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Energy Budget of 
the Universe
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Energy Budget of 
the Universe

We need dark matter
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Well, how did it get here? 
(And go away?)

Needs a coupling to 
(lighter) stuff
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Well, how did it get here? 
(And go away?)

Needs a coupling to 
(lighter) stuff

�̄ . . .

. . .
How do you generate this coupling?
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Maybe it’s a (SM) singlet?
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Beyond WIMPS, dark matter candidates span 
orders of magnitude in mass

Picture from Andrew Long

Boson Boson or Fermion
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However…

Lee-Weinberg bound for 
light dark matter implies 
new annihilation channel
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However…

Lee-Weinberg bound for 
light dark matter implies 
new annihilation channel

Light dark matter often requires new states!
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“Energy frontier”

“Intensity/precision/
sensitivity frontier”

Standard Model“Easy” Hard

Hard “Energy frontier”Hard2

Life at the frontier of the Standard Model

Can generally 
parametrize new effects 
in terms of coupling and 
energy/distance-1 scale

Contours o
f 

constant difficulty

How do you couple light stuff “at the frontier” 
without disturbing the successes of the SM?
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Building a Dark Sector

EWSB
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Building a Dark Sector

Standard Model Dark Sector

“Portal”

A dark sector is uncharged under SM forces: strong, weak, E&M

But can be connected via a “portal”—mixing with SM particles
• photon—coupling proportional to SM particle electric charge 
• Higgs boson—coupling proportional to SM particle mass 
• Neutrinos—couplings only via weak interactions

γ

h

ν

A′�

S

N
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“Vector Portal” 
(“Kinetic Mixing”)

“Higgs Portal”

“Neutrino Portal”
`H N

Fµ⌫ Vµ⌫

H
†
H S

<latexit sha1_base64="aJuG7DpMd9qg036QvVaxjgeG2SE=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokKeix68dii/YA2lM120q7dbMLuRiihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LBjBP0IzqQPOSMGivV73ulsltxZyDLxMtJGXLUeqWvbj9maYTSMEG17nhuYvyMKsOZwEmxm2pMKBvRAXYslTRC7WezQyfk1Cp9EsbKljRkpv6eyGik9TgKbGdEzVAvelPxP6+TmvDaz7hMUoOSzReFqSAmJtOvSZ8rZEaMLaFMcXsrYUOqKDM2m6INwVt8eZk0zyveRcWtX5arN3kcBTiGEzgDD66gCndQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kDrs+M2Q==</latexit>

Lmix = AH
†
HS ! 2AvhS

<latexit sha1_base64="r+TtKYSCFvlMECKA01OujICV2Ec=">AAACFXicbVDLSgMxFM3UV62vqks3wSK4kDJTBd0IrW66cFGpfUCnDplMZhqazAxJpliG/oQbf8WNC0XcCu78G9PHQlsPBA7n3MvNOW7MqFSm+W1klpZXVtey67mNza3tnfzuXlNGicCkgSMWibaLJGE0JA1FFSPtWBDEXUZabv967LcGREgahXdqGJMuR0FIfYqR0pKTP0ltjBi8GTmpLTjk9GF0WYHVe9tDQUAErMK6rSJYqgxgr+7kC2bRnAAuEmtGCmCGmpP/sr0IJ5yECjMkZccyY9VNkVAUMzLK2YkkMcJ9FJCOpiHiRHbTSaoRPNKKB/1I6BcqOFF/b6SISznkrp7kSPXkvDcW//M6ifIvuikN40SREE8P+QmDOue4IuhRQbBiQ00QFlT/FeIeEggrXWROl2DNR14kzVLROi2at2eF8tWsjiw4AIfgGFjgHJRBFdRAA2DwCJ7BK3gznowX4934mI5mjNnOPvgD4/MH6UqdXQ==</latexit>

Lmix =
✏

2
Fµ⌫F 0

µ⌫
<latexit sha1_base64="bdu6fqYoQggHLbwe7LgvXGHVBoQ="></latexit>

DM through portals

�̄

�

b̄

b

�̄

�

⌫̄
<latexit sha1_base64="Ft4LqOXfqT3M3OhcHAcxnte7Wdc=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cKthaaUDbbTbt0s4m7E6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h+0TZJpxlsskYnuhNRwKRRvoUDJO6nmNA4lfwhHN1P/4YlrIxJ1j+OUBzEdKBEJRtFKHT+kmvgq61Vrbt2dgSwTryA1KNDsVb/8fsKymCtkkhrT9dwUg5xqFEzyScXPDE8pG9EB71qqaMxNkM/unZATq/RJlGhbCslM/T2R09iYcRzazpji0Cx6U/E/r5thdBXkQqUZcsXmi6JMEkzI9HnSF5ozlGNLKNPC3krYkGrK0EZUsSF4iy8vk/ZZ3Tuvu3cXtcZ1EUcZjuAYTsGDS2jALTShBQwkPMMrvDmPzovz7nzMW0tOMXMIf+B8/gCxd4+8</latexit>

⌫
<latexit sha1_base64="6wLGnCIKaHaBvdzOV+2L+VvEUAk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oMeiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh55K++WKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1busuve1Sv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifP1+Njdk=</latexit>

�̄

�

e+

e�

Lmix = L̄HN + h.c.

! v⌫̄N + h.c.
<latexit sha1_base64="jEXS2KVDVZcBHAu5AiEXSP8qIRg="></latexit>
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Vector Portal
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<latexit sha1_base64="7TJQ7mIcpEXK7ExeHVAHOJj3GB8=">AAACJXicbZDLSgMxFIYz3q23qks3wSK4KjMi6MKFKIgLFxWsCk0tmfSMBpNMyEUow7yMG1/FjQuLCK58FdNawdsPgY//nMPJ+VMtuHVx/BaNjU9MTk3PzFbm5hcWl6rLK+c294ZBk+UiN5cptSC4gqbjTsClNkBlKuAivT0c1C/uwFieqzPX09CW9FrxjDPqgtWp7hWEUYFPSmK9tuBIZigrCGjLRa7KYqs8uiqI9ET5QEQbLqHzZXSqtbgeD4X/QjKCGhqp0an2STdnXoJyTFBrW0msXbugxnEmoKwQb0FTdkuvoRVQUQm2XQyvLPFGcLo4y014yuGh+32ioNLankxDp6Tuxv6uDcz/ai3vst12wZX2DhT7XJR5gV2OB5HhLjfAnOgFoMzw8FfMbmjIyYVgKyGE5PfJf+F8q57E9eR0u7Z/MIpjBq2hdbSJErSD9tExaqAmYugePaJn1I8eoqfoJXr9bB2LRjOr6Iei9w8Fw6dt</latexit><latexit sha1_base64="7TJQ7mIcpEXK7ExeHVAHOJj3GB8=">AAACJXicbZDLSgMxFIYz3q23qks3wSK4KjMi6MKFKIgLFxWsCk0tmfSMBpNMyEUow7yMG1/FjQuLCK58FdNawdsPgY//nMPJ+VMtuHVx/BaNjU9MTk3PzFbm5hcWl6rLK+c294ZBk+UiN5cptSC4gqbjTsClNkBlKuAivT0c1C/uwFieqzPX09CW9FrxjDPqgtWp7hWEUYFPSmK9tuBIZigrCGjLRa7KYqs8uiqI9ET5QEQbLqHzZXSqtbgeD4X/QjKCGhqp0an2STdnXoJyTFBrW0msXbugxnEmoKwQb0FTdkuvoRVQUQm2XQyvLPFGcLo4y014yuGh+32ioNLankxDp6Tuxv6uDcz/ai3vst12wZX2DhT7XJR5gV2OB5HhLjfAnOgFoMzw8FfMbmjIyYVgKyGE5PfJf+F8q57E9eR0u7Z/MIpjBq2hdbSJErSD9tExaqAmYugePaJn1I8eoqfoJXr9bB2LRjOr6Iei9w8Fw6dt</latexit><latexit sha1_base64="7TJQ7mIcpEXK7ExeHVAHOJj3GB8=">AAACJXicbZDLSgMxFIYz3q23qks3wSK4KjMi6MKFKIgLFxWsCk0tmfSMBpNMyEUow7yMG1/FjQuLCK58FdNawdsPgY//nMPJ+VMtuHVx/BaNjU9MTk3PzFbm5hcWl6rLK+c294ZBk+UiN5cptSC4gqbjTsClNkBlKuAivT0c1C/uwFieqzPX09CW9FrxjDPqgtWp7hWEUYFPSmK9tuBIZigrCGjLRa7KYqs8uiqI9ET5QEQbLqHzZXSqtbgeD4X/QjKCGhqp0an2STdnXoJyTFBrW0msXbugxnEmoKwQb0FTdkuvoRVQUQm2XQyvLPFGcLo4y014yuGh+32ioNLankxDp6Tuxv6uDcz/ai3vst12wZX2DhT7XJR5gV2OB5HhLjfAnOgFoMzw8FfMbmjIyYVgKyGE5PfJf+F8q57E9eR0u7Z/MIpjBq2hdbSJErSD9tExaqAmYugePaJn1I8eoqfoJXr9bB2LRjOr6Iei9w8Fw6dt</latexit><latexit sha1_base64="7TJQ7mIcpEXK7ExeHVAHOJj3GB8=">AAACJXicbZDLSgMxFIYz3q23qks3wSK4KjMi6MKFKIgLFxWsCk0tmfSMBpNMyEUow7yMG1/FjQuLCK58FdNawdsPgY//nMPJ+VMtuHVx/BaNjU9MTk3PzFbm5hcWl6rLK+c294ZBk+UiN5cptSC4gqbjTsClNkBlKuAivT0c1C/uwFieqzPX09CW9FrxjDPqgtWp7hWEUYFPSmK9tuBIZigrCGjLRa7KYqs8uiqI9ET5QEQbLqHzZXSqtbgeD4X/QjKCGhqp0an2STdnXoJyTFBrW0msXbugxnEmoKwQb0FTdkuvoRVQUQm2XQyvLPFGcLo4y014yuGh+32ioNLankxDp6Tuxv6uDcz/ai3vst12wZX2DhT7XJR5gV2OB5HhLjfAnOgFoMzw8FfMbmjIyYVgKyGE5PfJf+F8q57E9eR0u7Z/MIpjBq2hdbSJErSD9tExaqAmYugePaJn1I8eoqfoJXr9bB2LRjOr6Iei9w8Fw6dt</latexit>
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<latexit sha1_base64="7TJQ7mIcpEXK7ExeHVAHOJj3GB8=">AAACJXicbZDLSgMxFIYz3q23qks3wSK4KjMi6MKFKIgLFxWsCk0tmfSMBpNMyEUow7yMG1/FjQuLCK58FdNawdsPgY//nMPJ+VMtuHVx/BaNjU9MTk3PzFbm5hcWl6rLK+c294ZBk+UiN5cptSC4gqbjTsClNkBlKuAivT0c1C/uwFieqzPX09CW9FrxjDPqgtWp7hWEUYFPSmK9tuBIZigrCGjLRa7KYqs8uiqI9ET5QEQbLqHzZXSqtbgeD4X/QjKCGhqp0an2STdnXoJyTFBrW0msXbugxnEmoKwQb0FTdkuvoRVQUQm2XQyvLPFGcLo4y014yuGh+32ioNLankxDp6Tuxv6uDcz/ai3vst12wZX2DhT7XJR5gV2OB5HhLjfAnOgFoMzw8FfMbmjIyYVgKyGE5PfJf+F8q57E9eR0u7Z/MIpjBq2hdbSJErSD9tExaqAmYugePaJn1I8eoqfoJXr9bB2LRjOr6Iei9w8Fw6dt</latexit><latexit sha1_base64="7TJQ7mIcpEXK7ExeHVAHOJj3GB8=">AAACJXicbZDLSgMxFIYz3q23qks3wSK4KjMi6MKFKIgLFxWsCk0tmfSMBpNMyEUow7yMG1/FjQuLCK58FdNawdsPgY//nMPJ+VMtuHVx/BaNjU9MTk3PzFbm5hcWl6rLK+c294ZBk+UiN5cptSC4gqbjTsClNkBlKuAivT0c1C/uwFieqzPX09CW9FrxjDPqgtWp7hWEUYFPSmK9tuBIZigrCGjLRa7KYqs8uiqI9ET5QEQbLqHzZXSqtbgeD4X/QjKCGhqp0an2STdnXoJyTFBrW0msXbugxnEmoKwQb0FTdkuvoRVQUQm2XQyvLPFGcLo4y014yuGh+32ioNLankxDp6Tuxv6uDcz/ai3vst12wZX2DhT7XJR5gV2OB5HhLjfAnOgFoMzw8FfMbmjIyYVgKyGE5PfJf+F8q57E9eR0u7Z/MIpjBq2hdbSJErSD9tExaqAmYugePaJn1I8eoqfoJXr9bB2LRjOr6Iei9w8Fw6dt</latexit><latexit sha1_base64="7TJQ7mIcpEXK7ExeHVAHOJj3GB8=">AAACJXicbZDLSgMxFIYz3q23qks3wSK4KjMi6MKFKIgLFxWsCk0tmfSMBpNMyEUow7yMG1/FjQuLCK58FdNawdsPgY//nMPJ+VMtuHVx/BaNjU9MTk3PzFbm5hcWl6rLK+c294ZBk+UiN5cptSC4gqbjTsClNkBlKuAivT0c1C/uwFieqzPX09CW9FrxjDPqgtWp7hWEUYFPSmK9tuBIZigrCGjLRa7KYqs8uiqI9ET5QEQbLqHzZXSqtbgeD4X/QjKCGhqp0an2STdnXoJyTFBrW0msXbugxnEmoKwQb0FTdkuvoRVQUQm2XQyvLPFGcLo4y014yuGh+32ioNLankxDp6Tuxv6uDcz/ai3vst12wZX2DhT7XJR5gV2OB5HhLjfAnOgFoMzw8FfMbmjIyYVgKyGE5PfJf+F8q57E9eR0u7Z/MIpjBq2hdbSJErSD9tExaqAmYugePaJn1I8eoqfoJXr9bB2LRjOr6Iei9w8Fw6dt</latexit><latexit sha1_base64="7TJQ7mIcpEXK7ExeHVAHOJj3GB8=">AAACJXicbZDLSgMxFIYz3q23qks3wSK4KjMi6MKFKIgLFxWsCk0tmfSMBpNMyEUow7yMG1/FjQuLCK58FdNawdsPgY//nMPJ+VMtuHVx/BaNjU9MTk3PzFbm5hcWl6rLK+c294ZBk+UiN5cptSC4gqbjTsClNkBlKuAivT0c1C/uwFieqzPX09CW9FrxjDPqgtWp7hWEUYFPSmK9tuBIZigrCGjLRa7KYqs8uiqI9ET5QEQbLqHzZXSqtbgeD4X/QjKCGhqp0an2STdnXoJyTFBrW0msXbugxnEmoKwQb0FTdkuvoRVQUQm2XQyvLPFGcLo4y014yuGh+32ioNLankxDp6Tuxv6uDcz/ai3vst12wZX2DhT7XJR5gV2OB5HhLjfAnOgFoMzw8FfMbmjIyYVgKyGE5PfJf+F8q57E9eR0u7Z/MIpjBq2hdbSJErSD9tExaqAmYugePaJn1I8eoqfoJXr9bB2LRjOr6Iei9w8Fw6dt</latexit>

e

✏ ⇠ 10�3 � 10�6

Natural set of 
parameters

mA0 ⇠ MeV �GeV

ψγ A′�



!11

Vector Portal
Okun ’82 
Galison & Manohar ’84 
Holdom ‘86

L � �✏eA0
µ(ē�
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<latexit sha1_base64="7TJQ7mIcpEXK7ExeHVAHOJj3GB8=">AAACJXicbZDLSgMxFIYz3q23qks3wSK4KjMi6MKFKIgLFxWsCk0tmfSMBpNMyEUow7yMG1/FjQuLCK58FdNawdsPgY//nMPJ+VMtuHVx/BaNjU9MTk3PzFbm5hcWl6rLK+c294ZBk+UiN5cptSC4gqbjTsClNkBlKuAivT0c1C/uwFieqzPX09CW9FrxjDPqgtWp7hWEUYFPSmK9tuBIZigrCGjLRa7KYqs8uiqI9ET5QEQbLqHzZXSqtbgeD4X/QjKCGhqp0an2STdnXoJyTFBrW0msXbugxnEmoKwQb0FTdkuvoRVQUQm2XQyvLPFGcLo4y014yuGh+32ioNLankxDp6Tuxv6uDcz/ai3vst12wZX2DhT7XJR5gV2OB5HhLjfAnOgFoMzw8FfMbmjIyYVgKyGE5PfJf+F8q57E9eR0u7Z/MIpjBq2hdbSJErSD9tExaqAmYugePaJn1I8eoqfoJXr9bB2LRjOr6Iei9w8Fw6dt</latexit><latexit sha1_base64="7TJQ7mIcpEXK7ExeHVAHOJj3GB8=">AAACJXicbZDLSgMxFIYz3q23qks3wSK4KjMi6MKFKIgLFxWsCk0tmfSMBpNMyEUow7yMG1/FjQuLCK58FdNawdsPgY//nMPJ+VMtuHVx/BaNjU9MTk3PzFbm5hcWl6rLK+c294ZBk+UiN5cptSC4gqbjTsClNkBlKuAivT0c1C/uwFieqzPX09CW9FrxjDPqgtWp7hWEUYFPSmK9tuBIZigrCGjLRa7KYqs8uiqI9ET5QEQbLqHzZXSqtbgeD4X/QjKCGhqp0an2STdnXoJyTFBrW0msXbugxnEmoKwQb0FTdkuvoRVQUQm2XQyvLPFGcLo4y014yuGh+32ioNLankxDp6Tuxv6uDcz/ai3vst12wZX2DhT7XJR5gV2OB5HhLjfAnOgFoMzw8FfMbmjIyYVgKyGE5PfJf+F8q57E9eR0u7Z/MIpjBq2hdbSJErSD9tExaqAmYugePaJn1I8eoqfoJXr9bB2LRjOr6Iei9w8Fw6dt</latexit><latexit sha1_base64="7TJQ7mIcpEXK7ExeHVAHOJj3GB8=">AAACJXicbZDLSgMxFIYz3q23qks3wSK4KjMi6MKFKIgLFxWsCk0tmfSMBpNMyEUow7yMG1/FjQuLCK58FdNawdsPgY//nMPJ+VMtuHVx/BaNjU9MTk3PzFbm5hcWl6rLK+c294ZBk+UiN5cptSC4gqbjTsClNkBlKuAivT0c1C/uwFieqzPX09CW9FrxjDPqgtWp7hWEUYFPSmK9tuBIZigrCGjLRa7KYqs8uiqI9ET5QEQbLqHzZXSqtbgeD4X/QjKCGhqp0an2STdnXoJyTFBrW0msXbugxnEmoKwQb0FTdkuvoRVQUQm2XQyvLPFGcLo4y014yuGh+32ioNLankxDp6Tuxv6uDcz/ai3vst12wZX2DhT7XJR5gV2OB5HhLjfAnOgFoMzw8FfMbmjIyYVgKyGE5PfJf+F8q57E9eR0u7Z/MIpjBq2hdbSJErSD9tExaqAmYugePaJn1I8eoqfoJXr9bB2LRjOr6Iei9w8Fw6dt</latexit><latexit sha1_base64="7TJQ7mIcpEXK7ExeHVAHOJj3GB8=">AAACJXicbZDLSgMxFIYz3q23qks3wSK4KjMi6MKFKIgLFxWsCk0tmfSMBpNMyEUow7yMG1/FjQuLCK58FdNawdsPgY//nMPJ+VMtuHVx/BaNjU9MTk3PzFbm5hcWl6rLK+c294ZBk+UiN5cptSC4gqbjTsClNkBlKuAivT0c1C/uwFieqzPX09CW9FrxjDPqgtWp7hWEUYFPSmK9tuBIZigrCGjLRa7KYqs8uiqI9ET5QEQbLqHzZXSqtbgeD4X/QjKCGhqp0an2STdnXoJyTFBrW0msXbugxnEmoKwQb0FTdkuvoRVQUQm2XQyvLPFGcLo4y014yuGh+32ioNLankxDp6Tuxv6uDcz/ai3vst12wZX2DhT7XJR5gV2OB5HhLjfAnOgFoMzw8FfMbmjIyYVgKyGE5PfJf+F8q57E9eR0u7Z/MIpjBq2hdbSJErSD9tExaqAmYugePaJn1I8eoqfoJXr9bB2LRjOr6Iei9w8Fw6dt</latexit>

e

✏ ⇠ 10�3 � 10�6

Natural set of 
parameters

mA0 ⇠ MeV �GeV

ψγ A′�
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2
Fµ⌫F 0

µ⌫
<latexit sha1_base64="7TJQ7mIcpEXK7ExeHVAHOJj3GB8=">AAACJXicbZDLSgMxFIYz3q23qks3wSK4KjMi6MKFKIgLFxWsCk0tmfSMBpNMyEUow7yMG1/FjQuLCK58FdNawdsPgY//nMPJ+VMtuHVx/BaNjU9MTk3PzFbm5hcWl6rLK+c294ZBk+UiN5cptSC4gqbjTsClNkBlKuAivT0c1C/uwFieqzPX09CW9FrxjDPqgtWp7hWEUYFPSmK9tuBIZigrCGjLRa7KYqs8uiqI9ET5QEQbLqHzZXSqtbgeD4X/QjKCGhqp0an2STdnXoJyTFBrW0msXbugxnEmoKwQb0FTdkuvoRVQUQm2XQyvLPFGcLo4y014yuGh+32ioNLankxDp6Tuxv6uDcz/ai3vst12wZX2DhT7XJR5gV2OB5HhLjfAnOgFoMzw8FfMbmjIyYVgKyGE5PfJf+F8q57E9eR0u7Z/MIpjBq2hdbSJErSD9tExaqAmYugePaJn1I8eoqfoJXr9bB2LRjOr6Iei9w8Fw6dt</latexit><latexit sha1_base64="7TJQ7mIcpEXK7ExeHVAHOJj3GB8=">AAACJXicbZDLSgMxFIYz3q23qks3wSK4KjMi6MKFKIgLFxWsCk0tmfSMBpNMyEUow7yMG1/FjQuLCK58FdNawdsPgY//nMPJ+VMtuHVx/BaNjU9MTk3PzFbm5hcWl6rLK+c294ZBk+UiN5cptSC4gqbjTsClNkBlKuAivT0c1C/uwFieqzPX09CW9FrxjDPqgtWp7hWEUYFPSmK9tuBIZigrCGjLRa7KYqs8uiqI9ET5QEQbLqHzZXSqtbgeD4X/QjKCGhqp0an2STdnXoJyTFBrW0msXbugxnEmoKwQb0FTdkuvoRVQUQm2XQyvLPFGcLo4y014yuGh+32ioNLankxDp6Tuxv6uDcz/ai3vst12wZX2DhT7XJR5gV2OB5HhLjfAnOgFoMzw8FfMbmjIyYVgKyGE5PfJf+F8q57E9eR0u7Z/MIpjBq2hdbSJErSD9tExaqAmYugePaJn1I8eoqfoJXr9bB2LRjOr6Iei9w8Fw6dt</latexit><latexit sha1_base64="7TJQ7mIcpEXK7ExeHVAHOJj3GB8=">AAACJXicbZDLSgMxFIYz3q23qks3wSK4KjMi6MKFKIgLFxWsCk0tmfSMBpNMyEUow7yMG1/FjQuLCK58FdNawdsPgY//nMPJ+VMtuHVx/BaNjU9MTk3PzFbm5hcWl6rLK+c294ZBk+UiN5cptSC4gqbjTsClNkBlKuAivT0c1C/uwFieqzPX09CW9FrxjDPqgtWp7hWEUYFPSmK9tuBIZigrCGjLRa7KYqs8uiqI9ET5QEQbLqHzZXSqtbgeD4X/QjKCGhqp0an2STdnXoJyTFBrW0msXbugxnEmoKwQb0FTdkuvoRVQUQm2XQyvLPFGcLo4y014yuGh+32ioNLankxDp6Tuxv6uDcz/ai3vst12wZX2DhT7XJR5gV2OB5HhLjfAnOgFoMzw8FfMbmjIyYVgKyGE5PfJf+F8q57E9eR0u7Z/MIpjBq2hdbSJErSD9tExaqAmYugePaJn1I8eoqfoJXr9bB2LRjOr6Iei9w8Fw6dt</latexit><latexit sha1_base64="7TJQ7mIcpEXK7ExeHVAHOJj3GB8=">AAACJXicbZDLSgMxFIYz3q23qks3wSK4KjMi6MKFKIgLFxWsCk0tmfSMBpNMyEUow7yMG1/FjQuLCK58FdNawdsPgY//nMPJ+VMtuHVx/BaNjU9MTk3PzFbm5hcWl6rLK+c294ZBk+UiN5cptSC4gqbjTsClNkBlKuAivT0c1C/uwFieqzPX09CW9FrxjDPqgtWp7hWEUYFPSmK9tuBIZigrCGjLRa7KYqs8uiqI9ET5QEQbLqHzZXSqtbgeD4X/QjKCGhqp0an2STdnXoJyTFBrW0msXbugxnEmoKwQb0FTdkuvoRVQUQm2XQyvLPFGcLo4y014yuGh+32ioNLankxDp6Tuxv6uDcz/ai3vst12wZX2DhT7XJR5gV2OB5HhLjfAnOgFoMzw8FfMbmjIyYVgKyGE5PfJf+F8q57E9eR0u7Z/MIpjBq2hdbSJErSD9tExaqAmYugePaJn1I8eoqfoJXr9bB2LRjOr6Iei9w8Fw6dt</latexit>
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Fµ⌫F 0

µ⌫
<latexit sha1_base64="7TJQ7mIcpEXK7ExeHVAHOJj3GB8=">AAACJXicbZDLSgMxFIYz3q23qks3wSK4KjMi6MKFKIgLFxWsCk0tmfSMBpNMyEUow7yMG1/FjQuLCK58FdNawdsPgY//nMPJ+VMtuHVx/BaNjU9MTk3PzFbm5hcWl6rLK+c294ZBk+UiN5cptSC4gqbjTsClNkBlKuAivT0c1C/uwFieqzPX09CW9FrxjDPqgtWp7hWEUYFPSmK9tuBIZigrCGjLRa7KYqs8uiqI9ET5QEQbLqHzZXSqtbgeD4X/QjKCGhqp0an2STdnXoJyTFBrW0msXbugxnEmoKwQb0FTdkuvoRVQUQm2XQyvLPFGcLo4y014yuGh+32ioNLankxDp6Tuxv6uDcz/ai3vst12wZX2DhT7XJR5gV2OB5HhLjfAnOgFoMzw8FfMbmjIyYVgKyGE5PfJf+F8q57E9eR0u7Z/MIpjBq2hdbSJErSD9tExaqAmYugePaJn1I8eoqfoJXr9bB2LRjOr6Iei9w8Fw6dt</latexit><latexit sha1_base64="7TJQ7mIcpEXK7ExeHVAHOJj3GB8=">AAACJXicbZDLSgMxFIYz3q23qks3wSK4KjMi6MKFKIgLFxWsCk0tmfSMBpNMyEUow7yMG1/FjQuLCK58FdNawdsPgY//nMPJ+VMtuHVx/BaNjU9MTk3PzFbm5hcWl6rLK+c294ZBk+UiN5cptSC4gqbjTsClNkBlKuAivT0c1C/uwFieqzPX09CW9FrxjDPqgtWp7hWEUYFPSmK9tuBIZigrCGjLRa7KYqs8uiqI9ET5QEQbLqHzZXSqtbgeD4X/QjKCGhqp0an2STdnXoJyTFBrW0msXbugxnEmoKwQb0FTdkuvoRVQUQm2XQyvLPFGcLo4y014yuGh+32ioNLankxDp6Tuxv6uDcz/ai3vst12wZX2DhT7XJR5gV2OB5HhLjfAnOgFoMzw8FfMbmjIyYVgKyGE5PfJf+F8q57E9eR0u7Z/MIpjBq2hdbSJErSD9tExaqAmYugePaJn1I8eoqfoJXr9bB2LRjOr6Iei9w8Fw6dt</latexit><latexit sha1_base64="7TJQ7mIcpEXK7ExeHVAHOJj3GB8=">AAACJXicbZDLSgMxFIYz3q23qks3wSK4KjMi6MKFKIgLFxWsCk0tmfSMBpNMyEUow7yMG1/FjQuLCK58FdNawdsPgY//nMPJ+VMtuHVx/BaNjU9MTk3PzFbm5hcWl6rLK+c294ZBk+UiN5cptSC4gqbjTsClNkBlKuAivT0c1C/uwFieqzPX09CW9FrxjDPqgtWp7hWEUYFPSmK9tuBIZigrCGjLRa7KYqs8uiqI9ET5QEQbLqHzZXSqtbgeD4X/QjKCGhqp0an2STdnXoJyTFBrW0msXbugxnEmoKwQb0FTdkuvoRVQUQm2XQyvLPFGcLo4y014yuGh+32ioNLankxDp6Tuxv6uDcz/ai3vst12wZX2DhT7XJR5gV2OB5HhLjfAnOgFoMzw8FfMbmjIyYVgKyGE5PfJf+F8q57E9eR0u7Z/MIpjBq2hdbSJErSD9tExaqAmYugePaJn1I8eoqfoJXr9bB2LRjOr6Iei9w8Fw6dt</latexit><latexit sha1_base64="7TJQ7mIcpEXK7ExeHVAHOJj3GB8=">AAACJXicbZDLSgMxFIYz3q23qks3wSK4KjMi6MKFKIgLFxWsCk0tmfSMBpNMyEUow7yMG1/FjQuLCK58FdNawdsPgY//nMPJ+VMtuHVx/BaNjU9MTk3PzFbm5hcWl6rLK+c294ZBk+UiN5cptSC4gqbjTsClNkBlKuAivT0c1C/uwFieqzPX09CW9FrxjDPqgtWp7hWEUYFPSmK9tuBIZigrCGjLRa7KYqs8uiqI9ET5QEQbLqHzZXSqtbgeD4X/QjKCGhqp0an2STdnXoJyTFBrW0msXbugxnEmoKwQb0FTdkuvoRVQUQm2XQyvLPFGcLo4y014yuGh+32ioNLankxDp6Tuxv6uDcz/ai3vst12wZX2DhT7XJR5gV2OB5HhLjfAnOgFoMzw8FfMbmjIyYVgKyGE5PfJf+F8q57E9eR0u7Z/MIpjBq2hdbSJErSD9tExaqAmYugePaJn1I8eoqfoJXr9bB2LRjOr6Iei9w8Fw6dt</latexit>
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Lots of progress and future work here
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Vector Portal to DM
⇒ Searches are different!

e+

e− γ

A′� … }χ

χ̄
invisible

If coupled to dark matter, dark 
photon can decay invisibly

At B-factories 
(see talk by C. 

Hearty)

NA64 electron beam dump into 
active target & search for 

missing energy e− A’

γ

Z

e− Dark 
Sector 

Observe these

See talk by M. Diamond 
for fixed targets



⇒ Searches are different!If coupled to dark matter, dark 
photon can decay invisibly
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⇒ Searches are different!If coupled to dark matter, dark 
photon can decay invisibly
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�
<latexit sha1_base64="KkelpDrsgVEj8vpklG46VkmeBmk=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cK9gPaUDbbTbN0dxN2N0IJ/QtePCji1T/kzX/jJs1BWx8MPN6bYWZekHCmjet+O5W19Y3Nrep2bWd3b/+gfnjU1XGqCO2QmMeqH2BNOZO0Y5jhtJ8oikXAaS+Y3uV+74kqzWL5aGYJ9QWeSBYygk0uDUnERvWG23QLoFXilaQBJdqj+tdwHJNUUGkIx1oPPDcxfoaVYYTTeW2YappgMsUTOrBUYkG1nxW3ztGZVcYojJUtaVCh/p7IsNB6JgLbKbCJ9LKXi/95g9SEN37GZJIaKsliUZhyZGKUP47GTFFi+MwSTBSztyISYYWJsfHUbAje8surpHvR9C6b7sNVo3VbxlGFEziFc/DgGlpwD23oAIEInuEV3hzhvDjvzseiteKUM8fwB87nDwBkjjQ=</latexit>

�̄
<latexit sha1_base64="uIKoDzPboYlJ4uj5IidCA7XR6n8=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cKthaaUDbbTbt0s4m7E6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h+0TZJpxlsskYnuhNRwKRRvoUDJO6nmNA4lfwhHN1P/4YlrIxJ1j+OUBzEdKBEJRtFKHT+k2mdD0avW3Lo7A1kmXkFqUKDZq375/YRlMVfIJDWm67kpBjnVKJjkk4qfGZ5SNqID3rVU0ZibIJ/dOyEnVumTKNG2FJKZ+nsip7Ex4zi0nTHFoVn0puJ/XjfD6CrIhUoz5IrNF0WZJJiQ6fOkLzRnKMeWUKaFvZWwIdWUoY2oYkPwFl9eJu2zunded+8uao3rIo4yHMExnIIHl9CAW2hCCxhIeIZXeHMenRfn3fmYt5acYuYQ/sD5/AH8d4/t</latexit>

�����
<latexit sha1_base64="5cQWZtqJhQMaC5nchwlYTlM5hsc=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9nVgh5LvXisYD+gXUo2zW5js8mSZIWy9j948aCIV/+PN/+NabsHbX0w8Hhvhpl5QcKZNq777RTW1jc2t4rbpZ3dvf2D8uFRW8tUEdoikkvVDbCmnAnaMsxw2k0UxXHAaScY38z8ziNVmklxbyYJ9WMcCRYygo2V2v0Gi6KnQbniVt050CrxclKBHM1B+as/lCSNqTCEY617npsYP8PKMMLptNRPNU0wGeOI9iwVOKbaz+bXTtGZVYYolMqWMGiu/p7IcKz1JA5sZ4zNSC97M/E/r5ea8NrPmEhSQwVZLApTjoxEs9fRkClKDJ9Ygoli9lZERlhhYmxAJRuCt/zyKmlfVL3LqntXq9QbeRxFOIFTOAcPrqAOt9CEFhB4gGd4hTdHOi/Ou/OxaC04+cwx/IHz+QNxz48J</latexit>

�����

2

<latexit sha1_base64="KYcXAdzYU+ZRdZVJ8sCXp+M567A=">AAAB73icbVBNSwMxEJ31s9avqkcvwSJ4KrtV0GOpF48V7Ae0a8mm2W1oNlmTrFDW/gkvHhTx6t/x5r8xbfegrQ8GHu/NMDMvSDjTxnW/nZXVtfWNzcJWcXtnd2+/dHDY0jJVhDaJ5FJ1AqwpZ4I2DTOcdhJFcRxw2g5G11O//UiVZlLcmXFC/RhHgoWMYGOlTq/Ooujpvtovld2KOwNaJl5OypCj0S999QaSpDEVhnCsdddzE+NnWBlGOJ0Ue6mmCSYjHNGupQLHVPvZ7N4JOrXKAIVS2RIGzdTfExmOtR7Hge2MsRnqRW8q/ud1UxNe+RkTSWqoIPNFYcqRkWj6PBowRYnhY0swUczeisgQK0yMjahoQ/AWX14mrWrFO6+4txflWj2PowDHcAJn4MEl1OAGGtAEAhye4RXenAfnxXl3PuatK04+cwR/4Hz+AJr8j60=</latexit>

/ h�vi
<latexit sha1_base64="zxPaw8A6q02zyehrx8J/TeN+WQM=">AAACB3icbVDLSgMxFM3UV62vUZeCBIvgqsyooMuiG5cV7AM6Q8mkmTY0k4QkUyhDd278FTcuFHHrL7jzb0yns9DWAxdOzrmX3Hsiyag2nvftlFZW19Y3ypuVre2d3T13/6ClRaowaWLBhOpESBNGOWkaahjpSEVQEjHSjka3M789JkpTwR/MRJIwQQNOY4qRsVLPPQ6kEtKIgCE+YAQGmg4SBMeByt89t+rVvBxwmfgFqYICjZ77FfQFThPCDWZI667vSRNmSBmKGZlWglQTifAIDUjXUo4SosMsv2MKT63Sh7FQtriBufp7IkOJ1pMksp0JMkO96M3E/7xuauLrMKNcpoZwPP8oThk0As5CgX2qCDZsYgnCitpdIR4ihbCx0VVsCP7iycukdV7zL2re/WW1flPEUQZH4AScAR9cgTq4Aw3QBBg8gmfwCt6cJ+fFeXc+5q0lp5g5BH/gfP4AY+KZoA==</latexit>

Vector Portal to DM
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⇒ Searches are different!If coupled to dark matter, dark 
photon can decay invisibly
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�
<latexit sha1_base64="KkelpDrsgVEj8vpklG46VkmeBmk=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cK9gPaUDbbTbN0dxN2N0IJ/QtePCji1T/kzX/jJs1BWx8MPN6bYWZekHCmjet+O5W19Y3Nrep2bWd3b/+gfnjU1XGqCO2QmMeqH2BNOZO0Y5jhtJ8oikXAaS+Y3uV+74kqzWL5aGYJ9QWeSBYygk0uDUnERvWG23QLoFXilaQBJdqj+tdwHJNUUGkIx1oPPDcxfoaVYYTTeW2YappgMsUTOrBUYkG1nxW3ztGZVcYojJUtaVCh/p7IsNB6JgLbKbCJ9LKXi/95g9SEN37GZJIaKsliUZhyZGKUP47GTFFi+MwSTBSztyISYYWJsfHUbAje8surpHvR9C6b7sNVo3VbxlGFEziFc/DgGlpwD23oAIEInuEV3hzhvDjvzseiteKUM8fwB87nDwBkjjQ=</latexit>

�̄
<latexit sha1_base64="uIKoDzPboYlJ4uj5IidCA7XR6n8=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cKthaaUDbbTbt0s4m7E6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h+0TZJpxlsskYnuhNRwKRRvoUDJO6nmNA4lfwhHN1P/4YlrIxJ1j+OUBzEdKBEJRtFKHT+k2mdD0avW3Lo7A1kmXkFqUKDZq375/YRlMVfIJDWm67kpBjnVKJjkk4qfGZ5SNqID3rVU0ZibIJ/dOyEnVumTKNG2FJKZ+nsip7Ex4zi0nTHFoVn0puJ/XjfD6CrIhUoz5IrNF0WZJJiQ6fOkLzRnKMeWUKaFvZWwIdWUoY2oYkPwFl9eJu2zunded+8uao3rIo4yHMExnIIHl9CAW2hCCxhIeIZXeHMenRfn3fmYt5acYuYQ/sD5/AH8d4/t</latexit>

�����
<latexit sha1_base64="5cQWZtqJhQMaC5nchwlYTlM5hsc=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9nVgh5LvXisYD+gXUo2zW5js8mSZIWy9j948aCIV/+PN/+NabsHbX0w8Hhvhpl5QcKZNq777RTW1jc2t4rbpZ3dvf2D8uFRW8tUEdoikkvVDbCmnAnaMsxw2k0UxXHAaScY38z8ziNVmklxbyYJ9WMcCRYygo2V2v0Gi6KnQbniVt050CrxclKBHM1B+as/lCSNqTCEY617npsYP8PKMMLptNRPNU0wGeOI9iwVOKbaz+bXTtGZVYYolMqWMGiu/p7IcKz1JA5sZ4zNSC97M/E/r5ea8NrPmEhSQwVZLApTjoxEs9fRkClKDJ9Ygoli9lZERlhhYmxAJRuCt/zyKmlfVL3LqntXq9QbeRxFOIFTOAcPrqAOt9CEFhB4gGd4hTdHOi/Ou/OxaC04+cwx/IHz+QNxz48J</latexit>
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Vector Portal to DM
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More Complicated Dark Sector

Dark sector could have a more 
complicated structure, e.g. forming 

“dark atoms” that can cool

Fan, Katz, Randall, Reece ‘13

Form “dark disk”

However, constraints from stellar motion, gravitational lensing, 
breaking up ultrafaint dwarf galaxies—see Ghalsasi & McQuinn+…
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How about the Scalar Portal to DM?

DM now couples to heavy stuff

But QM means it also couples to light stuff!



!17

How about the Scalar Portal to DM?

Krnjaic arXiv:1512:04119

Strong constraints 
from flavor & direct 

detection
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How about the Scalar Portal to DM?

Coupling just to up 
quark opens up 

some space
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B. Batell, A. Ismail, DM, A. Freitas arXiv:1812:05103
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How about the Scalar Portal to DM?

Coupling to heavy stuff means 
collider production can be 

interesting

S. Ipek, DM, A. Nelson arXiv:1812:05103; Goncalves, 
Machado, No arXiv:1611.04593; +…

Mixing with Higgs leads to invisible 
Higgs decays

See talk by C. Anelli 
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Neutrino Portal DM

Scattering on neutrinos can 
suppress structure formation

Now DM interacts primarily with 
neutrinos

Challenging to probe!
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Neutrino Portal DM
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Challenging, 
especially for tau

B. Batell, T. Han, DM, B. Shams 
Es Haghi arXiv:1709.7001

But there are 
interesting probes
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See also Cherry & Shoemaker, 
Boehm et al., Beacom et al., talk 

by A. Vincent

Neutrino Lines from DM Annihilation



Wrap up
DM may be part of a sector that is uncharged 

with respect to SM forces

There are a handful of benchmark possibilities (portals)

The phenomenological signatures in each differs 
qualitatively

Still lots to do! (And discover!)

Can accommodate MeV-GeV scale DM easily



Back Up
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Neutron Portal

Recent interest in *neutron* 
portal

−ℒ ⊃ δn̄χ + h . c .

Relevant for neutron lifetime 
anomaly

Impact on neutron stars very 
important

n χ

γ

DM, Nelson, Reddy, Zhou PRL ‘18

Fully invisible model favored! 
(See Cline and Cornell)


