
Dark Matter
some provocative comments

Dark Matter
some provocative comments

Rocky Kolb
University of Chicago

Nicola @ 65
January 2019



At the intersection of astronomy and physics
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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

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

Two philosophies:

Simplicio Salviati

I don’t care about the nature of dark 
matter, as long as it is dark, cold, & 
dissipationless (CDM) I can calculate 
(simulate) its role in the evolution of
structure and understand necessary 
astrophysics.  

I care about the nature of dark matter 
because it must exist for a reason other 
than to be a part of Simplicio’s code. 
Feynman: “Nature weaves its tapestry 
from the longest threads.”    What is the 
dark matter thread?





Dark Matter particle mass range

Mass Range for Particle Dark Matter

m > 10−22  eV: de Broglie wavelength smaller than dark-matter dominated objects

m < 1019  GeV: mass less than Planck mass

m > few eV:  if fermion (exclusion principle)

If thermal freeze-out

m > me : annihilation to SM particles

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

Is Dark Matter a Particle Or a Wave?

m < 1 eV: occupation number in de Broglie-wavelength volume  1 → WAVE

m > 1 eV: occupation number in de Broglie-wavelength volume < 1 → PARTICLE



Most popular paradigm: cold thermal relic*

* An object of particular veneration.

• 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

“freeze-in” to final abundance

• Freeze-out/in: interplay between 

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

m Tχ

n nχ γ

Freeze-in

Freeze-out

Equilibrium



Dark Matter talks to Standard Model through a 
PORTAL

PORTAL

DM (χ ) SM

SMDM (χ )

Usually assume PORTAL is some mediator more massive than dark matter

ggχ

Evolution of DM abundance set by Boltzmann equation: 
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Ωh2 ≈ 0.12 ×
áσAvñ

10−36 cm2

Final freeze-out abundance:

𝜎𝐴v =                        assume gχ ≈ g  ≈ e ;  M  ≈ few  × mχ

𝜎𝐴v =  10−36 cm2 = α  2
(150 GeV) 2

weak scale!
Weakly Interacting Massive Particle (WIMP)

• velocity dependence
• resonances
• co-annihilation
• log dependence on M
• decay production
• spin-dependence
• asymmetries
• …

Lawyer voiceover:
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To satisfy Salviati:  Neutralino? Kaluza-Klein photon?



Direct, Indirect, Accelerator

χ + SM  → χ + SM :  Direct detection

χ + χ → SM  +  SM  : Indirect detection

SM  +  SM  → χ + χ : Accelerator production (and detection)

DM (χ ) SM

SMDM (χ )

ggχ



gχ

Direct detection—spin independent

neutrino floor

Completed Projected

femtobarn

attobarn

zeptobarn

yoctobarn

picobarn

http://cdms.berkeley.edu/limitplots/mm/WIMP_limit_plotter.html

2M q qμ μχ γ χ γ− ⋅



Direct detection—spin dependent

http://cdms.berkeley.edu/limitplots/mm/WIMP_limit_plotter.html

neutrino floor

Completed Projected

femtobarn

attobarn

picobarn

nanobarn

zeptobarn

2 5 5M q qμ μχ γ χ γ− ⋅



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
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• mχ smaller  → gχ ⋅ g  must be smaller

• g must be small to avoid undetected 
new SM force.   Can take gχ ~ e

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

Satisfy Salviati: New dark sector weakly coupled to SM sector

DM (χ ) SM

SMDM (χ )

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

Technology DM reach

Cryo semiconductors
NR > 1 MeV
ER > 1 MeV

Cryo superfluid NR > 1 MeV

Cryo crystalline scintillators
NR > 10 MeV
ER > 1 MeV

Charge-only semiconductors ER > 1 MeV

Charge-only noble liquid/gas
NR > 100 MeV
ER > 1 MeV

Superheated/cooled liquids NR > 100 MeV

Technology DM reach

Polar materials NR > 1 MeV

Diamond NR > 1 MeV

Molecular gas NR > 100 keV

Graphene ER > 1 MeV

Dirac Material CE > 1 keV

Magnetic bubble NR > 100 keV

NR = nuclear recoil         ER = electron recoil



Essig

Freeze-in Freeze-out



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

Wimpinetti direct detection



Missing ET

Replicate big-bang production

Spectrum of
Dark sector

Wimpinetti at accelerators



existing
colliders

10−22 eV melectron mproton M Z 100 TeV

potential
fixed-target

Dark photon mediated 
freeze-out

Kinetic mixing strength ε
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Wimpinetti at accelerators



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 

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

Axion

10−12 eV < m < 10−3 eV
100 Hz <  f   < 1 THz

Dark photon 

10−22 eV < m < 1 eV
10 nHZ < f < 1000 THz





Leggerissimo



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

e+ e− E
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Schwinger 1951                              Schrödinger 1939



Couple scalar field χ to gravity:
4 2 2 21 1
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g = metric tensor    = Ricci scalar   ξ = constant

Wimponaccio, a.k.a. WIMPzilla

Salviati:

• Inflation signifies a new 
mass scale.

• He, expansion rate at end 
of inflation, comparable to 
inflaton mass.

• Expect other particles with 
mass comparable to 
inflaton mass.

• If one stable, natural 
candidate for dark matter 
(WIMPzilla miracle).

• Can also produce via 
Higgs portal freeze-in/out.m H

( )( )28 1210  GeV 10  GeVRH eT H×



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?  

Accelerator Searches

Direct Detection

Ultralight Searches

CurrentADMX →
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