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Cosmic Ray Astronomy at Extreme Energies
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Transition to Extra-Galactic Component

« Composition signature:
transition back to protons

Uncertainties:

* Normalization point:
1018 to 1019° used
Factor 10 / decade

» Spectral slope

a=2.3 for rel. shock
=2.0 non-rel.
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Power Needed for Extragalactic Cosmic Rays
(assuming transition at 101° eV)

» Energy in extra-galactic, pcg ~ 2 X 10-1? erg/cm3

— Includes extrapolation of UHECR to low energy

— pcr = (4n/c) | E(E) dE = (4n/c)H{E20(E)}e=1019ev X IN{E i/ Erin}

— This gives pcr ~ 2 X 10-° erg/cm?3 for differential index o = 2, ¢(E)
~ E-2 ; significantly more if o > 2,

» Power required ~ pr/1010 yr ~ 1.3 x 1037 erg/Mpc3/s
— Estimates depend on cosmology + extragalactic magnetic fields:

2000.12.5

3 x 103 galaxies/Mpc3
3 x 10% clusters/Mpc?3
10-7 AGN/Mpc3
~1000 GRB/yr

5 x 1039 erg/s/Galaxy

4 x 10 erg/s/Galaxy Cluster
104 erg/s/AGN

3 x 10%? erg/GRB

CRC Symposium 4
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GRB: Bahcall & Waxman
Physics Letters B556 (2003) 1

1017_

srs|

Galactic> extragalactic transition .

~ 1019 eV Ceee GRE+ Galsetc vy it\
Assume E-2 spectrum at source, _ \
normalize @ 10%°° R T N

10% erg/Mpcilyr

I E2SL [ev 6l

~10° erg/GRB
Evolution ~ star-formation T
GZK losses included |
HE R Ee N
2000.12.5 CRC Symposium 0" = —
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AGN: Berezinsky et al.

astro-ph/0410650

G =2 E-G transition < 1018 eV

Assume a cosmological distribution of
sources with:

— dN/dE ~E2, E <1018 eV
— dN/dE ~ E9, 10%8< E < 104

— g =2.7 (no evolution)

— g = 2.5 (with evolution)
Need L, ~ 3 x10% erg/Mpc3yr
Interpret ankle at 10%° as

- Pptgy>pterte

JEE? m?s'sr'eV

2000.12.5 CRC Symposium
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Questions to ponder

How to boost E,, to 100 PeV

— perpendicular shocks?

— self-generated higher magnetic fields?
What is the energy-dependence of diffusion?
What is the source spectrum?

— Are there different slopes for different sources?

— How to use the characteristic concave shape of non-
linear diffusive shock acceleration?

How many sources? How are they distributed?

2000.12.5 CRC Symposium



High Energy Proton sees Cosmic Microwave Background

Energy (V)
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Greisen ‘66, Zatsepin & Kuzmin ‘66
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EHECR Puzzle

Why no GZK cutoff?

Extragalactic Proton Sources = GZK feature

Nearby EG Source such as M87 or Cen A?

No! GZK feature from other sources
+ hot spot in the sky - not isotropic!

Galactic Source such as Young Neutron Stars?
Only if primary Is heavy & B, 5, Stronger!

Other Astrophysical ZeVatrons?

No good candidates - all show GZK feature!

2000.12.5 CRC Symposium
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Some Possible Resolutions...

If Photons, NEW PHYSICS: TD, Super Heavy Dark Matter
:only at EHE

If Protons, B strong local source + very hard injection spectrum
+ GZK feature
If Protons + no GZK feature , violation of Lorenz Invariance

If Heavies, Galactic or Extragalactic Zevatrons + strong Magnetic Fields

To Solve the Puzzle - need a lot More Data:

e Full Sky Coverage
e Many More Events

e Composition

2000.12.5 CRC Symposium 12



New Physics Option

Berezinsly, Blasi, Vilenkin "99

Super-Heavy Particle Relics o

: : ™ photons
(in Galactic halo) s _“\f\
= no GZK feature for Protons = protons

— Photons at all Energies Fa «  extragal  \
= New component | = protons \

Topological Defects = extragalactic |
= GZK feature for Protons
= Photons at the Highest Energies

©® e P .__..___._.-'-""

- | protons

photons

2000.12.5 CRC Symposium 13



HiRes (mono)

Flux*E®10% (eV? m? s™ sr")
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® HiRes-2 Monocular
m HiRes-1 Monocular

T rrr] T T

“GZK” Statistics

Expect 42.8 events
Observe 15 events

e PrimMary CoSMIC RaY

A '. Nuclel

0
" i ¥
o
n
6
4
o, ™ ‘Vi .
e_ ‘Y v
? 1

= Primary Cosmic Ray
1

UV Fluorescent photons
Isotropic Emission

N
¥
‘-/

Charged particles of

"-:- #  Electromagnetic
i Shower

w A 1_"'._..--"'('
it T g

Cerenkov Radiation 0 ¢ f

Forward Emlsslon\

Fluorescence Detector

~5 0
%o _#*#%
o0 ¢= =q*_'# + + t
. ! e"e‘ebn,s-
-
Bergman (ICRC2005)
i Iﬂl.sl - |1:3I - l1sl.5l - |1E9‘ - Iw[.sl - Iziu I .20.5, - I21 : ?{J
log,,(E) (eV)
2000.12.5 CRC Symposium

14



HiRes Stereo (and others)

( Fukushima: HiRes STEREO DATA is NOT authorized by HiRes collab..)

® HiRes-2 Monocular

s Exhibits cutoff structure

s { Expect 33.7 events

% ™ ™ # | Observe 9 events

L it 8T

h ' | | Some details
; . i DIFFERENT from mono!
1 | The Mono spectrum may

contain
systematic errors.
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- Auger OHLT1-f#
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Energy Measurement in Auger Hybrid
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Air Fluorescence Log(E/EeV)
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Log (E) = -0.79 + 1.06 Log(538)
E = 0.16 5381'06
(E in EeV, S;5 in VEM)

Uncertainty in this rule
increases from 15% at 3
EeV to 40% at 100 EeV
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Auger SD spectrum

Flux*E*10%* eV m? s sr)

| :Elﬁ?es?; :onocular | | | |
. ! Energy scale uncertainty is
o ] % | still large....
..-.,:,:;ﬁ'ﬁ*# h | o
. L vy f ] ~40 % In 100 EeV
0 improvement will come soon
(1 ) AN EPUUPIIN PSP PRI EVEPRFE EPRPE | |

17 175 18 185 19 195 20 205 21
log,,(E) (eV)
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AGASA, HiResl, Auger D Lb#R

Comparison with HiRes1, AGASA Comparison with HiRes1, AGASA-25%
F | ' | ' I F ] | T s
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S(1000): The energy indicator

e Less mass composition sensitive

Not just muons but emg component make sizable contributions
(Alan Watson, private comminication)

e S(1000)Fe-P  ~10% difference (Paul Sommers, private com)

® O s(1000) ~15% @ 10 VEM (Ghia, this conference)

BUT ALL these rely on EAS MC!!
S.Yoshida
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SD+FD Hybrid Detector® A1)k

2000.12.5

REA KRBV E(TA & Auger) [ SD+FD
o SDDRBEZMHERT S (MET=)
o FDDHEXMEIE (TRILF—RE)

2007 (A¥F< 3 ICRC) % TIC
B IRk T, Auger [ x 7 AGASA exposure
LB T, TAIX x1 AGASA exposure

UHECRMDARIKLIZDUWNTIE, [(FIFEH/HAE S,

CRC Symposium
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EEREDLLER

Experiment  Acceptance Assumed Operation Energy Res. Total Exposure till 2016
(km? sr) (%) (km?2sr year) (in AGASA Unit)
AGASA 160 Completed 1.6 x 103 1
HiRes 3,000 ~2006 5 x 10% (Mono) ~3.1
(@10%%V) (d.c.10%) 2.5 x10%(x1.7) (Stereo) ~2.6
TA ~1,400 2007~ ~20 1.5x 104 9
(~ 1 AGASA)
Auger 7,800 2006~ ~15 8.6 x 104 54
(Auger North) (7,800) (2009~) (+6.2 x 10%) (+40)

(~ 5 AGASA for each)

EUSO 600,000 2012~ 20 3.0x105 187
(@10%eV)  (d.c. 10%)
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LHCf: CERN LHCIZ&A10Y7 eVTHOHEBEEATETIILDIESE

Calibration of the models at
high energy is mandatory

We propose to use LHC,
the highest energy accelerator

7 TeV +7 TeV protons
14 TeV in the center of mass

Eip=10" eV (Ejpp= B2/ 2 mp)

Major LHC detectors (ATLAS, CMS, LHCB) will
measure
the particles emitted in the central region

LHCT will cover the very forward part

May be also Pb-Pb collisions????
2000.12.5 CRC Symposium 29



2 independent detectors on both sides of IPX

Detector I A INTERACTION POINT 4 Detector IT
Tungsten IP1 (ATLAS) Tungsten
Scintillator IP8 ?{HCb) Scintillator
Scintillating fibers) - v / _Silicon pstrips )

[ Beam line ]

Detectors should measure energy and position of vy
from n° decays mEp e.m. calorimeters with
position sensitive layers
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Detector #1

3 towers with the
same longitudinal |
structure but with
different transverse
dimensions

[90) % 335 % 290) mm>

Absorber

20 lcglers of tungsten,
with different thickness
(7 mm - 14 mm)

(W: X, = 3.5mm, Ry, = 9mm)
Scintillators Scintillating fibers

el S AR e M gelAl | 3 double layers of 1 mm?
] g AL NN | scintillating fibers fto measure
plastic scintillator | the transverse shower profile

2000.12.5




Detector #2

Silicon

SciFi are replaced by silicon ustrips detectors

Be“,:“ 70x70 mm2
center Pitch 80 um

3 double layers (x-y)
1 double layer in front of the calorimeter?

2000.12.5 CRC Symposium 32



Particle discrimination

400 GeV photon

1.2 TeV neutron

. LI T
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0 BREIRILXT—HEETOGZKAYMIDEFEL, Auger+TAIZELS
Hybridgl Al TS & 2EM THLHIIRERLNILLTHAS.

® AGASAT—ANERINNITFHFLIVMENEEINS.
— AGASAD100fEZH1E D 8l (~2016) TYHOABMNBESHESE ?

® TAIXILF:BRTHEAEL THEATHS. — Auger (North) EDH[E?

® EUSOIZ, 2012 &Y KIBIZERRIBIE N ENS L. EELGHAIURETIE0HIC
AugerD#stEHEBIC LB A EMNTELL.
2R 1. Fly’sEyedi#BE& — Stereoffill (FIZEDEE) OWL?
2. Energy Calibration
3. IRILFX—RREEZSITS — GZKOEEICEAHLLVERIFE

® EcVHEEBTH=a2—N)/, rBOEAIBOHTEE. —» GZKNAXILDE?
EAS detector, IceCube, ANITA etc.
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HiRes Aperture

HiRes-2 mono
HiRes stereo HiRes-1 mono
« Stereo data: best
resolution, optimized for
E>3x1018eV Uses time-
dependent calibration of
detector and atmosphere

10 w o — o T | = '_‘a;-i-b ;
e HiRes-2 monocular: can
reach down to as low as

103 \ - /-.. =
10172V [ i

e HiRes-1 monocular data ki ] / HiRes ;

Aperture |:I-:m2 sR)

began ~3 years earlier: - Apertures
largest statistics, e ' E
— Uses profile i ;
constrained fit (PFC) 3 3
unreliable <10185¢V : :

-1']-1||r|||||||:1|||||||IIIIIIIIIIIIIIIIIII
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lceCube
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