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•  All-­‐par(cle	
  spectrum	
  of	
  
primary	
  cosmic	
  rays	
  

•  DifferenLal	
  flux:	
  

	
  
	
  	
  	
  	
  	
  	
  with	
  γ	
  piecewise	
  constant	
  
•  Basic	
  ques(ons	
  here:	
  

•  Where	
  do	
  ultra-­‐high-­‐energy	
  
cosmic	
  rays	
  (UHECR,	
  E	
  >	
  1018	
  eV)	
  
come	
  from?	
  	
  

•  How	
  can	
  they	
  be	
  measured?	
  

IntroducLon:	
  cosmic	
  rays	
  

dφ

dE
∝ E−γ
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The	
  search	
  for	
  UHE	
  photons	
  with	
  the	
  hybrid	
  detector	
  of	
  the	
  Pierre	
  Auger	
  Observatory	
  

•  Bo6om-­‐up	
  models:	
  
•  Accelerate	
  lower-­‐energy	
  parLcles	
  step-­‐by-­‐step	
  to	
  	
  	
  	
  	
  	
  

high	
  energies	
  
•  Examples:	
  acLve	
  galacLc	
  nuclei,	
  gamma-­‐ray	
  bursts,	
  

supernovae...	
  
•  But:	
  very	
  difficult	
  to	
  accelerate	
  up	
  to	
  1020	
  eV...	
  

•  Top-­‐down	
  models:	
  
•  HypotheLcal	
  massive	
  objects	
  decay	
  into	
  UHE	
  	
  

parLcles	
  
•  Examples:	
  super-­‐heavy	
  dark	
  maber,	
  topological	
  

defects,	
  WIMPZILLAS...	
  
•  But:	
  exoLc...	
  

•  How	
  to	
  differen(ate	
  between	
  these	
  two	
  classes	
  
of	
  models?	
  	
  

IntroducLon:	
  theoreLcal	
  models	
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•  Bo6om-­‐up	
  models:	
  
•  Accelerate	
  lower-­‐energy	
  parLcles	
  step-­‐by-­‐step	
  to	
  	
  	
  	
  	
  	
  

high	
  energies	
  
•  Examples:	
  acLve	
  galacLc	
  nuclei,	
  gamma-­‐ray	
  bursts,	
  

supernovae...	
  
•  But:	
  very	
  difficult	
  to	
  accelerate	
  up	
  to	
  1020	
  eV...	
  

•  Top-­‐down	
  models:	
  
•  HypotheLcal	
  massive	
  objects	
  decay	
  into	
  UHE	
  	
  

parLcles	
  
•  Examples:	
  super-­‐heavy	
  dark	
  maber,	
  topological	
  

defects,	
  WIMPZILLAS...	
  
•  But:	
  exoLc...	
  

•  How	
  to	
  differen(ate	
  between	
  these	
  two	
  classes	
  
of	
  models?	
  Photon	
  frac(on	
  

IntroducLon:	
  theoreLcal	
  models	
  

Expected	
  UHE	
  photon	
  
frac(on	
  <	
  1	
  %	
  (from	
  
GZK-­‐type	
  process)	
  

Expected	
  UHE	
  photon	
  
frac(on	
  >	
  10	
  %	
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•  InternaLonal	
  air	
  shower	
  
experiment	
  opLmized	
  for	
  UHECR	
  

•  Two	
  sites	
  for	
  full	
  sky	
  coverage:	
  
•  Southern	
  hemisphere	
  (Malargüe,	
  

ArgenLna):	
  completed	
  
•  Northern	
  hemisphere:	
  planning	
  stage	
  

•  Two	
  independent	
  detector	
  
systems	
  (hybrid	
  concept):	
  
•  SD:	
  1660	
  surface	
  detector	
  staLons	
  

(water-­‐Cherenkov	
  detectors),	
  
covering	
  3000	
  km2	
  

•  FD:	
  24	
  fluorescence	
  telescopes,	
  
overlooking	
  the	
  SD	
  array	
  	
  

The	
  Pierre	
  Auger	
  Observatory	
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•  General	
  idea	
  of	
  the	
  hybrid	
  concept:	
  
•  Use	
  simultaneous	
  measurements	
  from	
  

both	
  the	
  SD	
  (lateral	
  shower	
  profile	
  on	
  
ground	
  level)	
  and	
  the	
  FD	
  (longitudinal	
  
shower	
  profile	
  above	
  the	
  array)	
  

•  “Ideal”	
  case:	
  full	
  SD	
  and	
  FD	
  
informaLon	
  available	
  from	
  
reconstrucLons	
  (“golden	
  hybrid”)	
  

•  Lower	
  energies:	
  Only	
  one	
  or	
  two	
  SD	
  
staLons	
  with	
  a	
  signal,	
  not	
  enough	
  for	
  
full	
  SD	
  reconstrucLon	
  

•  Standard	
  hybrid	
  reconstrucLon:	
  	
  	
  	
  	
  	
  	
  
use	
  only	
  (ming	
  informa(on	
  from	
  the	
  
SD	
  to	
  constrain	
  event	
  geometry	
  

Hybrid	
  ReconstrucLon	
  (I)	
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Hybrid	
  ReconstrucLon	
  (II)	
  

Xmax	
  

SD	
  staLon	
  

FD	
  

E = (1.63± 0.07)× 1019 eV

•  Event	
  geometry	
  
•  Shower	
  core	
  posiLon	
  
•  Zenith	
  /Azimuth	
  angle	
  

•  Xmax	
  
•  EHybrid	
  

Atmospheric	
  monitoring	
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•  So	
  far:	
  photons	
  up	
  to	
  100	
  TeV	
  observed	
  (γ-­‐ray	
  astronomy)	
  
•  No	
  UHE	
  photons	
  idenLfied	
  yet	
  
•  Upper	
  limits	
  on	
  UHE	
  photon	
  flux	
  and	
  fracLon	
  

•  Iden(fying	
  photons:	
  
•  Deeper	
  shower	
  development	
  
	
  	
  	
  	
  	
  	
  compared	
  to	
  hadrons	
  (larger	
  Xmax)	
  
•  LPM	
  and	
  preshower	
  effects	
  
	
  	
  	
  	
  	
  	
  have	
  to	
  be	
  taken	
  into	
  account	
  
•  Complement	
  Xmax	
  (FD	
  parameter)	
  
	
  	
  	
  	
  	
  	
  with	
  an	
  SD-­‐related	
  parameter	
  to	
  
	
  	
  	
  	
  	
  	
  improve	
  discrimina(on	
  power	
  for	
  
	
  	
  	
  	
  	
  	
  hybrid	
  events	
  

The	
  search	
  for	
  UHE	
  photons:	
  status	
  (I)	
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•  Idea:	
  use	
  Lme	
  integrated	
  SD	
  
signals	
  as	
  addiLonal	
  parameter	
  for	
  
photon/hadron	
  separa(on	
  
•  Photons	
  show	
  steeper	
  lateral	
  

distribuLon	
  funcLon	
  (LDF):	
  smaller	
  
signal	
  S	
  at	
  a	
  given	
  distance	
  R	
  from	
  	
  
the	
  shower	
  core	
  and	
  fewer	
  triggered	
  
sta(ons	
  as	
  compared	
  to	
  hadrons	
  

•  Current	
  hybrid	
  photon	
  analysis:	
  	
  	
  	
  	
  	
  	
  	
  	
  
S4	
  parameter	
  

•  Combining	
  Xmax	
  and	
  S4:	
  linear	
  
discriminant	
  

The	
  search	
  for	
  UHE	
  photons:	
  status	
  (II)	
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The	
  search	
  for	
  UHE	
  photons	
  with	
  the	
  hybrid	
  detector	
  of	
  the	
  Pierre	
  Auger	
  Observatory	
  

•  Use	
  data	
  from	
  Jan	
  2005	
  –	
  Sep	
  2010:	
  
•  Only	
  events	
  selected	
  with	
  at	
  least	
  4	
  acLve	
  SD	
  staLons,	
  good	
  geometry	
  and	
  

longitudinal	
  profile,	
  zenith	
  angle	
  <	
  60°,	
  without	
  clouds...	
  
•  6,	
  0,	
  0,	
  0	
  and	
  0	
  photon	
  candidate	
  events	
  above	
  1,	
  2,	
  3,	
  5	
  and	
  10	
  EeV	
  
•  Numbers	
  compaLble	
  with	
  the	
  expected	
  hadron	
  background	
  
•  Calculate	
  upper	
  limits	
  on	
  integral	
  photon	
  flux	
  using	
  the	
  exposure	
  of	
  the	
  

observatory	
  for	
  photons:	
  

	
  
•  Exposure:	
  (me-­‐integrated	
  aperture	
  of	
  the	
  detector,	
  derived	
  from	
  

simulaLons:	
  

The	
  search	
  for	
  UHE	
  photons:	
  status	
  (III)	
  

E(E) =

�

T
A(E, t)dt =

�

T

�

Ω

�

S
ε(E, t, θ, φ, x, y) cos θdSdΩdt

φγ,max(Eγ > E0) =
Nγ(Eγ > E0)

Eγ,min
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The	
  search	
  for	
  UHE	
  photons	
  with	
  the	
  hybrid	
  detector	
  of	
  the	
  Pierre	
  Auger	
  Observatory	
  

•  Current	
  photon	
  limits	
  already	
  rule	
  out	
  top-­‐down	
  models	
  
•  PredicLons	
  for	
  GZK	
  photons	
  are	
  within	
  reach	
  

The	
  search	
  for	
  UHE	
  photons:	
  status	
  (IV)	
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The	
  search	
  for	
  UHE	
  photons	
  with	
  the	
  hybrid	
  detector	
  of	
  the	
  Pierre	
  Auger	
  Observatory	
  

•  Weakness	
  of	
  the	
  current	
  analysis:	
  requires	
  ≥	
  4	
  acLve	
  SD	
  staLons	
  
around	
  the	
  shower	
  core	
  (no	
  holes	
  in	
  the	
  array)	
  

•  Alterna(ve	
  parameter	
  (also	
  based	
  on	
  SD	
  signals):	
  Fγ	
  
•  Use	
  a	
  photon-­‐op(mized	
  likelihood	
  LDF	
  fit	
  (including	
  staLons	
  with	
  no	
  signal)	
  

to	
  obtain	
  S1000|γ	


•  NKG	
  type	
  LDF:	
  
	
  
	
  
•  Value	
  of	
  β	
  is	
  not	
  free,	
  but	
  parameterized	
  as	
  a	
  funcLon	
  of	
  S1000	
  and	
  the	
  

zenith	
  angle	
  ϑ;	
  here:	
  mulLply	
  parameterizaLon	
  of	
  β	
  with	
  a	
  factor	
  of	
  1.4	
  to	
  
account	
  for	
  steeper	
  photon	
  LDF	
  

•  Convert	
  EHybrid	
  to	
  an	
  average	
  SD	
  signal	
  at	
  a	
  distance	
  of	
  1000	
  m	
  (S1000|Hybrid)	
  
using	
  the	
  known	
  energy	
  calibraLon	
  equaLons	
  for	
  the	
  hybrid	
  detector	
  

Outlook:	
  improving	
  the	
  analysis	
  (I)	
  

S = S1000

�
R

1000m

�β �R+ 700m

1700m

�β
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  Observatory	
  

•  Take	
  Fγ	
  as	
  the	
  ra(o	
  of	
  both	
  S1000	
  quanLLes	
  to	
  eliminate	
  the	
  energy	
  
dependence:	
  

	
  
•  Performance	
  of	
  Fγ	
  comparable	
  to	
  S4	
  and	
  Xmax	
  (at	
  1	
  -­‐	
  3	
  EeV)	
  

•  SLll	
  some	
  room	
  to	
  improve	
  this	
  parameter...	
  

Outlook:	
  improving	
  the	
  analysis	
  (II)	
  

Fγ =
S1000|γ

S1000|Hybrid

Figure 1:

I recommend a little more be put into the Fγ parameter. A parameterized LDF
should be derived for photon showers. A “more correct’ CIC and energy calibration
should be used. Finally, the optimum level for the ∆ESD/ESD < 30% quality cut
should be obtained.

I would like to acknowledge that this work was supported in part by the Alexander
von Humboldt Foundation. Thanks to Mariangela Settimo and the Lecce Group for
providing air shower simulations. Thanks also to Mariangela for suggesting the nice
compact name “Fγ”.

5 Appendix

5.1 Rejection of stations that are too close to the shower axis

In the S1000 fit, I reject stations that are too close to the shower axis. Let me give you
a qualitative description of why I do this. The LDF near the shower axis is very steeply
falling and small uncertainties in the station position translate to large uncertainties
in the expected signal. Now, these uncertainties are correctly accounted for, so this

4

Figure 3:
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The	
  search	
  for	
  UHE	
  photons	
  with	
  the	
  hybrid	
  detector	
  of	
  the	
  Pierre	
  Auger	
  Observatory	
  

•  UHE	
  photons	
  can	
  provide	
  a	
  handle	
  on	
  the	
  differen(a(on	
  of	
  
theore(cal	
  models	
  for	
  the	
  origin	
  of	
  UHECR	
  

•  Current	
  results	
  from	
  the	
  Pierre	
  Auger	
  Observatory	
  already	
  rule	
  
out	
  top-­‐down	
  models	
  

•  Experimental	
  challenge:	
  photon	
  iden(fica(on	
  
•  Shown	
  here:	
  combinaLon	
  of	
  FD	
  (Xmax)	
  and	
  SD	
  (S4)	
  informaLon	
  in	
  

hybrid	
  mode	
  
•  Possible	
  improvement	
  of	
  the	
  analysis:	
  new	
  parameter	
  (Fγ),	
  based	
  

on	
  a	
  photon-­‐opLmized	
  LDF	
  fit	
  
	
  

Summary	
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SD	
  and	
  FD	
  

Ronald Cintra Shellard for the Pierre Auger Collaboration 1185

FIG. 1: Layout of the Pierre Auger Observatory southern site show-
ing the four FD telescopes (eyes). The dots represents the deploye-
ment location of the SD stations. The darker shade represents the
area instrumented in July 2006. The FD eyes Los Leones, Los Mora-
dos and Coihueco are in full operation, while the construction of
Loma Amarilla and its instrumentation should be completed by the
end of 2006.

The initial phase of the Pierre Auger Observatory, the Engi-

neering Array was built during the period 2000-2001. Then,
40 Cherenkov tanks were laid and instrumented, to test the
components of the array and to prove the soundness of its de-
sign. They were set in a roughly hexagonal array, covering an
area of 54 km2. Two of the tanks, at the center of the array,
were laid side by side, in order to cross calibrate their signals.
Two prototype telescopes were installed on the Los Leones
hill, overlooking this ground array. They were successfully
tested during the southern summer of 2001-2002. The lessons
learned in the Engineering Array lead to improvement in the
final design of the detector components [18].

A. The Surface Detector

The Surface Detector (SD) is a ground array which spans
an area of 3 000 km2, with 1 600 stations set on a regular
triangular grid, with 1 500 m separation between them. The
stations communicate with the central base station through a
radio link.

Each station at the SD is a cylindrical tank, filled with
12 000 l of purified water, operating as a Cherenkov light
detector. The tanks are manufactured by rotational molding
process, using a high density polyethylene resin, with 12.7
mm thick walls, opaque to external light. The walls have two
layers, an external in the color beige, to minimize the environ-
mental impact and reduce the heat absorption, and the internal
black, with the addition of carbon black to the resin. The wa-
ter is contained in a liner inside the tank, a bag made of a
sandwich of polyolefin-Tyvek film. The Tyvek film has a high
reflectivity to ultraviolet light and its role is to diffuse the UV
Cherenkov light within the volume of water.

The tanks are prepared in the Assembly Building, just be-
hid the Main campus building. The water purification plant
produces enough water for 3 tanks per day, with a resistivity
of 15 MΩ per cm. The tanks are manufactured in São Paulo,
Brazil, and Buenos Aires and shipped all the way to Malargüe
on flatbed trucks, carrying six tanks on a load. After prepa-
ration which includes the mounting of the electronic compo-
nents, the cabling and fitting the internal Tyvek bag, the tanks
are deployed on the field, on prepared ground, using 4-wheel
drive vehicles.

FIG. 2: A schematic view of the Cherenkov water tanks, with the
components indicated in the figure.

The Cherenkov light, diffused within the volume of water,
is collected by three 20.3 cm diameter photomultiplier tubes
(Photonis XP1805), set in a symmetric pattern on top of the
tanks, facing downwards. This arrangement avoids the direct
hit of the Cherenkov light, collecting a signal which is ho-
mogeneous and proportional to the length of charged tracks
crossing the water. A schematic view of a SD station is shown
in Figure 2.

The electronics for the detectors are housed in a box out-
side the tanks and communicate with a base station through a
radio WLAN, operating in the 915 MHz band. The stations are
powered by a bank of two special 12 V batteries, which are
fed by two solar panels of 55 W each. The time synchroniza-
tion of the tanks is based on a GPS system, capable of a time
alignment precision of about 10 ns [19]. A 7 GHz microwave
backbone links the base stations to the central data acquisition
station (CDAS), at the campus of Malargüe in the southern
site.

Each detector station has a two level trigger, a hardware im-
plemented T1 and a software T2. The T1 trigger is decided in
a PLD (Programmable Logical Device) [20], set with a thresh-
old defined in terms of a vertical equivalent muon (VEM)
crossing a tank, with a typical value of 1.75 VEM on a single
25 ns time bin, in coincidence at all working PMT’s. This trig-
ger has a rate of about 100 Hz and is necessary to detect fast
signals associated to the muons of horizontal showers. There
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•  Use	
  modified	
  low	
  energy	
  LDF	
  parametriza(on	
  (originally	
  for	
  750	
  m	
  infill	
  array):	
  

ParameterizaLon	
  of	
  β	



β = 1.4
�
C0 + C1x+ C2 secϑ+ C3x secϑ+ C4 sec

2 ϑ+ C5x sec
2 ϑ

�

x = logS − log 20

C0 = a0 + a1 log 20

C2 = b0 + b1 log 20

C4 = c0 + c1 log 20

C1 = −0.817± 0.159

C3 = 0.724± 0.234

C5 = −0.296± 0.0845
GAP-­‐2009-­‐047	
  [P.	
  Younk]	
  

a0 = −3.35± 0.23

a1 = −0.125± 0.151

b0 = 1.33± 0.31

b1 = −0.0324± 0.2114

c0 = −0.191± 0.105

c1 = −0.00573± 0.07210
GAP-­‐2007-­‐106	
  [T.	
  Schmidt	
  et.	
  al.]	
  

Factor	
  to	
  account	
  for	
  steeper	
  photon	
  LDF	
  

x = log(S1000 [VEM])− log 20
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  of	
  a	
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  fit	
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•  Energy	
  calibra(on	
  based	
  on	
  PRL	
  101,	
  061101	
  (2008)	
  [Pierre	
  Auger	
  Collabora(on]	
  

	
  
	
  
•  CIC	
  func(on	
  based	
  on	
  astro-­‐ph/0706.2096v1	
  [M.	
  Roth,	
  2007	
  ICRC	
  contribu(on]	
  

Energy	
  calibraLon	
  and	
  CIC	
  funcLon	
  

a = [1.49± 0.06± 0.12]× 1017 eV

b = 1.08± 0.01± 0.04

S1000 = S38◦ · CIC(θ)

S38◦ [VEM] =
b

�
EHybrid [eV]

a

CIC(ϑ) = 1 + ax+ bx2

x = cos2(ϑ)− cos2(38◦)

a = 0.94± 0.06

b = −1.21± 0.27

MEASUREMENT OF THE ENERGY SPECTRUM USING DATA FROM THE PIERRE AUGER OBSERVATORY

Figure 1: Integral number of events vs cos2 θ for
the indicated minimum value of S(1000).

zenith angle is less than 60° and the reconstructed
energy is above 3EeV. For this analysis, the array
is fully efficient for detecting such showers, so the
acceptance at any time is solely determined by the
geometric aperture of the array [8]. The integrated
exposure mounts up to about 5165 km2 sr yr,
which is a factor of more than 3 larger than the
exposure obtained by the largest forerunner ex-
periment AGASA [9]. Moreover the present ac-
ceptance exceeds the one given in [10] by a fac-
tor of about 3. For a given energy the value of
S(1000) decreases with zenith angle, θ, due to at-
tenuation of the shower particles and geometrical
effects. Assuming an isotropic flux for the whole
energy range considered, i.e. the intensity distribu-
tion is uniform when binned in cos2 θ, we extract
the shape of the attenuation curve from the data. In
Figure 1 several intensities, Ii = I(> Si(1000)),
above a given value of lg Si(1000) are shown as
a function of cos2 θ. The choice of the threshold
lg S(1000) is not critical since the shape is nearly
the same within the statistical limit. The fitted at-
tenuation curve, CIC(θ) = 1 + a x + b x2, is a
quadratic function of x = cos2 θ− cos2 38◦ as dis-
played in Figure 2 for a particular constant inten-
sity cut, I0 = 128 events, with a = 0.94 ± 0.06
and b = −1.21 ± 0.27. The cut corresponds
to a shower size of about S38◦ = 47VEM and
equivalently to an energy of about 9 EeV. Since
the average angle is 〈θ〉 $ 38◦ we take this an-
gle as reference and convert S(1000) into S38◦ by
S38◦ ≡ S(1000)/CIC(θ). It may be regarded
as the signal S(1000) the shower would have pro-

Figure 2: Derived attenuation curve, CIC(θ), fit-
ted with a quadratic function.

duced had it arrived at θ = 38◦. The reconstruc-
tion accuracy of the parameter S(1000), σS(1000),
comprises 3 contributions and these are taken into
account in inferring S38◦ and its uncertainty σS38◦

:
a statistical uncertainty due to the finite size of the
detector and the limited dynamic range of the sig-
nal detection, a systematic uncertainty due to the
assumptions of the shape of the lateral distribu-
tion and finally due to the shower-to-shower fluc-
tuations [11]. To infer the energy we have to es-
tablish the relation between S38◦ and the calori-
metric energy measurement,EFD. A set of hybrid
events of high quality is selected based on the crite-
ria reported in [6] without applying the cut on the
field of view, which appears to have a negligible
effect for the topic addressed here. A small correc-
tion to account for the energy carried away by high
energy muons and neutrinos, the so-called invisi-
ble energy, depends slightly on mass and hadronic
model. The applied correction is based on the av-
erage for proton and iron showers simulated with
the QGSJet model and sums up to about 10% and
its systematic uncertainty contributes 4% to the to-
tal uncertainty in FD energy [3]. Moreover the SD
quality cuts described above are applied. The cri-
teria include a measurement of the vertical aerosol
optical depth profile (VAOD(h)) [12] using laser
shots generated by the central laser facility (CLF)
[13] and observed by the FD in the same hour of
each selected hybrid event. The selected hybrid
events were used to calibrate the SD energy. The
following procedure was adopted. For each hy-
brid event, with measured FD energy EFD, the
SD energy estimator S38◦ was determined from the

Final version February 1, 2008
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Figure 3: Correlation between lg EFD and lg S38◦

for the 387 hybrid events used in the fit. The full
line is the best fit to the data. Events below the
dashed line were not included in the fit.

measured S(1000) by using the constant intensity
method described above. For each event the uncer-
tainty in S38◦ is estimated by summing in quadra-
ture three contributions: the uncertainty in the con-
stant intensity parametrization, σS38◦

(CIC) , the
angular accuracy of the event, σcosθ , and the uncer-
tainty in the measured S(1000), σS(1000). The flu-
orescence yield used to estimate the energyEFD is
taken from [14]. An uncertainty in the FD energy,
σEF D

, was also assigned to each event. Several
sources were considered. The uncertainty in the
hybrid shower geometry, the statistical uncertainty
in the Gaisser-Hillas fit to the profile of the en-
ergy deposits and the statistical uncertainty in the
invisible energy correction were fully propageted.
The uncertainty in the VAOD measurement was
also propagated to the FD energy on an event-
by-event basis, by evaluating the FD energy shift
obtained when changing the VAOD profile by its
uncertainty. These individual contributions were
considered to be uncorrelated, and were thus com-
bined in quadrature to obtain σEF D

. The data
appear to be well described by a linear relation
lg EFD = A + B · lg S38◦ (see Figure 3). A lin-
ear least square fit of the data was performed. To
avoid possible biases, low energy events, below the
dashed line, which is orthogonal to the best fit line
and intersects it at lg(S38◦ = 15VEM), were not
included in the fit.

Figure 4: Fractional difference between the FD and
SD energy for the 387 selected hybrid events.

An iterative procedure was used to determine the
dashed line, and it was checked that the results
of the fit were stable. The best fit yields A =
17.08± 0.03 and B = 1.13± 0.02 with a reduced
χ2 of 1.3 for lg ESD = A+B ·lg S38◦ in [eV]. The
relative statistical uncertainty in the derived SD en-
ergy, σESD/ESD, is rather small, e.g. of the order
of 5% at 1020 eV. The energy spectrum J is dis-
played in Figure 5 together with its statistical un-
certainty. The individual systematic uncertainties
in determining ESD coming from the FD sum up
to 22%. For illustrative purposes we show in Fig-
ure 6 the difference of the flux with respect to an
assumed flux ∝ E−2.6. The largest uncertainties
are given by the absolute fluorescence yield (14%),
the absolute calibration of the FD (9.5%) and the
reconstruction method (10%). The uncertainty due
to the dependence of the fluorescence spectrum
on pressure (1%), humidity (5%) and temperature
(5%) are take into account as well as the wave-
length dependent response of the FD, the aerosol
phase function, invisible energy and others, which
are well below 4% (see [4] for details).

Discussion and outlook

When inferring the energy spectrum from SD data
we utilise the constant intensity method to cali-
brate the SD data. The systematic uncertainties

Final version February 1, 2008
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•  Geometry	
  level:	
  
•  NTankOn	
  >	
  0	
  
•  Zenith	
  angle	
  <	
  60°	
  
•  StaLon	
  distance	
  to	
  axis	
  <	
  1500	
  m	
  
•  SD/FD	
  offset	
  <	
  200	
  ns	
  
•  SDP	
  fit	
  χ2/Ndf	
  <	
  7	
  
•  Time	
  fit	
  χ2/Ndf	
  <	
  8	
  

•  Profile	
  level:	
  
•  Gaisser-­‐Hillas	
  fit	
  χ2/Ndf	
  <	
  2.5	
  
•  Xmax	
  in	
  FOV	
  
•  Cherenkov	
  fracLon	
  <	
  50	
  %	
  
•  RelaLve	
  energy	
  error	
  <	
  20	
  %	
  

•  Common	
  quality	
  cut:	
  
•  Time	
  periods	
  with	
  clouds	
  rejected	
  

Quality	
  cuts	
  and	
  event	
  selecLon	
  
•  Quality	
  cut	
  for	
  S4:	
  

•  ≥	
  4	
  acLve	
  SD	
  staLons	
  

•  Quality	
  cut	
  for	
  Fγ:	
  
•  RelaLve	
  S1000|γ	
  error	
  <	
  30	
  %	
  

Number	
  of	
  Events,	
  data	
  period	
  	
  	
  
Jan	
  2005	
  –	
  Sep	
  2010:	
  

•  Triggered:	
  ≈	
  1,000,000	
  
•  Reconstructed:	
  ≈	
  380,000	
  
•  Ayer	
  profile	
  level	
  cut:	
  ≈	
  145,000	
  
•  Ayer	
  quality	
  cuts	
  for	
  S4:	
  ≈	
  1700	
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The	
  search	
  for	
  UHE	
  photons	
  with	
  the	
  hybrid	
  detector	
  of	
  the	
  Pierre	
  Auger	
  Observatory	
  

•  Flux	
  of	
  cosmic	
  rays	
  at	
  1020	
  eV:	
  1	
  parLcle	
  per	
  century	
  and	
  km2	
  

•  Direct	
  measurements	
  (balloons,	
  satellites)	
  are	
  not	
  feasible	
  
•  Measure	
  properLes	
  of	
  the	
  (primary)	
  cosmic	
  rays	
  indirectly	
  using	
  the	
  

extensive	
  air	
  showers	
  induced	
  by	
  the	
  primary	
  parLcles	
  in	
  the	
  atmosphere	
  

IntroducLon:	
  extensive	
  air	
  showers	
  


