM3UV62vqks3wSK4KpMqfQhCQRCXClYLnXHIpGkbmmSGJCOUYT7Ajb/ixoUibv0Ad/6NGa2gogcCh3PO5eaeMOZMG9d9cwozs3PzC8XF0tLyyupaeX3jQkeJIrRDIh6pbog15UzSjmGG026sKBYhp5fh+Cj3L6+p0iyS52YSU1/goWQDRrCxUlCuHIoAX9XwcZB6IvFkknmG8T5Nj7OrL8Wm3KrrugghmBPUqLuWtFrNGmpClFsWFTDFaVB+9foRSQSVhnCsdQ+5sfFTrAwjnGYlL9E0xmSMh7RnqcSCaj/9OCaDO1bpw0Gk7JMGfqjfJ1IstJ6I0CYFNiP928vFv7xeYgZNP2UyTgyV5HPRIOHQRDBvBvaZosTwiSWYKGb/CskIK0yM7a9kS/i6FP5PLmpVVK/une1X2gfTOopgC2yDXYBAA7TBCTgFHUDADbgDD+DRuXXunSfn+TNacKYzm+AHnJd37FicMw==</latexit>
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This can evade constraint from the X-ray. 

[K. Nakayama, F. Takahashi, T. Yanagida, Phys.Lett.B 734 (2014) 178]
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Anomaly-free axion[2/3]
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• Axion can be produced  by the so-called misalignmet mechanism.

• It can be a good candidate for DM with the mass of order keV. 

There are a lot of motivations to consider the anomalfy-free axion.
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In the intermediate scale, the observed relic density 
can be satisfied by taking appropriate value of θi.
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Anomaly-free axion[3/3]
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• It can be tested by the future X-ray expereiments 
such as ATHENA if ma is relatively lrarge.

• It can explain the excess for the electron recoil 
events reported by the XENON1T.

Favored region for 
XENON 1T excess

 [F. Takahashi, M. Yamada, W. Yin,  Phys.Rev.Lett. 125 (2020) 161801]
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In this talk
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We consider the three Higgs doublet model with the U(1)_F 
symmetry. 

These properties of the anomaly free-axion have been surveyed with 
the effective lagrangian for the axion in previous works.  

• Is it possible to embady the anomaly-free axion in the UV 
complete models?

Open questions:

• How does the axion connect with a heavy new paricle above EW scale?

We investigate the viable parameter space to explain XENON1T 
excess for this model. 

We also discuss how the axion with keV mass correlates with the 
heavy additional Higgs boson.

This talk:
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Three Higgs doublet model with B-L Higgs boson [1/2]  
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Particle contents and charge assignment of the U(1)F
Higgs doublet B-L Higgs
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( For U(1)B-L　QB-L (Si) = +1 , QB-L (φi), QB-L (Lℓ, ℓR) = 0 )

<latexit sha1_base64="ktzH4CYl0jQRoumwCB9gwbjYFHU=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe6iqGXAxsIiQfMByRH2NnPJkr29Y3dPCCE/wcZCEVt/kZ3/xk1yhSY+GHi8N8PMvCARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyWj2acoB/RgeQhZ9RY6aHeu+8VS27ZnYOsEi8jJchQ6xW/uv2YpRFKwwTVuuO5ifEnVBnOBE4L3VRjQtmIDrBjqaQRan8yP3VKzqzSJ2GsbElD5urviQmNtB5Hge2MqBnqZW8m/ud1UhPe+BMuk9SgZItFYSqIicnsb9LnCpkRY0soU9zeStiQKsqMTadgQ/CWX14lzUrZuypf1C9L1UoWRx5O4BTOwYNrqMId1KABDAbwDK/w5gjnxXl3PhatOSebOYY/cD5/APbvjYw=</latexit>

QL
<latexit sha1_base64="UOWr/B/tzMHFBPb34j7G4KNMTGo=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHbRqEcSLx7xwSOBDZkdBpgwO7vO9JqQDZ/gxYPGePWLvPk3DrAHBSvppFLVne6uIJbCoOt+O7mV1bX1jfxmYWt7Z3evuH/QMFGiGa+zSEa6FVDDpVC8jgIlb8Wa0zCQvBmMrqd+84lrIyL1gOOY+yEdKNEXjKKV7h+7d91iyS27M5Bl4mWkBBlq3eJXpxexJOQKmaTGtD03Rj+lGgWTfFLoJIbHlI3ogLctVTTkxk9np07IiVV6pB9pWwrJTP09kdLQmHEY2M6Q4tAselPxP6+dYP/KT4WKE+SKzRf1E0kwItO/SU9ozlCOLaFMC3srYUOqKUObTsGG4C2+vEwalbJ3UT67PS9VK1kceTiCYzgFDy6hCjdQgzowGMAzvMKbI50X5935mLfmnGzmEP7A+fwBMNaNsg==</latexit>qR

<latexit sha1_base64="ZWxdoDWvQEL/QRzCLI4/LTgNChM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqqMeCF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlptsvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1IQ3fsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6V9WL5mWlXsvjKMIJnMI5eHANdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPduWMrA==</latexit>

0
<latexit sha1_base64="ZWxdoDWvQEL/QRzCLI4/LTgNChM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqqMeCF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlptsvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1IQ3fsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6V9WL5mWlXsvjKMIJnMI5eHANdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPduWMrA==</latexit>

0

<latexit sha1_base64="ZWxdoDWvQEL/QRzCLI4/LTgNChM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqqMeCF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlptsvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1IQ3fsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6V9WL5mWlXsvjKMIJnMI5eHANdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPduWMrA==</latexit>

0
<latexit sha1_base64="ZWxdoDWvQEL/QRzCLI4/LTgNChM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqqMeCF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlptsvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1IQ3fsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6V9WL5mWlXsvjKMIJnMI5eHANdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPduWMrA==</latexit>

0

SM lepton/quark fields

• Φs are needed in order to write down the Yukawa interactions for each lepton generation:

• The CP-odd component is regarded as NGB which is identified as the axion.  

• Axion is indeed anomaly-free. 



/13
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9
(  Heavy Higss bosons in B-L Higgs sector are integrated out)

3 Higgs doublet sector B-L Higgs sector

Portal interaction :
<latexit sha1_base64="Rzg03/QMxRBSk0TzYpUKN0XuQXQ=">AAAB7XicbVBNTwIxEJ3FL8Qv1KOXRmLiiewqQY8kXvSGiSwksCHd0oVKt920XROy4T948aAxXv0/3vw3FtiDgi+Z5OW9mczMCxPOtHHdb6ewtr6xuVXcLu3s7u0flA+PfC1TRWiLSC5VJ8SaciZoyzDDaSdRFMchp+1wfDPz209UaSbFg5kkNIjxULCIEWys5Pv9u55g/XLFrbpzoFXi5aQCOZr98ldvIEkaU2EIx1p3PTcxQYaVYYTTaamXappgMsZD2rVU4JjqIJtfO0VnVhmgSCpbwqC5+nsiw7HWkzi0nTE2I73szcT/vG5qousgYyJJDRVksShKOTISzV5HA6YoMXxiCSaK2VsRGWGFibEBlWwI3vLLq8S/qHr16uV9rdKo53EU4QRO4Rw8uIIG3EITWkDgEZ7hFd4c6bw4787HorXg5DPH8AfO5w8/jI7j</latexit>

VI 3

Mass eigenstates:

<latexit sha1_base64="pNpfr9USfp9n8FPbCtLn9L3zIsM=">AAAB/XicbVDLTgJBEJzFF+Jrfdy8TCQmcCG7aNAjiRe9YXRBA5vN7DALE2Yfmek1QUL8FS8eNMar/+HNv3GAPShYSSeVqu50d/mJ4Aos69vILS2vrK7l1wsbm1vbO+buXlPFqaTMobGI5Z1PFBM8Yg5wEOwukYyEvmAtf3Ax8VsPTCoeR7cwTJgbkl7EA04JaMkzD26cUrXsXXWAh0xhp2SXvXvPLFoVawq8SOyMFFGGhmd+dboxTUMWARVEqbZtJeCOiAROBRsXOqliCaED0mNtTSOid7mj6fVjfKyVLg5iqSsCPFV/T4xIqNQw9HVnSKCv5r2J+J/XTiE4d0c8SlJgEZ0tClKBIcaTKHCXS0ZBDDUhVHJ9K6Z9IgkFHVhBh2DPv7xImtWKXaucXJ8W67Usjjw6REeohGx0huroEjWQgyh6RM/oFb0ZT8aL8W58zFpzRjazj/7A+PwBt62Tbw==</latexit>

SU(2)I ⇥ U(1)Y
<latexit sha1_base64="2NPeLuQ4IWx3di1mZrfLin3fVBw=">AAACBnicbVBNS8NAEN3Ur1q/oh5FWCxCPVgSleqxKIgHDxVMW2hC2Gy37dLdJOxuhBJy8uJf8eJBEa/+Bm/+G7dtDtr6YODx3gwz84KYUaks69soLCwuLa8UV0tr6xubW+b2TlNGicDEwRGLRDtAkjAaEkdRxUg7FgTxgJFWMLwa+60HIiSNwns1ionHUT+kPYqR0pJv7jsV+8hPXcHh5fFt5irKiYRT8TrzzbJVtSaA88TOSRnkaPjml9uNcMJJqDBDUnZsK1ZeioSimJGs5CaSxAgPUZ90NA2R3ualkzcyeKiVLuxFQleo4ET9PZEiLuWIB7qTIzWQs95Y/M/rJKp34aU0jBNFQjxd1EsYVBEcZwK7VBCs2EgThAXVt0I8QAJhpZMr6RDs2ZfnSfOkateqp3dn5Xotj6MI9sABqAAbnIM6uAEN4AAMHsEzeAVvxpPxYrwbH9PWgpHP7II/MD5/AFsglx8=</latexit>

U(1)B�L ⇥ U(1)F

<latexit sha1_base64="Kxl9IgtcaKOnNuVuhLbJmfpdKO8="></latexit>

H1,2,3, H
±
1,2, A1,2, a

<latexit sha1_base64="kTzcEu8Xr+X7leaZ2lL1nsAUjxw=">AAAB6XicdVDLSsNAFL2pr1pfVZduBovgKiSN9OGq6MZlFVsLbSiT6aQdOpmEmYlQQv/AjQtF3PpH7vwbpw9BRQ9cOJxzL/feEyScKe04H1ZuZXVtfSO/Wdja3tndK+4ftFWcSkJbJOax7ARYUc4EbWmmOe0kkuIo4PQuGF/O/Lt7KhWLxa2eJNSP8FCwkBGsjXSDz/vFkmM79XLZqyDHdr1ate4ZUnM9Q5FrO3OUYIlmv/jeG8QkjajQhGOluq6TaD/DUjPC6bTQSxVNMBnjIe0aKnBElZ/NL52iE6MMUBhLU0Kjufp9IsORUpMoMJ0R1iP125uJf3ndVIc1P2MiSTUVZLEoTDnSMZq9jQZMUqL5xBBMJDO3IjLCEhNtwimYEL4+Rf+Tdtl2K7Z3fVZqXCzjyMMRHMMpuFCFBlxBE1pAIIQHeIJna2w9Wi/W66I1Zy1nDuEHrLdPuvGNhA==</latexit>a :

<latexit sha1_base64="PsT70G680jjC4lWb2iELVITgIZU=">AAAB63icdVDLSsNAFL3xWeur6tLNYBFchaSRPlwV3XRZwT6gDWUynbZDZ5IwMxFK6C+4caGIW3/InX/jpK2gogcuHM65l3vvCWLOlHacD2ttfWNzazu3k9/d2z84LBwdt1WUSEJbJOKR7AZYUc5C2tJMc9qNJcUi4LQTTG8yv3NPpWJReKdnMfUFHodsxAjWmdQYuFeDQtGxnVqp5JWRY7tetVLzDKm6nqHItZ0FirBCc1B47w8jkggaasKxUj3XibWfYqkZ4XSe7yeKxphM8Zj2DA2xoMpPF7fO0blRhmgUSVOhRgv1+0SKhVIzEZhOgfVE/fYy8S+vl+hR1U9ZGCeahmS5aJRwpCOUPY6GTFKi+cwQTCQztyIywRITbeLJmxC+PkX/k3bJdsu2d3tZrF+v4sjBKZzBBbhQgTo0oAktIDCBB3iCZ0tYj9aL9bpsXbNWMyfwA9bbJ7qQjg8=</latexit>

H1 :
<latexit sha1_base64="/aQvdAKyrjRI0epGKBqaowo88pg=">AAAB73icdVDJSgNBEK1xjXGLevTSGAQPMswiWTwFveQYwSyQDKGn05M06Vns7hHCkJ/w4kERr/6ON//GziKo6IOCx3tVVNXzE86ksqwPY2V1bX1jM7eV397Z3dsvHBy2ZJwKQpsk5rHo+FhSziLaVExx2kkExaHPadsfX8/89j0VksXRrZok1AvxMGIBI1hpqVPvZ865O73sF4qWaVUdxy0hy7TdSrnqalKxXU2RbVpzFGGJRr/w3hvEJA1ppAjHUnZtK1FehoVihNNpvpdKmmAyxkPa1TTCIZVeNr93ik61MkBBLHRFCs3V7xMZDqWchL7uDLEayd/eTPzL66YqqHgZi5JU0YgsFgUpRypGs+fRgAlKFJ9ogolg+lZERlhgonREeR3C16fof9JyTLtkujcXxdrVMo4cHMMJnIENZahBHRrQBAIcHuAJno0749F4MV4XrSvGcuYIfsB4+wRe0o+P</latexit>

H2,3 :125 GeV Higgs boson CP-even Higgs boson

CP-odd Higgs boson
<latexit sha1_base64="DW+W0sTC6oEOS65zZaFHWrsLNiQ=">AAAB73icdVDJSgNBEK2JW4xb1KOXxiB4kGEWyeIp6sVjBBMDyRB6Oj1Jk57F7h4hDPkJLx4U8ervePNv7CyCij4oeLxXRVU9P+FMKsv6MHJLyyura/n1wsbm1vZOcXevJeNUENokMY9F28eSchbRpmKK03YiKA59Tm/90eXUv72nQrI4ulHjhHohHkQsYAQrLbXPe5l94kzOesWSZVo1x3HLyDJtt1qpuZpUbVdTZJvWDCVYoNErvnf7MUlDGinCsZQd20qUl2GhGOF0UuimkiaYjPCAdjSNcEill83unaAjrfRREAtdkUIz9ftEhkMpx6GvO0OshvK3NxX/8jqpCqpexqIkVTQi80VBypGK0fR51GeCEsXHmmAimL4VkSEWmCgdUUGH8PUp+p+0HNMum+71aal+sYgjDwdwCMdgQwXqcAUNaAIBDg/wBM/GnfFovBiv89acsZjZhx8w3j4BUPePhg==</latexit>

A1,2 : Charged Higgs boson
<latexit sha1_base64="MYcrqqj3SW0yXZGg2FGin5VQQK0=">AAAB9XicdVDLSgMxFM3UV62vqks3wSK4kGEe0oeropsuK9hWaKclk2ba0ExmSDJKGeY/3LhQxK3/4s6/MX0IKnrgwuGce7n3Hj9mVCrL+jByK6tr6xv5zcLW9s7uXnH/oC2jRGDSwhGLxK2PJGGUk5aiipHbWBAU+ox0/MnVzO/cESFpxG/UNCZeiEacBhQjpaV+o5/24jAbpPaZk10MiiXLtGqO45ahZdputVJzNanarqbQNq05SmCJ5qD43htGOAkJV5ghKbu2FSsvRUJRzEhW6CWSxAhP0Ih0NeUoJNJL51dn8EQrQxhEQhdXcK5+n0hRKOU09HVniNRY/vZm4l9eN1FB1UspjxNFOF4sChIGVQRnEcAhFQQrNtUEYUH1rRCPkUBY6aAKOoSvT+H/pO2Ydtl0r89L9ctlHHlwBI7BKbBBBdRBAzRBC2AgwAN4As/GvfFovBivi9acsZw5BD9gvH0CNFGSWA==</latexit>

H
±
1,2 :

Anomaly-free axion

<latexit sha1_base64="mpdXC5qDHOJpWKJq7UqF/y6xbwk=">AAAB73icbVBNSwMxEJ31s9avqkcvwSLUS9lVqR4Lgnis4LaFdinZNNuGZpM1yQpl6Z/w4kERr/4db/4b03YP2vpg4PHeDDPzwoQzbVz321lZXVvf2CxsFbd3dvf2SweHTS1TRahPJJeqHWJNORPUN8xw2k4UxXHIaSsc3Uz91hNVmknxYMYJDWI8ECxiBBsrtf2Kd9bLbie9UtmtujOgZeLlpAw5Gr3SV7cvSRpTYQjHWnc8NzFBhpVhhNNJsZtqmmAywgPasVTgmOogm907QadW6aNIKlvCoJn6eyLDsdbjOLSdMTZDvehNxf+8Tmqi6yBjIkkNFWS+KEo5MhJNn0d9pigxfGwJJorZWxEZYoWJsREVbQje4svLpHle9WrVi/vLcr2Wx1GAYziBCnhwBXW4gwb4QIDDM7zCm/PovDjvzse8dcXJZ47gD5zPH/EAjzo=</latexit>

U(1)F
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3 Higgs doublet sector B-L Higgs sector

Portal interaction :
<latexit sha1_base64="Rzg03/QMxRBSk0TzYpUKN0XuQXQ=">AAAB7XicbVBNTwIxEJ3FL8Qv1KOXRmLiiewqQY8kXvSGiSwksCHd0oVKt920XROy4T948aAxXv0/3vw3FtiDgi+Z5OW9mczMCxPOtHHdb6ewtr6xuVXcLu3s7u0flA+PfC1TRWiLSC5VJ8SaciZoyzDDaSdRFMchp+1wfDPz209UaSbFg5kkNIjxULCIEWys5Pv9u55g/XLFrbpzoFXi5aQCOZr98ldvIEkaU2EIx1p3PTcxQYaVYYTTaamXappgMsZD2rVU4JjqIJtfO0VnVhmgSCpbwqC5+nsiw7HWkzi0nTE2I73szcT/vG5qousgYyJJDRVksShKOTISzV5HA6YoMXxiCSaK2VsRGWGFibEBlWwI3vLLq8S/qHr16uV9rdKo53EU4QRO4Rw8uIIG3EITWkDgEZ7hFd4c6bw4787HorXg5DPH8AfO5w8/jI7j</latexit>

VI 3

<latexit sha1_base64="pNpfr9USfp9n8FPbCtLn9L3zIsM=">AAAB/XicbVDLTgJBEJzFF+Jrfdy8TCQmcCG7aNAjiRe9YXRBA5vN7DALE2Yfmek1QUL8FS8eNMar/+HNv3GAPShYSSeVqu50d/mJ4Aos69vILS2vrK7l1wsbm1vbO+buXlPFqaTMobGI5Z1PFBM8Yg5wEOwukYyEvmAtf3Ax8VsPTCoeR7cwTJgbkl7EA04JaMkzD26cUrXsXXWAh0xhp2SXvXvPLFoVawq8SOyMFFGGhmd+dboxTUMWARVEqbZtJeCOiAROBRsXOqliCaED0mNtTSOid7mj6fVjfKyVLg5iqSsCPFV/T4xIqNQw9HVnSKCv5r2J+J/XTiE4d0c8SlJgEZ0tClKBIcaTKHCXS0ZBDDUhVHJ9K6Z9IgkFHVhBh2DPv7xImtWKXaucXJ8W67Usjjw6REeohGx0huroEjWQgyh6RM/oFb0ZT8aL8W58zFpzRjazj/7A+PwBt62Tbw==</latexit>

SU(2)I ⇥ U(1)Y
<latexit sha1_base64="2NPeLuQ4IWx3di1mZrfLin3fVBw=">AAACBnicbVBNS8NAEN3Ur1q/oh5FWCxCPVgSleqxKIgHDxVMW2hC2Gy37dLdJOxuhBJy8uJf8eJBEa/+Bm/+G7dtDtr6YODx3gwz84KYUaks69soLCwuLa8UV0tr6xubW+b2TlNGicDEwRGLRDtAkjAaEkdRxUg7FgTxgJFWMLwa+60HIiSNwns1ionHUT+kPYqR0pJv7jsV+8hPXcHh5fFt5irKiYRT8TrzzbJVtSaA88TOSRnkaPjml9uNcMJJqDBDUnZsK1ZeioSimJGs5CaSxAgPUZ90NA2R3ualkzcyeKiVLuxFQleo4ET9PZEiLuWIB7qTIzWQs95Y/M/rJKp34aU0jBNFQjxd1EsYVBEcZwK7VBCs2EgThAXVt0I8QAJhpZMr6RDs2ZfnSfOkateqp3dn5Xotj6MI9sABqAAbnIM6uAEN4AAMHsEzeAVvxpPxYrwbH9PWgpHP7II/MD5/AFsglx8=</latexit>

U(1)B�L ⇥ U(1)F

We asume U(1)F breaks into Z6 . → One soft breaking parameter only appears in 3HDM sector.

<latexit sha1_base64="rs/UlFRcnxm5vIOyusX0uWSgqaA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU1GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQ1eJXrniVt0ZyDLxclKBHPVe+avbj1kacYVMUmM6npugn1GNgkk+KXVTwxPKRnTAO5YqGnHjZ7NTJ+TEKn0SxtqWQjJTf09kNDJmHAW2M6I4NIveVPzP66QYXvuZUEmKXLH5ojCVBGMy/Zv0heYM5dgSyrSwtxI2pJoytOmUbAje4svLpHlW9S6r5/cXldpNHkcRjuAYTsGDK6jBHdShAQwG8Ayv8OZI58V5dz7mrQUnnzmEP3A+fwBPT43T</latexit>3 <latexit sha1_base64="gdccd34bF7v+cEz7zWgZgAVp+Zo="></latexit>

Vsoft = �
h
m2

12

⇣
�†
1�2

⌘
+ h.c.

i

Mass of heavy Higgs Mass of axion
<latexit sha1_base64="Xd7+fra8DvMcqXc3f35qdEOCYnA=">AAACDHicbVC9TsMwGHT4LeWvwMhiUSExVUlAwFjBwlgk+iO1aeS4TmvVdiLbqVRFeQAWXoWFAYRYeQA23ganzQAtJ1k6390n+7sgZlRp2/62VlbX1jc2S1vl7Z3dvf3KwWFLRYnEpIkjFslOgBRhVJCmppqRTiwJ4gEj7WB8m/vtCZGKRuJBT2PicTQUNKQYaSP5lSr3Ud/tKcoh91PHzcwllAink76bpWFuZiZl1+wZ4DJxClIFBRp+5as3iHDCidCYIaW6jh1rL0VSU8xIVu4lisQIj9GQdA0ViBPlpbNlMnhqlAEMI2mO0HCm/p5IEVdqygOT5EiP1KKXi/953USH115KRZxoIvD8oTBhUEcwbwYOqCRYs6khCEtq/grxCJkutOmvbEpwFldeJi235lzWzu8vqvWboo4SOAYn4Aw44ArUwR1ogCbA4BE8g1fwZj1ZL9a79TGPrljFzBH4A+vzB+8emu4=</latexit>

m2
a ⇠ m2

12
v2

f2
a

<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)

<latexit sha1_base64="mpdXC5qDHOJpWKJq7UqF/y6xbwk=">AAAB73icbVBNSwMxEJ31s9avqkcvwSLUS9lVqR4Lgnis4LaFdinZNNuGZpM1yQpl6Z/w4kERr/4db/4b03YP2vpg4PHeDDPzwoQzbVz321lZXVvf2CxsFbd3dvf2SweHTS1TRahPJJeqHWJNORPUN8xw2k4UxXHIaSsc3Uz91hNVmknxYMYJDWI8ECxiBBsrtf2Kd9bLbie9UtmtujOgZeLlpAw5Gr3SV7cvSRpTYQjHWnc8NzFBhpVhhNNJsZtqmmAywgPasVTgmOogm907QadW6aNIKlvCoJn6eyLDsdbjOLSdMTZDvehNxf+8Tmqi6yBjIkkNFWS+KEo5MhJNn0d9pigxfGwJJorZWxEZYoWJsREVbQje4svLpHle9WrVi/vLcr2Wx1GAYziBCnhwBXW4gwb4QIDDM7zCm/PovDjvzse8dcXJZ47gD5zPH/EAjzo=</latexit>

U(1)F

mφ and ma relate through the soft breaking parameter and the portal couplings.

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

m2
� ⇠ m2

12v
2

v1v2
+ �iv

2
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<latexit sha1_base64="HMjolelo17gcV6Ne3yfg9uhfQo4=">AAACAHicbVDLSsNAFL3xWesr6sKFm8EiuLEkWqoboeDGZQX7gDaGyXTSDp1MwsxEKCEbf8WNC0Xc+hnu/Bunj4W2HrhwOOde7r0nSDhT2nG+raXlldW19cJGcXNre2fX3ttvqjiVhDZIzGPZDrCinAna0Exz2k4kxVHAaSsY3oz91iOVisXiXo8S6kW4L1jICNZG8u3Dvp9hml9XuppFVCHXecjO3Eru2yWn7EyAFok7IyWYoe7bX91eTNKICk04VqrjOon2Miw1I5zmxW6qaILJEPdpx1CBzTYvmzyQoxOj9FAYS1NCo4n6eyLDkVKjKDCdEdYDNe+Nxf+8TqrDKy9jIkk1FWS6KEw50jEap4F6TFKi+cgQTCQztyIywBITbTIrmhDc+ZcXSfO87FbLF3eVUq06i6MAR3AMp+DCJdTgFurQAAI5PMMrvFlP1ov1bn1MW5es2cwB/IH1+QMcXZVp</latexit>

gae = 4⇥ 10�14

<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

,

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

m�(= mH2,3 = m
H

±
1,2

' mA1,2) [GeV]
<latexit sha1_base64="kh5uD+zCKLDW/kn8ernhqAAIXDQ="></latexit>

m�(= mH2,3 = m
H

±
1,2

' mA1,2) [GeV]

Constraints:

• Thoretical bounds:

-  Potential bounded from below

-  Perturvativity for the running 
coupling constants (up to           )

<latexit sha1_base64="gH9y130OGAV9AGFmYXmfe9azV9s=">AAAB8nicbVDLSgMxFM34rPVVdekmWARXZaaKuhEKbly4qGAfMB3KnUymDc0kQ5IRytDPcONCEbd+jTv/xrSdhbYeCBzOOZfce8KUM21c99tZWV1b39gsbZW3d3b39isHh20tM0Voi0guVTcETTkTtGWY4bSbKgpJyGknHN1O/c4TVZpJ8WjGKQ0SGAgWMwLGSn7v3kYjuIn70K9U3Zo7A14mXkGqqECzX/nqRZJkCRWGcNDa99zUBDkowwink3Iv0zQFMoIB9S0VkFAd5LOVJ/jUKhGOpbJPGDxTf0/kkGg9TkKbTMAM9aI3Ff/z/MzE10HORJoZKsj8ozjj2Eg8vR9HTFFi+NgSIIrZXTEZggJibEtlW4K3ePIyaddr3mXt/OGi2qgXdZTQMTpBZ8hDV6iB7lATtRBBEj2jV/TmGOfFeXc+5tEVp5g5Qn/gfP4Aw72Q4A==</latexit>

⇤ = fa

XENON1T excess:

• Experimental bounds:
-  Higgs signal strength

-  B meson decay, mixing

<latexit sha1_base64="Qo7SsOCEj4gjUKBs8y4nme1ji5g=">AAACBHicbZC7SgNBFIbPxluMt1XLNINBsFp2E9GUARvLCOYC2bjMTmaTIbMXZ2aFsKSw8VVsLBSx9SHsfBsnyRaa+MPAx3/O4cz5/YQzqWz72yisrW9sbhW3Szu7e/sH5uFRW8apILRFYh6Lro8l5SyiLcUUp91EUBz6nHb88dWs3nmgQrI4ulWThPZDPIxYwAhW2vLMcuBhV7KQ3qOaVXeVJokc+y5z7KlnVmzLngutgpNDBXI1PfPLHcQkDWmkCMdS9hw7Uf0MC8UIp9OSm0qaYDLGQ9rTGGG9rJ/Nj5iiU+0MUBAL/SKF5u7viQyHUk5CX3eGWI3kcm1m/lfrpSqo9zMWJamiEVksClKOVIxmiaABE5QoPtGAiWD6r4iMsMBE6dxKOgRn+eRVaFct58Kq3ZxXGtU8jiKU4QTOwIFLaMA1NKEFBB7hGV7hzXgyXox342PRWjDymWP4I+PzB6FKlsE=</latexit>

fa ' 3.8⇥ 1010

→  mΦ should be heavier than around 500 GeV for the scenario to explain XENON1T excess.

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

-  S,T parameters
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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

mΦ correlates with not only the mass of axion but also the axion-electron coupling.

Axion-electron coupling:

If a is discovered in the future X-ray search, we can obtain the information of mΦ. 
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We discussed anomaly-free axion in the framework of the three Higgs doublet model 
(3HDM). 

• Motivation for anomaly-free axion:

- It can be DM with mass of keV scale and the decay constant at intermesiate scale.  

- It can explain the XENON 1T excess while satisfying the constraint from X-ray.   

• The results:

- Anomaly-free axion correlates with the heavy Higgs bosons in 3HDM.   

- The scenario to explain XENON1T excess predicts a correlation between tβ1,β2, and 
the mass of additional Higgs bosons.   



Buck up
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Parameter dependence for axion mass

15
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Higgs potential

16
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Yukawa interaction for the heavy Higgs

17
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Physical states after EWSB
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• Model input parameters (17)

• Mass eigenstates
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Three Higgs doublet model with B-L Higgs boson [1/3]  
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• Symmetry
<latexit sha1_base64="g6p3TjziAAv2HkVPi13G4w0Ib4w="></latexit>

SU(2)I ⇥ U(1)Y ⇥ U(1)B�L ⇥ U(1)F
Local Global

U(1)B-L

- The CP-odd compontent is regarded as NGB which is identified as axion.  

- fa can be taken  around  1010 GeV. 

- Majorana mass for the righthanded neutrino can be generated by the SSB.

- B-L Higgs (singlet) bosons are introduecd. 

U(1)F

- Axion can be anomaly-free

- large neutrino mixing is obtained by introducing several B-L Higgs fields.


