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HIGH MASS DARK MATTER
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WHAT DO WE KNOW ABOUT HIGH MASS DARK MATTER?

➤ Direct detection experiments and multiscatter
with Benjamin Broerman, Rafael Lang, Nirmal Raj, Amit Bhoonah, Ningqiang Song

➤ Interstellar gas cloud cooling
with Amit Bhoonah, Fatemeh Elahi, Sarah Schon, Ningqiang Song

➤ Solar / terrestrial / martian / white dwarven / neutron stars
with Javier Acevedo, Alan Goodman, Joachim Kopp, Toby Opferkuch, Yu-Dai Tsai

➤ High mass cosmology, connection to asymmetries
with James Unwin, Amit Bhoonah, Simran Nerval, Ningqiang Song

➤ Accelerating dark matter
with Javier Acevedo, Alan Goodman
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Multiscatter: models of dark matter interact many times in detectors.


New searches for multiply interacting dark matter (MIMPs)
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EXTRAPOLATING TO HIGH MASS DARK MATTER
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G1.4-1.8+87 (prelim)
G357.8-4.7-55
G1.5+2.9+1.05

Naive extrapolation fails, 
need new analyses.
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EXPERIMENT LOOKING FOR FLUX OF NEW PARTICLES

• If particles have velocity v (~0.001c), then sensitivity of 
detector sets a minimum energy threshold for detection

Eth ⇠ µ2
nxv

2/mncross-section 
for DM to hit 

detector particle

mass of dark matter
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EXPERIMENT LOOKING FOR FLUX OF NEW PARTICLES

cross-section 
for DM to hit 

detector particle

mass of dark matter

• Detector is composed of Na atoms and observes for time t 

• As DM mass increases, DM particle flux decreases,  
so cross-section sensitivity decreases as 1/mx

DM number density

Nhits ⇠ Na�axnxvxt

{ DM hits per atom
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EXPERIMENT LOOKING FOR FLUX OF NEW PARTICLES

cross-section 
for DM to hit 

detector particle

mass of dark matter

• For high enough DM mass, only a few DM particles  
expected in time t

Area of detector

Flux limit ⇠ 2 ⇠ Adnxvxt
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Overburden

• DM particles will be slowed through repeated scattering 
with atmosphere, earth, aluminum space station wall.

Down low, too slow? Length of overburden

Ethresh . Ei(1�ma/mx)
na�axLob
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EXPERIMENT LOOKING FOR FLUX OF NEW PARTICLES

cross-section 
for DM to hit 

detector particle

mass of dark matter

• Overburden cross-section increases 
linearly with DM kinetic energy ~mx vx2

Ethresh ⇠ mxv
2
x

✓
1� ma

mx

◆hits in overburden
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EXPERIMENT LOOKING FOR FLUX OF NEW PARTICLES

cross-section 
for DM to hit 

detector particle

mass of dark matter

Special point — requires all passing 
particles to hit once in detector
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MULTISCATTER DARK MATTER DETECTION

cross-section 
for DM to hit 

detector particle

mass of dark matter

single scatter 
in detector

na�axL < 1 L

Lna�axL > 1

multiscatter 
in detector ⌧ = na�axL = 1
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Multiscatter frontier, in general
Transit time for a MIMP through 


a meter is five microseconds

Individual nuclear scattering events typically

deposit ~10 keV 

Bubble Chamber Time Projection Chamber
S1(s) S2(s)bubble(s)

MIMP

5 μs
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τ  is the approximate number of hits per detector passage.

For τ > 5 (τ > 500) the S2 (S1) pulses merge 


into elongated pulses S2’ (S1’). 


For τ > 500, there will be overlap 

between the S2′ and S1′ elongated pulses.


S1s S2s

τ < 5

S1s S2’

5 < τ < 500

S1’ S2’

 τ > 500

S1 (10 ns)-prompt scintillator recoil flash S2 (μs)-drifted electrons

Multiscatter frontier, Xenon TPC
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UNDERGROUND MULTISCATTER PROSPECTS

1910.05380
1812.09325

Scintillating Neutrino Detectors
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UNDERGROUND MULTISCATTER PROSPECTS

1910.05380
1812.09325

Scintillating Neutrino Detectors Underground Multiscatter Searches

2009.07909
1803.08044
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PICO-60 multiscatter search ongoing

Courtesy Ben Broerman, Queen’s PhD student 

ongoing analysis

MIMP scatter should be highly collinear.

For <kilobarn cross-section.

⌦max . 1.7�
⇣ ma

100 GeV

⌘✓
1013 GeV

mx

◆✓
L

100 cm

◆✓
na

1022/cm3

◆1/3

.

~400 ns acoustic sensors
~mm resolution stereo cameras 


see bubbles (up to 500)

MIMP

2.5 μs
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ETCHING PLASTIC SEARCHES FOR DARK MATTER
➤ Two searches in 1978 and 1990 for cosmic rays and monopoles using acid-etched plastic track detectors 

➤  Still have best sensitivity for some high mass dark matter, for different reasons

Skylab Ohya Quarry

Bhoonah, JB, Courtman, Song

(see also Starkman, Gould, Esmailzadeh Dimopoulos 1990)

2012.13406
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ETCHING PLASTIC SEARCHES FOR DARK MATTER

➤ Use realistic dark matter density and velocity distribution, solve for overburden+etching exactly

2012.13406 19



ETCHING PLASTIC SEARCHES FOR DARK MATTER

➤ Use realistic dark matter density and velocity distribution, solve for overburden+etching exactly

2012.13406

Previous 
Skylab 
estimate
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ANCIENT MICA SEARCH FOR DARK MATTER

Acevedo, JB, Goodman in prep

2 Dimensional,
Cut and acid etch,
examine depths in
cleavage plane with
atomic force microscopy

Background rejection:
better than MC expectation➤ 1995 Snowden-Ifft et al. calibrated mica samples

➤ Recast using crust and mica MC methods

PRELIMINARY
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GAS CLOUDS
The earth and atmosphere block detection of


strongly-interacting dark matter

Use detectors in space!


x x
x dark matter kinetic energy < recoil threshold

big

little overburden


unbound electrons

Interstellar gas
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GAS CLOUDS AS CALORIMETRIC DETECTORS

bronze clamp

copper

holder sapphire


10 mK

conducting

wire

conducting

wire

sapphire


10 mK

TES

CRESST sapphire 
cooling: conducting wire

readout: TES thermal phonon

Cold Galactic gas clouds
cooling: carbon transitions

readout: 21 cm emission    

C

H
C* C

21 cm

H
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GAS CLOUD COOLING
For 10-100 K gas clouds cooling results from

electrons and hydrogen colliding with metal ions,
and subsequent atomic de-excitation.

Collisions are rarer at lower temperatures.

→So as the cloud cools, 
the cooling rate decreases.

100 K
80 K

60 K

Cooling rate / n2

H
�
p

T/m
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GAS CLOUD DARK MATTER HEATING EQUILIBRIUM

Cooling decreases with gas cloud temperature. 

If dark matter predominantly heats the gas cloud,
the cloud will not cool below some temperature.

100 K

80 K

80 K

x x

x

x

Cooling rate � Dark matter heating rate
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Conservative: assume all heating by DM

X

X

N

N

There are known ubiquitous heating sources, like cosmic UV
background, cosmic rays, dust grain heating.

2P3/2 →2P1/2

C

H,e
C* C

H,e

cosmic rays

Xray/UV background

photoelectric heating 
via dust grains

DM

(DM +)
In reality:

radiative cooling

GAS CLOUD BOUNDS
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GAS CLOUD BOUNDS

Cooling curves are monotonic  
decreasing for T < 1000 Kelvin

Set bound on dark matter interacting with either unbound electrons or metals
Dark heating < radiative cooling

21 cm

x

x

e,Z

e,Z

V CR = f(T, nH, [Fe/H])
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Infer the cooling rate of the gas 
from 21cm emission + models

Class I Bound

Class I
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GAS CLOUD BOUNDS

Dark heating < radiative cooling

co
ol

in
g 

ra
te

Infer the cooling rate of the gas 
from 21cm emission + models

Class II Bound

21 cm

x

x

H

H

Same as Class I, but now consider 
scattering off of non-metals/electrons

Bound now depends on metallicity

Temperature (K)

[Fe/H]=0.5
[Fe/H]=-0.5
[Fe/H]=-1.5
[Fe/H]=-2.5

Maio et al. 2007

Should choose a conservative metallicity for a robust bound

V CR � [Fe/H]
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Class II
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HEAVY DM IN GAS CLOUD, NUCLEAR INTERACTIONS
Gas Cloud 357.8-4.7-55 


McClure-Griffiths et al. 2013 Δv from 21cm

emission gives 


T<137 K
G357.8-4.7-55  

M = 237 M⊙

rgc = 12.9 pc

nn = 0.4 cm−3

Tg �< 137 K

rlos ~ 800 pc

vg = -54 km/s

(assume spherical cloud)

McClure-Griffiths et al. 2012
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HEAVY DM IN GAS CLOUD, NUCLEAR INTERACTIONS

2010.07240

Gas Cloud 357.8-4.7-55 


McClure-Griffiths et al. 2013 Δv from 21cm

emission gives 


T<137 K
G357.8-4.7-55  

M = 237 M⊙

rgc = 12.9 pc

nn = 0.4 cm−3

Tg �< 137 K

rlos ~ 800 pc

vg = -54 km/s

(assume spherical cloud)

McClure-Griffiths et al. 2012

➤ Fixed cross-section for scattering off all nuclei
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HEAVY DM IN GAS CLOUD, NUCLEAR INTERACTIONS

2010.07240

Also update on CDMS-I limit using multi scatter
(Muon veto rejects strong interactions)
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HEAVY COMPOSITE DM IN GAS CLOUD, LONG-RANGE INTERACTIONS

2010.07240

Vector Portal Dark Matter

Mediator with a mass, can be applied to 
millicharged in the nearly massless limit.


xA A’
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Stars and Planets As Dark Matter Detectors

Special thanks to Alan Goodman 33



χ

χ

χ

Scatter Capture

First 
Thermalization

Second 
Thermalization

Annihilating DM 
heats Earth Or

Non-annihilating 
DM collapses to BH
(then heats or eats 

earth)
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χ

χ

χ

Scatter Capture

Non-annihilating 
DM collapses to BH
(then heats or eats 

earth)

Same for the Sun
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χ

χ

χ

Scatter Capture

Non-annihilating 
DM collapses to BH
(then heats or eats 

earth)

Same for the Sun

And White Dwarfs and 
Neutron stars
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Scatter Capture

f*(v) ∼ ∫
1

−1
𝖽 cos ϕ (v2 − v2

e )3/2 exp (−
ṽ2

v2
0 ) Θ(v − ve) Θ(veg − ṽ)

For high mass DM, need proper Earth frame DM distribution, 
since capture can be dominated by low-velocity DM 

vvmax

f*(v)

Pcap

Ensures all DM is slower than the galactic escape velocity, 
, but faster than Earth’s escape velocityveg = 528 𝗄𝗆/𝗌

χ
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Earth

Sun
Earth

Sun
σχA ≃ A4σχN σχA = σc

Cχ(mχ, σ) = 4πR2
⊕⟨vχ⟩

ρχ

mχ
Pcap(mχ, σ)

χ
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Earth

Sun
Earth

Sun
σχA ≃ A4σχN σχA = σc

χ

Single Scatter Capture Multi Scatter Capture
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Thermal velocity of nuclei  vj ≃
3T⊕

mj

( dE
dt )

in
≃ − ρjσχjv3

χ

( dE
dt )

vis
≃ − ρjσχjvjv2

χ

‘inertial’ regime

‘viscous’ regime

vχ ≫ vj

vχ ≪ vj

( dE
dt )

vis
≪ ( dE

dt )
in

Use viscous regime 
scaling, gives longest 
thermalization time

χ

vχvj

40



rth =
9T⊕

4πGρ⊕mχ
≲ 𝒪(km)⟨Ek⟩ ≃ − 2⟨V⟩

“Sphere” of DM particles in the Earth settle at thermal radius:

41



rth =
9T⊕

4πGρ⊕mχ
≲ 𝒪(km)⟨Ek⟩ ≃ − 2⟨V⟩

If they annihilate:

Earth/Martian heating!

SM( )≠ ν

SM( )≠ ν

1909.1168342

Sphere of DM particles in the Earth settle at thermal radius:



rth =
9T⊕

4πGρ⊕mχ
≲ 𝒪(km)⟨Ek⟩ ≃ − 2⟨V⟩

Sphere of DM particles in the Earth settle at thermal radius:

If they annihilate:

Earth/Martian heating!

SM( )≠ ν

SM( )≠ ν

1909.1168343



rth =
9T⊕

4πGρ⊕mχ
≲ 𝒪(km)⟨Ek⟩ ≃ − 2⟨V⟩

“Sphere” of DM particles in the Earth settle at thermal radius:

If they annihilate:

Earth/Martian heating!

SM( )≠ ν

SM( )≠ ν

1909.1168344



rth =
9T⊕

4πGρ⊕mχ
≲ 𝒪(km)⟨Ek⟩ ≃ − 2⟨V⟩

If they annihilate:

Earth/Martian heating!

SM( )≠ ν

SM( )≠ ν

1909.1168345



rth =
9T⊕

4πGρ⊕mχ
≲ 𝒪(km)⟨Ek⟩ ≃ − 2⟨V⟩

If they annihilate:

Earth/Martian heating!

SM( )≠ ν

SM( )≠ ν

1909.1168346



Jeans instability condition:        ρχ ≳ ρ⊕

Self-gravitating condition:         Mcap ≳
3T3

⊕

πG3m3
χ ρ⊕

= Msg

Fermi degeneracy condition:    Mcap ≳
M3

pl

m2
χ

= Mf

Critical mass for collapse:       Mcrit = max(Mf, Msg)

If they don’t annihilate: collapse!
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𝖽MBH

𝖽t
≃ B × M2

BH −
H

M2
BH

+ C

Bondi Accretion: 
- Causes BH to grow 
- Larger for larger black holes (lighter DM)

Hawking radiation: 
- Causes BH to shrink 
- Larger for smaller BHs (heavier DM)

Dark Matter Accretion: 
- Causes BH to grow 
- Independent of DM or BH mass 

- Has a maximum value of mχΦχ ≃ 3000 𝖳𝖶 ≃ 1025 GeV/s

Earth Sun

Max destructive  

Hawking = Bondi +  

mχ

mχΦχ

Min evaporative  
Hawking = Bondi

mχ 4.5 × 109 𝖦𝖾𝖵

2.7 × 1010 𝖦𝖾𝖵 3 × 1014 𝖦𝖾𝖵

4.6 × 1011 𝖦𝖾𝖵

BH evolution
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𝖽MBH

𝖽t
=

4πρ⊕(GMBH)2

c3
s

−
f(MBH)

15360π(GMBH)2
+ mχCχ

���� ���� ����

�×����

�×����

�×����

�×����

��� [���]

�(�
��

)[
�
��

� ]

BH evolution

-Include greybody factor 
f(M) for spin zero BH
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For evaporating BHs:

Exclude DM models that would:

(1) overheat the Earth 

J. Mareschal and C. Jaupart, 
Heat Flow Measurements (2011)

For destructive BHs:

Exclude DM models that form faster than a billion years 

(a) 

(b) 

(c)

mχCχ ≥ 44 𝖳𝖶
tevap + tform ≲ 1 𝗄𝗒𝗋
tdrift ≲ 1 𝖦𝗒𝗋
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For evaporating BHs:

Exclude DM models that would overheat the Earth 

(a) 

(b) 

(c)

tdrift ≲ 1 𝖦𝗒𝗋
tevap + tform ≲ 1 𝗄𝗒𝗋
mχCχ ≥ 44 𝖳𝖶

Time
tdrift tform + tevap

For destructive BHs:

Exclude DM models that form faster than a billion years 

tdrift
strongly interacting DM

53



106 108 1010 1012 1014 1016 1018
10-32

10-27

10-22

10-17

10-12

Dark matter mass mχ [GeV]

D
M
-
nu
cl
eo
n
cr
os
s-
se
ct
io
n
σ
χN

[c
m
2 ]

106 108 1010 1012 1014 1016 1018
10-28

10-23

10-18

10-13

10-8

Dark matter mass mχ [GeV]

D
M
co
nt
ac
t
cr
os
s-
se
ct
io
n
σ
c
[c
m
2 ]Sun destroyed

Earth destroyed

Earth heating

Mcap = Mcrit

Mcap = 44 𝖳𝖶

𝖡𝖧
𝗌

𝖤𝗏
𝖺𝗉

𝗈𝗋
𝖺𝗍

𝖾
tdrift

≃ 1 𝖦𝗒𝗋

M
cr

it
=

m
χΦ

χ
×

𝖦
𝗒𝗋

54



In order to ignite a carbon-oxygen white dwarf, the dark 
matter must be heavy so that it thermalizes inside a 

small volume within the white dwarf, and collects to the 
point of collapse within ~1010 years.

DM collects to the

point of self-gravitation.

Harmonic Oscillator potential

kBT ⇠ G⇢wdmxr
2
th

Heavy Dark Matter Ignition of Type Ia Supernovae
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In order to ignite a carbon-oxygen white dwarf, the dark 
matter must be heavy so that it thermalizes inside a 

small volume within the white dwarf, and collects to the 
point of collapse within ~1010 years.

DM collapses, shedding

gravitational potential energy


through scattering,

igniting a SNIa.

DM collects to the

point of self-gravitation.

Heavy Dark Matter Ignition of Type Ia Supernovae

Harmonic Oscillator potential

kBT ⇠ G⇢wdmxr
2
th
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Bounds on dark matter from an old GAIA White Dwarf

Javier Acevedo JB 2019

Ignition from 
evaporating 
black hole
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Signal Characteristics:

- Flavour universal

- Blackbody temperature





- Transient

- Directional


Spectra:

- Primary:  pairs emitted at event horizon

- Secondary: decays of unstable primary 

particles/hadrons


T(MBH) =
1

8πGMBH

ναν̄α

BlackHawk (Hawking radiation) + PYTHIA (hadronization) + nuSQuIDS (propagation)

Neutrinos From Black Holes in the Sun
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Primaries - direct BH production of

muon neutrinos

Secondaries - muon neutrinos 
produced in particle showers

Integrated spectra:

𝖽MBH

𝖽t
= −

f(MBH)
(GMBH)2

f(MBH) = ∑
i

gi ∫
∞

0

E
2π

Γsi
(MBH, E)

eE/TBH ± 1 59

prop effects
no prop



60Analysis recast from IceCube’s 1612.05949



Minit
BH ≲ 108 g Minit

BH ≳ 4 × 1010 g
Need multiple 

evaporating BHs
BHs do not evaporate  

108 g ≲ Minit
BH ≲ 4 × 1010 g

single evaporating  
BH suffices 61
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Weakly interacting dark matter "miracle"

As the universe cools, dark matter

falls out of thermal equilibrium, some


portion annihilates to SM particles

The final relic abundance depends

on the annihilation cross-section,


but only logarithmically on mx

The thermal relic annihilation cross-section

matches the couplings and mass 

of the weak force, "wimp miracle"

⌦xh
2 / xFO

�0
| xFO / ln[mx]

⌦xh
2 ⇠ 0.1

⇣ mv

100 GeV

⌘2
✓
0.03

↵w

◆2
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DM Mass Unitarity Limit

1. Assume freeze-out abundance set with annihilation

3. Then because this cross-section is a picobarn for thermal freeze-out, the 
suggestion for frozen out dark matter mass is

Griest, Kamionkowski, '87

mDM . 100 TeV

2. Require the annihilation cross-section not exceed a 
perturbative bound

{wimp miracle�0 ⇠ picobarn = 10�36 cm2
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Unitarity mass limit caveat: Entropy changes in the early universe

Degrees of Freedom in SM-only Universe

Kolb and Turner 1988
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ηb ~ 1
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DM freeze-out

High Scale Baryon Asymmetry Cosmology 
Dilutes Abundances

ab
un

da
nc

e
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DILUTE

DILUTION FACTOR ζ
See also 

Allahverdi Dutta Sinha '11 
Kane Shao Watson ’11 

Davoudiasl Hooper McDermott ’15 
Berlin Hooper Krnjaic '16
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JB, Unwin 1701.05859

10 104 107 1010
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0.001

0.100

mDM  (GeV)

ζ

p-wave
s-wave

α
DM

 = √4π

α
DM

 = 10 -2 

α
DM

 = 10 -4 

perturbative unitarity

baryon asymmetry

➤ Increasing dilution implies freeze-out dark 
matter masses up to 1010 GeV 

➤ Super-GUT masses if DM produced out of 
equilibrium

Much lower DM annihilation cross-section in diluted universe
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HIGH MASS ASYMMETRY, DILUTION, AND COMPOSITE DM

2012.10998

χ

χ

Diluted dark matter has a freeze-out abundance that scales with ζ-1

χ

χ

χ

χ χ

χ χχ
χ

χ

χ
χ χχ

This overabundance of dark matter can leads to very large  compositesφ − X

ℒ =
1
2

(∂φ)2 + X̄(iγμ∂μ − mX)X + gXX̄φX −
1
2

m2
φφ2 + gnn̄φn + ℒSM,

Consider a simple model of  fermionic DM coupled by a scalar field  

Nc = ( 2nXσXvX

3H )
6/5

= (
20 g*caTrT3/2

ca Mpl

m̄7/2
X ζ )

6/5

≃ 1027 ( g*ca

102 )
3/5

( Tca

105 GeV )
9/5

( 5 GeV
m̄X )

21/5

( 10−6

ζ )
6/5

Composite mass ranging from milligrams to thousands of tons

χ
χ

ζ~1

χχ
χ
χ
χχχχ

χ χχχ χ
χ

ζ~.1

χ
χ

χ

χ χ

χ
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HIGH MASS ASYMMETRY, DILUTION, AND COMPOSITE DM

2012.10998

χ

χ
χ

χ

Since diluted dark matter has a freeze-out abundance that scales with ζ-1

χ
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χ
χ

χ

χ
χ

χ
χ

χ

χ

χ

χ

χ

This overabundance of dark matter can leads to very large  composite DMφ − X

ℒ =
1
2

(∂φ)2 + X̄(iγμ∂μ − mX)X + gXX̄φX −
1
2

m2
φφ2 − V(φ) + gnn̄φn + ℒSM,

Consider a simple model of  fermionic DM coupled by a scalar field  

Nc = ( 2nXσXvX

3H )
6/5

= (
20 g*caTrT3/2

ca Mpl

m̄7/2
X ζ )

6/5

≃ 1027 ( g*ca

102 )
3/5

( Tca

105 GeV )
9/5

( 5 GeV
m̄X )

21/5

( 10−6
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6/5

⟨φ⟩

Fusion inside dark matter — Javier presents on Friday 75



➤ Direct detection experiments and multiscatter
➤ Interstellar gas cloud cooling
➤ Solar / terrestrial / martian / white dwarven / neutron stars

THE HIGH MASS DARK MATTER FRONTIER

76



➤ Direct detection experiments and multiscatter
➤ Interstellar gas cloud cooling
➤ Solar / terrestrial / martian / white dwarven / neutron stars
➤ High mass cosmology, connection to asymmetries

More from Amit Bhoonah on Friday

➤ Simple fermion-scalar superheavy composite dark matter, fusion
More from Javier Acevedo on Friday

THE HIGH MASS DARK MATTER FRONTIER
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THE HIGH MASS DARK MATTER FRONTIER
➤ Direct detection experiments and multiscatter
➤ Interstellar gas cloud cooling
➤ Solar / terrestrial / martian / white dwarven / neutron stars
➤ High mass cosmology, connection to asymmetries

More from Amit Bhoonah on Friday

➤ Simple fermion-scalar superheavy composite dark matter, fusion
More from Javier Acevedo on Friday

Upcoming work:
- Accelerative dark matter
- Mineral searches for heavy dark matter
- Composite cosmology 78


