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DM: something new, 
doesn’t interact too 

strongly, isn’t too warm

So what is it?
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Dark matter candidates span 
orders of magnitude in mass

Picture from Andrew Long

Boson Boson or Fermion

We’ll cover a large range of this parameter space



How did the dark 
matter get here?
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Option 1: thermal relic DM
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Requires non-grav. 
interaction:

�̄ . . .

. . .

⌦h2 ⇠ 1

h�vi ⇠ m2

g4
⇠ 0.1

✓
m

mEW

◆2 ✓gEW

g

◆4

“WIMP Miracle”
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WIMP candidates
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Some admixture of 
these could be stable, 
good DM candidate

Great, let’s go look for it!



(Weak Scale) SUSY is 
under siege
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For example, at 
the LHC

(And WIMPs more 
generally)



WIMPs in (in)direct detection:
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WIMPs in (in)direct detection:
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�DD ⇠ G2
Fµ

2

⇡
Y 2 ⇠ 10�39 cm2

✓
Y

1/2

◆2 What are the other 
possibilities?

PandaX-II

Cohen, Lisanti, Pierce, Slatyer

Simplest possible WIMP:
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SU(3)c ⇥ SU(2)L ⇥ U(1)Y ! SU(3)c ⇥ U(1)em
Standard Model 

symmetries

Standard Model 
particle content

H =

✓
⇢+

v + h+ ⇢0

◆

Ga
µ, W b

µ, Bµ ! Ga
µ, Aµ

Renormalization: lower dim. operators (fewer 
fields/particles) more important 

` =

✓
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DM through “portals”
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SU(3)c ⇥ SU(2)L ⇥ U(1)Y ! SU(3)c ⇥ U(1)em
Standard Model 

symmetries

Portals: coupling via stuff uncharged w.r.t. SM

`H Nneutrino:

kinetic 
mixing: Fµ⌫ Vµ⌫ Higgs: H†H S2

Lead to minimal difficulties incorporating hidden sectors
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Vector Portal

Higgs Portal

Neutrino Portal`H N

Fµ⌫ Vµ⌫

H†H S, S2
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DM annihilation through portals
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What 
about over 

here?

Nuclear Recoil too Weak:
⇒Find a Relativistic DM Beam

v ⇠ 10�3

x

Direct Detection Limits weaken at low mass
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What 
about over 

here?

Nuclear Recoil too Weak:
⇒Find a Relativistic DM Beam

v ⇠ 10�3

x

Direct Detection Limits weaken at low mass

!13
(Need a portal to deplete DM density)
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Nproton beam

target

absorber

decay volume
dirt

detector

10 m - 100 km

⌫µ ! ⌫e
⌫e⇡+ ! µ+⌫µ

Neutrino Beams
Work by Batell, deNiverville, DM, 
Pospelov, Ritz; Dobrescu & Frugiuele, …
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Nproton beam

target

absorber

decay volume
dirt

detector

10 m - 100 km

BeamsDark Matter

V ! ��̄
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Nproton beam

target

absorber

decay volume
dirt

detector

10 m - 100 km

BeamsDark Matter

V ! ��̄
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Such a search performed 
at MiniBooNE…

Work by Batell, deNiverville, DM, 
Pospelov, Ritz; Dobrescu & Frugiuele, …
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MiniBooNE Search (PRL 118, 221803)

Kinetic Mixing/
Vector Portal

DM production:
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MiniBooNE Search (PRL 118, 221803)

Kinetic Mixing/
Vector Portal

DM production:

Similar searches will happen 
at e.g. T2K, DUNE, …



Dark matter that interacts via 
portal can affect things like 

small scale structure
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Structure formation

Via Lactea

O(1000s) 
expected

30-40 seen
Count satellites of Milky Way galaxy:

Could be observational bias or 
scattering on e.g. neutrinos
Boehm et al. 
van den Aarssen et al. 
Shoemaker et al. 
Bertoni, Ipek, DM, & Nelson 
Hooper, Kaplinghat, Strigari, & Zurek

Bullock 
arXiv:1009.4505
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Structure formation

Consider massive particles coupled 
to a light force (not gravity) carrier, 

i.e. radiation

e.g. baryon collapse 
resisted by photons

structure starts to form when no pressure 
(i.e. particles decouple from force carrier)

structures smaller than horizon size at  
decoupling are suppressed

Basic physics that sets the scales of 
structure formation



DM-neutrino interactions
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Neutrino Portal:

see Bertoni, Ipek, DM, & Nelson; 
Batell, Han, DM, Shams Es Haghi

)
<latexit sha1_base64="TY1hUIMBbpWvn5bBZg5NGT14hNs=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cq9gPaUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80jUo14w2mpNLtgBouRcwbKFDydqI5jQLJW8HoZuq3Hrk2QsUPOE64H9FBLELBKFqp070XgyFSrdVTr1xxq+4MZJl4OalAjnqv/NXtK5ZGPEYmqTEdz03Qz6hGwSSflLqp4QllIzrgHUtjGnHjZ7OTJ+TEKn0SKm0rRjJTf09kNDJmHAW2M6I4NIveVPzP66QYXvmZiJMUeczmi8JUElRk+j/pC80ZyrEllGlhbyVsSDVlaFMq2RC8xZeXSfOs6p1X3buLSu06j6MIR3AMp+DBJdTgFurQAAYKnuEV3hx0Xpx352PeWnDymUP4A+fzB5HFkW8=</latexit>

Can suppress growth of 
small scale structure in 

this setup



Switching gears…
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Option 2: Nonthermal production

V (a)
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High Temperature

V (a)
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a
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Low Temperature

Universe cools

d2a

dt2
� 3H

da

dt
+m2

aa = 0
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a(t) =

p
2⇢dm
ma

cosmat
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Axion field oscillates, behaves like cold DM 

)
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Can be DM for ma . 10�3 eV (GHz)
<latexit sha1_base64="Rz5sYlQmezOzkgD296pfkyUqhqI=">AAACEXicbZC7TgJBFIZn8YZ4Qy1tJhITLCS7YqIl0UJKTOSSAJLZ4QATZnY3M7MmuFkewcZXsbHQGFs7O9/GYaFQ8E8m+fKfc3Lm/G7AmdK2/W2llpZXVtfS65mNza3tnezuXk35oaRQpT73ZcMlCjjzoKqZ5tAIJBDhcqi7w6tJvX4PUjHfu9WjANqC9D3WY5RoY3WyedEhLQ5KKSawY99FJ8V4HLWkwFCLx/mErssP8XEnm7MLdiK8CM4McmimSif71er6NBTgacqJUk3HDnQ7IlIzyiHOtEIFAaFD0oemQY8IUO0ouSjGR8bp4p4vzfM0TtzfExERSo2EazoF0QM1X5uY/9Waoe5dtCPmBaEGj04X9UKOtY8n8eAuk0A1HxkgVDLzV0wHRBKqTYgZE4Izf/Ii1E4LTrFg35zlSpezONLoAB2iPHLQOSqhMqqgKqLoET2jV/RmPVkv1rv1MW1NWbOZffRH1ucPXjOctA==</latexit>

Detect through coupling to E&M: L � ga��aE ·B
<latexit sha1_base64="IHgAHnet3DANkO4tUZEzbRUHxRA="></latexit>

Canonical example: Axion
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Searching for Axion DM
Making use of L � ga��aE ·B

<latexit sha1_base64="IHgAHnet3DANkO4tUZEzbRUHxRA="></latexit>

ADMX at UW
ABRACADABRA at MIT
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Searching for Axion DM
Making use of L � ga��aE ·B

<latexit sha1_base64="IHgAHnet3DANkO4tUZEzbRUHxRA="></latexit>

ADMX at UW
ABRACADABRA at MIT

B
<latexit sha1_base64="Z+a8AkLH4bsD/mBzQt+tPwA9oMs=">AAAB+HicbVDNSgMxGPy2/tX606pHL8EieCq7Kuix1IvHCrYW2qVks9k2NJssSVaoS5/EiwdFvPoo3nwbs+0etHUgZJj5PjKZIOFMG9f9dkpr6xubW+Xtys7u3n61dnDY1TJVhHaI5FL1AqwpZ4J2DDOc9hJFcRxw+hBMbnL/4ZEqzaS4N9OE+jEeCRYxgo2VhrVqNggkD/U0thdqzYa1uttw50CrxCtIHQq0h7WvQShJGlNhCMda9z03MX6GlWGE01llkGqaYDLBI9q3VOCYaj+bB5+hU6uEKJLKHmHQXP29keFY59HsZIzNWC97ufif109NdO1nTCSpoYIsHopSjoxEeQsoZIoSw6eWYKKYzYrIGCtMjO2qYkvwlr+8SrrnDe+i4d5d1putoo4yHMMJnIEHV9CEW2hDBwik8Ayv8OY8OS/Ou/OxGC05xc4R/IHz+QPVH5Mw</latexit>

E
<latexit sha1_base64="zrWrywP6PuzlzVClWnsDclYscLY=">AAAB+HicbVDLSgMxFL3js9ZHR126CRbBVZlRQZdFEVxWsA9oh5LJpG1oJhmSjFCHfokbF4q49VPc+Tdm2llo64GQwzn3kpMTJpxp43nfzsrq2vrGZmmrvL2zu1dx9w9aWqaK0CaRXKpOiDXlTNCmYYbTTqIojkNO2+H4Jvfbj1RpJsWDmSQ0iPFQsAEj2Fip71ayXih5pCexvdDttO9WvZo3A1omfkGqUKDRd796kSRpTIUhHGvd9b3EBBlWhhFOp+VeqmmCyRgPaddSgWOqg2wWfIpOrBKhgVT2CINm6u+NDMc6j2YnY2xGetHLxf+8bmoGV0HGRJIaKsj8oUHKkZEobwFFTFFi+MQSTBSzWREZYYWJsV2VbQn+4peXSeus5p/XvPuLav26qKMER3AMp+DDJdThDhrQBAIpPMMrvDlPzovz7nzMR1ecYucQ/sD5/AHZrpMz</latexit>

a
<latexit sha1_base64="4IRY+eZHG5b4G282rQ0xm59a1sc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUoP1yxa26c5BV4uWkAjnq/fJXbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP5oVNyZpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTcmG4C2/vEpaF1Xvsuo2riq12zyOIpzAKZyDB9dQg3uoQxMYIDzDK7w5j86L8+58LFoLTj5zDH/gfP4AxAeM5w==</latexit>

B(t) / cosmat
<latexit sha1_base64="SX0klrLDCnYwLVrL6pAvOh6nT6o=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL4tFqJeSqKDHUi8eK9gPaELYbLft0k027E6EEnvwr3jxoIhX/4Y3/43bNgdtfTDweG+GmXlhIrgGx/m2Ciura+sbxc3S1vbO7p69f9DSMlWUNakUUnVCopngMWsCB8E6iWIkCgVrh6Obqd9+YEpzGd/DOGF+RAYx73NKwEiBfVSvwJmXKJmAxB6VGkcBwRDYZafqzICXiZuTMsrRCOwvrydpGrEYqCBad10nAT8jCjgVbFLyUs0SQkdkwLqGxiRi2s9m90/wqVF6uC+VqRjwTP09kZFI63EUms6IwFAvelPxP6+bQv/az3icpMBiOl/UTwU2v07DwD2uGAUxNoRQxc2tmA6JIhRMZCUTgrv48jJpnVfdi6pzd1mu1fM4iugYnaAKctEVqqFb1EBNRNEjekav6M16sl6sd+tj3lqw8plD9AfW5w+eWZUy</latexit>

B0
<latexit sha1_base64="S9ueNJC+N/agkTuWkKVyU+gDzto=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GOpF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh3rf7ZcrbtWdg6wSLycVyNHol796g5ilEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fjY/dUrOrDIgYaxtKSRz9fdERiNjJlFgOyOKI7PszcT/vG6K4Y2fCZWkyBVbLApTSTAms7/JQGjOUE4soUwLeythI6opQ5tOyYbgLb+8SloXVe+y6t5fVWr1PI4inMApnIMH11CDO2hAExgM4Rle4c2Rzovz7nwsWgtOPnMMf+B8/gC4g41r</latexit>

r⇥B = �ga��B0
da

dt
<latexit sha1_base64="LJdjsd57++W9qSRNWpBBOJVS/Q0="></latexit>
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Searching for Axion DM

Recent 
results!



What about very heavy 
DM? Primordial Black 

Holes?
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Doppler shift

�⌫

⌫
= ṙ · d̂

<latexit sha1_base64="B2qhAiqA9gg/jPxiukS2nsc8b9c=">AAACK3icbVDJTsMwEHVYS9kCHLlYVEicqgSQ4IJUlQvHItFFaqrKcZzWquNE9gSpivI/XPgVDnBgEVf+A6ftgbaMZM/TezP2zPMTwTU4zqe1srq2vrFZ2ipv7+zu7dsHhy0dp4qyJo1FrDo+0UxwyZrAQbBOohiJfMHa/ui20NuPTGkeywcYJ6wXkYHkIacEDNW3616oCM28gAkgnkzzrLhuvCCGzPNjEehxZBJWuUcNh70hmReCvG9XnKozCbwM3BmooFk0+vareZ6mEZNABdG66zoJ9DKigFPB8rKXapYQOiID1jVQkojpXjbZNcenhglwGCtzJOAJ+7cjI5EuRjOVEYGhXtQK8j+tm0J43cu4TFJgkk4/ClOBIcaFcTjgilEQYwMIVdzMiumQGPPA2Fs2JriLKy+D1nnVvag695eVWn1mRwkdoxN0hlx0hWroDjVQE1H0hF7QO/qwnq0368v6npauWLOeIzQX1s8v1VGp2A==</latexit>
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Pulsar Timing and large DM 
Structures

Shapiro time delay

�⌫

⌫
= 2GM

Z
dz

ṙ

r2
<latexit sha1_base64="qQ02IBZH8SfCK1nakb4nN6xAYD8=">AAACG3icbVDLSgMxFM34rPU16tJNsAiuykwVdCMUXehGqGAf0Kklk2ba0ExmSO4IdZj/cOOvuHGhiCvBhX9j+hC09ULC4Zx7uPcePxZcg+N8WXPzC4tLy7mV/Ora+samvbVd01GiKKvSSESq4RPNBJesChwEa8SKkdAXrO73z4d6/Y4pzSN5A4OYtULSlTzglICh2nbJCxShqddhAognkywdfqeliyuPS8Cd+x89AqyyVN2WsrZdcIrOqPAscCeggCZVadsfxk6TkEmggmjddJ0YWilRwKlgWd5LNIsJ7ZMuaxooSch0Kx3dluF9w3RwECnzzEIj9rcjJaHWg9A3nSGBnp7WhuR/WjOB4KSVchknwCQdDwoSgSHCw6BwhytGQQwMIFRxsyumPWLCABNn3oTgTp88C2qlontYdK6PCuWzSRw5tIv20AFy0TEqo0tUQVVE0QN6Qi/o1Xq0nq03633cOmdNPDvoT1mf31ZsojQ=</latexit>

What if something massive passes by a 
pulsar (very regular oscillating source)?

Dror, Ramani, Trickle, Zurek 1901.04490



Doppler shift

�⌫

⌫
= ṙ · d̂

<latexit sha1_base64="B2qhAiqA9gg/jPxiukS2nsc8b9c=">AAACK3icbVDJTsMwEHVYS9kCHLlYVEicqgSQ4IJUlQvHItFFaqrKcZzWquNE9gSpivI/XPgVDnBgEVf+A6ftgbaMZM/TezP2zPMTwTU4zqe1srq2vrFZ2ipv7+zu7dsHhy0dp4qyJo1FrDo+0UxwyZrAQbBOohiJfMHa/ui20NuPTGkeywcYJ6wXkYHkIacEDNW3616oCM28gAkgnkzzrLhuvCCGzPNjEehxZBJWuUcNh70hmReCvG9XnKozCbwM3BmooFk0+vareZ6mEZNABdG66zoJ9DKigFPB8rKXapYQOiID1jVQkojpXjbZNcenhglwGCtzJOAJ+7cjI5EuRjOVEYGhXtQK8j+tm0J43cu4TFJgkk4/ClOBIcaFcTjgilEQYwMIVdzMiumQGPPA2Fs2JriLKy+D1nnVvag695eVWn1mRwkdoxN0hlx0hWroDjVQE1H0hF7QO/qwnq0368v6npauWLOeIzQX1s8v1VGp2A==</latexit>
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Pulsar Timing and large DM 
Structures

Shapiro time delay

�⌫

⌫
= 2GM

Z
dz

ṙ

r2
<latexit sha1_base64="qQ02IBZH8SfCK1nakb4nN6xAYD8=">AAACG3icbVDLSgMxFM34rPU16tJNsAiuykwVdCMUXehGqGAf0Kklk2ba0ExmSO4IdZj/cOOvuHGhiCvBhX9j+hC09ULC4Zx7uPcePxZcg+N8WXPzC4tLy7mV/Ora+samvbVd01GiKKvSSESq4RPNBJesChwEa8SKkdAXrO73z4d6/Y4pzSN5A4OYtULSlTzglICh2nbJCxShqddhAognkywdfqeliyuPS8Cd+x89AqyyVN2WsrZdcIrOqPAscCeggCZVadsfxk6TkEmggmjddJ0YWilRwKlgWd5LNIsJ7ZMuaxooSch0Kx3dluF9w3RwECnzzEIj9rcjJaHWg9A3nSGBnp7WhuR/WjOB4KSVchknwCQdDwoSgSHCw6BwhytGQQwMIFRxsyumPWLCABNn3oTgTp88C2qlontYdK6PCuWzSRw5tIv20AFy0TEqo0tUQVVE0QN6Qi/o1Xq0nq03633cOmdNPDvoT1mf31ZsojQ=</latexit>

What if something massive passes by a 
pulsar (very regular oscillating source)?

Dror, Ramani, Trickle, Zurek 1901.04490
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Pulsar Timing and large DM 
Structures

Dror, Ramani, Trickle, Zurek 1901.04490

Projections

ShapiroDoppler

Lensing



Wrap up
Dark matter required by numerous observations 
but little guidance about its properties (needs to 

couple to gravity, anything else?)

WIMPs (in SUSY or beyond) are excellent 
candidates for thermal relic DM but null searches 

have closed parameter space

Other possibilities (dark sectors interacting via 
“portals,” axions, very heavy DM) could solve 

problems but require different search techniques

I’ve only scratched the surface—there are many 
other possibilities and opportunities. Stay tuned!


