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95% of mass-energy in the universe is dark!
25% Dark Matter 70% Dark Energy

Dark matter seems to be (usually assumed to be)
Non-baryonic (not quark nuggets, 30 M Black Holes, planets, little stars, etc.)
Cold (slowly moving)
Dissipationless
Not self-interacting
Associated with all galaxies and other structures
A particle
« Stable
« No strong or electromagnetic interactions

Two philosophies:

Simplicio SENWE

| don’t care about the nature of dark | care about the nature of dark matter
matter, as long as it is dark, cold, & because it must exist for a reason other
dissipationless (CDM) | can calculate than to be a part of Simplicio’s code.
(simulate) its role in the evolution of Feynman: “Nature weaves its tapestry
structure and understand necessary from the longest threads.” What is the
astrophysics. dark matter thread?




- . . e Lost for g : : in
Oxford English Dictionary warder o i

SiI]]lllatiO[] SECOND EDITION 1989

Pronunciation Spellingz Eturnalagy Quotations Date chart |

1. a. The action or practice of simulating, with intent to deceive; false pretence,
deceitful profession.

1340 Ayenb. 23 And perof wexep uele zennes, ase arizthalf; pet is to wytene: lozengerie,
simulacion. ¢1400 Rom. Rose 7230 He nys no full good champioun That dredith such
similacioun. 1412-20 Lypc. Chron. Troy 1v. 4504 Amonge hem silfe to bringe in tresoun,
Feyned troupe and symulacioun. 1542 UparLL Erasm. Apoph. 170 He..did with mutual
simulacion on his partie cover & kepe secrete the colorable dooyng of the saied feloe.
1577 tr. Bullinger's Decades (1592) 319 This precept doth commaunde vs..that..wee doe
our neighbor harme..neither by simulation nor dissimulation. 1611 Speep Hist. Gt. Brit.
vi. (1632) 114 His nature relishing too much of the Punick craft and simulation. 1692
SourH Serm. (1697) 1. 525 A Deceiving by Actions, Gestures, or Behaviour, is called
Simulation, or Hypocrisie. 1711 SteELE Tatler No. 213 pl1 Simulation is a Pretence of
what is not, and Dissimulation a Concealment of what is. 1788 WEesLEY Wks. (1872) VII.
43 Simulation is the seeming to be what we are not; dissimulation, the seeming not to be
what we are. 1836 Lanpor Pericles & Aspasia Wks. 1846 I1. 379, I wish he were as pious
as you are: occasionally he appears so. I attacked him on his simulation. 1872 SHIPLEY
Gloss. Eccl. Terms 71 Fraud.., whether it consists in simulation or dissimulation.




Dark Matter particle mass range

m,

Melectron mproton

Mass Range for Particle Dark Matter

m > 10722 ¢V: de Broglie wavelength smaller than dark-matter dominated objects
m < 10" GeV: mass less than Planck mass

m > few eV: if fermion (exclusion principle)

If thermal freeze-out

m>m,: annihilation to SM particles

m < 100 TeV: annihilation cross section too small for larger masses

Is Dark Matter a Particle Or a Wave?

occupation number in de Broglie-wavelength volume > 1 - WAVE

occupation number in de Broglie-wavelength volume < 1 — PARTICLE




Most popular paradigm: cold thermal relic*

* DM abundance set by creation/annihilation with standard-model particles
 Equilibrium abundance of DM determined by M/ T (no asymmetry)

* DM species final abundance determined by

“freeze-out” of equilibrium, or

1071

“freeze-in” to final abundance 10-3

Freeze-out
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10-13 J/ s Equilibrium
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\—17 ' s

(L 10! 102

* Freeze-out/in: interplay between ml/ T

) |

particle physics (DM—SM interactions) and expansion rate (gravity)

* An object of particular veneration.




Dark Matter talks to Standard Model through a
PORTAL

DM (y)
Yy

DM (¥) SM

Usually assume PORTAL is some mediator more massive than dark matter

Evolution of DM abundance set by Boltzmann equation:

n+3Hn=—(o,v)(n* -ng,)

NR annihilation cross
(o0,v) = section x Mgller flux
( ...thermal average...)




Final freeze-out abundance:

(OaV)

10736 cm?

Qh? = 0.12 x

2

V4 ~ ~ . ~
. assumeg,=g=-¢e; M= few xm,

o 2
(150 GeV) 2

Lawyer voiceover:

» velocity dependence
* resonances

e co-annihilation

* log dependence on M
 decay production

* spin-dependence

* asymmetries

weak scale!
Weakly Interacting Massive Particle (WIMP)

To satisfy Salviati: Neutralino? Kaluza-Klein photon?




Direct, Indirect, Accelerator

DM ()

¥ + SM — » +SM : Direct detection
¥ +x¥— SM + SM : Indirect detection

SM + SM — y + . Accelerator production (and detection)




Direct detection—spin independent
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Direct detection—spin dependent
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Direct, Indirect, Accelerator
Where is the WIMP?
No signal in direct, indirect, or accelerator searches.
Even more troubling, no sign of BSM physics at LHC.
This doesn’t seem to be the decade of the WIMP!!!

DM is NOT a WIMP, time to focus elsewhere.

go lighter go ultralight go ultraheavy
dark sector axion, dark photon WIMPZILLA

! ! !

Wimpinetto Leggerissimo Wimponaccio




Wimpinetti

D

2
mZ

DM (1)

DM (;()

0' M 0,9°—% ~ 9,9 ~10‘36

2
mﬂ(

* m, smaller — g, - g must be smaller

SM SM
g must be small to avoid undetected >9 9<
new SM force. Can take g, ~e SM .

« Example: dark photon mediator kinetically mixed with SM
photon.

Satisfy Salviati: New dark sector weakly coupled to SM sector




Wimpinetti direct detection

WIMPS: nuclear recoil, few keV recoil energy
Lighter mass: new detection techniques for eV recoils

Technology DM reach Technology DM reach

NR > 1 MeV Polar materials NR > 1 MeV

Cryo semiconductors ER > 1 MeV

_ Diamond NR > 1 MeV
Cryo superfluid NR > 1 MeV

NR > 10 MeV Molecular gas NR > 100 keV

Cryo crystalline scintillators
ER>1MeV Graphene ER > 1 MeV

Charge-only semiconductors |ER > 1 MeV Dirac Material CE > 1 keV

. NR > 100 MeV
Charge-only noble liquidigas | _ 4\, Magnetic bubble  |NR > 100 keV

Superheated/cooled liquids  |NR > 100 MeV

NR = nuclear recoil ER = electron recoil




Freeze-in
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Wimpinetti direct detection

WIMPS: nuclear recoil, few keV recoil energy
Lighter mass: new detection techniques for eV recoils

near-term

longer-term
Nucleon

scattering

Electromagnetic
scattering

Absorption

<




Wimpinetti at accelerators
Replicate big-bang production

Missing momentum
experiment

Missing E;

| l ‘ ‘ pet
el
g™

s u Beam dump

HJ experiment

Spectrometer-based
experiment

...-'
o

Spectrum of
Dark sector




Wimpinetti at accelerators

potential existing
fixed-target colliders

Y +—— non-thermal | thermal non-thermal —
10_22 eV melectron rnproton M Z 100 TeV
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Leggerissimo

Neutron has charged particles inside (quarks), but no net charge polarity.
Possible solution: quark subcomponents forced into charge-balanced
configuration to minimize the potential energy of an associated field, the axion.

Salviati happy: axion part of fundamental physics.

Axion mass small — wave-like description

Axion Dark photon

10712eV<m <103eV 1022eV<m<1eV
100 Hz < f <1 THz 10nHZ <f <1000 THz

Parity Leading-Order Couplings to SM

pseudoscalar (axion) QCD, E&M, spin
scalar E&M, scalar
vector (dark photon) E&M, spin

axial vector spin




Dark Matter Wave Dark Matter Wave

Radio
Cavity
.+ Quantum Sensor ¥ + Quantum Sensor
. Y,

Microwave Cavity Lumped Element

Dark Matter Wave i ; Dark Matter Wave
g i

kNMH + Quantum Sensor y. Qu_antum
atomic clocks

Magnetic Resonance Atom Interferometry




Leggerissimo

axion frequency
HMHz mHz Hz kHz MHz GHz THz

axion coupling strength ——>

—

Planck
scale

10" 10" 10" 10" 10® 10 103
axion mass (eV)



Wimponaccio, a.k.a. WIMPzilla

We know only that DM couples to gravity?
Suppose that is only coupling?

How to produce DM? Quantum vacuum is unstable in external fields!

Particle creation if energy gained in acceleration over a
Compton wavelength exceeds the particle’s rest mass.

_ — _ expansion _
of space

Hcrit — rneC2

Schwinger 1951 Schrodinger 1939




Wimponaccio, a.k.a. WIMPzilla
Couple scalar field yto gravity:

S= [d'x/~g[39"0,x0,x ~ M ~RY]

g = metric tensor R =Ricci scalar &= constant Salviati:

Inflation signifies a new

2
o ( R /108 GeV)(He/1012 GeV) mass scale.
— Sga]ar { =1/6 | - He expgnsion rate at end
- .e-  Fermion pf inflation, comparable to
ﬁ . inflaton mass.
T L
5_-,\1{)‘ » Expect other particles with
o mass comparable to
GN inflaton mass.
10~ - If one stable, natural
candidate for dark matter
(WIMPzilla miracle).
1{2!71%:; —= ”i[')-l - mi[)ﬂ — 10! * Can also produce via

m/ H Higgs portal freeze-in/out.



For discussion

 Dark Matter is not WIMPs. Time to MOVE ON!
2010s is not the decade of the WIMP!

* Where to move?
Axions/dark photons
Lighter thermal DM
Ultraheavy DM
DM sector with interactions
Is DM a particle? Soliton?

ow - |

Accelerator Searches

Direct Detection

zeV aeV feV peV neV pevV meV eV
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