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“The existence of these high energy rays is a puzzle, the solution of which 
will be the discovery of new fundamental physics or astrophysics”

Jim Cronin (1998)
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????Kaluza-Klein 
states?Mstring ; MPl

ΩX ~ 1

not in thermal 
equilibrium …

Inflation →

τ ~ 1010-18 yr
for mx ~ Λhs

.

discrete
(very model-
dependent)

‘crypton’?
Λhidden sector

~(MPl /√GF)1/2

ΩLSP ~ 1
freeze-out 

from thermal 
equilibrium

violated?R-parity?neutralino?
1/√GF

ΩB ~ 10-10 

cf. observed 
ΩB ~ 0.05 !

freeze-out 
from thermal 
equilibrium 

τ > 1031 yr
dim-5 SUSY-GUTs

baryon 
numbernucleonΛQCD

AbundanceProductionStabilitySymmetry/
Quantum 
number

ParticleMass scale

No definite indication from theory … must decide by experiment!



Apart from the CMB, we have no evidence for any other thermal relic of the Big Bang



Superheavy dark matter particles (“wimpzillas”) can be produced with Ωx ~ 1
at the end of inflation → due to the changing gravitational field acting on  

vacuum  quantum fluctuations of the dark matter field  (Chung, Kolb, Riotto 1998)

… they may constitute part (or even all) of the `cold dark matter’



The fluctuations observed in the CMB imply a period of primordial inflation,
with a Hubble parameter H ≤ 1.5x10-5 MPl ≈ 1014 GeV

… so it is quite possible that supermassive particles were created with 
a cosmologically interesting abundance



Upward going muon in IMB

All massive particles must be weakly unstable due to non-renormalisable interactions
… their slow decays should eventually create high energy neutrinos



(Gondolo, Gelmini & Sarkar 1993)

Experimental upper limits on UHE cosmic neutrino fluxes 
set bounds on the decaying particle abundance/lifetime …



(Berezinsky, Kachelreiss & Vilenkin 1997; Birkel & Sarkar 1998)

Perhaps the trans-GZK cosmic rays are produced locally in the Galactic halo
from the slow decays of metastable supermassive dark mater particles

→ energy spectrum determined by QCD fragmentation 
→ expect dipole anisotropy due our off-centre position
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Modelling the decay of a supermassive particle

e+e-→ X → partons → jets

Perturbative evolution of parton cascade
… tracked by DGLAP equation  

Non-perturbative fragmentation
… modelled semi-empirically



Take measured 
fragmentation functions
at the Z0 peak …



… and evolve them 
using DGLAP eqns
to mass scale mx

(Sarkar & Toldra 2001)



Most of the energy is released as neutrinos, with some photons and a few nucleons …

Similar results obtained by others (Barbot & Drees 2003, Aloisio, Berezinsky & Kachelreiss 2004)



The fragmentation spectrum matches the ‘flat component’
of cosmic rays at trans-GZK energies  

Normalisation to the observed flux requires: τx ~ 2x109 t0 



The observed trans-GZK UHECRs are however believed to be nucleons – not photons!

Are the photons are attenuated by pair annihilation on the (poorly known) MHz radio background?
… the lower energy photons created in the cascades would not conflict with the EGRET bound

(Sarkar. Sigl & Toldra 2002)



… the expected UHE neutrino flux is well above the ‘WB bound’



A high energy flux of neutralinos is also expected → may be detectable by EUSO/OWL

(Barbot, Drees, Halzen & Hooper 2002)



Our asymmetric position in the Galaxy implies a dipole anisotropy 
… magnitude dependent on assumed dark matter distribution

Auger South should be able to detect this @ 5σ with 500 events
(Evans, Ferrer & Sarkar 2001)



Conclusions

►Ultrahigh energy cosmic rays and neutrinos may arise from the slow decays of 
~1012 GeV mass relic particles, clustered as dark matter in the Galactic halo

► This makes robust predictions for the energy spectrum and anisotropy
... so is falsifiable by ongoing/forthcoming experiments (Auger, IceCube etc)

If confirmed, this will be the first direct signature of physics 
well beyond the Standard Model







Correlated bounds on the abundance/lifetime of massive relic particles

Ellis et al (1992)


