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Outline:

@ Introduction:
» how | 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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How | met Venya:
@ VB won a Humboldt research prize in 1991:

@ stayed 1-2months per year at University of Bonn
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How | 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, | was looking for a PhD
supervisor

o visited U Bonn and met VB: suggested to work on pion curvature
radiation
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How | 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, | was looking for a PhD
supervisor

o visited U Bonn and met VB: suggested to work on pion curvature
radiation

@ applied for DAAD funding

@ moved to Gran Sasso in March 1994
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How | 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, | was looking for a PhD
supervisor

o visited U Bonn and met VB: suggested to work on pion curvature
radiation

@ applied for DAAD funding
@ moved to Gran Sasso in March 1994

e 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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Status of the field
@ Observations:
> Flye's Eye event, AGASA excess
> acceleration problem

» no correlations with astrophysical sources
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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
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» 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: 777
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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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Superheavy dark matter as UHECR source

stro-ph/9709187v1 18 Sep 1997
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Ultra-High Energy Cosmic Rays :

a Window to Post-Inflationary Reheating Epoch of the

Universe 7

V.A. Kuzmin and V.A. Rubakov

Institute for Nuclear Research of Russian Academy of Sciences,
60th October Anniversary Prosp. Ta, Moscow 117312, Russia
E-mails : kuzmin@ms2.inr.ac.ru, rubakov@ms2.inr.ac.ru

Abstract

We conjecture that the highest energy cosmic rays, £ > Eqzk, where Egzi ~ 510"
eV is the Greisen-Zatsepin-Kuzmin cut-off energy of cosmic ray spectrum, may provide a
unique window into the very early epoch of the Universe, namely, that of reheating after
inflation, provided these cosmic rays are due to decays of parent superheavy long-living
X-particles.

These particles may constitute a considerable fraction of cold dark matter in the
Universe. We argue that the unconventionally long lifetime of the superheavy particles,
which should be in the range of 10'0 — 102 years, might require novel particle physics
mechanisms of their decays, such as instantons. We propose a toy model illustrating the
instanton seenario.

Generic expected features of ultra-high energy extensive air showers in our scenario
are similar to those of other top-down scenarios. Howev jome properties of the upper
part of the cosmic ray spectrum make the instanton scenario distinguishable, at least in

principle, from other ones.
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5tro-ph/9709187v1 18 Sep 1997

@ suggested instanton induced decays, Tx o M)_(1 exp(4r/a)
@ production at reheating

@ open for Qx = Qpum
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Superheavy dark matter as UHECR source

Ultra-High Energy Cosmic Rays
a Window to Post-Inflationary Reheatmg Epoch of the
niverse

V.A. Kuzmin and V.A. Rubakov

Abstract

stro-ph/9709187v1 18 Sep 1997

@ suggested instanton induced decays, Tx o M)_(1 exp(4r/a)
@ production at reheating

@ open for QX = QDM
°

no figure, no concrete predicition of fluxes
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Superheavy dark matter as UHECR source

Ultra-high energy cosmic rays without GZK cutoff

V. Berezinsky!, M. KachelrieB!, and A.Vilenkin®
LINFN, Laboratori Nazionali del Gran Sasso, I-67010 Assergi (AQ), Italy
Institute of Cosmology, Department of Physics and Astronemy, Tufts University, Medford, MA 02155, USA

We study the decays of ultraheavy (mx > 10" GeV) and quasistable (lifetime 7x much larger
than the age of the Universe ty) particles as the source of Ultra High Energy Cosmic Rays (UHE
CR). These particles are assumed to constitute a tiny fraction £x of CDM in the Universe, with £x
being the same in the halo of our Galaxy and in the intergalactic space. The elementary-particle and
cosmological scenarios for these particles are briefly outlined. The UHE CR. fluxes produced at the
decays of X- particles are calculated. The dominant contribution is given by fluxes of photons and
nucleons from the halo of our Galaxy and thus they do not exibit the GZK cutoff. The extragalactic
components of UHE CR are suppressed by the smaller extragalactic density of X-particles and hence
the cascade limit is relaxed. We discuss the spectrum of produced Extensive Air Showers (EAS)
and a signal from Virgo cluster as signatures of this model.

PACS numbers: 98.70.Sa, 14.80.-j

The observations of Ultra-High Energy Cosmic Rays  phenomenological approach and treat the density nx of
(UHE CR) reveal the presence of a new, isotropic com- X-particles and their lifetime 7y as free parameters fixed
ponent at energies £ > 1-101 GeV (for a review see Rel.  only by the requirement that the observed UHE CR flux
). This component is thought to have an extragalactic  is reproduced. We caleulate the fluxes of nucleons, pho-

23 Aug 1997
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Superheavy dark matter as UHECR source

23 Aug 1997

Ultra-high energy cosmic rays without GZK cutoff

V. Berezinsky!, M. KachelrieB!, and A.Vilenkin?
INFN, Laboratori Nazionali del Gran Sasso, I-67010 Assergi (AQ), Hal

aly
*Institute of Cosmology, Department of Physics and Astronomy, Tufts University, Medford, MA 021:

, USA

We study the decays of ultraheavy (mx > 10" GelV) and quasistable (lifetime 7x much larger
than the age of the Universe #) particles as the source of Ultra High Energy Cosmic Rays (UHE
CR). These particles are assumed to constitute a tiny fraction £x of CDM in the Universe, with &x

being the same in the halo of our Galaxy and in the intergalactic space. The elementa

particle and

cosmological scenarios for these particles are briefly outlined. The UHE CR fluxes produced at the
decays of X- particles are caleulated. The dominant contribution is given by fluxes of photons and
nucleons from the halo of our Galaxy and thus they do not exibit the GZK cutoff. The extragalactic

components of UHE CR are

d by the smaller

density of X-particles and hence

the cascade limit is relaxed. We discuss the spectrum of produced Extensive Air Showers (EAS)
and a signal from Virgo cluster as signatures of this model.

PACS numbers: 98.70.Sa, 14.80.-j

The observations of Ultra-High Energy Cosmic Rays
(UHE CR) reveal the presence of a new, isotropic com-
ponent at energies E > 11010 GeV (for a review see Ref.
[M}. This component is thought to have an extragalactic

phenomenoclogical approach and treat the density nx of
X-particles and their lifetime 7y as free parameters fixed
only by the requirement that the observed UHE CR flux
is reproduced. We calculate the fluxes of nucleons, pho-

@ suggests wormhole induced decays, 7x o exp(25)
@ production at reheating and TD's
@ sticked to Q) x < Qpwum
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Superheavy dark matter as UHECR source

@ suggests wormhole induced decays, 7x x exp(25)
@ production at reheating and TD's

@ sticked to Qx < Qpwm

@ predicition of fluxes:
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Lifetime:

@ stable:
» annihilation o, < 1/m§< = too small flux
> exception:

* break in V(p), clump formation in radiation epoch

= gravithermal catastrophe and/or Sommerfeld effect

[see Slava Dokuchaev'’s talk ]
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Lifetime:

@ stable:

» annihilation gann < 1/m3 = too small flux
> eXCGptiOﬂ: [see Slava Dokuchaev's talk |

* break in V(¢), clump formation in radiation epoch
= gravithermal catastrophe and/or Sommerfeld effect

@ decay: too fast?

» for Mx > 10'° GeV even gravitational interactions result in
cosmological short lifetimes, 7x < {o.
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Lifetime:

@ stable:

» annihilation o, < 1/m§( = too small flux
> eXCGptiOﬂ: [see Slava Dokuchaev's talk |

* break in V(¢), clump formation in radiation epoch
= gravithermal catastrophe and/or Sommerfeld effect

@ decay: too fast?

» for Mx > 10'° GeV even gravitational interactions result in
cosmological short lifetimes, 7x < {o.
» global symmetry broken by grav. wormhole effects, 7x o exp(25)

» symmetry broken by instanton effects,
Tx o exp(472 /%)
» discrete symmetries forbid operators with d < 9

» crypton or fractionally charged and confined particle of superstring
theories
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Y sHDM —pedictions
Gravitational creation of SHDM
@ Small fluctuations of field ¢ obey

[Kuzmin, Tkachev '98; Chung, Kolb, Riotto '98 ]

Sbk -+ [k:2 + msz(’r)] Pk = 0
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N b e
Gravitational creation of SHDM  (kumin, Tiacher ‘95; Chung, Kotb, Riotto 961
@ Small fluctuations of field ¢ obey
. 2
Pk + [k2 + meff(’r)] Pk = 0
into real particles.

@ If meg is time dependent, vacuum fluctuations will be transformed
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GraVitatlonal Creatlon Of SH DM [Kuzmin, Tkachev '98; Chung, Kolb, Riotto '98 ]
@ Small fluctuations of field ¢ obey

Sbk + [k2 + msz(’r)] Pr = 0

o If meg is time dependent, vacuum fluctuations will be transformed
into real particles.
= expansion of Universe, a” # 0, leads to particle production
/!

meg = MPa® + (6 — 1) ‘

a
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GraVitatlonal Creatlon Of SH DM [Kuzmin, Tkachev '98; Chung, Kolb, Riotto '98 ]
@ Small fluctuations of field ¢ obey

Sbk + [k:2 + msz(’r)] Pr = 0

o If meg is time dependent, vacuum fluctuations will be transformed
into real particles.
= expansion of Universe, a” # 0, leads to particle production

al/

mig = M?a® + (6§ — 1)— 4

e In inflationary cosmology, for My < Hj:

M 2o
QXhQN( X > RH

1012GeV ) 109GeV
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GraVitatlonal Creatlon Of SH DM [Kuzmin, Tkachev '98; Chung, Kolb, Riotto '98 ]
@ Small fluctuations of field ¢ obey

Sbk + [k:2 + msz(’r)] Pr = 0

o If meg is time dependent, vacuum fluctuations will be transformed
into real particles.
= expansion of Universe, a” # 0, leads to particle production

al/

mig = M?a® + (6§ — 1)— 4

@ In inflationary cosmology, for My < Hr:

2
i (gl ) T

1012GeV ) 109GeV

@ isocurvature modes: dx # 0y [Chung et al. 05 ]
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Early Signatures
@ Anisotropy: Virgo = Galactic

10

A(O)

Michael KachelrieB (NTNU Trondheim)

[Dubovsky, Tinyakov '98 ]

NFW

—10" eV
- - -6x10" eV
----3x10" eV
—-—10"ev
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Early Signatures

@ Anisotropy: Virgo = Galactic

o Fragmentation spectra:

» composition: v/p ~ v/p > 1, no nuclei

[Dubovsky, Tinyakov '98 ]
» spectral shape: steep dN/dE o« 1/E* up to myx/2 with o ~ 1.3-2
» reliable predictions?
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Status of fragmentation functions

MONOPOLONIUM

Christopher T. HILL

Fermt National Accelerator Laboratory, P.O. Box 500, Batavia, Hlinois 60510, USA

Reccived 25 November 1952
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Status of fragmentation functions

We may further estimate the spectrum of hadrons and secondary photons, though
here we are on somewhat thinner ice. The exact x-distribution for fragmentation of a
gluon jet is not known, and only a few properties, such as the total multiplicity and
more recent observations of a peak at very low x have been determined [7]. Indeed,
it is not clear how much can be determined theoretically. For our purposes the
important features are to realize the correct multiplicity, assure that the first moment
of the distribution be normalized properly to unily, and try to guess the correct
large-x behavior, which we take to be (1 — x)2 We will build the multiplicity into
the low-x behavior of the distribution. For the leading log QCD multiplicity formula

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

10"
L
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Fig. 3. Charged hadron spectrum (a) leading log QCD, (b) £'7? multiplicity, and (¢) gluon spectrum.
y-distribution ~ | hadron distribution.
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. [ebiEehbe
Fragmentation function in MLLA

Basics of
PERTURBATIVE QCD

Yu. L. Dokshitzer, V. A. Khoze
A. H. Mueller and 5. |. Troyan

PERE . 4

S 4 -
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Fragmentation function in MLLA

124 Guide to Color Coherence
(k)
L
o%o OD 00'3\
0,0 N
230000 0 Bo OO}’“
o
\ . InkR
Figure 4.8:

The effect of color coherence on particle energy spectrum
plk) = dn/dInk. Dotted area corresponds to the contribution which is re-
moved when turning from the incoherent model (dashed) to the coherent one

(solid). Shaded area shows the old-fashioned platean (without taking account
of bremsstrahlung).

it
S
o
i)
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Fragmentation function in MLLA

124 Guide to Color Coherence
(k)
L
o%o OD 00'3\
0,0 N
230000 0 Bo OO}’“
o
\ . InkR
Figure 4.8:

The effect of color coherence on particle energy spectrum
plk) = dn/dInk. Dotted area corresponds to the contribution which is re-
moved when turning from the incoherent model (dashed) to the coherent one

(solid). Shaded area shows the old-fashioned platean (without taking account
of bremsstrahlung).

@ and what is effect of SUSY?

it
S
o
i)
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Fragmentation function in Gaussian approx. and SUSY

VOLUME 79, NUMBER 26 PHYSICAL REVIEW LETTERS 29 DECEMBER 1997

Cosmic Necklaces and Ultrahigh Energy Cosmic Rays

Veniamin Berezinsky' and Alexander Vilenkin®
VINFN, Laboratori Nazionali del Gran Sasso, 67010 Assergi (AQ), ltaly
2Institute of Cosmology, Department of Physics and Astronomy, Tufts University, Medford, Massachusetts 02155
(Re ceived 28 April 1997; revised manuscript received 15 October 1997)
oy — o

The imgmeuldlmu function 1s calculated using the de-
cay of X particle into QCD partons (quark, gluons, and
their supersymmetric partners) with the consequent devel-
opment of the parton cascade. We have used the frag-
mentation function in the Gaussian form as obtained in the
modified leading logarithm approximation in [19,20]. Ad-
ditionally, we took into account the supersymmetric cor-
rections to the coupling constant e, at large Q°. The
explicit form of the fragmentation function at small x is
found as

Kx In® x / KX
Wylmy,x) B exp( 207 ), (5)
where 2% = (1/6)[In(myx/A) P2, x = E/my. x, =
(A/my)V2, A = 0.234 GeV with the normalization con-
stant K to be found from energy conservation assuming
that about 10% of initial energy (my) is transferred to
nucleons.
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Fragmentation function in Gaussian approx.

and SUSY

29 DECEMBER 1997

Cosmic Necklaces and Ultrahigh Energy Cosmic Rays
(R

Veniamin Berezinsky' and Alexander Vilenkin’
INFN, Laboratori Nazionali del Gran Sasso, 67010 Assergi (AQ), Italy

S
Pnstite of Cosmolagy, Department of Physics and Astronomy Tt Universi Medford, Massachusets 02155
ived 28 April 1997; revised manuscript received 15 October

first attempt to incorporate SUSY in FF

Michael KachelrieB (

U Trondheim)
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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- HUQ)— H® Zy

monopoles M ~ 1,,/ e connected by strings s ~ 12
parameter 7= M/(usd):

r < 1 normal string dynamics

r>> 1 non-rel. string network

Michael KachelrieB (NTNU Trondheim) Superheavy dark matter GSSI, L'Aquila, 3.0ct.2024
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I  S'{DM — pedictions
Limiting spectrum in SUSY-QCD VB, MK 98

derivation in QCD:

@ DGLAP: 2 x 2 matrix eq. for {q, g} and & = a,(Q?)/(4m) In(Q*/ Q3)
@ Melin transform pdf’'s: D(j, &) = [ dza/~' D(z,€)
© diagonalise and find leading term for j — 1
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I  S'{DM — pedictions
Limiting spectrum in SUSY-QCD VB, MK 98

derivation in QCD:

@ DGLAP: 2 x 2 matrix eq. for {q, g} and & = a,(Q?)/(4m) In(Q*/ Q3)
@ Melin transform pdf’'s: D(j, &) = [ dza/~' D(z,€)

© diagonalise and find leading term for j — 1

Q@ LLA — MLLA: reinterprete argument &
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I  S'{DM — pedictions
Limiting spectrum in SUSY-QCD VB, MK 98

derivation in QCD:

@ DGLAP: 2 x 2 matrix eq. for {q, g} and & = a,(Q?)/(4m) In(Q*/ Q3)
@ Melin transform pdf’'s: D(j, &) = [ dza/~' D(z,€)

© diagonalise and find leading term for j — 1

@ LLA — MLLA: reinterprete argument &

derivation in SUSY-QCD:
Q {29} = {97}

@ bqcop — bsusy—qep
e mg = 0
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I  S'{DM — pedictions
Limiting spectrum in SUSY-QCD VB, MK 98

3.2e5 T T

28e5

24e5|

2085 -

1.6e5 |

Diim(L,Y)

12e5

B.0ed |

I=1In(1/z)

Fig. 1. Limiting spectrum Dy, (1Y) as function of /=1In(1/x)}
for SUSY-QCD (solid lines) and QCD (dashed lines), both cases
for my =10 GeV (bottom), my=10" GeV (middle) and
my = 10" GeV (top). The QCD spectrum is scaled up by a factor
30.
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Is a factor 30 difference reasonable?

1 TeV 1 GeV
(SUSY (hadronization)
L SU2) 2 U(1)
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Y sHDM —pedictions
Is a factor 30 difference reasonable?

(
breaking)

+ > 8 decades SUSY-QCD vs. 2-3 QCD
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Y sHDM —pedictions
Is a factor 30 difference reasonable?

(
breaking)

+ 2 8 decades SUSY-QCD vs. 2-3 QCD

— gluons dominate cascade evolution
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Is a factor 30 difference reasonable?

q

1 Tev 1 Gev
(SUSY (hadronization)
SU2)®U(1)
breaking)

+ 2 8 decades SUSY-QCD vs. 2-3 QCD
— gluons dominate cascade evolution
— QCD: approximation A ~ )y is ok, not for SUSY-QCD
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Is a factor 30 difference reasonable?

q

1 TeV 1 GeV
(SUSY (hadronization)
SU@2)y®U(1)

breaking)

+ 2 8 decades SUSY-QCD vs. 2-3 QCD
— gluons dominate cascade evolution
— QCD: approximation A ~ )y is ok, not for SUSY-QCD

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

including mass thresholds, correct running of a

getting finally LSP spectra
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Electroweak cascades:

o consider Bremsstrahlung, X — ffV:

soft and collinear singularities generate terms In?(m32,/m3,) for
m§< > m2v = compensate the small couplings ¢?,

7 n?(m%/mY) ~ 1
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Electroweak cascades:

o consider Bremsstrahlung, X — ffV:

soft and collinear singularities generate terms In?(m32,/m3%,) for
m§< > m2v = compensate the small couplings ¢?,

g° n*(mi/mY) ~ 1

o Mx > 10 GeV, = naive perturbation theory breaks down:

electroweak sector haa a QCD-like behavior (“jets")
[Berezinsky, MK '98, Berezinsky, MK, Ostapchenko '02]
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Electroweak cascades:

o consider Bremsstrahlung, X — ffV:

soft and collinear singularities generate terms In?(m32,/m3%,) for
m§< > m2v = compensate the small couplings ¢?,

¢ I (me/md) ~ 1

o Mx > 105 GeV, = naive perturbation theory breaks down:

electroweak sector haa a QCD-like behavior (“jets")
[Berezinsky, MK '98, Berezinsky, MK, Ostapchenko '02]

e (modified) DGLAP description possible
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Reliable predictions?

] (SUSY) QCD cascade: [MK, VB ‘00, Toldra, Sarkar '02, Aloisio, MK & VB '03,... ]
» % — oo is an attractor
= evolving initial data from Q% to Q* > @ is “safe”
» for not too small z: 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 ¢?/(8) In®(m%/m3y) ~ 1
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Exclusion limits: photons (PAO 22]

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. at95 % C.L.

«-r0060

I GZK proton (Kampert et al. 2011)

GZK mixed (Bobrikova et al. 2021)

= = = = SHDMI (Kalashev & Kuznetsov 2016)

SHDM Il (Kachelriess, Kalashev & Kuznetsov 2018)
pp interactions in halo (Kalashev & Troitsky 2014)
CRinteractions in Milky Way (Berat et al. 2022)
Single source without cutoff
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Integral photon flux for E > E_[km? srlyr]
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N (5)HDM today

Exclusion limits: (PO 22]
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N (5)HDM today

A revival: contribution to diffuse neutrino flux?
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N (5)HDM today

A revival: contribution to diffuse neutrino flux?
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@ possible sources:
» extended CR halo
» extended nearby CR sources

» heavy dark matter

[Taylor, Gabici, Aharonian '14 ]

[Andersen, MK, Semikoz '17, Bouyahiaoui, MK, Semikoz '21 ]

[Feldstein et al. '13, Esmaili, Serpico '13,.. ]
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N (5)HDM today

Exclusion plots for X — Dv: neutrino constraints
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N (5)HDM today

Exclusion plots for X — Dv: gamma constraints
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[MK, Kalashev, Kuznetsov '18 ]
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N (5)HDM today

Exclusion plots for X — Dv: constraints
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@ significant contribution from

Michael KachelrieB (NTNU Trondheim)

Superheavy dark matter

[MK, Kalashev, Kuznetsov '18]

only leptonic decay still possible

GSSI, L'Aquila, 3.0ct.2024
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Conclusions

@ WIMP paradigm in crisis = mass range of DM is wide open

@ SHDM is an interesting DM candidate
» Gravitational creation of DM with mx ~ 10!
» 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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