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1. Background ... what are cosmic rays?

Satellite
Balloon
Cherenkov Air shower array
Telescopes
Ice/Water
Cherenkov

Cosmic ray detection depends on cosmic ray type and energy

e Cosmic Rays (CRs) ... google Web definition:

1. Highly energetic sub-atomic particles, mostly protons and he-
linm nuclei, which travel across space at close to the speed of
light and then rain down on the earth.

2. The lowest energy cosmic rays originate in the Sun; higher
energy ones from supernovae and pulsars within the Galaxy,
whilst those with the highest energy of all may be ex-
tragalactic in origin, possibly from quasars and ac-
tive galactic nuclei.
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1. Background ... more than “p and He”!
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Source physics is best unraveled using many different ob-
servations e.g. radio, visible, X-ray, ...

Particle astrophysics experiments extend these
measurements to include:

e “protons” (special case of light nuclei)
e “iron” (special case of heavy nuclei)

(114 29
e “gamma”-rays

® neutrinos
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1. Background ... the actual observables!

e Energy:

— the number of CR events versus energy is called the
CR spectrum

— the reconstructed energy of each primary CR has a
precision ~ 20%

e Arrival direction:

— the reconstructed direction of each primary CR has
a precision of ~ 1°

—as (conventional) CRs are charged, galactic and
extra-galactic magnetic fields influence the CR ar-
rival directions!

e Particle type:

— the particle type, at a given CR energy, is called the
CR composition

— for (conventional) CRs this is the least well deter-
mined quantity because of: large shower-to-shower
fluctuations and Monte Carlo (shower simulation)
uncertainties ... more later!
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1. Background ... end of the spectrum!
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Cosmic ray energy spectrum

e Most interest at ~10?’eV ... more later!

e Rate: - low (~ 1/km?/century) ... so need large ex-
periments ... about the area of Rhode Island! Fluo-
rescence based experiments need dry (desert) air with

good visibility.
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1. Background ... not simple power law!
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e Structure in a power law spectrum:
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Cosmic ray flux scaled by E°

1. knee at ~ 4 x 10%eV
2. second knee at ~ 4 x 10'7eV
3. ankle ~ 4 x 1018V
4. cutoff at ~ 10°%eV ... or not!

e 10 ~ 20 events have been observed > 10%eV!
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1. Background ... more than “fine print”!

Gas Disk in Nucleus of
Active Galaxy MB/
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(One) possible source of 10°’eV cosmic rays

e Why do it? ... just a couple of reasons:

1. At these energies extra-galactic cosmic rays probably

dominate local (galactic) sources.

2. At the same time the GZK cutoff predicts
an end to the cosmic ray spectrum ... ex-
cept for nearby (S50Mpc) sources.
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1. Background ... only ideas at this time!
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“Hillas Plot” e

R -~
LI

Minimum size of B field to

contain particles being e B
accelerated. TeyATpon [g®
Achievable energy: L
16 |- . A
= 7 ,é\ Yo
E[EeV]~ Z R[kpc] B[uG] | N 5
D s O
il Irte Iam(tz s 08 i ﬁmb-?fmy
IERCH e m"\\. M) Galactic Bluste
B S Galaotio Halo\‘ £
IR I S A T A AR AT NN S AL
Tkm 1n‘km1 1pe  tkpe 1Mpe 1Gpe

W Sjze

Acceleration to 10?° eV is difficult ...

e Classes of possible sources:
1. Extreme astrophysical sources: super-massive black
holes, GRBs, colliding galaxies, ...

2. Particle physics motivated: massive relic particles
or relics of early universe

3. OR new astrophysics
4. OR new physics
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1. Background ... CMB wall at 102eV!
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e Greisen-Zatsepin-Kuz’min (GZK) cutoff:

1. Cosmic rays interact with the cosmic micro-wave
background (CMB) radiation; after a distance, d:

E' — EU . e_d/Aa,ﬁen

2. Steep drop of Agsen near 102%eV from the onset of 7
photo-production: v, , p — 7™ X.
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1. Background ... p spectrum VS zgoyrce!
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e GZK simulation (proton primary):
1. (Assumed) source spectrum: Flux(E) oc E~*
2. Observed spectrum scaled by E ...

3. Only sources with red-shift z < 0.03 (about
150Mpc) should have any flux above ~

10%%eV.
4. But cosmic rays with energies > 10°°eV have been
observed ... so sources should be nearby!
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1. Background ... will sources match?

Galaxies (pink) and Dark Matter (blue) within 93Mpc
[courtesy A. Kravtsov]

e For the highest energy (> 10*%eV) particles:

— High magnetic rigidity of primaries if protons

— Nearby universe is not isotropic ... thus highest en-
ergy particles should not be isotropic

— Baring magnetic field surprises, arrival di-
rections should cluster ... but will they and
in which directions?
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1. Background ... experimental details!
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Schematic of extensive air shower cascade

e Energy scale: - 10%%V = 16 Joules ... well above
future collider energies.

1. cosmic rays are observed via the extensive air shower
produced when they reach the earth’s atmosphere

2. 16Joules/~ 16usec (typical shower time) &~ 1 MW !
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1. Background ... atmosphere = detector!
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Schematic of air shower measurements

e Measurement of 10?°eV air showers:

1. km’s wide at ground level ... sparse sampling OK!

2. Composition of primary cosmic rays from depth of shower
maximum, X4, and/or from p/e ratio.

3. ~ 50ppm of shower energy is re-emitted as nitrogen fluores-
cence light (290 ~ 440nm) ... thus a I-MW shower appears as
a 50W relativistic light bulb!
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2. Status ... the bigger the better!
Pre-ICRCO03 exposures
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e Experiments probing 10’eV cosmic rays:

1. Fly’s Eye, Utah, ~ 30km? (equivalent)

2. Haverah Park, UK, 12km? ground array area

3. Yakutsk, Russia, 7 ~ 16km? ground array area
4. AGASA, Japan, 100km? ground array area

5. HiRes, Utah, ~ 300km? (equivalent)

6. Pierre Auger, Argentina, 3000km? (building)
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2. Status ... AGASA above GZK curve!
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AGASA spectrum above 10%eV

e AGASA flux versus energy:

1. (Published) experiment with the largest exposure

2. GZK model: uniform distribution of extra-galactic
sources, proton primary, source flux J(E) oc B2,
plus detector resolution

3. 11 events above 10?%eV and 2 well above 102%V!

4. Number of events above 10%°¢V inconsistent
with the curve!
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2. Status ... HiRes consistent with GZK!
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Combined HiRes I and II monocular spectra

e HiRes flux versus energy:

1. Most recent data as of the ICRC 2003 conference

2. Only one event > 10%%V ... but exposure
> AGASA!

3. HiRes I and IT monocular spectra consistent with
“old” Fly’s Eye stereo spectrum.

4. Something may be happening that is GZK-like ...
but we can not be sure!



Too Low Statistics for clear
GZK or no-GZK determination

E ..=10215eV
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2. Status ... look at the RAW data!

e Data consistent with 20 ~ 30% systematic energy dif-
ference between AGASA and HiRes ... in agreement
with experimental energy-scale uncertainties.

e Confirmation of GZK-structure, or not, re-
quires significantly reduced statistical errors!
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2. Status ... AGASA arrival directions

e AGASA arrival directions above 4 x 10"”eV

1. Primary cosmic ray direction measured to ~ 1°

2. red squares (events > 10?%eV) and green dots (4 —
10 x 10%%V) are consistent with large-scale
source uniformity

3. Six 2.5%clusters of events: 5 doublets and 1 triplet

4. Two of the clusters lie in the super-galactic plane

(blue line)



2. Status ... HiRes arrival directions

No significant clustering seen yet.
“Bananas are harder than circles...”
Flux upper limits of on point sources

with E > 10785 eV Cygnus X-3
Dipole limit: Gal. Center, Centaurus A, M-87

HiRes-1 Monocular Data, E > 107 ¢V
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e Monocular data have asymmetrical pointing errors ...
e No “exact” match with AGASA ... but some clusters are close!

e Significantly more events are needed ... !
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2. Status ... B-field alters CR trajectories!

e Simulated proton trajectories: 10,10 and 10%eV in
2uG fields ... > 4 x 10"eV protons are deviated little by local
(galactic) magnetic fields.

e But what if the fields are more extensive or stronger?



Magnetic Fields

1. Galaxies have magnetic fields.

* Protons and nuclei will be deflected by
the B ~ 5 uG galactic field.

Larmor radius r = R/cB
R r
10%eV 0.3 pc

1020 eV 30 kpc € size of galaxy

M51

2. Intergalactic fields may also be significant

* Clusters (e.g. Coma) have field strengths B ~ 0.1 — 2 uG,
perhaps extending out along sheets and filaments.

Charged CR directions will be scrambled by B fields.
But we can still learn a lot from their composition.

Rene A. Ong SLAC Summer Institute 2003 Page 13



2. Status ... CR average composition

* Fly's Eve QGSIET  optl
opt2
opts
= YRkumsk 1993 ||[7.l

(giem®)

B HiRes-MlA

Nrlmlt
g
[

= Yakuwk 2o

0O CASA-HLANCA
o 4 HEGRA-AIRDBICC

700 __ ¢ SPASE-VULCAN

o DICE

# TUNEA

o0 —

Pty ol o
500 = =2 o o
* Fa

wor f’ii{;r Fe:p = 56:1

L ‘_f
IIJF 1 oL Lol 1 Lornnl Lol r o1t 1
14 s 16 T N )

10 10 10 10 10 10
E

—————— QGSIET 01

SR
- SIBYLL 2.1

M
10
(eV)

laby

e Average depth of shower maximum (X,,,,) is
sensitive to primary cosmic ray composition:

— Interpretation clouded by shower simulation (differ-

ent curves) uncertainties!

— To first approximation: nucleus of atomic

number

A and energy FE results in A sub-showers each with

average energy F/A. As X4 x log(E

Xke « Xp 1

max max®

), thus

— Data trends: intermediate-to-heavy at ~ 4 X
10%%eV to light = proton at 10'® ~ 10¥eV!



2. Status ... when do protons dominate?
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e in detail experiments disagree: e.g. at 1 Eev = 108V
Haverah Park measures intermediate-to-heavy composition and
HiRes measures light = proton composition!
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. new analysis developments!

prelimineary

B sum of all
® proton
A helium
v carbon
Y iron

-3

10

primary energy E, [GeV]

Unfolding of cosmic ray spectra near the knee
Note: horizontal-axis units are GeV where 1 GeV = 10%V

e KASKADE results ...
1. With more

astro-ph/0201109:

sophisticated experiments

more detailed analyses are possible.

2. One KASKADE analysis has attempted to extract
individual element-group fluxes versus energy.

3. The results are consistent with rigidity-

dependent breaks

in flux for different

element-groups.

4. Rigidity-dependent breaks would be consistent with
CR lifetime/retention limitations in the galaxy.



26

2. Status ... simulations also improve!
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e Simulations are needed to link e.g. depth of shower
maximum (X,,.;) with composition:

1. Several Monte Carlo (hadronic interaction) models are under
development to interpret the data.

2. (Systematic) uncertainties remain ...



3. Emerging model ... listen to the

data!
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Conceptual model for cosmic ray flux ...

S. Yoshida and H. Dai, astro-ph /9802294

e Consider a 2-component model:

[
=]

1. KASKADE data consistent with one component for
CR-T and CR-II (e.g. galactic super-novas ... )

2. Spectrum steepening, at 1% and 2"¢ knee, from

acceleration or lifetime/retention limitations

3. Spectrum flattening, at the ankle, consistent

with a new, CR-III, (Q“d) component
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Emerging model ... “theory” guidance!
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Theoretical model for cosmic ray flux ...

B. Wiebel-Sooth and P. Biermann, Springer Verlag, Sept 1998

Note: horizontal-axis units are GeV where 1 GeV = 10%V

1. Slope breaks at the 15 and 2" knee follow constant
rigidity physics observed by KASKADE ... i.e. energy

features scale in nuclear charge: Er. = 26 X E,.

2. 2" break, E, ~ 4 x 10'7eV, proton Larmor-radius:

(%) A (%) : (%—G) ~ galaxy thickness.



3.

Number of Events

Emerging model ... initial summary!

Number of Events

| | | 0 | | I
-90 -30 30 90 -90 -30 30 90
Galactic Latitude (deg.) Super Galactic Latitude (deg.)

Cosmic ray (> 4 x 10"eV) arrival directions ...

.15t component: broad composition light (p,He) to

heavy (Si,Fe,..); may extend to energies ~ 107V

2" component: lighter (significant proton) composi-

tion; possibly measurable implications to below 10%eV

. Primary motivations for the 2" component:

flattening of the flux above the ankle (~ 4 x 10'%eV)
and a change to lower mass composition at the
highest cosmic ray energies: above ~ 10%eV

. The primary motivation for identifying the 2"¢ com-

ponent as extra-galactic is the isotropy of the
highest energy cosmic rays (strengthened if light

(p,He))
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3. Emerging model ... testable implications!

D. Bergman GZK-model fits to HiRes Flux(E) data
The green curve simulates the galactic flux

The red curve simulates the extra-galactic (proton) flux

e Propose a model (e.g. like Biermann model):

— Particle composition, above ~ 108V should have
two components: heavy>Fe from galactic sources
and light=p from extra-galactic sources.

— If light is truly protons, then the data should show
the GZK structure.

— Measure fraction of light (protons) primaries, f,(E),
Versus energy.

— Then GZK model predictions can be
meaningfully compared to f,(E)xFlux(E).
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3. Emerging model ... don’t skip the fun!
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Bachall et al GRB model showing
GZK-cutoff, hep-ph/0206217

Even though we would like to ... there is simply

not enough data to answer the issues of 10%eV
CRs!

e AGASA, Fly’s Eye and HiRes have observed (a few)
events above 10%%eV ... but:

— What is the detailed shape of the spectrum?

— What is the composition versus energy?

— Are there arrival direction anisotropies and are there
point source clusters?
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4. Next step ... need bigger and better!

Detection method

ishon low enengy UHECRs

[ emier Bench
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Hybrid Fluorescence + Ground Array
precision measurements

e The next step ... high quality data are needed from
<10YeV to several x10%%eV:

1. need to link with galactic source(s) measurements

2. need to tune the Monte Carlo (hadronic interaction)
models

3. need to constrain the models with much reduced er-
ror bars ... especially above 6 x 10V

4. In a post-GZK cutoft era, need to look caretully
where we expect no signal
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4. Next step ... SW U.S. and Argentina!

..........
......

.........

-----

Malargue, Argentina

e HiRes ... (now):

1. 2 fluorescence detector sites separated by 12.6km

2. Will run for a few more years
e Telescope Array (TA) ... (in a few years):

1. 25km x 25km surface detector (SD) array
2. Overlooked by 3 fluorescence detectors (FDs) ... to resolve
AGASA-HiRes “controversy”

e Auger ... (now):

1. 55km x 55km SD array overlooked by 4 FDs
2. Construction of the full experiment is well underway

3. Data taking simultaneous with construction ... already
biggest running experiment!



Auger Sites
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Stefano Argiro, “Status ... of the Pierre Auger Observatory”
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«  Southern site in Argentina
1600 water detect., 4 fluorescence.

e >3,000 km>2,
«  Construction complete in 2006.

Rene A. Ong

SLAC Summer Institute 2003

Surface detector in place.
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Current Status of the Array  January 23,2004
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The Hybrid Detector Concept

e Surface Array
Simple and reliable detectors
100% duty cycle
Energy Determination relies on simulation

Shower plan

e Fluorescence Detector

Quasi calorimetric energy measurement
Tracks directly shower developement

. . Fl ith hit
* Combination on photomultiphers

Cross Calibration

Better control of systematics G
Superior Angular resolution

Independent measurement of

Energy
Composition: p,p, X

Cerenkov surface detectors

max

Stefano Argiro, “Status ... of the Pierre Auger Observatory”



The Surface Detector

Comm
antenna

electronic box
40 Mhz sampling
12+12 bit FADC
Local Trigger

Three 8”
= PM Tubes :

~de-ionized water

=3

Stefano Argiro, “Status ... of the Pierre Auger Observatory”



self-calibrating

detectors...

20

------------------------

30

10

_____________________

L s E :

-----------------

——————————————————

Tank 40, PMIT 2

muon charge
distribution

NewTotalPMT2

events

10

Entries 189041
0.934
0.6052

Mean
RMS

Real data
=== Simulation

_______________________________
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Air Shower Detectors -

PIERRE Surface Detector Array

AUGER

COBSERVATORY

Shower timing

>

Particle density »

Muon number
Pulse rise time

>

Shower angle

Shower energy

Measure of
primary mass

Paul Mantsch February 2002



PIERRE i
AUGER 7 Direction of

OBSERVATORY v, incoming shower

Event timing
and direction
determination

Surface detector stations

Paul Mantsch February 2002



Shower Density Lateral Distribution

(simulation)
PIERRE
AUGER 3
COBSERWATORY =
Detector §
Signal *‘
Density :
(equiv. 1
muons/m?2
10-6 o i 1 . i - —
0 0.5 1 1.5 2 2.5 3
Core distance (km)
3km

Core Distance (km)

Paul Mantsch February 2002



= Event Display, wersion w3rl -
Event Display IHeIp |
— Contral
File  Configure  Expers only... kutiple selection |
Eecnnstructl Previous [ et | Get#” Llpdatellﬁ

#006170419, § stations, 3CEE4C4
#00B17100, 3 stations, 3C2E4C4
#O0B17161, & stations, 3CE284C4
#00617446, 9 stations, FD
#00617476, 10 stations, FD
#00617363, 10 stations, FD
#00617633, 9 stations, FD
#0061766Z, 11 stations, FD
#006177243, § stations, FD
#0O0617730, § stations, FD
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0206 (15348 ns, 71.0 VEM)
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0215 (6661 ns, 24.1 VEM)
0114 (F679 ns, 106.5 VEM)
0117 (7579 ns, 13.1 VEM)
0212 (3436 ns, 5.4 VEM)
0217 (3603 ns, 5.3 VEM)
0107 (3990 ns, 5.4 VEM)
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| Lateral distribution function fit |
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500 1000 1500 2000 2500 3000

3500

Mon De¢ 29 09:23:45 2003

Easting= 470347 + 7m
Northing= 6095443 + 1lm
dr= 114.0ns

Theta=34.4 £ 0.3 deg
Phi= 140.2 £+ 0.3/sin(theta) deg

R=12.5+0.8 km
Preliminary Xmax= 1040 + 66 g/cm”2

S(1000)=365.51 £ 20.78 VEM
E=74.81 EeV 6%

100%
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Stefano Argiro, “Status ... of the Pierre Auger Observatory”




Fluorescence Detector

Shower Track = Aperture

Corrector Ring

= Segmented Mirror

30° x 30 ° fov
Schmidt optics
440 pixels
1.5 ° @ pixel
12 bit FADC
10 Mhzf, =
< 4 g/cm?
» Digital trigger

Stefano Argiro, “Status ... of the Pierre Auger Observatory”



aperture box

shutter

filter UV pass
safet ugain




D Callbratlon N Photons at diaphragm -
 Absolute: End to End Calibration FADC counts

The Drum device installed at the aperture uniformly illuminates the camera
with light from a calibrated source (1/month)

Mirror
Camera Calibrated
light source

>~

Diffusely reflective drum

» Relative: UV LED + optical fibers (1/night)

e Alternative techniques for cross checks
» Scattered light from laser beam
« Statistical

— All agreed within 10%
for the EA

Stefano Argiro, “Status ... of the Pierre Auger Observatory”



500
PMT window

1 Iqsnl 1

1 Im]UI 1

350

300

light spat

250

Trace. Col 5. Row 7
Trace. Col 4. Row 10

FD Event Display

gl
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Crize

of the Pierre Auger Observatory”

Stefano Argiro, “Status ...



Analysis procedures with the FD

this event: initial viewing angle 15°, i.e. large direct Cherenkov contribution
iterative procedure, converges in <4 steps; suggested energy here 2e18 eV

zzz SR + ﬁHIﬂH’ ..................................

O
o O,
o o

detected light (photons/m?/100ns)
o))
o

o

~260 270 280 290 300
time slot (each 100ns)
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Atmosphere

calibrated (movable) light sources
cloud monitors
LIDAR

lasers

balloon sondes

Liebenzell Castle
Dec 11-14

|||||||||||||
100% F

ﬂ 2. Intl Workshop

80

0 1 1 1 { s R ] D e ] B y Bl |
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Using Horizontal Air Showers

Atmosphere: 1000g/cn¥ thick vertically
36000g/cn? thick horizontally

latm
/ 36 atm “

b Look for interactions at deep column densities
|.e. large zenith angles. 75°< g <90°

Tiina Suomijérvi, ISAPP 2003



Neutrino Air Showers/ Hadron Air Showers

n:“new” showers hadrons; “old” showers
3000 g/ cn¥ Shower front 1000 glcmz Shower front \3000 glcmz Shc;wer core
[ ]
g 8
[ ] [ ]
L e @
8 B [ |
[ | | .

Signal is: Background is:
Few events per year Thousands events per year
EM rich, curved and thick front EM poor, muon rich, flat and thin front
Broad signals Prompt signal

Tiina Suomijérvi, ISAPP 2003



[#00z04512 Thu May 2313 51:25 2002 &) [Nl e
00206123: Sat May 25 13.08:17 2002 “.;-.j 0036 (248 ns, 129.8 VEM)
00208462: 10046 (525 ns, 594 VEM)

X y ;
0DZ08468; Tue May 28 D7:52; 5? 2002
OD205500: Tue May 28 08:34:47 2002

: Fri May 31 13:25:07 2002
s Sat Jun 1 12:00:28 2002
: Sat Jun 1 13:03:27 2002
:Sun Jun Z12:57,57 2002 - !
: Sun Jun 2 16:46:00 2002 _ﬁ

400 600 800 1000 1200 1400 1600

1||1-1-|1--|;-h|-i|rrl--{lu..-

Easting= 458740 = 35m
Northing= 6083187 + 11m
dt=32.4ns

Theta=13.3 + 0.7 deg
Phi=50.1 + 2.2 deg

R=4.0+02kn.

— S(1000)= 67.27 + 5.96 VEM
igger of this event: HEA3 i | (2 E=16.05 EeV + 9%




Flavia: PMT 1
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Flavia: PMT 1
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Sebastien: PMT 1
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Sebastien: PMT 1
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Tau Neutrino Detection

* Principle:
— Interaction length in the earth ~ 300 km at 108 eV
— Tautimeof flight ~ 50 km at 10'8eV
— 1° below horizon b 200 km of rock
— Shower maximum ~10 km after decay
In practice 85° < g, < 95°
AUGER window: 10'7 to 10%° eV

désintégration du T Gerbe atmosphérique

|

v - incident

interaction c.c.

dans la terre

Tiina Suomijérvi, ISAPP 2003
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5. Summary ... highest energy cosmic rays

e Cosmic rays are observed by AGASA and HiRes to energies above
10?%V. Low statistics permit interpretation of the spec-
trum shape as GZK-like ... but we can not say for sure.

e AGASA energy scale may be 20 ~ 30% higher than Fly’s Eye,
Haverah Park and HiRes. IF AGASA energies scaled down
then fewer events > 10%’eV but biggest events remain.

e Arrival directions of events > 4 x 10'%eV are isotropic supporting
the extra-galactic source of these cosmic rays. AGASA clusters
interesting ... but could be a statistical fluctuation.

e Sources of the events above the cosmic microwave
background GZK cutoff “must” be (relatively) nearby
... but are not yet identified. More data are essential!

e New data are consistent with light (p,He) primaries

at the highest energies. What is needed to make this firm

e.g. can better data and data analyses circumvent hadronic
interaction uncertainties?

e Much larger and more sophisticated hybrid experi-
ments are being built! Auger is already running ...
and has plans for a Northern observatory to provide
essential full sky coverage. So stay tuned!






