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Dark Matter Freeze out

• Dark matter in thermal equilibrium with SM at 
high temperature


• As the Universe cools down, chemical 
equilibrium is no longer maintained when 

 , and the dark matter abundance drops 
exponentially


• The Universe expansion rate eventually 
exceeds the dark matter annihilation rate, and 
the comoving dark matter density “freezes”


• A cold dark matter relic is left over

T < Mχ
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Hooper, arxiv: 0901.4090

⟨σv⟩ ∼ 3 × 10−26cm3/s
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Dark Matter From Black Hole Evaporation

• Primordial perturbations reenter the horizon, if 
the overdensity is larger than the critical value, 

, the overdense regions may collapse 
into black holes


• Black holes evaporation via Hawking 
radiation, emitting dark matter


• Dark matter cools down as the Universe 
expands, producing the relic abundance


• Non-gravitational interactions between DM 
and SM are NOT required

δ > δc
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Cheek et al, arxiv: 2107.00013

See also Lennon et al, arxiv: 1712.07664, 

Baldes et al, arXiv: 2004.14773
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The Black Hole Portal

• Hoop conjecture suggests that black holes can form 
when the impact parameter of the collision is below 
the diameter of the black hole horizon, i.e. 




• Black hole production cross section 



• Black holes decay to dark matter particles 
instantaneously via Hawking evaporation

ECM ≳ MPl

σBH = πb2
max = 4πr2

H
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Black Hole Production in the Early Universe

• After reheating, the primordial plasma has a temperature 


• The high energy tail of the phase space distribution accidentally produces 
black holes in particle collision with 


• The BH production rate is exponentially suppressed by 

T < MPl

ECM ≳ MPl

M∙/T
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Dark Matter from Microscopic Black Holes

• Black holes lose mass by emitting all particle degrees of freedom


• The number of particles produced during the lifetime of a black hole


• Integrating over BH production temperatures
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Ωdmh2 ∼ 0.1
gdmmdm

10 keV ( Mmin

MPl )
5

( Mmin

10 TRH )
3/2

e10− Mmin
TRH

greybody factor

The DM abundance is also exponentially suppressed by Mmin/TRH
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Dark Matter from Microscopic Black Holes
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Ωdmh2 ∼ 0.1
gdmmdm

10 keV ( Mmin

MPl )
5

( Mmin

10 TRH )
3/2

e10− Mmin
TRHFriedlander, NS, Vincent, arXiv: 2303.07372

stable black hole 
remnant
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Dark Matter from Microscopic Black Holes
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Ωdmh2 ∼ 0.1
gdmmdm

10 keV ( Mmin

MPl )
5

( Mmin

10 TRH )
3/2

e10− Mmin
TRHFriedlander, NS, Vincent, arXiv: 2303.07372

Correct DM relic 
abundance is obtained 
when 
TRH ≲ 0.1MPl

Excluded by warm 
dark matter
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Quantum Gravity at a Glance

• SM particles are confined to the 3D “brane”


• Gravitons can propagate in the 3+n D “bulk”
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Gravitational potential

V(r) ∼
m1m2

Mn+2
⋆

1
rn+1

(r ≪ R) ⇔ V(r) ∼
m1m2

Mn+2
⋆ Rn

1
r

(r ≫ R)

Match two conditions at  r ∼ R

M2
pl ∼ M2+n

⋆ Rn

Arkani-Hamed, Dimopoulos, Dvali, PRD 1998
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Hawking radiation

• BHs decay to all possible degree of freedom


•  excluded by solar system-scale gravity


• LHC exclude  depending on 

n = 1

M⋆ > 5 ∼ 10 TeV n
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extra dimensions

bulk Planck scalen=1 killed

Mack, McNees, arXiv:1809.05089
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Black Holes in Large Extra Dimensions (LEDs)
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Friedlander, Mack, NS, Schon, Vincent, PRD/2201.11761

4D BHs

LED black holes typically have lower Hawking temperature 
and longer lifetime
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LED Black Holes in the Early Universe

• Microscopic black holes are created in collisions of primordial plasma


• Black holes above a threshold mass accrete to become massive black holes
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A Snapshot of LED BH Constraints
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n=2 black holes could be good dark matter candidate for M⋆ = 10 TeV

Friedlander, Mack, NS, Schon, Vincent, PRD/2201.11761

CosmoLED

https://github.com/songningqiang/CosmoLED
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A Cosmic History of Dark Matter Production

• Microscopic black holes created in 
particle collisions after reheating


• Microscopic black holes accrete 
and grow to massive black holes


• Black holes evaporate, producing 
dark matter, and disappear before 
BBN


• Dark matter cools down

16

Friedlander, NS, Vincent, PRD/2306.01520
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Dark Matter from LED Black Holes
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Like in 4D, the DM abundance is exponentially suppressed by M⋆/TRH
Friedlander, NS, Vincent, PRD/2306.01520
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Dark Matter from Massive Black Holes
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Friedlander, NS, Vincent, PRD/2306.01520

BHs that are long-lived and accrete
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Dark Matter from Microscopic LED Black Holes
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Excluded by warm 
dark matter

Correct DM 
abundance

Like in 4D, the DM abundance is exponentially suppressed by M⋆/TRH
Friedlander, NS, Vincent, PRD/2306.01520

BHs that are short-lived and decay
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Compare Production Scenarios
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Dark matter from short-lived microscopic black holes always dominate

DM from long-lived massive BHs

 DM from short-lived microscopic 
black holes

mailto:songnq@itp.ac.cn


TAUP2023                                                                          Ningqiang Song (songnq@itp.ac.cn)

Summary and Outlook

• Dark matter can be produced from the evaporation of primordial black holes, 
where non-gravitational interactions are not required


• In 4D, microscopic black holes are created when the reheating temperature is 
not far below the Planck scale


• In Large Extra Dimensions, microscopic black holes can accrete into massive 
black holes


• Both massive black holes and microscopic black holes yield the correct relic 
abundance


• Gravitational waves from LED BHs, early matter domination…
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Thank you!
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Microscopic Black Holes and Hoop conjecture 

• BH production allowed if  or 


• BHs can be produced in high energy particle collisions:


• Cosmic neutrino-nucleon scattering


•  collision in FCC


• High energy cosmic ray detection


• Cosmic ray-cosmic ray collision


• Hot plasma in the early Universe


• …

b < bmax ECM ≳ M⋆

pp
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Mack, NS, Vincent, JHEP 2019/1912.06656

NS, Vincent, PRL,1907.08628
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Microscopic Black Holes at Neutrino Telescopes

•  CC: Energetic EM shower with less 
energetic hadronic shower


• NC: Energetic hadronic shower


•  CC: EM shower or hadronic shower 
depending on decay product


• Black holes: Energetic hadronic shower 
with less energetic EM shower

νe

ντ
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Mack, NS, Vincent, JHEP 2019/1912.06656

muon echo
neutron echo

prompt 

shower
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Microscopic Black Holes at Neutrino Telescopes

• Mutitrack: BHs produce multiple 
muons or taus


• N-bang: Multiple taus decay


• Kebab: Multiple taus decay along 
with a track


• Double BH bang: BH decay 
product produces another BH

26

multitrack n-bang

kebab double black hole bang

μ±
μ±

μ±

μ±

τ±
τ±

τ±

τ±

τ±

Rare but smoking-gun evidence of BHs! Mack, NS, Vincent, JHEP 2019/1912.06656
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Microscopic Black Holes at Future Colliders

• Missing  from  BH decay to DM+SM vs BH 
decay to SM


• Dark sector can be inferred from missing  
distributions


• Only  to  BHs required to 
resolve the dark sector if  at FCC

p⊥

p⊥

𝒪(100) 𝒪(10000)
NDM ≥ 4
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Dark matter contributes to missing 
transverse momentum at colliders!

ν,gravitons

ν,DM,gravitons

missing transverse momentum

NS, Vincent, PRL 2020/1907.08628

The (only) way of detecting DM without

non-gravitational interactions
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Neutrino Telescope - Cherenkov Light Echos

• Particles from neutrino-nucleon 
interaction deposit their energy 
promptly within   s, secondary 
muons decay at s, and 
neutrons are captured at s


• Hadronic showers featured with larger 
muon echo and neutron echo than 
electromagnetic shower

10−7

∼ 1 − 10 μ
∼ 200 μ
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muon echo
neutron echo

See also Li, Bustamante, Beacom, 1606.06290
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Black Hole Discovery Limit
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LHC

Mack, NS, Vincent, JHEP 2019/1912.06656
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Greybody spectra
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4D BHs

Scalar Fermion

Vector Graviton 

Energy
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LED Black Hole Mass Evolution

• If the black hole mass is above the 
threshold, they grow to massive black 
holes; otherwise, they decay 
immediately


• The black hole mass after accretion is 
independent of the initial black hole 
mass


• If the reheating temperature is high 
enough, BHs will dominate the energy 
density in the early Universe, resulting 
in early matter domination
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Friedlander, Mack, NS, Schon, Vincent, PRD/2201.11761

mailto:songnq@itp.ac.cn


TAUP2023                                                                          Ningqiang Song (songnq@itp.ac.cn)

Constraints from CMB

• BH evaporation during and after 
recombination leads to high 
energy electrons and photons, 
which rescatter CMB photons, 
suppressing the angular power 
spectrum on small scales


• Polarized Thomson scattering 
enhances EE power spectrum at 
lower multiples
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Friedlander, Mack, NS, Schon, Vincent, PRD/2201.11761

0

2

4

6

8

10

12

14

16

18 108

0 500 1000 1500 2000 2500

-0.2

-0.1

0

0.1

Planck 2018 high-  TT,TE, EE+low-  TT, EE+Planck lensingl l

mailto:songnq@itp.ac.cn


TAUP2023                                                                          Ningqiang Song (songnq@itp.ac.cn)

Constraints from Extragalactic Background Light
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Gamma rays from direct evaporation, positron annihilation and inverse Compton
Friedlander, Mack, NS, Schon, Vincent, PRD/2201.11761
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Black Holes in LED
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Dark Matter from Microscopic LED Black Holes
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