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Accelerator physics

Cosmic ray physics



Detection Methods
(over many orders of magnitude in E)

E< 1015 eV

Detect directly incident particle

Balloon or satellite experiments (few m2 in size) 

E> 1015 eV

Small flux ➠For E≈1020 eV, Φ ≈ 1 particle/century/km2

Two techniques: 

AIR-SHOWER GROUND ARRAYS

FLUORESCENCE TELESCOPES 

A vertical proton with 1019 eV 
generates at sea level approx. 

3×1010 particles
3



UV light emitted by excited 
nitrogen molecules

Light yield ≈ 5.5 γ/MeV 

Isotropic

Shower observation from 
large distances (~ 20 km)

Calorimetric estimate of the 
initial energy

Less than 15% duty cycle 

ground based detectors

Extensive Air Showers spread 
out over considerable areas

Area covered by sensors function 
of probed energies: O(1000 km2) 
for E~1019 eV

Sensor spacing d also a function 
of energy:  d ~O(1km) for 
E~1018 eV

Scintillators, water Cherenkov 
tanks, muon counters, ...

≈100% duty cycle

Fluorescence 
telescopes

Particle 
detector arrays
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Exploring a new realm
M. Risse et al., UEHCR 2012
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Exploring a new realm
M. Risse et al., UEHCR 2012

History of physics: 
open new windows... uncover the secrets of Nature
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Unanswered questions: 
Astrophysics

Mass composition

Production sources

Acceleration mechanisms

6



Unanswered questions: 
Particle Physics

UHECR

Test particle interactions at the highest energies!
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Experiments

Volcano Ranch (1959-1963)

Fly´s Eye (1981-1992)
HiRes (1998-2006)Telescope 

Array (2007-now)
AGASA (1990-2004)

SUGAR (1968-1979)Pierre Auger (2004-now)

Haverah Park (1968-1987)
Yakutsk (1974-now)

ARGO-YBJ (2006-now)

Tibet-ASγ (1990-now)

EAS-TOP 
(1987-2000)

Kaskade(-Grande) (1996-2009)
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Pierre Auger 
Observatory

Malargüe  350 S  latitude
≈ 1400 m  height    ≈ 875 g/cm2 (completed in June, 2008)

3000 km2

Hybrid detector 

24 fluorescence telescopes
(4 buildings)

1660 Cherenkov detectors
Triangular grid. Side = 1.5 km 

50 km 
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Surface
Detector
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Spherical mirror 

PMT camera 

Diaphragm  

UV Filter  (300-400 nm) 
Shutter 

Camera: 440 PMTs

Spherical mirrorR = 3.4 m

Fluorescence 
Detector

Each telescope views 30×30o

A shower event
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Telescope Array: 
Surface Detector

762 km2

1.2 km rectangular grid
200 km SW of 
Salt Lake City

Commissioned in May, 2008

507 stations
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Telescope Array: 
Fluorescence Detector
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ENERGY SPECTRUM
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Fluorescence Detector
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Cut-off 
> 5σ

Longitudinal shower profile

Ecal = dX dE
dX



Surface Detector
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E = a x (S38° )b  b = 1.035 ± 0.009  

S38



Energy Uncertainty
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Exposures
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UHECR SPECTRUM
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Power Law Fits
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International Working Group
Common effort from HiRes, TA, Yakutsk and Pierre 
Auger collaborations

Set up for UHECR 2012 Symposium
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Energy scale difference not fully explained



Scaling the Spectrum

Good agreement 
between HiRes/TA/
Pierre Auger within 
systematics
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Ankle 

Pure proton: Pair production

Mixed composition: Galactic-
Extragalatic transition

Cut-off 

GZK mechanism 

(pion production) 

Energy limit at which sources 
can accelerate particles 

Features in the spectrum
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Arrival Directions
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Correlation with AGNs in  
VCV Catalogue

Exploratory scan to fix 
parameters

E>56 EeV, D < 75 Mpc, angular 
distance < 3.1o

12 out of 15 correlate, 3.2 expected in 
case of isotropy

AGN

Data

Super-galatic 
plane

Field of view

Shading level: 
exposure
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Correlation with AGNs in  
VCV Catalogue

Exploratory scan to fix 
parameters

E>56 EeV, D < 75 Mpc, angular 
distance < 3.1o

12 out of 15 correlate, 3.2 expected in 
case of isotropy

Independent set of data: 

8 out of 13 correlate, 2.7 
expected in case of isotropy

Probability for this configuration 
to occur by chance in case of 
isotropy:   1.7 ×10-3

AGN

Data

Super-galatic 
plane

Field of view

Shading level: 
exposure
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Update on Correlation
Data up to June, 2011

piso=21%

28 out of 84 correlate

The amount of correlation is 33 ±5%

Assume isotropy, the probability of finding 
such correlation P=0.006
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AGN Correlation 
with HiRes
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AGN Correlation with TA

8 out of 20 correlate

Consistent with no 
correlation

~3 times present statistics 
for a conclusive test!
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Auger

Isotropy

Events observed with E> 57 Eev
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Is Centaurus A a 
Source of UHECR?

Closest radio-galaxy in 
sourthern hemisphere 
(3.8 Mpc)

Largest departure at 
24o

19 observed 

7.6 expected

Outside of HiRes and 
TA field of view
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Mass Composition
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Electromagnetic shower 
in cloud chamber
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The grandchildren we observe

Electromagnetic shower 
in cloud chamber



32

The grandchildren we observe

The grandmother we infer

Electromagnetic shower 
in cloud chamber
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Total number of events
 used in composition 

analyses for                
log(E/eV)> 1018

Fit with empirical 
Gaisser-Hillas formula

fluorescence detector

fluorescence detector

Depth of Shower Maximum:
Xmax Reconstruction



Xmax & Mass Composition
Measured by fluorescence detector event 
by event

The observable Xmax contains 
information about the mass of the primary

Heavy primaries are shallower and 
fluctuate less (RMS(Xmax) is sensitive to 
composition as well)
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Iron

Proton



Pierre Auger Results
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HiRes & TA: Evolution 
of Xmax with Energy
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Consistent with QGSJET proton model



RMS(Xmax) vs E
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Mass Composition with             
Surface Detector Data
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Depth profile of muon 
production points

Asymmetry of 
signal risetime

Event by event measurement

Statistical measurement
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Model dependent conversion



Tests of         
Fundamental Interactions
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p-Air Cross Section

Tail of Xmax distribution 
sensitive to cross section 

Tail dominated 
by protons

1018 eV< E < 1018.5 eV

dN / dXmax  eXmax / f

 f = 1/ ( pair )41



σproton-air

Contaminations assumed for systematics: 
< 25% He   < 0.5% γ
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Tests of Hadronic 
interactions

Use inclined showers (θ>60o, large atmospheric depths)

Signal dominated by muons

Small EM contamination subtracted

Deficit of muons in simulations
(similar results with independent methods and data samples)43



A Cosmic Ray Odyssey
After hundred years of wanderings, Odysseus (a 
cosmic ray physicist) did not come back to Troy yet 
(i.e. the truth is still far from us)...  

...but the voyage is so filled of notable experiences 
that we will keep on striving to meet Penelope (the 
true origin of ultra-high energy cosmic rays) at last!
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Odysseus’ wanderings



A Word of Warning!
Different analyses between different experiments 
prevent a direct comparison of measurements!
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Pierre Auger uses MC 
to estimate: 
A) Average Xmax 
reconstruction bias as a 
function of energy
B) Average Xmax resolution 
as a function of energy

HiRes/TA uses MC    
to estimate: 
the expected Xmax 
distributions afer all detector 
effects. Expected and 
observed distributions are 
used to infer composition



Summary from Mass 
Composition Working Group
Common effort from HiRes, TA, Yakutsk and Pierre 
Auger collaborations

Set up for UHECR 2012 Symposium

46



Multi-messenger 
Physics

47



Photons
What is a photon?
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Photons
What is a photon?

Different techniques but NO CANDIDATES found so far
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Neutrinos
What is a neutrino?

“Slow & broad signal” 

“Fast & narrow signal” 

FADC Trace

FADC Trace
Hadronic shower

Downgoing ν

Upgoing ν

Search for different event types
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Neutrino Limits
NO CANDIDATES found so far 
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 Multi-Messengers: 
Constraints on models

 Very strong constraints on Top-Down Models*

             *UHECRs come from decays of super-heavy particles
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The Future is 
coming...
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Microwave radiation
P. Gorham et al., Phys. Rev. D 78, 032007 (2008)

Soft electron plasma (T=105 K)

 Acceleration in collisions with N2

 Emission in the GHz band

 Coherent, P • Ne2

 Incoherent, P • Ne

 Advantages 

 Duty cycle: 100% 

 Non-polarized isotropic emission

 Cover areas O(10 000 km2) in a 
cost-effective way
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JEM-EUSO

Fluorescence from space
(orbits the Earth every 90 min.)
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Comparative exposures
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CONCLUSIONS

The eventful journey to solve the UHECR 
puzzle is far from completion

Enticing physics that demands larger 
statistics and multiparametric observations

larger detectors? new techniques?

...but hard times for getting fresh funding!
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Mar, 1931

Not all is lost! There´s hope for cosmic ray physicists: become 
a TV star with daily appearances at prime time TV-News



Back-Up
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“GZK-Cut-offs” do happen in 
every day’s life, as well!
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The Bankia 
cut-off!

Former Bankia CEOs: 
candidates for 2012 

Nobel Prize in 
Physics?

or in Economic 
Sciences?



Pierre Auger SD 
Spectrum
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SD + Hybrid 
Spectrum
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Infill Spectrum
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Xmax Analysis
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Shape of 
Distributions
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Comparison with Monte Carlo
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p-p Cross section at 
√s=57 TeV
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The Knee(s)
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