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Outline:

Introduction:
▶ how I met VB
▶ UHECRs in 1996

Superheavy dark matter

Working out preciser predictions:
▶ abundance in gravitational production
▶ clustering [see Slava Dokuchaev’s talk ]

▶ fragmentation: SUSY-QCD and electroweak

Conclusions
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Introduction

How I met Venya:
VB won a Humboldt research prize in 1991:

stayed 1-2months per year at University of Bonn

Finishing my master thesis in May 1993, I was looking for a PhD
supervisor
visited U Bonn and met VB: suggested to work on pion curvature
radiation
applied for DAAD funding
moved to Gran Sasso in March 1994
we finished (with Sasha Dolgov) a paper on pion curvature radiation
in March 1995
what to do next?
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Introduction

Status of the field
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Introduction

Status of the field
Observations:

▶ Flye’s Eye event, AGASA excess
▶ acceleration problem
▶ no correlations with astrophysical sources

Theory:
▶ topological defects en vogue:

⋆ monopoles, monopolium [Hill ’83 ]
⋆ (superconducting) cosmic strings [Ostriker, Thompson, Witten ’86 ]

▶ low-scale SUSY = standard believe
▶ growing number of particle physicists entering the field

⇒ new project: SUSY
▶ LSP as high-energy particle
▶ detetection: interaction cross sections
▶ production:

⇒ Monte Carlo simulation for SUSY-QCD
but 2.nd (and last) year of PhD was over
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SHDM – idea

Superheavy dark matter as UHECR source

suggested instanton induced decays, τX ∝ M−1
X exp(4π/α)

production at reheating
open for ΩX = ΩDM
no figure, no concrete predicition of fluxes
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SHDM – idea

Superheavy dark matter as UHECR source

suggests wormhole induced decays, τX ∝ exp(2S)
production at reheating and TD’s
sticked to ΩX ≪ ΩDM
predicition of fluxes:
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SHDM – idea

Lifetime:
stable:

▶ annihilation σann ≤ 1/m2
X ⇒ too small flux

▶ exception: [see Slava Dokuchaev’s talk ]

⋆ break in V(φ), clump formation in radiation epoch
⇒ gravithermal catastrophe and/or Sommerfeld effect

decay: too fast?

▶ for MX >∼ 1010 GeV even gravitational interactions result in
cosmological short lifetimes, τX ≪ t0.

▶ global symmetry broken by grav. wormhole effects, τX ∝ exp(2S)
▶ symmetry broken by instanton effects,

τX ∝ exp(4π2/g2)

▶ discrete symmetries forbid operators with d < 9
▶ crypton or fractionally charged and confined particle of superstring

theories
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SHDM – pedictions

Gravitational creation of SHDM [Kuzmin, Tkachev ’98; Chung, Kolb, Riotto ’98 ]

Small fluctuations of field Φ obey
φ̈k +

[
k2 + m2

eff(τ)
]
φk = 0

If meff is time dependent, vacuum fluctuations will be transformed
into real particles.

⇒ expansion of Universe, a′′ ̸= 0, leads to particle production

m2
eff = M2a2 + (6ξ − 1)a′′

a

In inflationary cosmology, for MX <∼ HI:

ΩXh2 ∼
(

MX
1012GeV

)2 TRH
109GeV

isocurvature modes: δX ̸= δγ [Chung et al. ’05 ]
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SHDM – pedictions

Early Signatures
Anisotropy: Virgo ⇒ Galactic [Dubovsky, Tinyakov ’98 ]

0 20 40
1

10

NFW

 

 

 1020 eV
 6x1019 eV
 3x1019 eV
 1019 ev

Fragmentation spectra:

▶ composition: γ/p ∼ ν/p ≫ 1, no nuclei
▶ spectral shape: steep dN/dE ∝ 1/Eα up to mX/2 with α ≃ 1.3–2

▶ reliable predictions?
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SHDM – pedictions

Status of fragmentation functions

(pre-LHC) Monte Carlo simulations: PYTHIA, Herwig √
s <∼ 30 TeV
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Status of fragmentation functions

(pre-LHC) Monte Carlo simulations: PYTHIA, Herwig √
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SHDM – pedictions

Fragmentation function in MLLA

and what is effect of SUSY?
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SHDM – pedictions

Fragmentation function in MLLA

and what is effect of SUSY?
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Fragmentation function in Gaussian approx. and SUSY

first attempt to incorporate SUSY in FF
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Topological defect models: Necklaces

+ “generic” in SUSY-GUTs
+ produced during reheating
- typical density: one per horizon/correlation length
- main energy loss low-energy radiation?

favourable models for UHECRs:
monopole-antimonopole pairs
hybrid defects: cosmic necklaces

▶ G → H ⊗ U(1) → H ⊗ Z2
▶ monopoles M ∼ ηm/e connected by strings µs ∼ η2

s
▶ parameter r = M/(µsd):
▶ r ≪ 1 normal string dynamics
▶ r ≫ 1 non-rel. string network
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Limiting spectrum in SUSY-QCD [VB, MK ’98 ]

derivation in QCD:
1 DGLAP: 2 × 2 matrix eq. for {q, g} and ξ = αs(Q2)/(4π) ln(Q2/Q2

0)

2 Melin transform pdf’s: D(j, ξ) =
∫

dx xj−1D(x, ξ)
3 diagonalise and find leading term for j → 1

4 LLA → MLLA: reinterprete argument ξ

derivation in SUSY-QCD:

1 {q, g} → {g, g̃}
2 bQCD → bSUSY−QCD

3 mg̃ = 0
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Limiting spectrum in SUSY-QCD [VB, MK ’98 ]
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SHDM – pedictions

Is a factor 30 difference reasonable?

+ >∼ 8 decades SUSY-QCD vs. 2-3 QCD
– gluons dominate cascade evolution
– QCD: approximation Λ ≃ Q0 is ok, not for SUSY-QCD

Only understood having SUSY-QCD Monte Carlo [MK, VB ’00 ]

▶ including mass thresholds, correct running of αs

▶ getting finally LSP spectra
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SHDM – pedictions

Electroweak cascades:

consider Bremsstrahlung, X → f̄fV:

soft and collinear singularities generate terms ln2(m2
V/m2

X) for
m2

X ≫ m2
V ⇒ compensate the small couplings g2,

g2 ln2(m2
X/m2

V) ≈ 1

MX >∼ 106 GeV, ⇒ naive perturbation theory breaks down:
electroweak sector haa a QCD-like behavior (“jets”)

[Berezinsky, MK ’98, Berezinsky, MK, Ostapchenko ’02 ]

(modified) DGLAP description possible
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Reliable predictions?

(SUSY) QCD cascade: [MK, VB ’00, Toldra, Sarkar ’02, Aloisio, MK & VB ’03„… ]

▶ Q2 → ∞ is an attractor
⇒ evolving initial data from Q2

0 to Q2 ≫ Q2
0 is “safe”

▶ for not too small x: standard DGLAP – or Monte Carlo

EW cascade: [MK, VB ’02, Barbot, Drees ’03,…, Bauer et al. ’20 ]

▶ mass effects are more important
▶ large range with g2/(8π) ln2(m2

X/m2
W) ≈ 1
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(S)HDM today

Exclusion limits: photons [PAO ’22 ]
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Auger HeCo + SD 750 m (2022), U.L. at 95 % C.L.

Auger Hybrid (2021), U.L. at 95 % C.L.

Auger SD 1500 m (2019), U.L. at 95 % C.L.

KASCADE(-Grande) (2017), U.L. at 90 % C.L.

EAS-MSU (2017), U.L. at 90 % C.L.

Telescope Array (2019), U.L. at 95 % C.L.

GZK proton (Kampert et al. 2011)

GZK mixed (Bobrikova et al. 2021)

SHDM I (Kalashev & Kuznetsov 2016)

SHDM II (Kachelriess, Kalashev & Kuznetsov 2018)

 interactions in halo (Kalashev & Troitsky 2014)pp

CR interactions in Milky Way (Berat et al. 2022)

Single source without cutoff
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(S)HDM today

Exclusion limits: [PAO ’22 ]
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(S)HDM today

A revival: contribution to diffuse neutrino flux?

10
0

10
1

10
2

10
12

10
13

10
14

10
15

10
16

E
2
 F

(E
) 

[e
V

/c
m

2
/s

/s
r]

E [eV]

IceCube all flavors
IceCube muon*3

local flux
EG 1/E

2.1

total

possible sources:
▶ extended CR halo [Taylor, Gabici, Aharonian ’14 ]

▶ extended nearby CR sources [Andersen, MK, Semikoz ’17, Bouyahiaoui, MK, Semikoz ’21 ]

▶ heavy dark matter [Feldstein et al. ’13, Esmaili, Serpico ’13,… ]
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(S)HDM today

Exclusion plots for X → ν̄ν: neutrino constraints

IceCube X→νν
PAO X→νν
IceCube X→qq
PAO X→qq

108 1010 1012 1014
1018
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1021

1022

1023

MX , GeV

τ
,
y
r

[MK, Kalashev, Kuznetsov ’18 ]

significant contribution from only leptonic decay still possible
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Exclusion plots for X → ν̄ν: gamma constraints

PAO SD 2015
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Exclusion plots for X → ν̄ν: constraints
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Conclusions

Conclusions

WIMP paradigm in crisis ⇒ mass range of DM is wide open

SHDM is an interesting DM candidate
▶ Gravitational creation of DM with mX ∼ 1011

▶ probes inflation & GUT physics
▶ photon & neutrino searches most promising

SUSY-QCD & electroweak bremsstrahlung: now included in
“standard” MC simulations

illustrates nicely Venya’s way to do physics
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