
Charting Dark Matter Frontiers

Filippo Sala
DESY

QU DAY, DESY Hamburg, 21 Jan 2020



Filippo Sala
DESY

Charting Dark Matter Frontiers

QU DAY, DESY Hamburg, 21 Jan 2020



Filippo Sala (DESY)                       Charting Dark Matter Frontier      1

Dark Matter 2010

WIMP
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2020

QCD Axion

sub-GeV DM

Primordial BH

WIMP

Dark Matter 2010
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Dark Matter Map

=

Heavy

WIMPs Axions

sub-GeV

…

???
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Problems with our Model of Universe

Very different scales!

∼ 10′ s kpc

∼ Mpc

∼ 10 Gpc
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only known hypothesis that solves all of them at once

Dark Matter
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Since when? enough before CMB

How much? ⌦DM ' 0.26

How fast? Non-relativistic

“Particle” properties - feels Gravity  

- CMB (& not spoil BBN,…) = non-baryonic 

- Invisible now = almost electrically neutral 

- stable enough

“Historical" properties ΩDM =
ρDM

ρcrit
ρcrit =

5 protons
meter3( )

Rules of the Dark Matter Game
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Weakly Interacting Massive Particles

Weak = SM weak force, DM charged under 

(or = whatever interaction with the SM, provided                                ) 

SU(2)w ⇥ U(1)Y

↵ = 10�3 � 10�1

Particle properties:      massive                     neutral              stable           not a baryon      U(1)em
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Weakly Interacting Massive Particles

Weak = SM weak force, DM charged under 

(or = whatever interaction with the SM, provided                                ) 

SU(2)w ⇥ U(1)Y

↵ = 10�3 � 10�1

Particle properties:      massive                     neutral              stable           not a baryon      U(1)em

Example: DM     as an EW multiplet

6

χ
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Cosmological History

number density
of massive particle

Sets today’s DM abundance

⌦DM / 1

�v

� = nh�vi
<latexit sha1_base64="kDjfym83ZOqzAnQmc56qiWtid7s=">AAACEnicbZC7SgNBFIZn4y2ut1VLm8FE0CbsxkIbIWihZQRzgWwIZyeTZMjM7DIzGwghz2Djq9hYKGJrZefbOLkUmvjDwM93zuHM+aOEM218/9vJrKyurW9kN92t7Z3dPW//oKrjVBFaITGPVT0CTTmTtGKY4bSeKAoi4rQW9W8m9dqAKs1i+WCGCW0K6ErWYQSMRS3vLJ93w1sQAvAVljjkILuc4lCzrkUDHKopcPP5lpfzC/5UeNkEc5NDc5Vb3lfYjkkqqDSEg9aNwE9McwTKMMLp2A1TTRMgfejShrUSBNXN0fSkMT6xpI07sbJPGjylvydGILQeish2CjA9vVibwP9qjdR0LpsjJpPUUElmizopxybGk3xwmylKDB9aA0Qx+1dMeqCAGJuia0MIFk9eNtViITgvBPfFXOl6HkcWHaFjdIoCdIFK6A6VUQUR9Iie0St6c56cF+fd+Zi1Zpz5zCH6I+fzB+Lcmxs=</latexit>

DM DM $ SM SM
<latexit sha1_base64="avQENb8Kr9x5BukhoGHTBH1fSOs=">AAACBnicbVC7SgNBFJ2Nrxhfq5YiDCaCVdiNhZZBLWwCEc0DkiXMTmaTIbM7y8xdJYRUNv6KjYUitn6DnX/jJNlCEw934HDOvdy5x48F1+A431ZmaXlldS27ntvY3NresXf36lomirIalUKqpk80EzxiNeAgWDNWjIS+YA1/cDnxG/dMaS6jOxjGzAtJL+IBpwSM1LEPryrYVKEtWACK9/pAlJIPBXxbMdWx807RmQIvEjcleZSi2rG/2l1Jk5BFQAXRuuU6MXgjooBTwca5dqJZTOiA9FjL0IiETHuj6RljfGyULg6kMi8CPFV/T4xIqPUw9E1nSKCv572J+J/XSiA490Y8ihNgEZ0tChKBQeJJJrjLFaMghoYQqrj5K6Z9oggFk1zOhODOn7xI6qWie1p0b0r58kUaRxYdoCN0glx0hsroGlVRDVH0iJ7RK3qznqwX6936mLVmrHRmH/2B9fkDljyXSA==</latexit>

time



Filippo Sala (DESY)                       Charting Dark Matter Frontier      7

Cosmological History

number density
of massive particle

Sets today’s DM abundance

⌦DM / 1

�v

� = nh�vi
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DM DM $ SM SM
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time

from⌦DM ' 0.26 ⟨σv⟩fo ≃ 3 × 10−26 cm3

sec
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WIMP `Miracle’

⟨σv⟩fo ≃
1

(20 TeV)2 ⟨σv⟩WIMP ≈
α2

M2
DM

weak coupling predicts Weak scale!

New Physics at      Weak scale predicted independently 

by natural solutions to hierarchy problem
[weak-scale SUSY, Composite Higgs,…]

≳
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Seeing WIMPs

Indirect Detection Direct Detection Particle Colliders
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Direct Detection
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Direct Detection

Many Limits

NO WIMPs

  SO FAR

10



Filippo Sala (DESY)                       Charting Dark Matter Frontier      

Direct Detection

Many Limits

NO WIMPs

  SO FAR

Indirect Detection and Colliders:

NO WIMPs SO FAR

10
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A concrete example: DM as EW Triplet (Wino)

MDM ≃ 3 TeV

11

Predicted in split Supersymmetry
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A concrete example: DM as EW Triplet (Wino)

MDM ≃ 3 TeV

Direct Detection: Next Generation

Collider: wait for FCC-hh or muon

Indirect Detection: Next Generation (?)

11

Predicted in split Supersymmetry
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A concrete example: DM as EW Triplet (Wino)

MDM ≃ 3 TeV

11

Direct Detection: Next Generation

Collider: wait for FCC-hh or muon

Indirect Detection: Next Generation (?)

Predicted in split Supersymmetry

Wino is `prototype’ of WIMP, & it made it to 2020!
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(My) WIMP Summary

Theoretical motivation weaker than in 2010

not weaker than theory motivation for most other candidates*
* a personal opinion

Searches now in full swing!

Not unreasonable that discovery announced this year/decade
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(My) WIMP Summary

Theoretical motivation weaker than in 2010

Searches now in full swing!   

Not unreasonable that discovery announced this year/decade

keep exploring!

12

* a personal opinion

Path forward seems clear

not weaker than theory motivation for most other candidates*
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=

Heavy

WIMPs Axions

sub-GeV

…

???

Dark Matter Map
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Gentrification
2010 2020
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Gentrification 2010-2020

Axion Solution to Strong CP problem

Less sharp links with other SM problems*
* a personal opinion (?)

Already had one colloquium each (K. Zurek and J. Redondo)

ADMX 
MADMAX 
BRASS 
… Wins prize of last proposal of the decade

SENSEI, SuperCDMS,…

13
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Gentrification 2030?
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Dark Matter above WIMP window

14

MDM > 10′ s TeV

from US cosmic visions 1707.04591

WIMPs Heavy DM
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Dark Matter above WIMP window

14

A lot to explore here!

WIMPs Heavy DM

from US cosmic visions 1707.04591

MDM > 10′ s TeV
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Why Heavy Dark Matter?

15

?
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Example: Heavy DM from SUSY

16

DM from messenger or SUSY breaking sectors

Dimopoulos Giudice Pomarol hep-ph/9607225 

must be >(>) 10 TeV
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Example: Heavy DM from SUSY

16

Gravitino DM

Cannot make observed DM for these values of parameter
(motivated by naturalness of Fermi scale)

Respects all bounds from cosmology and collider Osato+ 1601.07386,…

m3/2 = F/(
p
3MPl) ' 2 eV⇥ F/(100 TeV)2

<latexit sha1_base64="Cyah0AB59CnmSOYjBMXi3SuCxmA="></latexit>

Spectrum à la gauge mediation

DM from messenger or SUSY breaking sectors

Dimopoulos Giudice Pomarol hep-ph/9607225 

must be >(>) 10 TeV
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Telescopes have unique opportunity!

17

Cirelli 1511.02031
ANTARES 1612.04595

…but do not test DM annihilations beyond 100 TeV

Why not beyond 10-100 TeV?
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More: 2020’s race to Higher Energies

18

KM3NeT

CTA

LHAASO

….

ν

γ

γ
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The Unitarity Bound

19

SS† = 1 �jvrel 
4⇡(2j + 1)

vrel

1

M2
DM

Griest Kamionkowski PRL 1990

�v
>
unitarity

�v

thermal �v

' 100 TeV

⇒

MDM
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Beyond the Unitarity Bound with

20

-> Early Matter Domination

-> Early Vacuum Energy Domination
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Beyond the Unitarity Bound with

-> Early Matter Domination

20
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Secluded Dark Matter

~ avoid bounds from 
direct detection & LHC

L ⇠ gD VD

�
DMDM+ ✏ SMSM

�

Thermal production possible with  tiny interactions with SM Pospelov+ 0711.4866,... 

✏ ⌧ 1

21
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Secluded Dark Matter

~ avoid bounds from 
direct detection & LHC

Explicit Example: L = X̄(iD̂ �MDM)X � 1

4
FDµ⌫F

µ⌫
D � ✏

2cw
FDµ⌫B

µ⌫

X = DM charged under a dark U(1) E.g. from heavy new particles 
     charged under both U(1)'s 

L ⇠ gD VD

�
DMDM+ ✏ SMSM

�

Thermal production possible with  tiny interactions with SM Pospelov+ 0711.4866,... 

✏ ⌧ 1

21



Filippo Sala (DESY)                       Charting Dark Matter Frontier      

T

a

Freeze Out

= scale factoraFO

⌦DM / 1

�v

T / 1

a

Berlin+1602.08490
Cirelli+1612.07295

22

Secluded DM & the Unitarity Bound
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T

a

Freeze Out

= scale factoraFO

⌦DM / 1

�v

without decay

’s decay {      decreases more slowly     T
VDduring decay}

    ’s dominate energy density✏ n 1

(before BBN)

Berlin+1602.08490
Cirelli+1612.07295

22

Secluded DM & the Unitarity Bound
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T

a

Freeze Out

= scale factoraFO

⌦DM / 1

�v

without decay

’s decay {      decreases more slowly     T
VDduring decay}

    ’s dominate energy density✏ n 1

(before BBN)

Berlin+1602.08490
Cirelli+1612.07295

22

Secluded DM & the Unitarity Bound

adil.

FO

The same amount of relic DM is later more diluted

>
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T

a

Freeze Out

= scale factoraFO

⌦DM / 1

�v

without decay

’s decay {      decreases more slowly     T
VDduring decay}

    ’s dominate energy density✏ n 1

(before BBN)

Berlin+1602.08490
Cirelli+1612.07295

22

Secluded DM & the Unitarity Bound

adil.

FO

The same amount of relic DM is later more diluted

>

⌦DM / 1

�v

sbefore
safter

1/dilution factor
Scherrer Turner 1985

Smaller ⟨σv⟩fo
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Berlin+1602.08490
Cirelli+1612.07295

23

Secluded DM & the Unitarity Bound

�v
>
unitarity

�v

MDM

thermal �v

' 100 TeV

⌦DM / 1

�v

sbefore
safter

1/dilution factor
Scherrer Turner 1985

Smaller ⟨σv⟩fo
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Berlin+1602.08490
Cirelli+1612.07295

23

Secluded DM & the Unitarity Bound

�v
>
unitarity

�v

MDM

thermal �v

' 100 TeV

diluted thermal �v

� 100 TeV

D
ilu

tio
n

*not specific of secluded DM, works for any early matter domination

⌦DM / 1

�v

sbefore
safter

1/dilution factor
Scherrer Turner 1985

Smaller ⟨σv⟩fo
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Tiny portal with the SM + Heavy Direct Detection & Collider put no constraints

24

Experimental Tests
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Tiny portal with the SM + Heavy Direct Detection & Collider put no constraints

24

Experimental Tests

DMDM

DM

DM

⌫

�

e±, p̄
DM

DM DM

DM
DM
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Tiny portal with the SM + Heavy Direct Detection & Collider put no constraints

24

Experimental Tests

DMDM

DM

DM

⌫

�

e±, p̄
DM

⌫

�

e±, p̄

DM DM

DM
DM
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Cirelli Gouttenoire Petraki FS 1811.03608

0.1 1 10 102 103 104
0.1

1

10

102

103

104

105

MDM [TeV]

m
V
[G

eV
]

�
D
=

0
.3

m
V
>

M
DM

U
n

it
ar

it
y

no dilution

ANTARES
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CMB

HESS GC

25

Signals of O(100) TeV DM
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Cirelli Gouttenoire Petraki FS 1811.03608
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no dilution
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 Multimessanger hunt for Heavy DM is possible!

25

Signals of O(100) TeV DM
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Cirelli Gouttenoire Petraki FS 1811.03608

0.1 1 10 102 103 104
0.1

1
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MDM [TeV]

m
V
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eV
]

�
D
=

0
.3

m
V
>

M
DM

U
n

it
ar

it
y

no dilution

ANTARES

Fermi dSph

AMS/02

CALET

CMB

HESS GC

 Multimessanger hunt for Heavy DM is possible!

ANTARES, HESS,… could go now to larger DM mass

25

Signals of O(100) TeV DM
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Cirelli Gouttenoire Petraki FS 1811.03608
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25

Signals of O(100) TeV DM
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Beyond the Unitarity Bound with

-> Early Matter Domination

-> Early Vacuum Energy Domination

Heavy Dark Matter is testable! 

Lot still to do: connection with UV, DM structures, collider tests…
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Beyond the Unitarity Bound with

-> Early Vacuum Energy Domination
mostly based on Baldes, Gouttenoire, FS, Servant, to appear
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m* = g* f

T
System trapped in false minimum

Transition to Deeper Vacuum ?

V

0 f

f

Early Universe & Confining Sectors
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m* = g* f

T
System trapped in false minimum

Transition to Deeper Vacuum ?

Tnuc ≪ m*

Phase Transition happens later

SUPERCOOLING

if nearly flat potential in 0

V

0 f

f

f

Early Universe & Confining Sectors

Happens in Warped Extra Dimensions & in Confining Theories
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Dark Matter

SM Flavor

EW hierarchy problem

Agashe Contino Pomarol hep-ph/0412089, …
Barbieri+ 1501.07803, Low Tesi Wang 1501.07890, …

Kaplan 1991,…

…& many more

Antipin Redi Strumia Vigiani 1503.08749, …

Why a New Confining Sector?
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V(σ)

0
σ

Λvac

CC tuning

0 f

28

H ≡
·a
a

=
1

MPl
ρrad + Λvac ρrad ≈ T4

Cosmology I: Supercooling
animation by Yann Gouttenoire



Filippo Sala (DESY)                       Charting Dark Matter Frontier      

ρrad(T )

V(σ) Radiation dominated

0
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Λvac
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ρrad + Λvac ρrad ≈ T4

Cosmology I: Supercooling
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ρrad(T )
V(σ) Radiation dominated
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Λvac
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ρrad + Λvac ρrad ≈ T4

Cosmology I: Supercooling
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ρrad(T )

V(σ) Radiation dominated

0
σ

Λvac

CC tuning
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ρrad + Λvac ρrad ≈ T4

Cosmology I: Supercooling
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animation by Yann Gouttenoire
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ρrad(T )

V(σ) ρrad (Tstart) ≡ ΛvacVacuum dominated:

0
σ

Λvac

0 f

H ≡
·a
a

=
1

MPl
ρrad + Λvac ρrad ≈ T4

Cosmology I: Supercooling

28

animation by Yann Gouttenoire
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ρrad(T )

V(σ) T = Tstart e− Λvac
3 tVacuum dominated:

Supercooling!
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Cosmology I: Supercooling
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ρrad(T )

V(σ) T = Tstart e− Λvac
3 tVacuum dominated:

Supercooling!
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Λvac
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ρrad + Λvac ρrad ≈ T4
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ρrad(T )

V(σ)

0
σ

Λvac

0 f

T = Tstart e− Λvac
3 tVacuum dominated:

Supercooling!

H ≡
·a
a

=
1

MPl
ρrad + Λvac ρrad ≈ T4

Cosmology I: Supercooling

28

animation by Yann Gouttenoire



Filippo Sala (DESY)                       Charting Dark Matter Frontier      

Λvac

⟨σ⟩ = f

⟨σ⟩ = f

⟨σ⟩ = 0

⟨σ⟩ = f

End of super-cooling through bubble nucleation

ρrad(T )

29

Cosmology II: End of Supercooling
animation by Yann Gouttenoire
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Λvac

SM
SM

SM

ρSM(T )

Decay of scalar σ into SM → Reheating

Cosmology II: End of Supercooling

29

animation by Yann Gouttenoire
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SM

ρSM(T )

SM

SM

0 σ

Λvac

0 f

Decay of scalar σ into SM → Reheating

Cosmology II: End of Supercooling

29

animation by Yann Gouttenoire
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0 σ

Λvac

0 f

SM
SM

SM

ρSM(T )

Decay of scalar σ into SM → Reheating

Cosmology II: End of Supercooling

29
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0 σ

Λvac

0 f

SM
SM

SM

ρSM(T )

Decay of scalar σ into SM → Reheating

Cosmology II: End of Supercooling

29

animation by Yann Gouttenoire
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0 σ

Λvac

0 f

ρSM(T )

Instantaneous decay:  Γσ ≫ H → Treh ≃ Tstart

Decay of scalar σ into SM → Reheating

Net effect: dilution by  aend
astart

≃ Tstart
Tend

= f
Tnuc

Cosmology II: End of Supercooling

29

animation by Yann Gouttenoire
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Gravitational Waves from Phase Transition
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MUV

m* = g* f ≪ MUV

31

Dark Matter from a confining Sector

Here: DM as composite resonance

f ∼ TeV if linked to hierarchy problem

with some portal to SM



Filippo Sala (DESY)                       Charting Dark Matter Frontier      32

Dilution

Quark Anti-Quark

Naive picture

Strong sector confines

Baratella Pomarol Rompineve 
1812.06996

DM formation at Phase Transition
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Dilution

Quark Anti-Quark

Naive picture

Strong sector confines

DM

Baratella Pomarol Rompineve 
1812.06996

DM formation at Phase Transition

32
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Dilution

Quark Anti-Quark

DM

Strong sector confines

DM formation at Phase Transition
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Dilution

Quark Anti-Quark

Eqq̄ ≃ f2 d ≫ f Strong sector confines

Include confinement effects

DM formation at Phase Transition

← d →

32
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Dilution

Quark Anti-Quark

qq̄ nucleation qq̄ nucleation

…

Strong sector confines

Include confinement effects

Eqq̄ ≃ f2 d ≫ f

DM formation at Phase Transition

32
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Eqq̄ ≃ f2 d

d ∼ n−1/3
q ∼ T−1

nuc

← d →

Naively distance from thermal quark density

But then paradox: boost to frame of bubble wall d → d/γ1/3

Eqq̄ → Eqq̄ /γ1/3

A binding energy cannot depend on the frame!

Assume even at large distances

What’s the relevant distance?
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Our Modelling of String Fragmentation
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Treat Eqq̄ as a `mass’ should be computed in `interaction frame’ of quarksd

E

Rradius

inside outside

0

Eqq̄

Ekin ∼ γwpTnuc

of bubble wall
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Treat Eqq̄ as a `mass’ should be computed in `interaction frame’ of quarksd

E

R

inside outside

0

Eqq̄

Ekin ∼ γwpTnucγwc

radius
of bubble wall



Our Modelling of String Fragmentation
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∼
Eqq̄

mDM
∼ ( f

Tnuc
)

1/2

Treat Eqq̄ as a `mass’ should be computed in `interaction frame’ of quarksd

Enhancement of DM abundance

by a factor

E

R

inside outside

0

Eqq̄

Ekin ∼ γwpTnucγwc

radius
of bubble wall
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AMS-02
HESS
FERMI

Standard FO

Tnuc = 0.25 MeV

Tnuc = 0.5 MeV

Tnuc = 1 MeV

1 10 102 103

1

10

mDM [TeV]

f[
Te
V]

� = 3.5 - m� = 0.2 f - Fermion DM

�m
DM

>
4�
f�

XENO
N1T

LZ

ℒDM = − mDM ψ̄ ψ (1 +
σ
k f ) mDM = g⋆ f

Pheno of Supercool Composite DM

Signals as in non-supercooled DM

But available parameter space increases!

f ≳ 1.5 TeV∙

mDM ≳ 20 TeV∙

35
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AMS-02
HESS
FERMI

Standard FO

Tnuc = 1 MeV

Tnuc = 2.7 MeV

Tnuc = 3.3 MeV

1 10 102 103

1

10

mDM [TeV]

f[
Te
V
]

� = 3.5 - m� = 0.2 f - Scalar DM

�x
RH

<
x F
O
�

�m
DM

> 4
�
f�

XENON
1T

LZ�m
DM

< 0
.5
f�

Pheno of Supercool Composite DM

Annihilation is s-wave:

f ≳ 1.5 TeV∙

mDM ≳ 20 TeV∙

Now Scalar DM

Thermal wash-out more efficient

Larger signals at Telescopes

→

→

35
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Dark Matter above WIMP window

36
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Dark Matter 2030?

Heavy

WIMPs Axions

sub-GeV

…

…
??? ???…

36



Back up
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Colliders

DM

DM



TH jamboree 2018 | Particle Cosmology                                        Filippo Sala                                                

Sommerfeld Enhancement

84

Classical analogous

R
v

If slow, gravity becomes important:

Sommerfeld 1931, 
Hisano+ hep-ph0412403 (first time DM), …. 
Arkani-Hamed+ 0810.0713 for nice explanation

Quantum: like in classical example, to have (Sommerfeld) enhancement requires

 slow particles 

 long-range attractive force

v ⌧ c

A bit more technical: 
 

quantum field theory computations assume particles are “free" (=plain waves) at 
    

 

BUT: if potential V is important also there (long-range!) you have to solve Schroedinger eq.

Mmediator < ↵MDM

↵w ⇠ 1/30 MDM & 30MW,Z ' 2.5 TeV

r = +1

DM mass for SM weak force?

�0 = ⇡R2

� = �0

⇣
1 +

v2esc
v2

⌘
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Cosmology of Secluded DM

1 PeV

mV = 100 PeV

Standard cosmology

Cold relic dom. & entropy inj.
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<latexit sha1_base64="VCj+d1QWC+J0DOkg55Av9hwp7VM=">AAACA3icbVC7TsMwFHXKq5RXgA0WixaJhSopAx0rWBiLRB9SEyrHdVqrjh3ZDlIVRWLhV1gYQIiVn2Djb3DbDNByJEtH59yr63OCmFGlHefbKqysrq1vFDdLW9s7u3v2/kFbiURi0sKCCdkNkCKMctLSVDPSjSVBUcBIJxhfT/3OA5GKCn6nJzHxIzTkNKQYaSP17aOKF0sRawHRfXruhRLh9CJL61lW6dtlp+rMAJeJm5MyyNHs21/eQOAkIlxjhpTquU6s/RRJTTEjWclLFIkRHqMh6RnKUUSUn84yZPDUKAMYCmke13Cm/t5IUaTUJArMZIT0SC16U/E/r5fosO6nlMeJJhzPD4UJgybytBA4oJJgzSaGICyp+SvEI2R60Ka2kinBXYy8TNq1qmv4ba3cuMrrKIJjcALOgAsuQQPcgCZoAQwewTN4BW/Wk/VivVsf89GCle8cgj+wPn8AUyaXTA==</latexit><latexit sha1_base64="VCj+d1QWC+J0DOkg55Av9hwp7VM=">AAACA3icbVC7TsMwFHXKq5RXgA0WixaJhSopAx0rWBiLRB9SEyrHdVqrjh3ZDlIVRWLhV1gYQIiVn2Djb3DbDNByJEtH59yr63OCmFGlHefbKqysrq1vFDdLW9s7u3v2/kFbiURi0sKCCdkNkCKMctLSVDPSjSVBUcBIJxhfT/3OA5GKCn6nJzHxIzTkNKQYaSP17aOKF0sRawHRfXruhRLh9CJL61lW6dtlp+rMAJeJm5MyyNHs21/eQOAkIlxjhpTquU6s/RRJTTEjWclLFIkRHqMh6RnKUUSUn84yZPDUKAMYCmke13Cm/t5IUaTUJArMZIT0SC16U/E/r5fosO6nlMeJJhzPD4UJgybytBA4oJJgzSaGICyp+SvEI2R60Ka2kinBXYy8TNq1qmv4ba3cuMrrKIJjcALOgAsuQQPcgCZoAQwewTN4BW/Wk/VivVsf89GCle8cgj+wPn8AUyaXTA==</latexit><latexit sha1_base64="VCj+d1QWC+J0DOkg55Av9hwp7VM=">AAACA3icbVC7TsMwFHXKq5RXgA0WixaJhSopAx0rWBiLRB9SEyrHdVqrjh3ZDlIVRWLhV1gYQIiVn2Djb3DbDNByJEtH59yr63OCmFGlHefbKqysrq1vFDdLW9s7u3v2/kFbiURi0sKCCdkNkCKMctLSVDPSjSVBUcBIJxhfT/3OA5GKCn6nJzHxIzTkNKQYaSP17aOKF0sRawHRfXruhRLh9CJL61lW6dtlp+rMAJeJm5MyyNHs21/eQOAkIlxjhpTquU6s/RRJTTEjWclLFIkRHqMh6RnKUUSUn84yZPDUKAMYCmke13Cm/t5IUaTUJArMZIT0SC16U/E/r5fosO6nlMeJJhzPD4UJgybytBA4oJJgzSaGICyp+SvEI2R60Ka2kinBXYy8TNq1qmv4ba3cuMrrKIJjcALOgAsuQQPcgCZoAQwewTN4BW/Wk/VivVsf89GCle8cgj+wPn8AUyaXTA==</latexit><latexit sha1_base64="VCj+d1QWC+J0DOkg55Av9hwp7VM=">AAACA3icbVC7TsMwFHXKq5RXgA0WixaJhSopAx0rWBiLRB9SEyrHdVqrjh3ZDlIVRWLhV1gYQIiVn2Djb3DbDNByJEtH59yr63OCmFGlHefbKqysrq1vFDdLW9s7u3v2/kFbiURi0sKCCdkNkCKMctLSVDPSjSVBUcBIJxhfT/3OA5GKCn6nJzHxIzTkNKQYaSP17aOKF0sRawHRfXruhRLh9CJL61lW6dtlp+rMAJeJm5MyyNHs21/eQOAkIlxjhpTquU6s/RRJTTEjWclLFIkRHqMh6RnKUUSUn84yZPDUKAMYCmke13Cm/t5IUaTUJArMZIT0SC16U/E/r5fosO6nlMeJJhzPD4UJgybytBA4oJJgzSaGICyp+SvEI2R60Ka2kinBXYy8TNq1qmv4ba3cuMrrKIJjcALOgAsuQQPcgCZoAQwewTN4BW/Wk/VivVsf89GCle8cgj+wPn8AUyaXTA==</latexit>
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<latexit sha1_base64="y4QxKh5tpYD7myvBoON0iJ9AP+8=">AAACBXicbVC7TsMwFHV4lvIKMMJg0SKxUCVdYKxgYSxSX1ITKsd1WquObdkOUhVlYeFXWBhAiJV/YONvcB8DtBzJ0tE59+r6nEgyqo3nfTsrq2vrG5uFreL2zu7evntw2NIiVZg0sWBCdSKkCaOcNA01jHSkIiiJGGlHo5uJ334gSlPBG2YsSZigAacxxchYqeeelBswkEpII6C5zy6CWCGc+XlWzfNyzy15FW8KuEz8OSmBOeo99yvoC5wmhBvMkNZd35MmzJAyFDOSF4NUE4nwCA1I11KOEqLDbJoih2dW6cNYKPu4gVP190aGEq3HSWQnE2SGetGbiP953dTEV2FGuUwN4Xh2KE4ZnES2lcA+VQQbNrYEYUXtXyEeItuDscUVbQn+YuRl0qpWfMvvqqXa9byOAjgGp+Ac+OAS1MAtqIMmwOARPINX8OY8OS/Ou/MxG11x5jtH4A+czx9rH5ff</latexit><latexit sha1_base64="y4QxKh5tpYD7myvBoON0iJ9AP+8=">AAACBXicbVC7TsMwFHV4lvIKMMJg0SKxUCVdYKxgYSxSX1ITKsd1WquObdkOUhVlYeFXWBhAiJV/YONvcB8DtBzJ0tE59+r6nEgyqo3nfTsrq2vrG5uFreL2zu7evntw2NIiVZg0sWBCdSKkCaOcNA01jHSkIiiJGGlHo5uJ334gSlPBG2YsSZigAacxxchYqeeelBswkEpII6C5zy6CWCGc+XlWzfNyzy15FW8KuEz8OSmBOeo99yvoC5wmhBvMkNZd35MmzJAyFDOSF4NUE4nwCA1I11KOEqLDbJoih2dW6cNYKPu4gVP190aGEq3HSWQnE2SGetGbiP953dTEV2FGuUwN4Xh2KE4ZnES2lcA+VQQbNrYEYUXtXyEeItuDscUVbQn+YuRl0qpWfMvvqqXa9byOAjgGp+Ac+OAS1MAtqIMmwOARPINX8OY8OS/Ou/MxG11x5jtH4A+czx9rH5ff</latexit><latexit sha1_base64="y4QxKh5tpYD7myvBoON0iJ9AP+8=">AAACBXicbVC7TsMwFHV4lvIKMMJg0SKxUCVdYKxgYSxSX1ITKsd1WquObdkOUhVlYeFXWBhAiJV/YONvcB8DtBzJ0tE59+r6nEgyqo3nfTsrq2vrG5uFreL2zu7evntw2NIiVZg0sWBCdSKkCaOcNA01jHSkIiiJGGlHo5uJ334gSlPBG2YsSZigAacxxchYqeeelBswkEpII6C5zy6CWCGc+XlWzfNyzy15FW8KuEz8OSmBOeo99yvoC5wmhBvMkNZd35MmzJAyFDOSF4NUE4nwCA1I11KOEqLDbJoih2dW6cNYKPu4gVP190aGEq3HSWQnE2SGetGbiP953dTEV2FGuUwN4Xh2KE4ZnES2lcA+VQQbNrYEYUXtXyEeItuDscUVbQn+YuRl0qpWfMvvqqXa9byOAjgGp+Ac+OAS1MAtqIMmwOARPINX8OY8OS/Ou/MxG11x5jtH4A+czx9rH5ff</latexit><latexit sha1_base64="y4QxKh5tpYD7myvBoON0iJ9AP+8=">AAACBXicbVC7TsMwFHV4lvIKMMJg0SKxUCVdYKxgYSxSX1ITKsd1WquObdkOUhVlYeFXWBhAiJV/YONvcB8DtBzJ0tE59+r6nEgyqo3nfTsrq2vrG5uFreL2zu7evntw2NIiVZg0sWBCdSKkCaOcNA01jHSkIiiJGGlHo5uJ334gSlPBG2YsSZigAacxxchYqeeelBswkEpII6C5zy6CWCGc+XlWzfNyzy15FW8KuEz8OSmBOeo99yvoC5wmhBvMkNZd35MmzJAyFDOSF4NUE4nwCA1I11KOEqLDbJoih2dW6cNYKPu4gVP190aGEq3HSWQnE2SGetGbiP953dTEV2FGuUwN4Xh2KE4ZnES2lcA+VQQbNrYEYUXtXyEeItuDscUVbQn+YuRl0qpWfMvvqqXa9byOAjgGp+Ac+OAS1MAtqIMmwOARPINX8OY8OS/Ou/MxG11x5jtH4A+czx9rH5ff</latexit>

dom: early matter domination starts

inj: most SM entropy comes from mediator decays

dec: matter domination ends when t ' ⌧V
<latexit sha1_base64="DdqXtqOU88PkOE/z2Z/jogOIZPM=">AAAB+nicbZC7TsMwFIYdrqXcUhhZLFokpirpAmMFC2OR6EVqoshxndaqnQT7BFSFPgoLAwix8iRsvA1umwFafsnSp/+co3P8h6ngGhzn21pb39jc2i7tlHf39g8O7cpRRyeZoqxNE5GoXkg0EzxmbeAgWC9VjMhQsG44vp7Vuw9MaZ7EdzBJmS/JMOYRpwSMFdiVGmBPc8nusQckCzq1wK46dWcuvApuAVVUqBXYX94goZlkMVBBtO67Tgp+ThRwKti07GWapYSOyZD1DcZEMu3n89On+Mw4AxwlyrwY8Nz9PZETqfVEhqZTEhjp5drM/K/WzyC69HMepxmwmC4WRZnAkOBZDnjAFaMgJgYIVdzciumIKELBpFU2IbjLX16FTqPuGr5tVJtXRRwldIJO0Tly0QVqohvUQm1E0SN6Rq/ozXqyXqx362PRumYVM8foj6zPH/fEkyU=</latexit><latexit sha1_base64="DdqXtqOU88PkOE/z2Z/jogOIZPM=">AAAB+nicbZC7TsMwFIYdrqXcUhhZLFokpirpAmMFC2OR6EVqoshxndaqnQT7BFSFPgoLAwix8iRsvA1umwFafsnSp/+co3P8h6ngGhzn21pb39jc2i7tlHf39g8O7cpRRyeZoqxNE5GoXkg0EzxmbeAgWC9VjMhQsG44vp7Vuw9MaZ7EdzBJmS/JMOYRpwSMFdiVGmBPc8nusQckCzq1wK46dWcuvApuAVVUqBXYX94goZlkMVBBtO67Tgp+ThRwKti07GWapYSOyZD1DcZEMu3n89On+Mw4AxwlyrwY8Nz9PZETqfVEhqZTEhjp5drM/K/WzyC69HMepxmwmC4WRZnAkOBZDnjAFaMgJgYIVdzciumIKELBpFU2IbjLX16FTqPuGr5tVJtXRRwldIJO0Tly0QVqohvUQm1E0SN6Rq/ozXqyXqx362PRumYVM8foj6zPH/fEkyU=</latexit><latexit sha1_base64="DdqXtqOU88PkOE/z2Z/jogOIZPM=">AAAB+nicbZC7TsMwFIYdrqXcUhhZLFokpirpAmMFC2OR6EVqoshxndaqnQT7BFSFPgoLAwix8iRsvA1umwFafsnSp/+co3P8h6ngGhzn21pb39jc2i7tlHf39g8O7cpRRyeZoqxNE5GoXkg0EzxmbeAgWC9VjMhQsG44vp7Vuw9MaZ7EdzBJmS/JMOYRpwSMFdiVGmBPc8nusQckCzq1wK46dWcuvApuAVVUqBXYX94goZlkMVBBtO67Tgp+ThRwKti07GWapYSOyZD1DcZEMu3n89On+Mw4AxwlyrwY8Nz9PZETqfVEhqZTEhjp5drM/K/WzyC69HMepxmwmC4WRZnAkOBZDnjAFaMgJgYIVdzciumIKELBpFU2IbjLX16FTqPuGr5tVJtXRRwldIJO0Tly0QVqohvUQm1E0SN6Rq/ozXqyXqx362PRumYVM8foj6zPH/fEkyU=</latexit><latexit sha1_base64="DdqXtqOU88PkOE/z2Z/jogOIZPM=">AAAB+nicbZC7TsMwFIYdrqXcUhhZLFokpirpAmMFC2OR6EVqoshxndaqnQT7BFSFPgoLAwix8iRsvA1umwFafsnSp/+co3P8h6ngGhzn21pb39jc2i7tlHf39g8O7cpRRyeZoqxNE5GoXkg0EzxmbeAgWC9VjMhQsG44vp7Vuw9MaZ7EdzBJmS/JMOYRpwSMFdiVGmBPc8nusQckCzq1wK46dWcuvApuAVVUqBXYX94goZlkMVBBtO67Tgp+ThRwKti07GWapYSOyZD1DcZEMu3n89On+Mw4AxwlyrwY8Nz9PZETqfVEhqZTEhjp5drM/K/WzyC69HMepxmwmC4WRZnAkOBZDnjAFaMgJgYIVdzciumIKELBpFU2IbjLX16FTqPuGr5tVJtXRRwldIJO0Tly0QVqohvUQm1E0SN6Rq/ozXqyXqx362PRumYVM8foj6zPH/fEkyU=</latexit>
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Supercooling



Filippo Sala (DESY)                                  Supercool Composite Dark Matter

Dilaton Interactions

well-known in 5D, where
Rattazzi Cargese2003  
Nardini+ 0706.3388 
Bellazzini+ 1209.3299

V ≃
g2

χ

k4
χ4 [1 − ( χ

k f )
γϵ]

k2 = 24ℒkin = k2
∂μ χ2

2

Redefine as canonically normalised, then:

see e.g.

χ
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Free Energy density = ρ − Ts = g*T4π2 (
1
30

−
2
45

) = − g*T4 π2

90

fpeak ∼
acoll

a
fcoll ≃

T0

Tcoll
fcoll ≃ 10−5Hz

Tcoll

100 GeV
β
H

λpeak =
1
β

vcoll = f −1
peak
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Potential at Finite T Creminelli Nicolis Rattazzi hep-th/0107141,…

Free energy of interacting gluon gasT ≫ m* “usual” thermal contributions

Big, only contribution necessary to describe PT!

+

Vdec = − c N2T4

c = π2 /8 holography
c = π2/90 free particles

Vconf ≃ g2
χ χ4 [1 − (χ

f )
γϵ]
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Breaking Scale Invariance
Assume

Strongly-Interacting CFT in the UV

Small explicit breaking of scale-invariance d𝒪 = 4 + γϵ ≲ 4

∂ϵ
∂ log μ

≃ γϵ ϵ

ϵ

log μ
ΛUVΛIR

ϵIR

ϵ𝒪ϵ

ϵ[μ] ≃ ϵIR ( μ
ΛIR

)
γϵ

Is this ~ a spontaneous breaking?
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A Light Dilaton?

V = g2
χ χ4

Dilaton = pseudo Goldstone Boson associated to breaking of scale invariance

χ = f eσ/f σ(x) → σ(λx) + f ln λ

respects scale invariance does not break it spontaneously

−ϵ[χ] χ4 ≃ g2
χ χ4 [1 − (χ

f )
γϵ]

m2
σ ≃ − 4 γϵ g2

χ f2

γϵCan      be made small at confinement scale?

QCD βαs
(ΛQCD) ∼ O(1) no light QCD dilaton

+

spontaneous from explicit breaking

BSM YES!
Contino Pomarol Rattazzi 2010 
Bellazzini+ 1305.3919 
Coradeschi+ 1306.4601
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Nucleation Temperature

Tunneling rate

Tstart ∼ f

Tnuc ∼ f exp(− c
f2

m2
σ

)

Supercooling begins at

Bubble nucleation ends SC at

Γ ∼ T4 ( S4

2π )
2

e−S4S4 ≈ 100Bounce action

Nucleation happens when tunnelling rate ~ Hubble 

Γ(Tnuc) ∼ H4(Tnuc)
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Nucleation Temperature

Effect of wave-function renormalization of the dilaton field

κ ≃ 5 in 5D duals!It can be large, e.g.
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Nucleation Temperature

For small PT seem to never complete! But then it can be triggered by QCD
Iso Serpico Shimada 1704.04955
von Harling Servant 1711.11554

mσ

TQCD < 100 MeV expected, cause all quarks are massless in deconfined phase!
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Gravitational Waves from Phase Transition

ΩGW ∝ (H/β)2

β
H

≃ T
dS4

dT
Tnuc

≃ 15 ( 10
Ne−fold )

2

Randall Servant hep-ph/0607158,…

β−1 ∼ duration of PT
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Pheno of Composite DM ℒDM = − mDM ψ̄ ψ (1 +
σ
k f )

DD needs assumptions on cG
αs

8π k f
σGG

Conservatively we choose

ID is p-wave

cG = 1/3 Sommerfeld enhanced
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Ysuper−co = Yeq ( Tnuc

Tstart )
3

,

Dilution by short 
inflation period

⊕

DM massless before 
supercooling

→

→

Yeq =
45gDM

2π4gs

Sub-thermalSupercooling

Ysub−th ∝ λ exp (−2 xRH)

SM + SM → DM + DM

dYDM

dx
=

λ
x2 (Y2

DM − Y2eq
DM), x =

mDM

T

TRH > TFOWARNING: If

then back to standard freeze-out!

Supercool Dark Matter
~ one-slide review of Hambye Strumia Teresi 1805.01473

Y =
number density
entropy density
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String Potential at Finite T?
~ supported by Lattice

Bicudo et al. 1111.0336

σ(T > Tcrit) → 0EQCD ≃ σ(T ) d
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Eqq̄ ≃ f2 d at d ≫ f −1? ?

Bali hep-ph/0001312 ?

String Potential at large d?
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E

Rradius

inside outside

0

Bubble wall

In the frame of the bubble wall

⟨χ⟩ = f

Eqq̄

Ekin ∼ γwpTnuc
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E

Rradius

inside outside

0

q

Bubble wall

q

q q

In the frame of the bubble wall

Eqq̄

Ekin ∼ γwpTnuc

1)Pressure if all quarks bouncing back: 

𝒫friction ∼ Δp n ∼ 2γTnuc γT3
nuc

𝒫Expand ∼ ΔV ∼ f 4 -> Terminal velocity: γterminal
wp ∼

f 2

T2
nuc

⟨χ⟩ = f
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Eqq̄

2)Quarks enter inside the bubble when

Ekin ∼ γwpTnuc

Ekin ≳ γwcEqq̄

γwc
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E

Rradius

inside outside

0

In the frame of the bubble wall

Eqq̄ =
f 2

γ1/3
cp Tnuc

Eqq̄

Ekin ∼ γwpTnuc

Eqq̄ ∼ ( f
Tnuc

)
1/2

f ≫ f

2)Quarks enter inside the bubble when

-> A single string has energy

γcp ∼ ( f
Tnuc

)
3/2

-> Quarks enter the bubbles, Eqq̄ ≪ Eterminal
kin

Ekin ≳ γwcEqq̄

γwc
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DM abundance after supercooling

⊕ Sub-thermalSupercooling

from  Hambye Strumia Teresi 1805.01473  to  Baldes Gouttenoire FS Servant 1911.xxxxx



Filippo Sala (DESY)                       Charting Dark Matter Frontier      

DM abundance after supercooling

DM massless before 
supercooling

→

Yeq =
45gDM

2π4gs

Supercooling

from  Hambye Strumia Teresi 1805.01473  to  Baldes Gouttenoire FS Servant 1911.xxxxx
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from  Hambye Strumia Teresi 1805.01473  to  Baldes Gouttenoire FS Servant 1911.xxxxx

Yquarks
eq =

45gq

2π4gs

DM abundance after supercooling

DM not yet formed 
before supercooling

→

Supercooling
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Yquarks
eq =

45gq

2π4gs

DM abundance after supercooling

DM not yet formed 
before supercooling

→

Supercooling

Ysuper−co = Yeq ( Tnuc

Tstart )
3

,

Dilution by short 
inflation period

→

from  Hambye Strumia Teresi 1805.01473  to  Baldes Gouttenoire FS Servant 1911.xxxxx
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Ysuper−co = r Yquarks
eq ( Tnuc

Tstart )
2.5

,

Yquarks
eq =

45gq

2π4gs

DM abundance after supercooling

DM not yet formed 
before supercooling

→

Supercooling

Dilution by inflation + 
enhancement by string breaking

→

from  Hambye Strumia Teresi 1805.01473  to  Baldes Gouttenoire FS Servant 1911.xxxxx
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Yquarks
eq =

45gq

2π4gs

DM abundance after supercooling

DM not yet formed 
before supercooling

→

Supercooling

Dilution by inflation + 
enhancement by string breaking

→

⊕ Sub-thermal

conceptually equivalent

Ysub−th ∝ λ exp (−2 xRH)
TRH > TFOWARNING: If

then back to standard freeze-out!

from  Hambye Strumia Teresi 1805.01473  to  Baldes Gouttenoire FS Servant 1911.xxxxx

Ysuper−co = r Yquarks
eq ( Tnuc

Tstart )
2.5

,
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ℒDM = − mDM ψ̄ ψ (1 +
σ
k f ) mDM = g⋆ f

Standard FO
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Pheno of Supercool Composite DM
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Standard FO

1 10 102 103

1

10

mDM [TeV]

f[
Te
V]

� = 3.5 - m� = 0.2 f - Fermion DM

�x
RH

< x
FO

�

ℒDM = − mDM ψ̄ ψ (1 +
σ
k f ) mDM = g⋆ f

↑
T RH

>
T FO

↑

us
ua

l th
er

mal 
sto

ry

Always overclosure here!

Pheno of Supercool Composite DM
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Standard FO

Tnuc = 0.25 MeV

Tnuc = 0.5 MeV

Tnuc = 1 MeV

1 10 102 103

1

10

mDM [TeV]

f[
Te
V]

� = 3.5 - m� = 0.2 f - Fermion DM

�x
RH

< x
FO

�

ℒDM = − mDM ψ̄ ψ (1 +
σ
k f ) mDM = g⋆ f

↑
T RH

>
T FO

↑

Pheno of Supercool Composite DM

DM abundance lines 

after supercooling

Ysuper−co = r Yquarks
eq ( Tnuc

Tstart )
2.5

,

Ysub−th ∝ λ exp (−2 xRH)
λ ∼ MPl mDM σv xRH
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