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Flux	
  of	
  Cosmic	
  Rays	
  

Pierre	
  Auger	
  Observatory	
  Energy	
  >	
  1018	
  eV	
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Pierre	
  Auger	
  Observatory	
  	
  
research	
  goals	
  

Energy	
  Spectrum	
  of	
  UHECR	
  (E	
  >	
  1017	
  eV)	
  
	
  -­‐	
  Ankle	
  region	
  

	
  -­‐	
  2nd	
  Knee	
  region	
  (with	
  the	
  lower	
  energies	
  extensions)	
  

	
  -­‐	
  End	
  of	
  the	
  spectrum	
  (GZK	
  region)	
  	
  

Arrival	
  Direc+on	
  Distribu+on	
  
	
  -­‐	
  Search	
  for	
  departure	
  from	
  isotropy	
  –	
  point	
  sources	
  

Mass	
  Composi+on	
  
	
  -­‐	
  Nuclei,	
  photons,	
  neutrinos,	
  etc.	
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Pierre	
  Auger	
  Observatory	
  	
  
research	
  goals	
  

Energy	
  Spectrum	
  of	
  UHECR	
  (E	
  >	
  1018	
  eV)	
  
	
  -­‐	
  Ankle	
  region	
  

	
  -­‐	
  2nd	
  Knee	
  region	
  (with	
  the	
  lower	
  energies	
  extensions)	
  

	
  -­‐	
  End	
  of	
  the	
  spectrum	
  (GZK	
  region)	
  	
  

Arrival	
  Direc+on	
  Distribu+on	
  
	
  -­‐	
  Search	
  for	
  departure	
  from	
  isotropy	
  –	
  point	
  sources	
  

Mass	
  Composi+on	
  
	
  -­‐	
  Nuclei,	
  photons,	
  neutrinos,	
  etc.	
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The	
  Pierre	
  Auger	
  Experiment	
  

• 	
  4	
  	
  Fluorescence	
  Detectors	
  (FD)	
  
• 	
  6	
  x	
  4	
  Fluorescence	
  Telescopes	
  

• 	
  ~ 1600	
  Surface	
  
Detector	
  (SD)	
  Sta6ons	
  
• 	
  1.5	
  km	
  spacing	
  
• 	
  3000	
  km2	
  

Data	
  taking	
  since	
  2004	
  
Installa6on	
  completed	
  in	
  2008	
  

~	
  60	
  km	
  

Low	
  energy	
  extension	
  
•  Aim	
  to	
  E	
  ≈	
  1017	
  eV	
  
•  AMIGA	
  

–  Denser	
  array	
  plus	
  
muon	
  detectors	
  

•  HEAT	
  
–  3	
  addi6onal	
  FD	
  

telescopes	
  with	
  a	
  
high	
  eleva6on	
  FoV	
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Surface	
  Detector	
  Sta+on	
  
-­‐  Water	
  Cherenkov	
  Tank	
  
	
  -­‐	
  Samples	
  the	
  density	
  of	
   	
  	
  
	
  secondaries	
  at	
  ground	
  
	
  -­‐	
  Shower	
  size	
  -­‐>	
  Energy	
  
	
  -­‐	
  Time	
  -­‐>	
  direc6on	
  
	
  -­‐	
  100%	
  Duty	
  cycle	
  

	
  
-­‐  SD	
  sta6on	
  

	
  -­‐	
  Plas6c	
  Tank	
  	
  
	
  -­‐	
  Reflec6ve	
  tyvek	
  liner	
  
	
  -­‐	
  12	
  m3	
  purified	
  water	
  	
  
	
  -­‐	
  3	
  PMTs	
  (9	
  inches)	
  	
  

PMT	
   µ	
   e	
  	
  



Fluorescence	
  Detector	
  
•  Operates	
  in	
  moonless	
  nights	
  

–  Duty	
  cycle	
  ~13%	
  
•  Collects	
  the	
  fluorescence	
  photons	
  

to	
  reconstruct	
  the	
  energy	
  deposit	
  
longitudinal	
  profile	
  

•  6	
  Telescopes	
  each	
  with	
  	
  
	
  	
  	
  	
  30°	
  x	
  30°	
  FoV	
  
•  Camera	
  composed	
  by	
  440	
  PMTs	
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Atmospheric	
  monitoring	
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SD	
  event	
  reconstruc+on	
  below	
  600	
  

Reconstruc+on	
  procedure:	
  	
  
	
  
•  Shower	
  direc6on	
  (θ,φ)	
  using	
  the	
  6me	
  

informa6on	
  of	
  each	
  6me.	
  

•  Angular	
  resolu6on	
  is	
  less	
  than	
  10.	
  
	
  
•  Lateral	
  Distribu6on	
  Fit	
  (LDF)	
  from	
  the	
  

recorded	
  signals	
  

•  The	
  signals	
  near	
  the	
  core	
  are	
  
dominated	
  by	
  the	
  Electromagne6c	
  
component	
  of	
  the	
  shower.	
  

	
  
•  Energy	
  is	
  obtained	
  using	
  the	
  signal	
  

measured	
  at	
  1000	
  meters	
  from	
  the	
  
shower	
  core	
  S(1000)	
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SD	
  event	
  reconstruc+on	
  above	
  600	
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Xmax	
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Fluorescence	
  Reconstruc+on	
  

FD event!
!
!

-­‐	
  Reconstruct	
  geometry	
  from	
  the	
  +me	
  of	
  each	
  pixel	
  plus	
  at	
  
less	
  one	
  SD	
  tank.	
  
	
  
-­‐	
  Fit	
  longitudinal	
  shower	
  profile.	
  
	
  
-­‐	
  Calorimetric	
  measurement.	
  
	
  
-­‐	
  Fluorescence	
  energy	
  is	
  almost	
  independent	
  of	
  MC	
  model.	
  

EFD	
  =	
  finv	
  x	
  Ecal	
  



Xmax	
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Pierre	
  Auger	
  as	
  a	
  Hybrid	
  detector	
  

FD!

SD!

SD event!
!
!

•  Same	
  event	
  recorded	
  with	
  SD	
  &	
  FD	
  
•  Shower	
  size	
  from	
  SD	
  can	
  be	
  calibrated	
  using	
  

the	
  FD	
  energy.	
  
•  SD	
  Energy	
  es6ma6on	
  is	
  independent	
  of	
  MC	
  

FD event!
!
!
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SD	
  Event	
  selec+on	
  and	
  acceptance	
  
•  Physics	
  trigger	
  T4:	
  3ToT	
  
	
  
•  Quality	
  trigger	
  T5:	
  
	
  	
  	
  	
  	
  	
  Tank	
  with	
  maximum	
  signal	
  surrounded	
  	
  
	
  	
  	
  	
  	
  	
  	
  by	
  6	
  ac6ve	
  sta6ons.	
  
	
  
•  Full	
  efficiency:	
  	
  
	
  	
  	
  	
  	
  	
  Energy	
  >	
  3x1018	
  eV	
  

•  Zenith	
  angle	
  range:	
  
	
  	
  	
  	
  	
  	
  [0,60]0	
  and	
  [62,80]0	
  
	
  
•  Data	
  period:	
  	
  
	
  	
  	
  	
  	
  	
  Jan	
  2004	
  to	
  Sept	
  2010	
  

•  Exposure:	
  	
  
	
  	
  	
  	
  	
  	
  20905	
  km2	
  yr	
  sr,	
  uncertainty	
  3%	
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FD	
  Event	
  quality	
  cuts	
  	
  
→ Xmax in the FoV 

→ Δ E/E < 20% 

→ Cherenkov Fraction < 50% 

→ χ2
linear – χ2

GH > 4 

→ hole in the profile < 20% 

→ maxVOAD 0.1 

→ LidarCloudRemoval     25 

→ MinCloudDepthDistance -50  50 

→ MaxCloudThickness 100 

→ reject bad Pixels    

 

 

 

→ skip Saturated pixels 

→  nAxisPixels            5 

→ Δ Xmax < 40 gr.cm-2 

→ Chi2GH/ndf < 2.5 

→ Distance to core < 750m 

→ Delta T < 300 ns 

→ Fiducial volume cuts 
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Energy	
  Calibra+on	
  of	
  the	
  SD	
  
S38: is the equivalent signal of S(1000) of a shower  
with θ=38° 

R.	
  Pesce,	
  ICRC2011	
  

Jan 2004 – Sept 2010 
E>3EeV  - zenith <600 

Calibration Systematic  
Uncertainties: 
-  7%   at 10 EeV 
-  15% at 100 EeV 

SD Energy Resolution:  

ESD/EFD ~ 15% 
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Systema+c	
  uncertain+es	
  in	
  the	
  FD	
  
energy	
  measurement	
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Systema+c	
  uncertain+es	
  in	
  the	
  FD	
  
energy	
  measurement	
  

The	
  energy	
  scale	
  and	
  the	
  systema+cs	
  uncertain+es	
  	
  
will	
  be	
  update	
  in	
  the	
  ICRC	
  2013	
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Energy	
  Spectrum:	
  SD	
  &	
  FD	
  Hybrid	
  
SD Exposure (01/2004-12/2010) 
- geometrical calculation (~20905 km2 yr sr) 
 syst. uncertainties: ~ 3% 
 
Hybrid Exposure (11/2005-09/2010) 
- time-dependent Monte Carlo simulations 
- syst. uncertainties ~10% (6%) at 1018 eV 
(1019 eV) 

•  SD	
  has	
  a	
  higher	
  exposure	
  allowing	
  to	
  
reach	
  higher	
  energies	
  

•  Energy	
  resolu6on	
  is	
  around	
  15%	
  
–  Unfolding	
  method	
  to	
  correct	
  for	
  bin-­‐to-­‐bin	
  

migra6on	
  

•  FD	
  (Hybrid)	
  can	
  reach	
  lower	
  energies	
  
but	
  exposure	
  is	
  MC	
  based	
  

•  Good	
  agreement	
  between	
  FD	
  and	
  SD	
  

F.	
  Salamida,	
  ICRC2011	
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Spectrum	
  with	
  inclined	
  events	
  
Energy	
  Calibra6on	
  with	
  FD	
  energy	
  
N19	
  is	
  the	
  shower	
  size	
  -­‐>	
  related	
  to	
  the	
  total	
  number	
  of	
  muons	
  	
  
	
  
Direct	
  measurement	
  of	
  the	
  hadronic	
  shower	
  component.	
  

Full	
  agreement	
  with	
  the	
  ver+cal	
  Flux	
  

Energy	
  >	
  4x1018	
  eV	
  
620	
  >	
  zenith	
  <	
  800	
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  20	
  

Combined	
  Auger	
  Spectrum	
  (FD+SD)	
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Combined	
  Auger	
  Spectrum	
  (FD+SD)	
  

	
  
•  Ankle	
  region	
  clearly	
  observed	
  
	
  
•  Gala6c	
  to	
  extragala6c	
  transi6on?	
  
	
  
•  Astrophysical	
  interpreta6on	
  

depends:	
  
–  Primary	
  composi6on	
  
–  Sources	
  distribu6on	
  
–  ...	
  	
  

	
  
	
  
	
  
M.	
  Unger,	
  arXiv:0812.2763[astro-­‐ph]	
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Combined	
  Auger	
  Spectrum	
  (FD+SD)	
  
•  Auger	
  data	
  shows	
  a	
  flux	
  suppression	
  at	
  the	
  

highest	
  energies	
  
–  Cutoff	
  significance	
  >	
  20	
  σ	
  

•  This	
  feature	
  is	
  compa6ble	
  with:	
  
–  GZK	
  cusoff	
  

•  Greisen,	
  Zatsepin,	
  Kuz'min	
  	
  (1966)	
  	
  
•  Cosmic	
  ray	
  interac6on	
  with	
  CMB	
  

–  Sources	
  running	
  out	
  of	
  power	
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Combined	
  Auger	
  Spectrum	
  (FD+SD)	
  
•  Auger	
  data	
  shows	
  a	
  flux	
  suppression	
  at	
  the	
  

highest	
  energies	
  
–  Cutoff	
  significance	
  >	
  20	
  σ	
  

•  This	
  feature	
  is	
  compa6ble	
  with:	
  
–  GZK	
  cusoff	
  

•  Greisen,	
  Zatsepin,	
  Kuz'min	
  	
  (1966)	
  	
  
•  Cosmic	
  ray	
  interac6on	
  with	
  CMB	
  

–  Sources	
  running	
  out	
  of	
  power	
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Combined	
  Auger	
  Spectrum	
  (FD+SD)	
  
•  Auger	
  data	
  shows	
  a	
  flux	
  suppression	
  at	
  the	
  

highest	
  energies	
  
–  Cutoff	
  significance	
  >	
  20	
  σ	
  

•  This	
  feature	
  is	
  compa6ble	
  with:	
  
–  GZK	
  cusoff	
  

•  Greisen,	
  Zatsepin,	
  Kuz'min	
  	
  (1966)	
  	
  
•  Cosmic	
  ray	
  interac6on	
  with	
  CMB	
  

–  Sources	
  running	
  out	
  of	
  power	
  

D.	
  Allard,	
  1111.3290	
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Energy	
  Spectrum	
  comparison	
  

Y.	
  Tsunesada	
  et	
  al.	
  UHECR	
  2012	
  

Auger/HiRes	
  /TA	
  compa+ble	
  within	
  their	
  energy	
  scale	
  systema+c	
  uncertain+es	
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Summary	
  of	
  the	
  results	
  
	
  We	
  measure	
  the	
  CR	
  energy	
  spectra	
  using:	
  

	
  -­‐	
  SD	
  ver+cal	
  events,	
  zenith	
  <	
  600	
  
	
  -­‐	
  SD	
  inclined	
  events	
  620	
  >	
  zenith	
  <	
  800	
  
	
  -­‐	
  FD	
  hybrid	
  events	
   	
   	
   	
  	
  
	
   	
  -­‐	
  Full	
  agreement	
  within	
  the	
  uncertain+es.	
  
	
   	
  -­‐	
  Combined	
  spectrum	
  -­‐>	
  Energy	
  	
  >	
  1018	
  eV	
  

	
  
Two	
  features	
  are	
  observed	
  in	
  the	
  Energy	
  spectrum. 	
  	
  

	
  -­‐	
  Ankle	
  clearly	
  observed	
  around	
  (E	
  ~	
  4.2	
  X	
  1018	
  eV)	
  
-­‐	
  Flux	
  suppression	
  established	
  at	
  (E	
  >	
  4.3	
  X	
  1019	
  eV)	
  
	
  

The	
  shape	
  and	
  energy	
  scale	
  of	
  the	
  spectrum	
  are	
  
compa+ble	
  with	
  others	
  CR	
  experiments	
  within	
  the	
  
systema+cs	
  uncertan+es.	
  


