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Why?



Past 40 years

WIMP, glorious WIMP*

* Also axions



time

Correct relic abundance for

mpyM = & X 30 TeV

For Weak coupling, Weak scale emerges

Weakly Interacting Massive Particle (WIMP)
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Guiding principle in cosmology



Searching for WIMPs

Direct Production Direct Detection

Experiments are getting increasing.

Indirect Detection

e.g. FERMI

'y sensitive...

but we still haven’t found
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Status in 2019*

Dominant paradigm being challenged.

Great opportunity for new ideas!

*2020 never happened
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Beyond the WIMP
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Beyond the WIMP
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Warm dark matter
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Beyond the WIMP
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Beyond the WIMP

& dark matter mass ——m-->
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Thermal unitarity limit
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Beyond the WIMP

& dark matter mass ——m-->

planck
warm BBN unitarity scale
,‘ T T 1 ‘,
sS sS
| I I I I I
10730 107 1073 1 10°  10° 10!8 10  QeV

|— Thermal particle dark matter —|

14



Beyond the WIMP
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Light dark matter

15



Beyond the WIMP
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Super heavy DM
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New Theory ldeas

* Weakly coupled WIMPs [Pospelov, Ritz, Voloshin 2007; Feng, Kumar 2008]
e SIMPs [Hochberg, EK, Volansky, Wacker, 2014; + Murayama, 2015]
e E| DERSs [EK, Perelstein, Rey-Le Lorier, Tsai, 2016]
e Forbidden dark matter [Griest, Seckel 1991; D’Agnolo, Ruderman, 2015]
e Co-scattering dark matter [D’Agnolo, Pappadopulo, Ruderman, 2017
e Sub-MeV thermal dark matter [Berlin, Blinov 2017]
e Super heavy thermal dark matter [Kim, EK 2019]
e Zombies [Kramer, EK, Levi, Outmezguine, Ruderman, 2020

... are abundant
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10—30

Light dark matter

18

1018

ot

1050

GeV



Ex. 1: Weakly Coupled 2—2

DM SM &2
<O-annv> — 9
Mpn
DM SM
>

time

mpn = X 30 TeV

a << 1

[Pospelov, Ritz, Voloshin 2007

. Feng, Kumar 2008]



Ex. 2: Forbidden Channels

DM SM &2
<O-annv> — 5
mMpwm
DM SM

>

time
freezeout pp—
mpmMm < MSM =

/ temp

mpyv — & X 30 TeV x €_fo
\ mass

difference

Forbidden @ T=0;

(Griest, Seckel 1991; Proceeds via Boltzmann tail
D’Agnolo, Ruderman 2015] 20



[Hochberg, EK,
Wacker, Volansky, 2014]

Ex. 3: SIMPs

DM DM \
2 8%

DM <O-U >3—>2 — m5

DM E : DM DM

>

time

mpyM — & X 100 MeV

For strong coupling, strong scale emerges

Strongly Interacting Massive Particle (SIMP)
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[Hochberg, EK,
Wacker, Volansky, 2014]

Ex. 3: SIMPs

Pumps heat

DM DM
DM DM

>

time
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Shed the heat

DM

SM

time

DM

SM

entropy



(zeneric.
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Dark Sectors

Dark sector

Why not in the
dark sector too?

Visible sector

SM is a

|
|
|
|
|
|
|
|
|
|
particle zoo. |
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[Hochberg, EK, Murayama,
Volansky, Wacker, 2015]

QCD-like sector

Think Standard Model!

Dark matter from strongly coupled gauge theories

e.g. SU(3)dark X U(1)dark

R

Sp(Ne¢), SU(N¢), SO(N¢) kinetical

ly mixed

hidden p!

hoton (V)

QCD-like theories, pions = dark matter.
Many processes, many dark matter mechanisms.
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Processes

T T
n
RE :TC

3—2 processes

(From the Wess-Zumino-

Witten term. In QCD
describes K K— nn nt )
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Processes

T ; : T T e
Tc j\,:\/\/\/\/\/
T n n P

3—2 processes forbidden

My 2 My
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Processes
T Tt T ®
>
T T n e
3—2 processes forbidden
- sm
TC >\A\;\< SIM.

2—2 annihilations
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Processes

e ; : e

n

T e
3—2 processes

JT>vvw<sm
T V

SI

2—2 annihilations
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Predictive

Kinetically mixed U(1) mediator

WIMP __*
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Forbidden



Coupling of V to
the EM current

Predictive

Kinetically mixed U(1) mediator

1
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Future probes
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Direct Detection

o _10°% ey —ry-G1 — —— SUP@PCDMS
atomic ionization
| [2020]
[Essig et al, 2012] w_,,
XENON10/100 SEN SEI
10-38
color centers [2020]
[Budnik et al, 2018] | s}
37 -4 Polar materials
= 1040 ' [Griffin et al, 2018]
80 -—‘ ‘
b /
semi-metals \ , ] semiconductors
[YH et al, 2017] 2 WP |Essig et al, 2012;
1ot ! SuperCDMS & SENSEI 2018;
o b sl — Nal — GaAs — Ge a Kurinsky et al, 2019]
o) v ELDER '
— Si — Graphene — Supercond.
¢ oul s N superfluid helium
superconductors my, [MeV] [Schutz, Zurek, 2016;
[YH etal, 2015x2,2019] _scintillators Hertel et al 2018;

[Derenzo et al, 2016] 2D targets (Qraphene) Acanfora et al 2019]
[YH et al, 2016; Cavoto et al, 2018]
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Dark Spectroscopy

eTe ™ — resonances

center of mass energy traces the QCD resonance structure
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Events/100 MeV

103k

Dark Spectroscopy

et

e~ — v+ invisible resonances

mono-photon energy also traces the resonance structure
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_ Belle II projection
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Y
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invisible

[Hochberg, EK, Murayama, 2016, 2017]
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10—30

Super heavy dark matter

35

1018

ot

1050

GeV



Unitarity Bound

DM SM &2
<O-annv> — 9
Mpn
DM SM

>

time

Correct relic abundance for mpy = o X 30 TeV

For perturbative couplings a < 47

mpy S 300 TeV

36



Ex. 1: Composite Interactions

dark hydrogen anti-hydrogen annihilation

€+
—

Rearrangement

Harigaya, Ibe, Kaneta, Nakano, Suzuki (2016); J. Smirnov, J. F. Beacom, (2019); Contino, Mitridate, Podo,
Redi, (2019); Gross, Mitridate, Redi, Smirnov, Strumia (2019); Geller, Iwamoto, Lee, Shadmi, Telem (2018)
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Ex. 1: Composite Interactions

dark hydrogen anti-hydrogen annihilation

.
DM — V7
N 2
=
€+
DM vy \

Bohr Radius
1

adn = —

am,

Predicts much heavier DM
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Compare Processes

DM>.< thing,
DM thing,

(rare)

>

time

1ﬂann — nDM <6annv> X e

—mpp/ T

Ticient

Less e

VS.

39

DM >< thing,
light

thing,

thing >

(abundant) tme

l—‘ann — nlight <6annv>

Much more efficient!



[Kramer, EK, Levi, Outmezguine, Ruderman, 2020]

Ex. 2: Zombies

e
174 V74

>

time

Mpy > M
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[Kramer, EK, Levi, Outmezguine, Ruderman, 2020]

Ex. 2: Zombies

41
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10—30

Ex. 2: Zombies
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Ex. 2: Zombies

decay

W

decay

Metastable DM with strong indirect detection signal
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Ex. 3: Chain DM

DM candidate decays
X1 X2 X2 X3 XnNn-1 XN

\T SIm
S111 S111 S111 SII S1T1 S111

Very efficient because the SM particles are abundant

[Kim, EK 2019] 44



Ex. 3: Chain DM

DM candidate decays
X1 X2 X2 X3 XnN-1 XN \'i .
Sm sm s Sm Sm Sm
DM random walks
Wall . Clift

-

A1

[Kim, EK 2019] 45



Ex. 3: Chain DM

DM candidate decays
X1 X2 X2 X3 XnN-1 XN \'i .
S s sm S sm S
DM density DM freezes out Most DM settles away

from the clift

[Kim, EK 2019] 46



Ex. 3: Chain DM

a2
<Gchainv> — I
Miym
>
time
~ 2 16
mpy = a” X 10°° GeV
o planck
warm unitarity scale
A [ Y e R I B 1 ‘,
s s$
I I I I I I
10730 10 1073 1 10°  10° 1019 108 100 GeV

[Kim, EK 2019] 47



Outlook

® Lots of activity for thermal dark matter.

® Many different interactions, processes, and their relative

importance throughout the cosmological history.
® Novel dark matter frameworks.
® Generic.
® Lots of discovery potential for experiments.

® Much more to do.
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Thank you!



