
DESY Theory Workshop, Hamburg, 27 September 2006

Subir Sarkar
University of Oxford

Probing the extreme universe with 
ultra high energy cosmic rays and neutrinos



We cannot see the deep universe at energies > few TeV, since photons are 
attenuated through  gggggggg� e+e- on the cosmic infrared & microwave backgrounds

But using cosmic rays we should be able to ‘see’ up to ~ 6 x 1010 GeV 
before they get attenuated through photopion interactions on the CMB

… and the universe is ~transparent to neutrinos at effectively all energies



Moreover by studying cosmic ray interactions we can probe 
new physicsbeyond the reach of terrestrial accelerators …

‘knee’ – galactic source limit?

‘ankle’ – extragalactic source?

(courtesey: Ralph Engel)



We are now witnessing a renaissance in � -ray astronomy

� the sources of (low energy) cosmic rays may soon be identified –SNRs?

� Do the observed � -rays arise from hadronic interactions (� 0 decays) , or 
from inverse-Compton scattering by (radio synchrotron emitting) electrons ?

� Can 1st-order Fermi acceleration at SNR shocks explain the spectrum 
(injection, magnetic field amplification, diffusion losses vs anisotropy) ?

� What are the ‘unidentified’� -ray sources in the Milky Way – are there 
new source classes (micro-quasars, pulsars, …), acceleration mechanisms ?

RXJ1713.7-3946(HESS  2004)

Galactic Centre(HESS  2004)

To unambiguouslyidentify 
the cosmic ray sources we 
also need complementary 
observations of extremely 
high energy cosmic rays
(undeflected by B fields)

HESS Southern Plane Survey 2005



Primary population in RXJ1713.7-3946: e or 
p?

g-ray emission well fitted by  IC scattering of ~102 TeV electrons on CMB/starlight 
… alternatively may be from� 0 production by ~103 TeV protons 

There is no definitive evidence yet that SNRs accelerate protonsto high energies

B = 10 mG

models: F. Aharonian



1st-order Fermi acceleration

High velocity
plasma

Low velocity
plasma

B2

B1CR track

Due to scattering on magnetic 
field irregularities, cosmic ray 
recrosses shock many times, 
gaining energy each time
(Courtesey: Tony Bell)

Shock velocity vs: b =   vs/c

Simple diffusion theory: prob of CR 
crossing shock          times ism³ (1 )mb-

Average fractional energy gained 
at each crossing is: /e e bD =

�' differential spectrum:
2( )n e e-µ

Invoking diffusion loss time-scale     
can match the observed spectrum

2.7e -µ

But this model cannot easily account for:
� why cosmic ray anisotropy does not increase 

� smooth continuation of the spectrum beyond the‘knee’

� absence of p0 � -rays from young SNRs such.as Cas A

� High efficiency required for conversion of shock KE

0.7e -µ

0.7eµ



‘Constrained’ simulation of local large-scale structure including magnetic fields 
shows that deflections are small, except in the cores of rich galaxy clusters

Dolag, Grasso, Springel, Tkachev (2003)

So charged particle astronomyshould be possible at energies above ~4x1019 eV



Are there any plausible cosmic accelerators for such enormous energies?

� If they are nearby, then observed UHECRs should point back to them 

� If they are far away then the spectrum should exhibit the ‘GZK cutoff’



Active galactic nuclei

However no evidence that  protons
are accelerated in such objects

� No UHECRs point back to nearby 
active galaxies like M87 or Cen A

No neutrinos detected from AGN �
?)1ES1959+650in ’orphan flare‘(during 



Where is the GZK cutoff?

… but HiRes sees expected suppressionAGASA spectrum continues smoothly!

Is there a ~25% energy calibration mismatch between analyses of air shower and air fluorescence data?



To answer this we need an experiment employing both techniques

The array is now nearly complete

The first science analyses are being performed (spectrum, 
anisotropies …) and should be released later this year



For the surface detector, 
the acceptance is easy to 

calculate and there are lots 
of events but the energy 
calibration depends on 
~empirical simulations

For the fluorescence detector, 
the acceptance is hard to 
estimate and the event statistics 
are low but the energy 
determination is essentially 
calorimetric



Auger has now an exposure comparable to AGASA and HiRes … presented first 
spectrum based on air shower data calibratedby air fluorescence detector data

Need to be cautious … require better understanding of systematic errors 
and more statistics before a definite conclusion can be drawn!

(Paul Sommers, ICRC 2005)

DE/E ~ 50% 3525 events above 1018.5 eV
(1 Jan 2004 – 5 June 2005)



� energy spectrumdetermined by QCD fragmentation (matches AGASA data)
� compositiondominated by photons rather than nucleons (disfavoured by Auger)
� anisotropy due to our off-centre position(�¥�¥�¥�¥5% dipole towards Galactic Centre)

(Berezinsky, Kachelreiss, Vilenkin 1997; Birkel, SS 1998)

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

(created at the end of inflation through gravitational field fluctuations)
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Auger confirms that the highest 
energy particles interact like 

nucleons, not like photons

Disfavours (although does not yet rule 
out) top-down models  of UHECR origin 



By contrast, 
HiRes (with 

superior 
angular 

resolution) 
has seen no
evidence for 
small-angle 
clustering

Small-angle clustering of UHECRs?



But HiRes doessee
correlations with BL Lacs

(active galaxies - ‘blazars’- in which the jet 
from the BH points directly towards us)

Veron 11th Catalogue:
178 objects with magnitude < 18

Excess number of BL Lacs seen along 
arrival directions of events > 1019 eV, 
with separation angles consistent with 
the HiRes angular resolution of ~0.6º
See 11 pairs within 0.8º, but expect ~3

�' probability ~ 5×10-4

Now testing hypothesis  with new 
data (upto summer 2006)

But these BL Lacs are hundreds of Mpc distant!
Few % of primaries must be neutral @ 1010 GeV
(charged particles would have been deflected by 

galactic and extragalactic magnetic fields) 

Gorbunov, Tinyakov, 
Tkachev, Troitsky(2004)

HiRes (2005)



SUGAR  (1017.9---- 1018.5eV)

2.9 ssss

5.5°°°°

AGASA  (10 18---- 1018.4eV)

4.5 ssss
20°°°°

AGASA & SUGAR excesses close to Galactic centrenot confirmed

Auger distribution of overdensities consistent with isotropic distribution



In the next decade, there will be a ~10-fold increase 
in the statistics of ultrahigh energy cosmic rays
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Auger North will provide full-sky coverage



Where there are high energy cosmic rays, 
there must also be  neutrinos…

GZK interactions of extragalactic UHECRs on the CMB
(“guaranteed” cosmogenic neutrino flux … significantly altered if 

the primaries are heavy nuclei rather than protons)

UHECR candidate accelerators (g(g(g(g---- ray bursts, active 
galactic nuclei, micro-quasars, …)

(“Waxman-Bahcall flux” … normalised to extragalactic UHECR flux, 
sensitive to ‘cross-over energy’ above which they dominate)

Decays of superheavy dark matter particles
(subject to bound on associated UHE photon flux)



Cosmogenic neutrinos (courtesey: Dave Waters)



The sources of cosmic rays mustalso be sources of neutrinos

(courtesey: Dave Waters)



UHE neutrinos from the decay of superheavy dark mat ter

X � partons � jets (� ~90% � , ~5-9% � , rest ~1% nucleons)

Perturbative evolution of parton cascade
… tracked by DGLAP equation  

Non-perturbative fragmentation
… modelled semi-empirically

The fragmentation spectrum matchesthe 
AGASA data at trans-GZK energies

Normalisation to the observed flux requires: � x ~ 2x1019 yr

(Toldra, SS 2002; Barbot, Drees 2003; Aloisio, Berezinsky,Kachelreiss 2004)

nucleons from 
SHDM decay 
�' n flux ~10 
times higher



Diffuse n n n n flux would be higher if extragalactic sources begin to dominate at energies as low 
as ~1018 eV – will soon be checked by IceCube(Ahlerset al2005)

Expected UHE cosmic neutrino fluxes



Deep ice array:
� 80 strings/60 OMs each (17 m apart)
� 125 m between strings
� hexagonal pattern over 1 km2

� geometry optimized for detection of
TeV – PeV (EeV) � ’s

Surface array: IceTop
� 2 frozen-water tanks (2 OM’s each) 
on top of every string

�������



Km scale nnnn detection is already 
happening at the South Pole

KM3 in the Mediterranean will 
provide full-sky coverage 



Neutrino 2006, Santa FeNeutrino 2006, Santa Fe



Neutrino 2006, Santa FeNeutrino 2006, Santa Fe

2000-2003

2000-2004

Significance / s

Significance / s

Largest fluctuation:

3.7ssss
at 12.6 h, +4.5 deg

compatible with position of 
EGRET source 3EG J1236+0457

AMANDA search for point sources of TeV-PeV neutrinos

But 69 out of 100 randomised sky maps show a higher excess!



Search for annihilations of accreted dark matter in Sun/Earth



The Tevatron reaches cms energies of ~2 TeV 
… and the LHC will achieve ~14 TeV

But EeV energy cosmic ray hitting O or N nucleus in atmosphere 
�'�'�'�' 40 TeV cms!

The effects of new physics is hard to see in hadron-initiated showers
(#-secn TeV-2 vs GeV-2) 

... but may have a dramatic impact on neutrino interactions!

� can probe physics beyond the Standard Modelby 
observing ultra-high energy cosmic neutrinos

Colliders and Cosmic Rays



Auger can see ultra-high energy neutrinos as inclined deeply penetrating showers

Auger will also detect Earth-skimming nnnntttt 
z tttt which generates upgoinghadronic shower

An unexpected bonus – UHE neutrino detection with air shower arrays



No confirmed neutrino events yet … need more exposure to see WB 
flux



The steep rise of the gluon density 
at low-x mustsaturate (unitarity!)

��� � suppression of the UHE nnnn-N #-secn

The ratio of quasi-horizontal (all 
flavour) and Earth-skimming (nt ) 
events measuresthe cross-section

Anchordoqui, Cooper-Sarkar, Hooper, SS (2006)

Beyond HERA: probing low-x QCD with DIS of cosmic neutrinos

Extrapolation 
using HERA data



Ahlers, Ringwald, Tu (2005)

Electroweak instanton-induced interactions in the SM

Non-perturbative transitions between degenerate  SM vacuua (with different B+L #) 
are exponentially suppressed below the “sphaleron” mass: pMW/aW ~ 8 TeV 

… but huge cross-sections are predicted for n-N scattering at higher cms energies 
(would enable neutrinos to generate apparently hadronic super-GZK air showers)



Electroweak instantons at Auger

Largedeviations from perturbative SM expected above 1010 GeV
predict 4.3 QH showers/yr �' 60 times more than for CC/NC alone!

Anchordoqui, Han, Hooper, SS (2005)

Quasi-horizontal n n n n showers (assuming cosmogenic flux)

(perturbative) SM

EW instantons



If gravity becomes strong at the TeV 
scale (as in some braneworld models) 
then at cms energies well abovethis 
scale, black holeswill form with M ~ 
�� and s ~ pR2

Schwarzschild

Anchordoqui, Feng, Goldberg, Shapere (2002)

nN: SM

nnnnN: TeV QG

De Rocek (2002)

... then rapidly 
evaporate by 

Hawking radiation 
(+ gravitational 

waves?)

TeV scale quantum gravity?



Auger is well suited for probing microscopic black hole production

# QH/# ES= 0.04 for SM, but 10 for 1 TeV Planck scale!
Anchordoqui, Han, Hooper, SS (2005)

Quasi-horizontal n n n n showers Earth-skimming nnnntttt showers

SM

SM

TeV QG

TeV QG

Testing TeV scale quantum gravity (assuming WB flux)



Summary

Prospects are good for the identification of the sources of galactic 
cosmic rays by g-ray astronomy... but more work is needed on theory

We will soon answer crucial questions about the energy spectrum,
composition and anisotropies of extragalactic cosmic rays
… here the theoretical situation is even more challenging

The sources of cosmic rays must also be sources of ultrahigh energy 
neutrinos – their detection will provide an unique probe of new physics 

“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)


