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 DM exists
 it’s a new, unknown particle
 makes up 26% of total energy

                  84% of total matter
 neutral particle
 cold or not too warm
 very feebly interacting

 stable or very long lived
 possibly a relic from the EU

dilutes as 1/a3 with  
universe expansion

‘dark’...

p/m <<1 at CMB formation

-with itself 
-with ordinary matter 
  (‘collisionless’)

(notice error!)

τDM � 1017sec

Mass??
Charge?? Interactions??

Executive summary
no SM particle  

can fulfill

ΩDMh2 = 0.1200 ± 0.0012
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1. even without a larger framework, WIMPs are still appealing
2. the three search strategies are complementary
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M. Cirelli, A. Strumia, J. Zupan ‘Dark Matter’, 2406.01705



Indirect Detection: photons

One long-standing, exciting  signal. 
And many constraints.

 (and ) from DM annihilations/decays (e.g. in the GC)γ ν



WIMP Indirect Detection

M. Cirelli, A. Strumia, J. Zupan ‘Dark Matter’, 2406.01705

� �� ��� ��� ��� ���
��-��

��-��

��-��

��-��

��-��

��-��

��-��

��-��

��-��

�� ���� �� ���

�
��
��
���
���
�
��
��
�
��
��
��
�
〈σ
�〉
��
��

�
/�

��� �������� ��������� �����������

������ ������ ����

������� ����� �������

γ-���� � ����� ν

����
�+���

��+��
�� �

�����

����
� ���

���

���

���

����
�� [������

��]

���������������

������� [�����]
������

� [�����]

���
�

μμ

��

��



WIMP Indirect Detection
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 WIMPs & very weakly coupled DM 

 heavy (PeV) DM 

Frontier 

Frontier 

M. Cirelli, A. Strumia, J. Zupan ‘Dark Matter’, 2406.01705



A matter of perspective: plausible mass ranges
Candidates



A matter of perspective: plausible mass ranges
Candidates

Super-heavy DM? For definitess / convention:
100 TeV ≲ MDM ≲ 1 EeV



A matter of perspective: plausible mass ranges
Candidates

Super-heavy DM? For definitess / convention:
100 TeV ≲ MDM ≲ 1 EeV

Ultra-heavy DM MDM ≳ 1 EeV



A matter of perspective: plausible mass ranges
Candidates

Super-heavy DM? For definitess / convention:
100 TeV ≲ MDM ≲ 1 EeV



Candidates

Super-heavy
DM?

theory? production?

Direct 
Detection?Indirect

Detection?

Collider
Searches?



Theory
The unitarity bound

 too large   too small  too much DMM ⇒ ⟨σv⟩ ⇒

Griest, 
Kamionkowski 

1990

⟨σannv⟩ ≈ 4π α2

M2

(super simplified)

α = g2

4π

ΩDM = 0.26 ⇒ M ≲ 100 TeV



Theory
The unitarity bound

 too large   too small  too much DMM ⇒ ⟨σv⟩ ⇒

Griest, 
Kamionkowski 

1990

⟨σannv⟩ ≈ 4π α2

M2

(super simplified)

α = g2

4π

ΩDM = 0.26 ⇒ M ≲ 100 TeV

DM is an elementary particle  
thermally produced 
via 2 2 annihilations
in standard cosmology

→

Under which conditions?



Theory Unitarity bound:
DM is an elementary particle  
thermally produced 
via 2 2 annihilations
in standard cosmology

→



Theory
Dilution: Homeopathic DM Berlin, Hooper, Krnjaic 

1602.08490, 1609.02555 
Cirelli+ 1811.03608

Unitarity bound:
DM is an elementary particle  
thermally produced 
via 2 2 annihilations
in standard cosmology

→



Theory
Dilution: Homeopathic DM

L = X̄(i /D �MDM)X � 1

4
FDµ⌫F

µ⌫
D � ✏

2
FDµ⌫F

µ⌫
Y

parameters are: ↵, ✏,mVD ,MDM

Berlin, Hooper, Krnjaic 
1602.08490, 1609.02555 

Cirelli+ 1811.03608

Unitarity bound:
DM is an elementary particle  
thermally produced 
via 2 2 annihilations
in standard cosmology

→

Setup: DM charged under a new dark force (dark photon)
mixed with the photon



Theory
Dilution: Homeopathic DM

X

X

VD γ

✏

X

X

VD γ
SM
SM

L = X̄(i /D �MDM)X � 1

4
FDµ⌫F

µ⌫
D � ✏

2
FDµ⌫F

µ⌫
Y

parameters are: ↵, ✏,mVD ,MDM

These annihilations determine  
the relic abundance

Berlin, Hooper, Krnjaic 
1602.08490, 1609.02555 

Cirelli+ 1811.03608

Unitarity bound:
DM is an elementary particle  
thermally produced 
via 2 2 annihilations
in standard cosmology

→

Setup: DM charged under a new dark force (dark photon)
mixed with the photon

 very small,  very long-lived (a few seconds) ϵ VD



Theory
Dilution: Homeopathic DM

X

X

VD γ

✏

X

X

VD γ
SM
SM

L = X̄(i /D �MDM)X � 1

4
FDµ⌫F

µ⌫
D � ✏

2
FDµ⌫F

µ⌫
Y

parameters are: ↵, ✏,mVD ,MDM

Berlin, Hooper, Krnjaic 
1602.08490, 1609.02555 

Cirelli+ 1811.03608

Berlin, Hooper, Krnjaic 1602.08490

Unitarity bound:
DM is an elementary particle  
thermally produced 
via 2 2 annihilations
in standard cosmology

→

Setup: DM charged under a new dark force (dark photon)
mixed with the photon

Basic idea: DM super heavy hence super abundant, 
  but then  decays and dilutes, 
  bringing DM abundance back to needed

VD

 very small,  very long-lived (a few seconds) ϵ VD



Theory
Dilution: Homeopathic DM

X

X

VD γ

✏

X

X

VD γ
SM
SM

L = X̄(i /D �MDM)X � 1

4
FDµ⌫F

µ⌫
D � ✏

2
FDµ⌫F

µ⌫
Y

parameters are: ↵, ✏,mVD ,MDM

 very small,  very long-lived (a few seconds) ϵ VD

Unitarity bound:
DM is an elementary particle  
thermally produced 
via 2 2 annihilations
in standard cosmology

→

Setup: DM charged under a new dark force (dark photon)
mixed with the photon

Berlin, Hooper, Krnjaic 
1602.08490, 1609.02555 

Cirelli+ 1811.03608

Basic idea: DM super heavy hence super abundant, 
  but then  decays and dilutes, 
  bringing DM abundance back to needed

VD

Cirelli+ 1811.03608



Theory Unitarity bound:
DM is an elementary particle  
thermally produced 
via 2 2 annihilations
in standard cosmology

→



Theory Unitarity bound:
DM is an elementary particle  
thermally produced 
via 2 2 annihilations
in standard cosmology

→

‘Domino DM’ Kim, Kuflik 1906.00981

Basic idea: DM  has N ~degenerate friends, of which only  decays.
  SM shocks knock-up  for a long time, hence efficiently depleted.
  Can be super-heavy  

χ1 χN
χ1

can reach 
mχ1

≃ 108 PeV



Theory Unitarity bound:
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‘Domino DM’

Zombie DM Kramer, Kuflik, Ruderman 2003.04900 
Generalizations in Kuflik+ 2207.01635

Kim, Kuflik 1906.00981

Basic idea: DM  co-annihilates with a (much more abundant) zombie ,
  keeps annilating for a long time hence efficiently depleted.
  Can be super-heavy  

χ ζ

  so that the zombie infection proceeds,
and    so that   (DM stability)
mχ > mζ

mχ < 3mζ χ ↛ ζζζ

can reach 
mχ ≃ 106 PeV

Phenonemenology? 
ID via annihilations or 
decays of the zombies

Basic idea: DM  has N ~degenerate friends, of which only  decays.
  SM shocks knock-up  for a long time, hence efficiently depleted.
  Can be super-heavy  

χ1 χN
χ1

can reach 
mχ1

≃ 108 PeV
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Bubble collisions

Basic idea: ultrarelativistic bubble walls 
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can reach 
mDM ≃ 109 PeV
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Compressed DM

Basic idea: ultrarelativistic bubble walls 
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Bubble collisions

Supercooling

Basic idea: ultrarelativistic bubble walls 
push SM particles that collide at super-
high energy, produce super-heavy DM

can reach 
mDM ≃ 109 PeV

Filtered DM -  
Compressed DM

Basic idea: ultrarelativistic bubble walls 
compress DM particles; super-heavy ones 
cross the wall and survive

can reach 
mDM ≃ 1012 PeV

phase 
transition 
bubbles

DM

DM

Falkowski, No 1211.5615 
Baldes, Sala, Gouttenoire+  

2306.15555, 2207.05096…

Baker, Kopp  1912.02830 
Chway+ 1912.04238  
Azatov+ 2101.05721

DM

phase 
transition 
bubbles

Basic idea: in the EU, DM is trapped in a false 
vacuum, and light, hence abundantly produced;
After PT, DM becomes (super-)heavy and 
the reheating (from the PT) dilutes the abundance

Hambye, Strumia, Teresi 1805.01473 
Baldes, Gouttenoire, Sala, Servant 2110.13926  

Wagner, Medina+ 2602.16822
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Non-thermal production
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Bubble collisions

Supercooling

Basic idea: ultrarelativistic bubble walls 
push SM particles that collide at super-
high energy, produce super-heavy DM
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DM

phase 
transition 
bubbles

Basic idea: in the EU, DM is trapped in a false 
vacuum, and light, hence abundantly produced;
After PT, DM becomes (super-)heavy and 
the reheating (from the PT) dilutes the abundance can reach 

mDM ≃ 103 PeVHambye, Strumia, Teresi 1805.01473 
Baldes, Gouttenoire, Sala, Servant 2110.13926  

Wagner, Medina+ 2602.16822



Theory
Compositeness Harigaya+ 1606.00159 

Also: Contino+ 1811.06975

Unitarity bound:
DM is an elementary particle  
thermally produced 
via 2 2 annihilations
in standard cosmology

→



Theory
Compositeness

σ ≃ 4πR2

Harigaya+ 1606.00159 
Also: Contino+ 1811.06975

If DM is a bound state of N (heavy) constituents

Basic idea: DM freezes-out, but the crucial parameter is no more ,
  rather it’s , in turn connected to some scale of ‘confinement’.
  DM can be super-heavy; as long as it is also large, it annihilates efficiently

MDM
R

Unitarity bound:
DM is an elementary particle  
thermally produced 
via 2 2 annihilations
in standard cosmology

→

Harigaya+ 1606.00159 



Candidates

Super-heavy
DM?

theory? production?

Direct 
Detection?Indirect

Detection?

Collider
Searches?

why not! many ideas!



Super-heavy DM ID
NB:     =  PeV1



Super-heavy DM ID
Turning point: the IceCube HE data

Evidence for High-Energy Extraterrestrial 
Neutrinos at the IceCube Detector

IceCube 1311.5238 IceCube 1405.5303
28 events (incl. Bert & Ernie), 

of which 2 already in 1304.5356, 
the first ones above PeV

Evidence for a Spectral Break or Curvature 
in the Spectrum of Astrophysical Neutrinos 

from 5 TeV to 10 PeV

IceCube 2507.22233 
See also  2507.22234 

2502.19776

Observation of High-Energy Astrophysical 
Neutrinos in Three Years of IceCube Data

Total of 37 events

…



Super-heavy DM ID
Turning point: the IceCube HE data

Evidence for High-Energy Extraterrestrial 
Neutrinos at the IceCube Detector

IceCube 1311.5238 IceCube 1405.5303
28 events (incl. Bert & Ernie), 

of which 2 already in 1304.5356, 
the first ones above PeV

Evidence for a Spectral Break or Curvature 
in the Spectrum of Astrophysical Neutrinos 

from 5 TeV to 10 PeV

IceCube 2507.22233 
See also  2507.22234 

2502.19776

Observation of High-Energy Astrophysical 
Neutrinos in Three Years of IceCube Data

Total of 37 events

…

Then Amaterasu event:   PeV2.4 105
Telescope Array coll. 2311.14231

Then KM3NeT: ~220 PeV 
(110-790 PeV @68%CL,
muon energy  PeV)120+110

−60
KM3NeT coll. Nature 638 (2025)



Super-heavy DM ID
Decaying DM - neutrinos



Super-heavy DM ID
Decaying DM - neutrinos

IceCube 1804.03848Esmaili Kang Serpico 1410.59792014 IceCube data Kachelriess, Kalashev, Kuznetsov  
 1805.04500

PAO, 
IceCube

Chianese+ 1907.11222 
Also: Sui Dev 1804.04919

IceCube fit 
(w astro component)

Guépin+ 2106.04446

Projections

POEMMA

POEMMA

GRAND

Auger

ANITA

Aloisio, Evoli+ 2508.08779KM3NeT event



IceCube 1907.11193 
also: IceCube 2107.11527 (clusters)

Super-heavy DM ID
Decaying DM - neutrinos

Esmaili Kang Serpico 1410.59792014 IceCube data Kachelriess, Kalashev, Kuznetsov  
 1805.04500

PAO, 
IceCube

Guépin+ 2106.04446

POEMMA

POEMMA

GRAND

Auger

ANITA

Projections

Chianese+ 1907.11222 
Also: Sui Dev 1804.04919

IceCube fit 
(w astro component)

Aloisio, Evoli+ 2508.08779KM3NeT event



IceCube 1907.11193 
also: IceCube 2107.11527 (clusters)

Super-heavy DM ID
Decaying DM - neutrinos

Esmaili Kang Serpico 1410.59792014 IceCube data Kachelriess, Kalashev, Kuznetsov  
 1805.04500

PAO, 
IceCube

Guépin+ 2106.04446

POEMMA

POEMMA

GRAND

Auger

ANITA

Projections

Chianese+ 1907.11222 
Also: Sui Dev 1804.04919

IceCube fit 
(w astro component)

Aloisio, Evoli+ 2508.08779KM3NeT event

τ = 1029 sec



Super-heavy DM ID
Decaying DM - neutrinos - fit of KM3NeT

Jho, Park, Shin 2503.18737Kohri, Paul, Sahu 2503.04464Borah+ 2503.00097

Tension with IceCube limit alleviated by uncertainties and sharp decay spectrum
(or assume matter effects in the Earth (Dev+ 2505.22754))



Super-heavy DM ID
Decaying DM - neutrinos - fit of KM3NeT

Jho, Park, Shin 2503.18737Kohri, Paul, Sahu 2503.04464Borah+ 2503.00097

Tension with IceCube limit alleviated by uncertainties and sharp decay spectrum
(or assume matter effects in the Earth (Dev+ 2505.22754))

KM3NeT coll. 2606.09986

KM3NeT coll.



Super-heavy DM ID
Decaying DM - neutrinos - fit of KM3NeT

Jho, Park, Shin 2503.18737Kohri, Paul, Sahu 2503.04464Borah+ 2503.00097

Tension with IceCube limit alleviated by uncertainties and sharp decay spectrum
(or assume matter effects in the Earth (Dev+ 2505.22754))
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Super-heavy DM ID
Decaying DM - gamma rays



Super-heavy DM ID
Decaying DM - gamma rays

Esmaili Serpico 1505.06486 
Vernetto Lipari 1608.01587

Aside: gamma-ray absorption on CMB photons



LHAASO 2210.15989Several RoIs

Super-heavy DM ID
Decaying DM - gamma rays

HAWC 2309.03973Virgo cluster

HAWC 1710.10288Cohen+ 1612.05638Fermi & IceCube

Kachelriess, Kalashev, Kuznetsov  
 1805.04500 (also 1606.07354)

PAO, 
Kascade, 
Casa-Mia

Ishiwata, Macias,  
Ando+ 1907.11671

PAO, Kascade, Casa-Mia, TA,
AMS, Fermi, IceCube

dSphs



LHAASO 2210.15989Several RoIs

Super-heavy DM ID
Decaying DM - gamma rays

HAWC 2309.03973Virgo cluster

HAWC 1710.10288Cohen+ 1612.05638Fermi & IceCube

Kachelriess, Kalashev, Kuznetsov  
 1805.04500 (also 1606.07354)

PAO, 
Kascade, 
Casa-Mia

Ishiwata, Macias,  
Ando+ 1907.11671

PAO, Kascade, Casa-Mia, TA,
AMS, Fermi, IceCube

dSphs

τ = 1028 sec



Super-heavy DM ID
Decaying DM - gamma rays

Tibet ASγ Maity, Saha, Dubey, Laha 2105.05680

Esmaili, Serpico, 2105.01826Tibet ASγ

(many other 
channels available)

Chianese+ 2108.01678PAO, TA, Kascade, Casa-Mia

SWGO 1906.03353SWGO projections

Neronov Semikoz 2001.11881LHAASO projection

Boehm, Laha, Maity 2509.07982 LHAASO

Projections

Projections



Super-heavy DM ID
Decaying DM - gamma rays

Tibet ASγ Maity, Saha, Dubey, Laha 2105.05680

Esmaili, Serpico, 2105.01826Tibet ASγ

(many other 
channels available)

Chianese+ 2108.01678PAO, TA, Kascade, Casa-Mia

SWGO 1906.03353SWGO projections

Neronov Semikoz 2001.11881LHAASO projection

Boehm, Laha, Maity 2509.07982 LHAASO

Projections

Projections

τ = 1028 sec



Super-heavy DM ID
Annihilating DM, agnostically



Super-heavy DM ID
Annihilating DM, agnostically - gammas

Tak, Baumgart, Rodd, Pueschel 2208.11740

Projections from Segue 1 observations with IACTs or EASs
Projections

Projections

Projections



Super-heavy DM ID

Tak, Baumgart, Rodd, Pueschel 2208.11740

Projections from Segue 1 observations with IACTs or EASs

(many other channels available)

VERITAS 2302.08784 HAWC 1710.10288

Annihilating DM, agnostically - gammas

Projections

Projections

Projections



Super-heavy DM ID

Tak, Baumgart, Rodd, Pueschel 2208.11740

Projections from Segue 1 observations with IACTs or EASs

(many other channels available)

VERITAS 2302.08784 HAWC 2509.06210

Annihilating DM, agnostically - gammas

Projections

Projections

Projections



HAWC 2509.06210

Super-heavy DM ID

Tak, Baumgart, Rodd, Pueschel 2208.11740

Projections from Segue 1 observations with IACTs or EASs

(many other channels available)

VERITAS 2302.08784

Annihilating DM, agnostically - gammas

Boehm, Laha, Maity 2509.07982 LHAASO

Projections

Projections

Projections



Super-heavy DM ID
Annihilating DM, agnostically - neutrinos

Guépin+ 2106.04446IceCube 1907.11193

Pro
ject

ions



Super-heavy DM ID
Annihilating DM, agnostically - neutrinos

Guépin+ 2106.04446IceCube 1907.11193

Pro
ject

ions

Pro
jec

tio
ns

Limits

Limits and 
projections

for upcoming 
telescopes

Kar & Cirelli 2609.xxxxx



Super-heavy DM ID
Dilution
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Cirelli+ 1811.03608
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Super-heavy DM ID
Dilution
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Super-heavy DM ID
Dilution

ANTARES+Sala 2203.06029
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Super-heavy DM ID
Compositeness

VERITAS 2302.087844 or 5 dSphs

Dubey, Das, Saha 2606.09976

Every  limit 
maps into an  limit

⟨σannv⟩
R



Conclusions
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