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Motivations
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→ In this talk,　

●  Can we construct models for the dark sector with sizable portal coupling?

There are many BSM models with the dark sector (DS). 

-  Most of them require small portal interactions.

-  Dark sector connects with the SM sector via portal int.

Dark sector may be difficult to test…

●  If yes, what is possible signals to probe the dark sector through the portal int.?

- We propose a simple renormalizable model that contains DS with 
sizable portal coupling. 

- We show that (dark) Higgs invisible decays can probe light dark sector. 
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Simplest model of dark sector
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We consider SM + Dark Higgs field:

}

Portal coupling

SM Higgs doublet field: 

Dark Higgs field: 
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●  There are two possibilities for the DS. 

-  U(1) global symmetry 　→ Axion like particle 

-  U(1) local symmetry   　→ Hidden photon (mass from                ) 
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→  is natural, following the arguments of ’t Hooft. λ, λP,H ∼ 𝒪(1)

Discussion of ’t Hooft naturalness
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Portal coupling

●  The region with  is favored region by the argument of naturalness.λP ∼ 𝒪(1)

-  In the limits , any symmetry is not restored. λ, λP, λH → 0

We consider SM + Dark Higgs field:
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SM Higgs doublet field: 

Dark Higgs field: 
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-  This follows that  and  should be at around the EW scale.vΦ mΦ

Minimization conditions:

→  100GeV ∼ μH ∼ vΦ ∼ mΦ

 and  is favored parameter space by the naturalness. vΦ mΦ ∼ v

[Gerard 't Hooft, NATO Sci.Ser.B 59 (1980) 135-157]
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Viable parameter space for axion/ALPs

5

➡ Can we construct models for the dark 
sector while keeping the VEV EW scale ?

~102

~108
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QCD ax
ion-  fa~100GeV are excluded Lab exp. 

(Beam dump, Kaon decays)

-  Viable parameter space: 

-  This leads tiny portal coupling                   .  

QCD axion

Axion-like particle (ALP)

-  fa  can be 1 TeV. 

-  ma >1 GeV. 

-  This ALP wouldn’t be DM.
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fa > 108GeV



Probing light dark sector by invisible decays of dark and SM-like Higgs bosons at the ILCSakurai Kodai /15

A simple renormalization model
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-  It scales the mass of ALP  
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•  κ corresponds to the order parameter of U(1) breaking. 

U(1) symmetric potential + soft breaking terms:
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 ! 0
[Gerard 't Hooft, NATO Sci.Ser.B 59 (1980) 135-157]

SM Higgs doublet field: Dark Higgs field: , 
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• Higgs potential (V+δV) has CP symmetry
CP :
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CP-even ALP
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mH, cos α, m2
s , μS, λS

• The ALP field mixes with the CP-even components ρ and s’.
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●  Though the mixing with the SM Higgs boson, couplings of ALP with SM fields are generated. 
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→ ALP has the couplings of CP-even scalar. 
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→ The couplings scale with the mass of ALP. 

SM Higgs doublet : 

Dark Higgs singlet: 
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• The mixing angle  between h and  a can be expressed by 
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h : SM-like Higgs boson
<latexit sha1_base64="bh5XrV2ZbDCH4KiXz5zZmwOenp8=">AAACA3icdVDLSgMxFM3UV62vUXe6CRbB1TDTkT5cFdx0WcE+oC0lk6ZtaCYZkoxYhhY3/oobF4q49Sfc+TemD0FFD1w4nHMv994TRIwq7bofVmpldW19I72Z2dre2d2z9w/qSsQSkxoWTMhmgBRhlJOappqRZiQJCgNGGsHocuY3bohUVPBrPY5IJ0QDTvsUI22krn2kLqbtMBC3SQ/J0bRCBwM1DYQSfNK1s67jlnI5Pw9dx/OLhZJvSNHzDYWe486RBUtUu/Z7uydwHBKuMUNKtTw30p0ESU0xI5NMO1YkQniEBqRlKEchUZ1k/sMEnhqlB/tCmuIaztXvEwkKlRqHgekMkR6q395M/Mtrxbpf7CSUR7EmHC8W9WMGtYCzQGCPSoI1GxuCsKTmVoiHSCKsTWwZE8LXp/B/Us85Xt7xr86z5eIyjjQ4BifgDHigAMqgAqqgBjC4Aw/gCTxb99aj9WK9LlpT1nLmEPyA9fYJyG2Y5g==</latexit>

s : dark Higgs boson
<latexit sha1_base64="GhSgzxM9QsdtbX/W43O0kc8pfDI=">AAAB9HicdVDLSgMxFM34rPVVdekmWARXw0xH2qmrihsXLirYB7RDyaRpG5pMxiRTLEP9DTcuFHHrx7jzb0wfgooeuHA4517uvSeMGVXacT6speWV1bX1zEZ2c2t7Zze3t19XIpGY1LBgQjZDpAijEalpqhlpxpIgHjLSCIcXU78xIlJREd3ocUwCjvoR7VGMtJECdHbf5qG4S8+vqpNOLu/YTrlQ8IrQsV3PL5U9Q3zXMxS6tjNDHixQ7eTe212BE04ijRlSquU6sQ5SJDXFjEyy7USRGOEh6pOWoRHiRAXp7OgJPDZKF/aENBVpOFO/T6SIKzXmoenkSA/Ub28q/uW1Et3zg5RGcaJJhOeLegmDWsBpArBLJcGajQ1BWFJzK8QDJBHWJqesCeHrU/g/qRdst2h716f5ir+IIwMOwRE4AS4ogQq4BFVQAxjcggfwBJ6tkfVovViv89YlazFzAH7AevsEFUqSTQ==</latexit>

a : ALP<latexit sha1_base64="SJgHw/BJFm5ULOJWaa3wGmEjiMI=">AAAB6HicdVDLSsNAFL2pr1pfVZduBovgQkLSSJvuCm5ctmAf0IYymU7b0ckkzEyEEvoFblwo4tZPcuffOH0IKnrgwuGce7n3njDhTGnH+bBya+sbm1v57cLO7t7+QfHwqK3iVBLaIjGPZTfEinImaEszzWk3kRRHIaed8O5q7nfuqVQsFjd6mtAgwmPBRoxgbaTmxaBYcmynVi57FeTYrudXa54hvusZilzbWaAEKzQGxff+MCZpRIUmHCvVc51EBxmWmhFOZ4V+qmiCyR0e056hAkdUBdni0Bk6M8oQjWJpSmi0UL9PZDhSahqFpjPCeqJ+e3PxL6+X6pEfZEwkqaaCLBeNUo50jOZfoyGTlGg+NQQTycytiEywxESbbAomhK9P0f+kXbbdiu01L0t1fxVHHk7gFM7BhSrU4Roa0AICFB7gCZ6tW+vRerFel605azVzDD9gvX0C6l+NAQ==</latexit>, <latexit sha1_base64="SJgHw/BJFm5ULOJWaa3wGmEjiMI=">AAAB6HicdVDLSsNAFL2pr1pfVZduBovgQkLSSJvuCm5ctmAf0IYymU7b0ckkzEyEEvoFblwo4tZPcuffOH0IKnrgwuGce7n3njDhTGnH+bBya+sbm1v57cLO7t7+QfHwqK3iVBLaIjGPZTfEinImaEszzWk3kRRHIaed8O5q7nfuqVQsFjd6mtAgwmPBRoxgbaTmxaBYcmynVi57FeTYrudXa54hvusZilzbWaAEKzQGxff+MCZpRIUmHCvVc51EBxmWmhFOZ4V+qmiCyR0e056hAkdUBdni0Bk6M8oQjWJpSmi0UL9PZDhSahqFpjPCeqJ+e3PxL6+X6pEfZEwkqaaCLBeNUo50jOZfoyGTlGg+NQQTycytiEywxESbbAomhK9P0f+kXbbdiu01L0t1fxVHHk7gFM7BhSrU4Roa0AICFB7gCZ6tW+vRerFel605azVzDD9gvX0C6l+NAQ==</latexit>,

 is function of      .<latexit sha1_base64="lvXd+tNGsPqqdynoa8pGt65b2/s=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0qMeCF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0wPqjfrniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzUKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPEzLpPUoGSLRWEqiInJ7G8y4AqZERNLKFPc3krYiCrKjE2nZEPwll9eJa2LqndVvbyvVeq1PI4inMApnIMH11CHO2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gA9dI28</latexit>ch
<latexit sha1_base64="+5tnarMplYf0GxqEU5KRTqrjsWo=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0qMeCF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilB9YX/XLFrbpzkFXi5aQCORr98ldvELM04gqZpMZ0PTdBP6MaBZN8WuqlhieUjemQdy1VNOLGz+anTsmZVQYkjLUthWSu/p7IaGTMJApsZ0RxZJa9mfif100xvPEzoZIUuWKLRWEqCcZk9jcZCM0ZyokllGlhbyVsRDVlaNMp2RC85ZdXSeui6l1VL+9rlXotj6MIJ3AK5+DBNdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifPz74jb0=</latexit>ci

,

The model (V+δV) has CP 
symmetry. 

<latexit sha1_base64="YZDreO29VZuPiOYX7zrZ7/PZwok=">AAACF3icbVDLSsNAFJ34rPVVdelmsAiuSlJFxVXBjRuhgn1AU8PNdNIMnUnCzKRQQv/Cjb/ixoUibnXn3zhpu9DWAwOHc+7lzjl+wpnStv1tLS2vrK6tFzaKm1vbO7ulvf2milNJaIPEPJZtHxTlLKINzTSn7URSED6nLX9wnfutIZWKxdG9HiW0K6AfsYAR0EbyShVXgA4J8Ox27GUQjl3FRNEdQJIAHuKh59ZDlmtYePBQ9Uplu2JPgBeJMyNlNEPdK325vZikgkaacFCq49iJ7mYgNSOcjotuqmgCZAB92jE0AkFVN5vkGuNjo/RwEEvzIo0n6u+NDIRSI+GbyTyFmvdy8T+vk+rgspuxKEk1jcj0UJByrGOcl4R7TFKi+cgQIJKZv2ISggSiTZVFU4IzH3mRNKsV57xyendWrl3N6iigQ3SETpCDLlAN3aA6aiCCHtEzekVv1pP1Yr1bH9PRJWu2c4D+wPr8AeTPn7Q=</latexit>

Mah ⇠ vv� ⇠ m2
a
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mH, cos α, m2
s , μS, λS

• The ALP-fermion couplings are suppressed by taking small ma. 

We can avoid constraints from laboratory exp. (Beam dump, meson decays .. )

The couplings are not controlled by the portal coupling λP

• If λP is not small, the ALP can be thermally produced: 
<latexit sha1_base64="JLjBYYE3HC/nHUM+EV1tiYJ+HRA=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9lV8eNW8OKxgrWFdinZNNuGJtmQZIWy9C948aCIV/+QN/+N2XYP2vpg4PHeDDPzIsWZsb7/7ZVWVtfWN8qbla3tnd296v7Bo0lSTWiLJDzRnQgbypmkLcsspx2lKRYRp+1ofJv77SeqDUvkg50oGgo8lCxmBNtc6inD+tWaX/dnQMskKEgNCjT71a/eICGpoNISjo3pBr6yYYa1ZYTTaaWXGqowGeMh7ToqsaAmzGa3TtGJUwYoTrQradFM/T2RYWHMRESuU2A7MoteLv7ndVMbX4cZkyq1VJL5ojjlyCYofxwNmKbE8okjmGjmbkVkhDUm1sVTcSEEiy8vk8ezenBZP7+/qDVuijjKcATHcAoBXEED7qAJLSAwgmd4hTdPeC/eu/cxby15xcwh/IH3+QMkJo5J</latexit>

 

<latexit sha1_base64="sqTBbN2CCijgQ8vpEl8gEhq1JWk=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyq+LgFvHiMYB6YXcLspJMMmZ1dZmaFsOQvvHhQxKt/482/cZLsQRMLGoqqbrq7wkRwbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo5TxbDBYhGrdkg1Ci6xYbgR2E4U0igU2ApHt1O/9YRK81g+mHGCQUQHkvc5o8ZKj35IVeYnmk+65YpbdWcgy8TLSQVy1LvlL78XszRCaZigWnc8NzFBRpXhTOCk5KcaE8pGdIAdSyWNUAfZ7OIJObFKj/RjZUsaMlN/T2Q00nochbYzomaoF72p+J/XSU3/Osi4TFKDks0X9VNBTEym75MeV8iMGFtCmeL2VsKGVFFmbEglG4K3+PIyaZ5Vvcvq+f1FpXaTx1GEIziGU/DgCmpwB3VoAAMJz/AKb452Xpx352PeWnDymUP4A+fzB+lOkQ4=</latexit>

 ̄

<latexit sha1_base64="2HfMCEX8ZNC0yBs6WWZPbKL+mxI=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV0VH7eAF48JmAckS5id9CZjZmeXmVkhLPkCLx4U8eonefNvnCR70MSChqKqm+6uIBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWju6nfekKleSwfzDhBP6IDyUPOqLFSnfZKZbfizkCWiZeTMuSo9Upf3X7M0gilYYJq3fHcxPgZVYYzgZNiN9WYUDaiA+xYKmmE2s9mh07IqVX6JIyVLWnITP09kdFI63EU2M6ImqFe9Kbif14nNeGNn3GZpAYlmy8KU0FMTKZfkz5XyIwYW0KZ4vZWwoZUUWZsNkUbgrf48jJpnle8q8pF/bJcvc3jKMAxnMAZeHANVbiHGjSAAcIzvMKb8+i8OO/Ox7x1xclnjuAPnM8fw0SM5A==</latexit>a

<latexit sha1_base64="2HfMCEX8ZNC0yBs6WWZPbKL+mxI=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV0VH7eAF48JmAckS5id9CZjZmeXmVkhLPkCLx4U8eonefNvnCR70MSChqKqm+6uIBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWju6nfekKleSwfzDhBP6IDyUPOqLFSnfZKZbfizkCWiZeTMuSo9Upf3X7M0gilYYJq3fHcxPgZVYYzgZNiN9WYUDaiA+xYKmmE2s9mh07IqVX6JIyVLWnITP09kdFI63EU2M6ImqFe9Kbif14nNeGNn3GZpAYlmy8KU0FMTKZfkz5XyIwYW0KZ4vZWwoZUUWZsNkUbgrf48jJpnle8q8pF/bJcvc3jKMAxnMAZeHANVbiHGjSAAcIzvMKb8+i8OO/Ox7x1xclnjuAPnM8fw0SM5A==</latexit>a

●  The correct relic density can be obtained:

<latexit sha1_base64="HPPFvwIdUKRfohlmiNTl+V3kEfU=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8SNhV8XELePEY0TwgWcLspDcZMju7zMwKYcknePGgiFe/yJt/4yTZgyYWNBRV3XR3BYng2rjut7O0vLK6tl7YKG5ube/slvb2GzpOFcM6i0WsWgHVKLjEuuFGYCtRSKNAYDMY3k785hMqzWP5aEYJ+hHtSx5yRo2VHganulsquxV3CrJIvJyUIUetW/rq9GKWRigNE1Trtucmxs+oMpwJHBc7qcaEsiHtY9tSSSPUfjY9dUyOrdIjYaxsSUOm6u+JjEZaj6LAdkbUDPS8NxH/89qpCa/9jMskNSjZbFGYCmJiMvmb9LhCZsTIEsoUt7cSNqCKMmPTKdoQvPmXF0njrOJdVs7vL8rVmzyOAhzCEZyAB1dQhTuoQR0Y9OEZXuHNEc6L8+58zFqXnHzmAP7A+fwBCcCNng==</latexit>

h, s

●  The lifetime can be larger than the age 
of the Universe in  .

<latexit sha1_base64="FyH93zqi7i4j5sfjXI8gX8BkFrI=">AAACAHicbVBNS8NAEN3Ur1q/oh48eFksgqeSaFGPBS9ehAr2A5oQNttpu3Q3CbsboYRc/CtePCji1Z/hzX/jts1BWx8MPN6bYWZemHCmtON8W6WV1bX1jfJmZWt7Z3fP3j9oqziVFFo05rHshkQBZxG0NNMcuokEIkIOnXB8M/U7jyAVi6MHPUnAF2QYsQGjRBspsI9EQLDHQSnFBM48KbB7B+08sKtOzZkBLxO3IFVUoBnYX14/pqmASFNOlOq5TqL9jEjNKIe84qUKEkLHZAg9QyMiQPnZ7IEcnxqljwexNBVpPFN/T2REKDURoekURI/UojcV//N6qR5c+xmLklRDROeLBinHOsbTNHCfSaCaTwwhVDJzK6YjIgnVJrOKCcFdfHmZtM9r7mXt4r5ebdSLOMroGJ2gM+SiK9RAt6iJWoiiHD2jV/RmPVkv1rv1MW8tWcXMIfoD6/MH06qV4A==</latexit>

ma . 1MeV

<latexit sha1_base64="evBMoPnFJTYN6ZKS8uMm3YggS6s="></latexit>

�a!�� ' m7
a

⇡5v2m2
hm

2
�

<latexit sha1_base64="6eGUFphRbV5I/XSjpRXiNtIA2Lw="></latexit> θah

=1keV =50keV

CP-even ALP as DM

[KS, W. Yin]
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How can we search CP even ALP?

9

mH, cos α, m2
s , μS, λS

The Higgs boson -ALP interaction is not small in the case of                   ,                           .

<latexit sha1_base64="le2bPEHxMq1SvHHEggdllcxCk4Q=">AAAB+3icbVDLTgIxFO34RHyNuHTTSExgQ2bQqHFFdOMSE3kkMJI7pQMNnc6k7RgJ4VfcuNAYt/6IO//GDsxCwZPc5OSce9t7jx9zprTjfFsrq2vrG5u5rfz2zu7evn1QaKookYQ2SMQj2fZBUc4EbWimOW3HkkLoc9ryRzep33qkUrFI3OtxTL0QBoIFjIA2Us8ulIalbgxSM+AYyg/V8lXPLjoVZwa8TNyMFFGGes/+6vYjkoRUaMJBqY7rxNqbpI8STqf5bqJoDGQEA9oxVEBIlTeZ7T7FJ0bp4yCSpoTGM/X3xARCpcahbzpD0EO16KXif14n0cGlN2EiTjQVZP5RkHCsI5wGgftMUqL52BAgkpldMRmCBKJNXHkTgrt48jJpVivueeX07qxYu87iyKEjdIxKyEUXqIZuUR01EEFP6Bm9ojdrar1Y79bHvHXFymYO0R9Ynz/WJ5MF</latexit>

(h(@a)2) :

<latexit sha1_base64="7zxCGoPlbn4sO1bAKq20RJzk+bY=">AAACF3icbVDLSgMxFM34rPVVdekmWIS6aJmpoi6LblxWsA/otMOdNNOGJjNDkimUoX/hxl9x40IRt7rzb0wfC209EDicc0+Se/yYM6Vt+9taWV1b39jMbGW3d3b39nMHh3UVJZLQGol4JJs+KMpZSGuaaU6bsaQgfE4b/uB24jeGVCoWhQ96FNO2gF7IAkZAG8nLlYpuIIGkLjeZLnjV4TgVnuqUi8Lrd8rjfsGNQWoGHMNZp+zl8nbJngIvE2dO8miOqpf7crsRSQQNNeGgVMuxY91OJ1cSTsdZN1E0BjKAHm0ZGoKgqp1O9xrjU6N0cRBJc0KNp+rvRApCqZHwzaQA3VeL3kT8z2slOrhupyyME01DMnsoSDjWEZ6UhLtMUqL5yBAgkpm/YtIH05M2VWZNCc7iysukXi45l6Xz+4t85WZeRwYdoxNUQA66QhV0h6qohgh6RM/oFb1ZT9aL9W59zEZXrHnmCP2B9fkDLWOfSQ==</latexit>

� �P v

m2
s �m2

h

h(@a)2

→ ALP can be tested by the Higgs 
boson invisible decay. 

<latexit sha1_base64="oBu0rX0a2Yjahj8efyRqh/LBClM=">AAACAXicbVDLSgMxFM34rPU16kZwEyxC3ZQZFXVZdOPOCvYBnWHIZDJtaJIZkoxQhrrxV9y4UMStf+HOvzFtZ6GtBwKHc87l5p4wZVRpx/m2FhaXlldWS2vl9Y3NrW17Z7elkkxi0sQJS2QnRIowKkhTU81IJ5UE8ZCRdji4HvvtByIVTcS9HqbE56gnaEwx0kYK7H2PmXCEgoanKM89jBi8HVXd48CuODVnAjhP3IJUQIFGYH95UYIzToTGDCnVdZ1U+zmSmmJGRmUvUyRFeIB6pGuoQJwoP59cMIJHRolgnEjzhIYT9fdEjrhSQx6aJEe6r2a9sfif1810fOnnVKSZJgJPF8UZgzqB4zpgRCXBmg0NQVhS81eI+0girE1pZVOCO3vyPGmd1Nzz2undWaV+VdRRAgfgEFSBCy5AHdyABmgCDB7BM3gFb9aT9WK9Wx/T6IJVzOyBP7A+fwBUUZYp</latexit>

�P ⇠ O(1)

[KS, W. Yin] Vacuum stability

~ILC reach

~LHC reach

<latexit sha1_base64="Q+ERKWsbBbKV4O9grRqKNaSS1DI=">AAACCXicbVC7TsMwFHV4lvIKMLJYVEhlqRJAPLZKDLBRJPqQmihyXKe1ajuR7SBVUVYWfoWFAYRY+QM2/ga3zQAtR7rS8Tn3yveeMGFUacf5thYWl5ZXVktr5fWNza1te2e3peJUYtLEMYtlJ0SKMCpIU1PNSCeRBPGQkXY4vBr77QciFY3FvR4lxOeoL2hEMdJGCmzIAwU9RTnMPIwYvM2rruMcmZfk8Jq08sCuODVnAjhP3IJUQIFGYH95vRinnAiNGVKq6zqJ9jMkNcWM5GUvVSRBeIj6pGuoQJwoP5tcksNDo/RgFEtTQsOJ+nsiQ1ypEQ9NJ0d6oGa9sfif1011dOFnVCSpJgJPP4pSBnUMx7HAHpUEazYyBGFJza4QD5BEWJvwyiYEd/bkedI6rrlntZO700r9soijBPbBAagCF5yDOrgBDdAEGDyCZ/AK3qwn68V6tz6mrQtWMbMH/sD6/AGbKZhY</latexit>

ms ⇠ O(100)GeV

→  We have studied                                              
at the ILC with                         .

<latexit sha1_base64="cwXcEmxjY7FeTreMwfnk/DAQz9s=">AAACAXicbVDLSgMxFM3UV62vUTeCm2ARBLHOqKgrKbhxWcE+sJ2WTHrbhmYyQ5IRylA3/oobF4q49S/c+Tem7Sy09UDgcM693JzjR5wp7TjfVmZufmFxKbucW1ldW9+wN7cqKowlhTINeShrPlHAmYCyZppDLZJAAp9D1e9fj/zqA0jFQnGnBxF4AekK1mGUaCO17B1oHkLzqKFDfI97xwpPGCEtO+8UnDHwLHFTkkcpSi37q9EOaRyA0JQTpequE2kvIVIzymGYa8QKIkL7pAt1QwUJQHnJOMEQ7xuljTuhNE9oPFZ/byQkUGoQ+GYyILqnpr2R+J9Xj3Xn0kuYiGINgk4OdWKOTcpRHbjNJFDNB4YQKpn5K6Y9IgnVprScKcGdjjxLKicF97xwenuWL16ldWTRLtpDB8hFF6iIblAJlRFFj+gZvaI368l6sd6tj8loxkp3ttEfWJ8/rSiVGw==</latexit>

e+e� ! Zh/s ! Zaa
<latexit sha1_base64="tO3Y5Xm5HFVN5VD8N0S7Eglg9vU=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARXJWZ+upGKLjQZQX7gM5QMmmmDU0yY5IRyjiCv+LGhSJu/Q13/o3pY6GtBy4czrmXe+8JYkaVdpxvK7ewuLS8kl8trK1vbG7Z2zsNFSUSkzqOWCRbAVKEUUHqmmpGWrEkiAeMNIPB5chv3hOpaCRu9TAmPkc9QUOKkTZSx97z1J3UqcouyqfOY+pJDq9II+vYRafkjAHniTslRTBFrWN/ed0IJ5wIjRlSqu06sfZTJDXFjGQFL1EkRniAeqRtqECcKD8d35/BQ6N0YRhJU0LDsfp7IkVcqSEPTCdHuq9mvZH4n9dOdFjxUyriRBOBJ4vChEEdwVEYsEslwZoNDUFYUnMrxH0kEdYmsoIJwZ19eZ40yiX3rHR8c1KsVqZx5ME+OABHwAXnoAquQQ3UAQYP4Bm8gjfryXqx3q2PSWvOms7sgj+wPn8AgDOVvQ==</latexit>p
s = 250 GeV

<latexit sha1_base64="Fy4qZgFlz0VeqXaPq8MsLIwAaZ8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU01U1JMUvHisaD+gDWWznbRLN5uwuxFK6E/w4kERr/4ib/4bt20OWn0w8Hhvhpl5QSK4Nq775RSWlldW14rrpY3Nre2d8u5eU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWjm6nfekSleSwfzDhBP6IDyUPOqLHS/fBE98oVt+rOQP4SLycVyFHvlT+7/ZilEUrDBNW647mJ8TOqDGcCJ6VuqjGhbEQH2LFU0gi1n81OnZAjq/RJGCtb0pCZ+nMio5HW4yiwnRE1Q73oTcX/vE5qwis/4zJJDUo2XxSmgpiYTP8mfa6QGTG2hDLF7a2EDamizNh0SjYEb/Hlv6R5WvUuqmd355XadR5HEQ7gEI7Bg0uowS3UoQEMBvAEL/DqCOfZeXPe560FJ5/Zh19wPr4BD9CNpg==</latexit>

h/s
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When does the dark Higgs boson affect to the signal process?

10

mH, cos α, m2
s , μS, λS

We have two contributions (h,s) to 

<latexit sha1_base64="cwXcEmxjY7FeTreMwfnk/DAQz9s=">AAACAXicbVDLSgMxFM3UV62vUTeCm2ARBLHOqKgrKbhxWcE+sJ2WTHrbhmYyQ5IRylA3/oobF4q49S/c+Tem7Sy09UDgcM693JzjR5wp7TjfVmZufmFxKbucW1ldW9+wN7cqKowlhTINeShrPlHAmYCyZppDLZJAAp9D1e9fj/zqA0jFQnGnBxF4AekK1mGUaCO17B1oHkLzqKFDfI97xwpPGCEtO+8UnDHwLHFTkkcpSi37q9EOaRyA0JQTpequE2kvIVIzymGYa8QKIkL7pAt1QwUJQHnJOMEQ7xuljTuhNE9oPFZ/byQkUGoQ+GYyILqnpr2R+J9Xj3Xn0kuYiGINgk4OdWKOTcpRHbjNJFDNB4YQKpn5K6Y9IgnVprScKcGdjjxLKicF97xwenuWL16ldWTRLtpDB8hFF6iIblAJlRFFj+gZvaI368l6sd6tj8loxkp3ttEfWJ8/rSiVGw==</latexit>

e+e� ! Zh/s ! Zaa

<latexit sha1_base64="tYp91kV+EqjV7cda5Pz+HNDxboA=">AAAB9HicbVDLTgJBEOz1ifhCPXqZSEzwQnaVqEeiF49o5JHAhvQOszBh9uHMLAnZ8B1ePGiMVz/Gm3/jAHtQsJJOKlXd6e7yYsGVtu1va2V1bX1jM7eV397Z3dsvHBw2VJRIyuo0EpFseaiY4CGra64Fa8WSYeAJ1vSGt1O/OWJS8Sh81OOYuQH2Q+5zitpI7s1DKVUdHRHEyVm3ULTL9gxkmTgZKUKGWrfw1elFNAlYqKlApdqOHWs3Rak5FWyS7ySKxUiH2GdtQ0MMmHLT2dETcmqUHvEjaSrUZKb+nkgxUGoceKYzQD1Qi95U/M9rJ9q/dlMexolmIZ0v8hNBzJfTBEiPS0a1GBuCVHJzK6EDlEi1ySlvQnAWX14mjfOyc1m+uK8Uq5UsjhwcwwmUwIErqMId1KAOFJ7gGV7hzRpZL9a79TFvXbGymSP4A+vzB8ARkWc=</latexit>

BR(s ! aa)

<latexit sha1_base64="Qx6H7ycZcT4uvZWxbL0Ppiw35uA=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBHqpiRa1GXRjRuhPvqAJpTJdNoOnZmEmYkQQvwVNy4UceuHuPNvnLZZaOuBC4dz7uXee4KIUaUd59taWl5ZXVsvbBQ3t7Z3du29/ZYKY4lJE4cslJ0AKcKoIE1NNSOdSBLEA0bawfhq4rcfiVQ0FA86iYjP0VDQAcVIG6lnly7vKqnydAhTT3J4f5Nlxz277FSdKeAicXNSBjkaPfvL64c45kRozJBSXdeJtJ8iqSlmJCt6sSIRwmM0JF1DBeJE+en0+AweGaUPB6E0JTScqr8nUsSVSnhgOjnSIzXvTcT/vG6sBxd+SkUUayLwbNEgZtD8OkkC9qkkWLPEEIQlNbdCPEISYW3yKpoQ3PmXF0nrpOqeVU9va+V6LY+jAA7AIagAF5yDOrgGDdAEGCTgGbyCN+vJerHerY9Z65KVz5TAH1ifP4nUlAU=</latexit>

BR(s ! SM)

<latexit sha1_base64="cwXcEmxjY7FeTreMwfnk/DAQz9s=">AAACAXicbVDLSgMxFM3UV62vUTeCm2ARBLHOqKgrKbhxWcE+sJ2WTHrbhmYyQ5IRylA3/oobF4q49S/c+Tem7Sy09UDgcM693JzjR5wp7TjfVmZufmFxKbucW1ldW9+wN7cqKowlhTINeShrPlHAmYCyZppDLZJAAp9D1e9fj/zqA0jFQnGnBxF4AekK1mGUaCO17B1oHkLzqKFDfI97xwpPGCEtO+8UnDHwLHFTkkcpSi37q9EOaRyA0JQTpequE2kvIVIzymGYa8QKIkL7pAt1QwUJQHnJOMEQ7xuljTuhNE9oPFZ/byQkUGoQ+GYyILqnpr2R+J9Xj3Xn0kuYiGINgk4OdWKOTcpRHbjNJFDNB4YQKpn5K6Y9IgnVprScKcGdjjxLKicF97xwenuWL16ldWTRLtpDB8hFF6iIblAJlRFFj+gZvaI368l6sd6tj8loxkp3ttEfWJ8/rSiVGw==</latexit>

e+e� ! Zh/s ! Zaa

<latexit sha1_base64="aToJaXkuPGQBXB5eQ0Otht27vHQ=">AAAB63icdVDLSsNAFL3xWeur6tLNYBFchaQPbXYFNy4r2Ae0oUymk3boTBJmJkIJ/QU3LhRx6w+582+ctBVU9MCFwzn3cu89QcKZ0o7zYa2tb2xubRd2irt7+weHpaPjjopTSWibxDyWvQAryllE25ppTnuJpFgEnHaD6XXud++pVCyO7vQsob7A44iFjGCdSxUx7A5LZcf2GvV6rYIc23G8Wr1qiOd5bsNFrlFylGGF1rD0PhjFJBU00oRjpfquk2g/w1Izwum8OEgVTTCZ4jHtGxphQZWfLW6do3OjjFAYS1ORRgv1+0SGhVIzEZhOgfVE/fZy8S+vn+qw4WcsSlJNI7JcFKYc6Rjlj6MRk5RoPjMEE8nMrYhMsMREm3iKJoSvT9H/pFOx3Uu7elsrN71VHAU4hTO4ABeuoAk30II2EJjAAzzBsyWsR+vFel22rlmrmRP4AevtEyl2jlE=</latexit>

2mW

We assume that s is enough light to be produced at the ILC 250 GeV
<latexit sha1_base64="qVQ/p1Iwguf96Nmi/kOdE7EMqzQ=">AAACGHicbVDLSgMxFM3UV62vqks3wSK4qjNWqispuNBlBfuAtgyZ9E4bmmSGJCOUoZ/hxl9x40IRt935N6YPfFQPBE7OOZfkniDmTBvX/XAyS8srq2vZ9dzG5tb2Tn53r66jRFGo0YhHqhkQDZxJqBlmODRjBUQEHBrB4GriN+5BaRbJOzOMoSNIT7KQUWKs5OdPyqW0rQS+hvoItzlorZnAwtffF6/s4q+Mny+4RXcK/Jd4c1JAc1T9/LjdjWgiQBrKidYtz41NJyXKMMphlGsnGmJCB6QHLUslEaA76XSxET6ySheHkbJHGjxVf06kRGg9FIFNCmL6etGbiP95rcSEF52UyTgxIOnsoTDh2ER40hLuMgXU8KElhCpm/4ppnyhCje0yZ0vwFlf+S+qnRa9cLN2eFSqX8zqy6AAdomPkoXNUQTeoimqIogf0hF7Qq/PoPDtvzvssmnHmM/voF5zxJ3LgnsY=</latexit>

63GeV . ms . 160GeV

In addition, above 2mW (  ) on-shell s is not produced.∼ 250 − mh

<latexit sha1_base64="ZJH8wegvOAuOq/E7MbEL2eAQL4E="></latexit>

v� = 10TeV, ✓hs = 0.1, ma = 0.001MeV
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Collider analysis
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mH, cos α, m2
s , μS, λS

何故~1GeVあたりにkinkがあるか

SR1:
SR3:
SR2:
SR4:

SR5,6:
SR7:

Signal region:
• We studied 7 signal regions (SR).  

• To separate signal and backgrounds, we use 9 
discriminating variables.  

• Collider simulation is performed by 

Madgraph, Pythia, Delphes, FastJet.

<latexit sha1_base64="NTBspU/3HOk1xYs+vwiWsZgVVio=">AAACHXicbVDLSgMxFM3UV62vqks3wSK4KHWmFh+7gghuhArttNCpIZNm2tDMgyQjlKE/4sZfceNCERduxL8x085CWw8knJx7Ljf3uBFnUpnmt5FbWl5ZXcuvFzY2t7Z3irt7tgxjQWiLhDwUHRdLyllAW4opTjuRoNh3OW27o6u03n6gQrIwaKpxRHs+HgTMYwQrLaFi7RYl8mQ4KTvwGjX13UDN+8QuO40hS0WHKqzfKdVOG1k2qk5QsWRWzCngIrEyUgIZGqj46fRDEvs0UIRjKbuWGalegoVihNNJwYkljTAZ4QHtahpgn8peMt1uAo+00odeKPQJFJyqvzsS7Es59l3t9LEayvlaKv5X68bKu+glLIhiRQMyG+TFHKoQplHBPhOUKD7WBBPB9F8hGWKBidKBFnQI1vzKi8SuVqyzyuldrVS/zOLIgwNwCI6BBc5BHdyABmgBAh7BM3gFb8aT8WK8Gx8za87IevbBHxhfPwYuoAM=</latexit>

Ms/h, ET , PV,�
T , ⌘V , MV1V2

SR2
• To get better sensitivity, we employed a 

multivariate technique by utilizing the TMVA 
package. BDT algorithms are used. 

→  Due to characteristic distributions,  
have the most discriminating powers. 

Ms/h, ET, Ωμ1μ1

<latexit sha1_base64="H+HeXkqhC7zf5RIHEDArqvqk7lE=">AAACInicbZDLSgMxFIYz3q23qks3wSK4kDLj3UVBdKHLCrYKnTJk0lMnmMwMyRmhDPMsbnwVNy4UdSX4MKaXhbcDIT/ffw7J+cNUCoOu++GMjU9MTk3PzJbm5hcWl8rLK02TZJpDgycy0dchMyBFDA0UKOE61cBUKOEqvD3t+1d3oI1I4kvspdBW7CYWXcEZWhSUj+6C3K9Hoqh5ua8VvYRmseVTFZiat+sO0NkQ+RgBsiCPTFFzq+5eUK7Ya1D0r/BGokJGVQ/Kb34n4ZmCGLlkxrQ8N8V2zjQKLqEo+ZmBlPFbdgMtK2OmwLTzwYoF3bCkQ7uJtidGOqDfJ3KmjOmp0HYqhpH57fXhf14rw+5hOxdxmiHEfPhQN5MUE9rPi3aEBo6yZwXjWti/Uh4xzTjaVEs2BO/3yn9Fc7vq7Vd3LnYrxyejOGbIGlknm8QjB+SYnJM6aRBO7skjeSYvzoPz5Lw678PWMWc0s0p+lPP5BXwZomE=</latexit>

v� = 1TeV, ms = 140GeV, ✓hs = 0.05
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Sensitivity for the mixing angle for vΦ=500GeV
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mH, cos α, m2
s , μS, λS

何故~1GeVあたりにkinkがあるか

<latexit sha1_base64="x+uTeZLpHc/du4zBAeH7gXoYzQU=">AAAB+3icbZDNSgMxFIXv1L9a/8a6dBMsgqsyo0VdFty4rGBroR2GTJppQ5PMkGTEMvRV3LhQxK0v4s63MW1noa0XEj7OuZfcnCjlTBvP+3ZKa+sbm1vl7crO7t7+gXtY7egkU4S2ScIT1Y2wppxJ2jbMcNpNFcUi4vQhGt/M/IdHqjRL5L2ZpDQQeChZzAg2Vgrdal+zocD2FgsKR6Fb8+revNAq+AXUoKhW6H71BwnJBJWGcKx1z/dSE+RYGUY4nVb6maYpJmM8pD2LEguqg3y++xSdWmWA4kTZIw2aq78nciy0nojIdgpsRnrZm4n/eb3MxNdBzmSaGSrJ4qE448gkaBYEGjBFieETC5goZndFZIQVJsbGVbEh+MtfXoXOed2/rF/cNWrNRhFHGY7hBM7Ahytowi20oA0EnuAZXuHNmTovzrvzsWgtOcXMEfwp5/MHX+uUnw==</latexit>� ⇠ �h

• Strongest limit:    SR1

• Main contributions:

(Large event selection efficiency) SR1:
SR3:
SR2:
SR4:

SR5,6:
SR7:

Signal region:

• The limits are almost independent of ms .

<latexit sha1_base64="qQU2YT00La0VzByal1eIiXq/4cA=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyoqCspuHFZwdpCZyiZNNOG5jEkGaEM/Q03LhRx68+4829M21lo64HLPZxzL7k5ccqZsb7/7ZVWVtfWN8qbla3tnd296v7Bo1GZJrRFFFe6E2NDOZO0ZZnltJNqikXMaTse3U799hPVhin5YMcpjQQeSJYwgq2TwtCwgcC9oeuiV635dX8GtEyCgtSgQLNX/Qr7imSCSks4NqYb+KmNcqwtI5xOKmFmaIrJCA9o11GJBTVRPrt5gk6c0keJ0q6kRTP190aOhTFjEbtJge3QLHpT8T+vm9nkOsqZTDNLJZk/lGQcWYWmAaA+05RYPnYEE83crYgMscbEupgqLoRg8cvL5PGsHlzWz+8vao2bIo4yHMExnEIAV9CAO2hCCwik8Ayv8OZl3ov37n3MR0tesXMIf+B9/gA74JHP</latexit>�h ⇠
<latexit sha1_base64="jJZ7lkwEGC4nwqcRu5LG5EzhBkY=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomKepKCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWju6nfekKleSwfzDhBP6IDyUPOqLFSfdgrld2KOwNZJl5OypCj1it9dfsxSyOUhgmqdcdzE+NnVBnOBE6K3VRjQtmIDrBjqaQRaj+bHTohp1bpkzBWtqQhM/X3REYjrcdRYDsjaoZ60ZuK/3md1IQ3fsZlkhqUbL4oTAUxMZl+TfpcITNibAllittbCRtSRZmx2RRtCN7iy8ukeV7xrioX9cty9TaPowDHcAJn4ME1VOEeatAABgjP8ApvzqPz4rw7H/PWFSefOYI/cD5/AM9hjPA=</latexit>

h

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

2

<latexit sha1_base64="nXBRxOWCtoLGEQ5VWj5l4rY6pqE="></latexit>

⇠ s↵
mh

v�
<latexit sha1_base64="ogM9vQeaDvDKLMiBYaRCABt3E3k=">AAAB9HicdVDLSsNAFJ34rPVVdelmsAiuwiSRmu4KblxWsA9oQplMJ+3QmSTOTAol9DvcuFDErR/jzr9x+hBU9MCFwzn3cu89UcaZ0gh9WGvrG5tb26Wd8u7e/sFh5ei4rdJcEtoiKU9lN8KKcpbQlmaa024mKRYRp51ofD33OxMqFUuTOz3NaCjwMGExI1gbKQwUE5D0A8yzEe5XqshGddd1fYhsx/N95BjiO55Xr0HHRgtUwQrNfuU9GKQkFzTRhGOleg7KdFhgqRnhdFYOckUzTMZ4SHuGJlhQFRaLo2fw3CgDGKfSVKLhQv0+UWCh1FREplNgPVK/vbn4l9fLdeyHBUuyXNOELBfFOYc6hfME4IBJSjSfGoKJZOZWSEZYYqJNTmUTwten8H/Sdm2nZnu3l9VGYxVHCZyCM3ABHHAFGuAGNEELEHAPHsATeLYm1qP1Yr0uW9es1cwJ+AHr7RPnA5I1</latexit>⇠ c↵

[Haghighat,Najafabadi, KS, Yin ]
<latexit sha1_base64="GdclKxyOWbrXCjNZ/Ax0nDimR74=">AAACH3icbVDLSgMxFM34rPVVdekmWAQXUma0PjaFogvdCAq2FjplyKS3NjSZGZI7Qhn6J278FTcuFBF3/RvT2oVWDwQO55zLzT1hIoVB1x06M7Nz8wuLuaX88srq2nphY7Nu4lRzqPFYxroRMgNSRFBDgRIaiQamQgl3Ye985N89gDYijm6xn0BLsftIdARnaKWgcKwCU/HKbuZrRS+gPtj3qY9dQBZkXTOouCX3yEoqYJYejVNXNhUUitYZg/4l3oQUyQTXQeHTb8c8VRAhl8yYpucm2MqYRsElDPJ+aiBhvMfuoWlpxBSYVja+b0B3rdKmnVjbFyEdqz8nMqaM6avQJhXDrpn2RuJ/XjPFzmkrE1GSIkT8e1EnlRRjOiqLtoUGjrJvCeNa2L9S3mWacbSV5m0J3vTJf0n9oOQdlw5vysXq2aSOHNkmO2SPeOSEVMkluSY1wskjeSav5M15cl6cd+fjOzrjTGa2yC84wy8KvqCB</latexit>

ms = 140GeV, ✓hs = 0.05, ma = 0.5MeV

<latexit sha1_base64="vfqWOu6Jks3KDwOq3NNlpoJ26zA=">AAACBnicdVBNSwMxEM36bf2qehQhWARPy26rdXsTvXhUsK3QLSWbTm0wm12SWaEsPXnxr3jxoIhXf4M3/41praCiD4Z5vDdDMi9KpTDoee/O1PTM7Nz8wmJhaXllda24vtEwSaY51HkiE30ZMQNSKKijQAmXqQYWRxKa0fXJyG/egDYiURc4SKEdsysleoIztFKnuB0aoULsA7JO3jdDGkowxojYcz3/oFMs2V4rl8sB9Vy/EgSeb0ngVyq1KvVdb4wSmeCsU3wLuwnPYlDIJTOm5XsptnOmUXAJw0KYGUgZv2ZX0LJUsRhMOx+fMaS7VunSXqJtKaRj9ftGzmJjBnFkJ2OGffPbG4l/ea0Me0E7FyrNEBT/fKiXSYoJHWVCu0IDRzmwhHEt7F8p7zPNONrkCjaEr0vp/6RRdv2qWznfLx0dT+JYIFtkh+wRnxySI3JKzkidcHJL7skjeXLunAfn2Xn5HJ1yJjub5Aec1w8JDZjZ</latexit>

sin ✓hs . 0.015

<latexit sha1_base64="5sgPOpHcbJaDKKKBaLFKwid/ms0="></latexit>

/ s22✓hs

m2
h

v2�

<latexit sha1_base64="97AXH3BhDQ0WIR5DXdi+jzPhnkY=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16CRahXkpSRT0WvHisYD+gCWGz3TRLN5uwO1FK7E/x4kERr/4Sb/4bt20O2vpg4PHeDDPzgpQzBbb9bZTW1jc2t8rblZ3dvf0Ds3rYVUkmCe2QhCeyH2BFORO0Aww47aeS4jjgtBeMb2Z+74FKxRJxD5OUejEeCRYygkFLvll1FRN1FyIK2M8jNT3zzZrdsOewVolTkBoq0PbNL3eYkCymAgjHSg0cOwUvxxIY4XRacTNFU0zGeEQHmgocU+Xl89On1qlWhlaYSF0CrLn6eyLHsVKTONCdMYZILXsz8T9vkEF47eVMpBlQQRaLwoxbkFizHKwhk5QAn2iCiWT6VotEWGICOq2KDsFZfnmVdJsN57JxfndRazWLOMroGJ2gOnLQFWqhW9RGHUTQI3pGr+jNeDJejHfjY9FaMoqZI/QHxucPLciT6A==</latexit> si
n
(✓

h
s
)
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mH, cos α, m2
s , μS, λS

何故~1GeVあたりにkinkがあるか

• Strongest limit:    SR2

• Main contributions:

(For SR1, separation of signal and 
BG is difficult due to small σ)

• The limits depend on ms . 

<latexit sha1_base64="i0Vqy5mB+lSB811voYfo8qUVEz8=">AAAB+3icbZDNSgMxFIXv1L9a/8a6dBMsgqsyo0VdFty4rGBroR2GTJppQ5PMkGTEMvRV3LhQxK0v4s63MW1noa0XEj7OuZfcnCjlTBvP+3ZKa+sbm1vl7crO7t7+gXtY7egkU4S2ScIT1Y2wppxJ2jbMcNpNFcUi4vQhGt/M/IdHqjRL5L2ZpDQQeChZzAg2Vgrdal+zocD2FgsKdejWvLo3L7QKfgE1KKoVul/9QUIyQaUhHGvd873UBDlWhhFOp5V+pmmKyRgPac+ixILqIJ/vPkWnVhmgOFH2SIPm6u+JHAutJyKynQKbkV72ZuJ/Xi8z8XWQM5lmhkqyeCjOODIJmgWBBkxRYvjEAiaK2V0RGWGFibFxVWwI/vKXV6FzXvcv6xd3jVqzUcRRhmM4gTPw4QqacAstaAOBJ3iGV3hzps6L8+58LFpLTjFzBH/K+fwBcJeUqg==</latexit>� ⇠ �s

<latexit sha1_base64="tYp91kV+EqjV7cda5Pz+HNDxboA=">AAAB9HicbVDLTgJBEOz1ifhCPXqZSEzwQnaVqEeiF49o5JHAhvQOszBh9uHMLAnZ8B1ePGiMVz/Gm3/jAHtQsJJOKlXd6e7yYsGVtu1va2V1bX1jM7eV397Z3dsvHBw2VJRIyuo0EpFseaiY4CGra64Fa8WSYeAJ1vSGt1O/OWJS8Sh81OOYuQH2Q+5zitpI7s1DKVUdHRHEyVm3ULTL9gxkmTgZKUKGWrfw1elFNAlYqKlApdqOHWs3Rak5FWyS7ySKxUiH2GdtQ0MMmHLT2dETcmqUHvEjaSrUZKb+nkgxUGoceKYzQD1Qi95U/M9rJ9q/dlMexolmIZ0v8hNBzJfTBEiPS0a1GBuCVHJzK6EDlEi1ySlvQnAWX14mjfOyc1m+uK8Uq5UsjhwcwwmUwIErqMId1KAOFJ7gGV7hzRpZL9a79TFvXbGymSP4A+vzB8ARkWc=</latexit>

BR(s ! aa)

<latexit sha1_base64="Qx6H7ycZcT4uvZWxbL0Ppiw35uA=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBHqpiRa1GXRjRuhPvqAJpTJdNoOnZmEmYkQQvwVNy4UceuHuPNvnLZZaOuBC4dz7uXee4KIUaUd59taWl5ZXVsvbBQ3t7Z3du29/ZYKY4lJE4cslJ0AKcKoIE1NNSOdSBLEA0bawfhq4rcfiVQ0FA86iYjP0VDQAcVIG6lnly7vKqnydAhTT3J4f5Nlxz277FSdKeAicXNSBjkaPfvL64c45kRozJBSXdeJtJ8iqSlmJCt6sSIRwmM0JF1DBeJE+en0+AweGaUPB6E0JTScqr8nUsSVSnhgOjnSIzXvTcT/vG6sBxd+SkUUayLwbNEgZtD8OkkC9qkkWLPEEIQlNbdCPEISYW3yKpoQ3PmXF0nrpOqeVU9va+V6LY+jAA7AIagAF5yDOrgGDdAEGCTgGbyCN+vJerHerY9Z65KVz5TAH1ifP4nUlAU=</latexit>

BR(s ! SM)

→  Even when BR(h—>aa)<<1, CP-even ALP 
can be probed by the invisible decays of s. 

<latexit sha1_base64="qQU2YT00La0VzByal1eIiXq/4cA=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyoqCspuHFZwdpCZyiZNNOG5jEkGaEM/Q03LhRx68+4829M21lo64HLPZxzL7k5ccqZsb7/7ZVWVtfWN8qbla3tnd296v7Bo1GZJrRFFFe6E2NDOZO0ZZnltJNqikXMaTse3U799hPVhin5YMcpjQQeSJYwgq2TwtCwgcC9oeuiV635dX8GtEyCgtSgQLNX/Qr7imSCSks4NqYb+KmNcqwtI5xOKmFmaIrJCA9o11GJBTVRPrt5gk6c0keJ0q6kRTP190aOhTFjEbtJge3QLHpT8T+vm9nkOsqZTDNLJZk/lGQcWYWmAaA+05RYPnYEE83crYgMscbEupgqLoRg8cvL5PGsHlzWz+8vao2bIo4yHMExnEIAV9CAO2hCCwik8Ayv8OZl3ov37n3MR0tesXMIf+B9/gA74JHP</latexit>�h ⇠
<latexit sha1_base64="jJZ7lkwEGC4nwqcRu5LG5EzhBkY=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomKepKCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWju6nfekKleSwfzDhBP6IDyUPOqLFSfdgrld2KOwNZJl5OypCj1it9dfsxSyOUhgmqdcdzE+NnVBnOBE6K3VRjQtmIDrBjqaQRaj+bHTohp1bpkzBWtqQhM/X3REYjrcdRYDsjaoZ60ZuK/3md1IQ3fsZlkhqUbL4oTAUxMZl+TfpcITNibAllittbCRtSRZmx2RRtCN7iy8ukeV7xrioX9cty9TaPowDHcAJn4ME1VOEeatAABgjP8ApvzqPz4rw7H/PWFSefOYI/cD5/AM9hjPA=</latexit>

h

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

2

<latexit sha1_base64="nXBRxOWCtoLGEQ5VWj5l4rY6pqE="></latexit>

⇠ s↵
mh

v�
<latexit sha1_base64="ogM9vQeaDvDKLMiBYaRCABt3E3k=">AAAB9HicdVDLSsNAFJ34rPVVdelmsAiuwiSRmu4KblxWsA9oQplMJ+3QmSTOTAol9DvcuFDErR/jzr9x+hBU9MCFwzn3cu89UcaZ0gh9WGvrG5tb26Wd8u7e/sFh5ei4rdJcEtoiKU9lN8KKcpbQlmaa024mKRYRp51ofD33OxMqFUuTOz3NaCjwMGExI1gbKQwUE5D0A8yzEe5XqshGddd1fYhsx/N95BjiO55Xr0HHRgtUwQrNfuU9GKQkFzTRhGOleg7KdFhgqRnhdFYOckUzTMZ4SHuGJlhQFRaLo2fw3CgDGKfSVKLhQv0+UWCh1FREplNgPVK/vbn4l9fLdeyHBUuyXNOELBfFOYc6hfME4IBJSjSfGoKJZOZWSEZYYqJNTmUTwten8H/Sdm2nZnu3l9VGYxVHCZyCM3ABHHAFGuAGNEELEHAPHsATeLYm1qP1Yr0uW9es1cwJ+AHr7RPnA5I1</latexit>⇠ c↵

<latexit sha1_base64="DX4tBq9+FubuCLaJDjDOe5hcsjE=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBU9lVUU9S8OKxgrWF7lKyabYNTbIhyQpl6d/w4kERr/4Zb/4b03YP2vpgmMd7M2TyYsWZsb7/7ZVWVtfWN8qbla3tnd296v7Bo0kzTWiLpDzVnRgbypmkLcsspx2lKRYxp+14dDv1209UG5bKBztWNBJ4IFnCCLZOCkPDBgL3jOuiV635dX8GtEyCgtSgQLNX/Qr7KckElZZwbEw38JWNcqwtI5xOKmFmqMJkhAe066jEgpoon908QSdO6aMk1a6kRTP190aOhTFjEbtJge3QLHpT8T+vm9nkOsqZVJmlkswfSjKObIqmAaA+05RYPnYEE83crYgMscbEupgqLoRg8cvL5PGsHlzWz+8vao2bIo4yHMExnEIAV9CAO2hCCwgoeIZXePMy78V79z7moyWv2DmEP/A+fwBMuJHa</latexit>�s ⇠
<latexit sha1_base64="3wEKWwGNKBbIJnUoIsi08gguK+E=">AAACHnicbVDLSgMxFM34rPVVdekmWIQWscz4XonoxqWKVbHTljvpbRuazIxJRihDv8SNv+LGhSKCK/0b09qFrwMhh3PuJTkniAXXxnU/nJHRsfGJycxUdnpmdm4+t7B4oaNEMSyzSETqKgCNgodYNtwIvIoVggwEXgado75/eYtK8yg8N90YqxJaIW9yBsZK9dy2r7nEG2qvloRCirU1irV130T0WveKPmtEhqa+kvTwrFfQfR2gWM/l3ZI7AP1LvCHJkyFO6rk3vxGxRGJomACtK54bm2oKynAmsJf1E40xsA60sGJpCBJ1NR3E69FVqzRoM1L2hIYO1O8bKUituzKwkxJMW//2+uJ/XiUxzb1qysM4MRiyr4eaiaA2ZL8r2uAKmRFdS4Apbv9KWRsUMGMbzdoSvN+R/5KLjZK3U9o83cof7A/ryJBlskIKxCO75IAckxNSJozckQfyRJ6de+fReXFev0ZHnOHOEvkB5/0TEJWhLg==</latexit>

' �(e+e� ! Zs) · BR(s ! aa)
<latexit sha1_base64="UpUVJzyOizJ7PCMopwLmS8Qgtrs="></latexit>

= �s!aa/(�s!aa + �s!SM )

[Haghighat,Najafabadi, KS, Yin ]

<latexit sha1_base64="ZJH8wegvOAuOq/E7MbEL2eAQL4E="></latexit>

v� = 10TeV, ✓hs = 0.1, ma = 0.001MeV

<latexit sha1_base64="GdclKxyOWbrXCjNZ/Ax0nDimR74=">AAACH3icbVDLSgMxFM34rPVVdekmWAQXUma0PjaFogvdCAq2FjplyKS3NjSZGZI7Qhn6J278FTcuFBF3/RvT2oVWDwQO55zLzT1hIoVB1x06M7Nz8wuLuaX88srq2nphY7Nu4lRzqPFYxroRMgNSRFBDgRIaiQamQgl3Ye985N89gDYijm6xn0BLsftIdARnaKWgcKwCU/HKbuZrRS+gPtj3qY9dQBZkXTOouCX3yEoqYJYejVNXNhUUitYZg/4l3oQUyQTXQeHTb8c8VRAhl8yYpucm2MqYRsElDPJ+aiBhvMfuoWlpxBSYVja+b0B3rdKmnVjbFyEdqz8nMqaM6avQJhXDrpn2RuJ/XjPFzmkrE1GSIkT8e1EnlRRjOiqLtoUGjrJvCeNa2L9S3mWacbSV5m0J3vTJf0n9oOQdlw5vysXq2aSOHNkmO2SPeOSEVMkluSY1wskjeSav5M15cl6cd+fjOzrjTGa2yC84wy8KvqCB</latexit>

ms = 140GeV, ✓hs = 0.05, ma = 0.5MeV

<latexit sha1_base64="P4eVVpbdIqWUXBqVANP45x7IPCY="></latexit>

sin ✓hs < 0.02 - 0.1

<latexit sha1_base64="5sgPOpHcbJaDKKKBaLFKwid/ms0="></latexit>

/ s22✓hs

m2
h

v2�

<latexit sha1_base64="97AXH3BhDQ0WIR5DXdi+jzPhnkY=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16CRahXkpSRT0WvHisYD+gCWGz3TRLN5uwO1FK7E/x4kERr/4Sb/4bt20O2vpg4PHeDDPzgpQzBbb9bZTW1jc2t8rblZ3dvf0Ds3rYVUkmCe2QhCeyH2BFORO0Aww47aeS4jjgtBeMb2Z+74FKxRJxD5OUejEeCRYygkFLvll1FRN1FyIK2M8jNT3zzZrdsOewVolTkBoq0PbNL3eYkCymAgjHSg0cOwUvxxIY4XRacTNFU0zGeEQHmgocU+Xl89On1qlWhlaYSF0CrLn6eyLHsVKTONCdMYZILXsz8T9vkEF47eVMpBlQQRaLwoxbkFizHKwhk5QAn2iCiWT6VotEWGICOq2KDsFZfnmVdJsN57JxfndRazWLOMroGJ2gOnLQFWqhW9RGHUTQI3pGr+jNeDJejHfjY9FaMoqZI/QHxucPLciT6A==</latexit> si
n
(✓

h
s
)
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Impact of loop effects of extra scalars to h—> DM DM

14

Correlation between BRNLO and BRLO for h—>DM DM

→ There are points where BR NLO < BR LO. 

→ Loop effect of extra scalars can be important in future measurements of Higgs invisible decays. 

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

BRinv.(HL-LHC) < 0.019

 → Invisible decays of h,sms < 2mW

 → Loop effect of s to h invisible decay2mW < ms

The model with dark Higgs  
+ inert scalars 

s
HD, AD, H±

D

GeV

HD : DM

∼ 50

AD, H±
D, s

≲ 2mW

<latexit sha1_base64="5JgKq8pbjSPC8WBa17DDFjwBjP8="></latexit>

BRinv.(ILC) < 0.0023

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

15

● We discussed a simple renormalizable model that involves dark Higgs field with 
the VEV at EW scale. 

● The predicted ALP has the coupling like the CP-even scalar. 

● We studied sensitivity regions by  at the 
ILC 250GeV. 

e+e− → Zh/s → Zaa

→  Dark Higgs s contribution is important, especially . vΦ ∼ TeV

→  Even if s is quite heavy, the loop corrections can affect to h invisible decay. 

● It can be DM in the mass range of keV - MeV. 


