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|. even without a larger framework, WIMPs are still appealing
2. the three search strategies are complementary
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One long-standing, exciting signal.
And many constraints.
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The unitarity bound (super simplified)

Clz 2

A7
<0annv> ~ o=

M 2 A

Griest,
Kamionkowski
1990

M too large = (ov) too small = too much DM

Q=026 | M < 100 TeV

Under which conditions?

DM is an elementary particle
thermally produced

via 2—2 annihilations

in standard cosmology
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- |DM is an elementary particle
thermally produced
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Setup: DM charged under a new dark force (dark photon)

mixed with the photon
|

L=X(GD My - %FDWW

parameters are: «, €, my,, Mpwm

mx=1 PeV, m, =50 TeV, ax=0.2, e=10712, £ (=1

¢ very small, V, very long-lived (a few seconds)

Basic idea: DM super heavy hence super abundant,
but then V, decays and dilutes,
bringing DM abundance back to needed
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8 ‘Domino DIV’

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

can reach

m, ~ 10° PeV

@ Zombie DM

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

can reach
m, ~ 10° PeV

Phenonemenology!?

m, > my; so that the zombie infection proceeds, ID via annihilations or
and m, < 3m; so that y » (¢ (DM stability) decays of the zombies
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Basic idea: ultrarelativistic bubble walls
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@
@ Supercooling
N
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
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Unitarity bound:
DM is

thermally produced
via 2—2 annihilations
in standard cosmology

Harigaya+ 1606.00159

& Compositeness
If DM is a bound state of N (heavy) constituents
o ~ 47R?

Harigaya+ 1606.00159

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



theory!? production?
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Super-heavy DM ID

NB: ¥ =1 PeV



Turning point: the lceCube HE data

Evidence for a Spectral Break or Curvature

Evidence for High-Energy Extraterrestrial Observation of High-Energy Astrophysical in the Spectrum of Astrophysical Neutrinos
Neutrinos at the IceCube Detector Neutrinos in Three Years of IceCube Data from 5TeV to 10 PeV

= Background Atmospyicfic Muon Flux

[ Bkg. Atmospheric Ne\jtrinos (n/K)

A Background Uncertainties

— Atmospheric Neutrinos (90% CL Charm Limit)
Bkg.+Signal Best-Fit Astrophysical (best-fit slope E-2?)
Bkg.+Signal Best-Fit Astrophysical (fixed slope E~?)

[ Background Atmospheric Muon Flux

== Bkg. Atmospheric Neutrinos (7/K)

rZ] Background Stat. and Syst. Uncertainties
Atmospheric Neutrinos (Benchmark Charm Flux)
Atmospheric Neutrinos (90% CL Charm Limit)
Signal+Bkg. Best-Fit Astrophysical E? Spectrum
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Deposited EM-Equivalent Energy in Detector (TeV) Deposited EM-Equivalent Energy in Detector (TeV)

IceCube 1311.5238 IceCube 1405.5303

28 events (incl. Bert & Ernie), Total of 37 events
of which 2 already in 1304.5356,
the first ones above PeV

Comyjined Fit BPL

MESE BPL

NGC1068, 4m av.

Galactic v (Fermi n°), 4m av.
Segmented flux, Combined Fit
Segmented flux, MESE

104 10° 106 107 108
Neutrino energy [GeV]

IceCube 8507.22233
See also 2507.22234
2502.19776
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Evidence for High-Energy Extraterrestrial Observation of High-Energy Astrophysical in the Spectrum of Astrophysical Neutrinos
Neutrinos at the IceCube Detector Neutrinos in Three Years of IceCube Data from 5TeV to 10 PeV

= Background Atmospyicfic Muon Flux
[ Bkg. Atmospheric Neytrinos (7/K) Comijined Fit BPL
A Background Uncertainties MESE BPL
= Atmospheric Neutrinos (90% CL Charm Limit) NGC1068, 4 av.
Bkg.+Signal Best-Fit Astrophysical (best-fit slope E~% Galactic v (Fermi %), 4m av.
Bkg.+Signal Best-Fit Astrophysical (fixed slope E~?) Segmented flux, Combined Fit
Segmented flux, MESE

[ Background Atmospheric Muon Flux

== Bkg. Atmospheric Neutrinos (7/K)

rZ] Background Stat. and Syst. Uncertainties
Atmospheric Neutrinos (Benchmark Charm Flux)
Atmospheric Neutrinos (90% CL Charm Limit)
Signal+Bkg. Best-Fit Astrophysical E? Spectrum
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Deposited EM-Equivalent Energy in Detector (TeV) Deposited EM-Equivalent Energy in Detector (TeV) Neutrino energy [GeV]
IceCube 1311.5238 IceCube 1405.5303 IceCube 2507.22233
Total of 37 events See also 2507.22234

28 events (incl. Bert & Ernie),
of which 2 already in 1304.5356,
the first ones above PeV

250R.19776

Upper limits

Then Amaterasu event: 2.4 10° PeV | R S

Telescope Array coll. 2311.14231 IceCube fits
== NST (2022)

== HESE (2021)

== Glashow (2021)
SPL 68% NST (2022)
SPL 68% HESE (2021)

Models

Then KM3NeT:~220 PeV EiE
(110-790 PeV @68%CL, | Sources band
muon energy 1207. " PeV) | . .
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Super-heavy DM ID

Decaying DM - neutrinos



Decaying DM - neutrinos

T T T y —+
! T'T

whp

bb

122
wW+w
Hv/Zv

IceCube X-w

IceCube X-qq
---- PAO X-qq

DM — hh

Dark matter lifetime / sec

DM - W"W™ (£2)

3 , T T T T TTTTT T T TTTTT T T™T T TTTT T T
10 5 i 7 10\'
mpy (TeV) Dark matter mass / GeV

PAO, Kachelriess, Kalashev, Kuznetsov IceCube 1804.03848
IceCube 1805.04500

95% CL Constraints, y — bb

This Work
—— Das et al. [2302.02993]
1 —— LHAASO Collaboration [2210.15989]

POEMMA

10 1083 10%°
M, (GeV)

IceCube fit Chianese+ 1907.11222 KM3NeT event Aloisio, Evoli+ 2508.08779 Guépin+ 2106.04446
(w astro component)  Also: Sui Dev 1804.04919




Decaying DM - neutrinos

T

IceCube X-w

IceCube X-qq
---- PAO X-qq

IceCube fit
(w astro component)

Chianese+ 1907.11222
Also: Sui Dev 1804.04919

PAO, Kachelriess, Kalashev, Kuznetsov
IceCube 1805.04500

95% CL Constraints, y — bb

This Work
—— Das et al. [2302.02993]
1 —— LHAASO Collaboration [2210.15989]

™

028 : : : :
107 10° 101! 1013 100
M, (GeV)

KM3NeT event Aloisio, Evoli+ 2508.08779

IceCube preliminary

106 107
my [GeV]

IceCube 1907.11193
also: IceCube 2107.11527 (clusters)

POEMMA

Guépin+ 2106.04446




Decaying DM - neutrinos

IceCube X-w
PAO X-w

T rRV A=Yy

IceCube preliminary

IceCube fit
(w astro component)

Chianese+ 1907.11222
Also: Sui Dev 1804.04919

PAO, Kachelriess, Kalashev, Kuznetsov
IceCube 1805.04500

106 107
my [GeV]

IceCube 1907.11193
also: IceCube 2107.11527 (clusters)

95% CL Constraints, y — bb

This Work
—— Das et al. [2302.02993]
1 —— LHAASO Collaboration [2210.15989]

POEMMA

N

028 : : : :
107 10° 101! 1013 100 10Y7
M, (GeV)

KM3NeT event Aloisio, Evoli+ 2508.08779

Guépin+ 2106.04446




Decaying DM - neutrinos - fit of KM3NeT

10—9 N
t mpM = 44 x 108 GV

—F 29,

1010 IceCube HESE : I Tou =S
4 ] IceCube NST(2022)

] IceCube HESE(2021
&= IceCube Glashow(2021)
KM3-230213A

KM3-250213A
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100 104 10° 100 107 108 102 101 1M
E, (GeV) Logy(E,[GeV))

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

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




Decaying DM - neutrinos - fit of KM3NeT
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Borah+ 2503.00097 Kohri, Paul, Sahu 2503.04464 Jho, Park, Shin 2503.18737

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

Logq(E,[GeV])

DM — vw
mpm= 0.2 EeV

=} IC-HESE (2021)

IC-NST (2022)

KM3NeT coll. 2606.09986



Decaying DM - neutrinos - fit of KM3NeT

109 e I
E 1 == = TceCube(2025)
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Borah+ 2503.00097 Kohri, Paul, Sahu 2503.04464 Jho, Park, Shin 2503.18737

Tension with lceCube limit alleviated by uncertainties and sharp decay spectrum
(or assume matter effects in the Earth (Dev+ 2505.22754))
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TA CR spectrum
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E (GeV)

Sarmah+ 2406.03174
Murase+ 2504.15272
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Decaying DM - gamma rays

Aside: gamma-ray absorption on CMB photons

0.8 1.0

”,
_______

2.5 30 3.5 4.0 4.5 50
Log,, (E,/TeV)

Esmaili Serpico 1505.06486
Vernetto Lipari 1608.01587



Decaying DM - gamma rays

W™ W~ decay linits
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Decaying DM - gamma rays
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Decaying DM - gamma rays
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Annihilating DM, agnostically - Sammas
Projections from Segue | observations with IACTs or EASs

1

HAWC-like (507 days) |
10° 10*

M, [TeV]

Tak, Baumgart, Rodd, Pueschel 2208.11740



Annihilating DM, agnostically - Sammas
Projections from Segue | observations with IACTs or EASs

VERITAS-like (50 hrs)
10° léﬁl :

M, [TeV]

Include Segue 1
Exclude Segue 1

VERITAS 23802.08784

CTA-North (50 hrs) | O HAWC-like (507 days) |

10° 10* L 10° 10¢

M, [TeV] M, [TeV]

W* W~ annifrilation limits

NFW
Einasto
Burkert
- HESS GC
HAWC DSph
=« Thermal DM

10 10%¢ 10° 10*% 10° 10°
mass (TeV)
HAWC 1710.10288




Annihilating DM, agnostically - Sammas
Projections from Segue | observations with IACTs or EASs

VERITAS-like (50 hrs) | | CTA-North (50 hrs) ! | HAWC-like (507 days)
10° 10¢ o 02 10° 10¢ o 10° 10°

M, [TeV] M, [TeV] M, [TeV]

Include Segue 1
Exclude Segue 1

—— Observed
——- Expected

95% containment
68% containment

10' 10°

M, (TeV)
VERITAS 2302.08784 HAWC 2509.06210




Annihilating DM, agnostically - Sammas
Projections from Segue | observations with IACTs or EASs
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Annihilating DM, agnostically - neutrinos
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Annihilating DM, agnostically - neutrinos

[ceCube preliminary

POEMMA C, std GRAND10k
POEMMA C, GC GRAND200k -
POEMMA F, GQRS =+ Auger ’
POEMMA F, BDH —-— IceCube .*’

,/’/
4

ANITA IV

.
.
.

IceCube 1907.11193 Guépin+ 2106.04446

DMDM-W*W~

Limits and
projections
for upcoming

R=(10GeV)™}

(This work)
te I e S C O e S IceCube 12.6yr (upper limit)
P-ONE
P TRIDENT
. . GRAND200K
Kar & Cirelli 2609.xxxxx IceCube-Gen?2

EHE y-ray (upper limit)




Dilution

Limits in the parameter space
of homeopathic DM
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Dilution

Limits in the parameter space
of homeopathic DM
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Dilution

Limits in the parameter space
of homeopathic DM
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Dilution

Limits in the parameter space
of homeopathic DM

' Fermi dSph
- AMS-02




Dilution

Limits in the parameter space
of homeopathic DM

Tv>0.03sec

Cirelli+ 1811.03608



Dilution

Limits in the parameter space Limits on generic
of homeopathic DM ‘secluded’ (= dark mediator) DM

ANTARES 90% CL upper limits

2007-2015, 2101.6 days

my = 1 TeV
DM DM — VV — 4u

+1o

+20

104 10° 106
mppm [GeV]

ANTARES+Sala 2203.06029

Cirelli+ 1811.03608



Compositeness

Excluded region
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4 or 5 dSphs

VERITAS 2302.08784

Every (o,,,v) limit
maps into an R limit
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xx — bb
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—— Tibet AS,
Tibet AS,, (upper limit)
KASCADE-Grande
PAOhy

—— PAOSD
TASD

108 10° 1010 101 1012
m, [GeV]

Dubey, Dass, Saha 2606.09976
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why not! many ideas!
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