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ユタ州・ミラード郡　（北緯39.1o, 西経122.9o）	


海抜～1400 m	


ステーション： ３ヶ所	


望遠鏡：１２台（１４台）／ステーション，	


視野： 3o – 33o x 108o	


空間分解能：１° 	


～３５ ｋｍ 間隔	


大気蛍光望遠鏡　(FD)	
シンチレーション検出器　507台	


3 m2 x 1.2cm x 2 layers	


1.2 ｋｍ 間隔，~700 ｋｍ２ （～琵琶湖）	


E > 1019 eVで100%検出効率	


地表検出器　(SD)	


Long Ridge 

Middle Drum 

Black Rock Mesa 

Highlights from the 
Telescope Array Experiment

Hiroyuki Sagawa (ICRR, Univ. of Tokyo)
for the Telescope Array Collaboration

July 4, 2013

33rd International Cosmic Ray Conference, 
Rio de Janeiro 2013
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FD検出からイベント再構成	
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Tsunesada	
  (0769)	


Long Ridge(LR) Black Rock  
Mesa(BRM) 

Camera images 

Longitudinal Profiles 

Fluorescence 

Cherenkov 

LR BRM 

FD2 
FD analysis: Geometry Reconstruction 

Monocular Mode 

Stereo Mode(TA実験200 多米田) 
ti 

ri 

ti+1 

ri+1 

Timing Fitting  

SDP・・・Shower Detector Plane 

Intersection of SDPs 

Only 1 FD station 

2 FD stations 

4 

Hybrid Mode(TA実験201 池田) 

FD station + SD 
Best resolution < 1° 

FD 

tSD 

FD1 

Highlights from the 
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SDイベントに対するエネルギー決定	
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Sagawa(0128),	
  Ivanov(0395)	


First estimation of SD energy

2013/4/25 H. Sagawa 12

sec(T)
lo

g 10
(S
80

0)

Monte Carlo Æ Energy table
E’SD = E’SD(S800, T) 

TA shower analysis with SD

11

An SD hit map of a typical high energy event
Time fit

Lateral distribution
profile fit

Poster, 395 

Geometry
Zenith angle: ߠ
Azimuth angle

800 m

S800

TA shower analysis with SD
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FD energy EFD

SD energy ESD
(scaled to FD energy)

ܦܵܧ = 1.27/ܦᇱܵܧ

Hybrid events E > 1019 eV
Angular resolution = 1.4o

E > 1019 eV
Energy resolution < 20%

TA shower analysis with SD
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An SD hit map of a typical high energy event
Time fit

Lateral distribution
profile fit

Poster, 395 

Geometry
Zenith angle: ߠ
Azimuth angle

800 m

S800

Energy Scale Check and resolution

13

FD energy EFD

SD energy ESD
(scaled to FD energy)

ܦܵܧ = 1.27/ܦᇱܵܧ

Hybrid events E > 1019 eV
Angular resolution = 1.4o

E > 1019 eV
Energy resolution < 20%
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S800	


Highlights from the 
Telescope Array Experiment

Hiroyuki Sagawa (ICRR, Univ. of Tokyo)
for the Telescope Array Collaboration

July 4, 2013

33rd International Cosmic Ray Conference, 
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1



8	
2013/09/03	
 高エネルギーガンマ線でみる極限宇宙
2013	


1.1	
  エネルギースペクトル	




SD観測によるエネルギースペクトル	
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Sagawa(0128),	
  Bergman(0221)	


5 year TA SD spectrum

14

Broken power law fit

TA data
May, 2008 – May, 20013
Zenith angle < 45o

14787 ev. (E > 1018.2 eV)
Exposure 4500 km2 sr yr
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Steepening	
  @	
  E	
  =	
  1019.8	
  eV	
  :	
  
	
  
Nexp=68.1,	
  Nobs=26	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  5.74σ	
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SD、ハイブリッド、単眼FD観測によるスペクトル	
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Sagawa(0128),	
  Bergman(0221)	


Spectrum overview

17

D. Bergman, oral, 221 
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GZK機構モデルによるフィット	
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Kido	
  (0136)	
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Free	
  parameters：E-­‐γ,	
  (1+z)m	
  

CRPropa	
  v2.0,	
  SOPHIA,	
  IRB,	
  LSS	
3. An Example of fitting 

9 

Chi2/d.o.f =19.3/19 for LSS 
Above 1018.2 eV  

The best fit 
normalization 
constant  
and  
energy scale  
are searched  
with each p and m. 
 
Likelihood -ratio 
test is used to 
consider  Poisson 
fluctuations. 
 
 

p=2.4, m=4 
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Free	
  parameters：E-­‐γ,	
  (1+z)m	
  

CRPropa	
  v2.0,	
  SOPHIA,	
  IRB,	
  LSS	
Compatibilities with data 

11 

LSS source distribution 

γ	
  =	
  2.39	
  ±	
  0.08	
  
m	
  =	
  4.4	
  +	
  0.9	
  -­‐1.3	
  
	
  
AGN:	
  m=5	
  (z	
  <	
  1.7)	
  	
  
(Hasinger	
  et	
  al.	
  2005)	
  	
  

GRB:	
  m=4.8	
  (z	
  <	
  1)	
  	
  
(Yuksel	
  &	
  Kstler	
  2007)	
  	
  

QSO:	
  m=3	
  (z	
  <	
  1.3)	
  	
  
(Waxman	
  &	
  Bahcall	
  2001)	
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1.2	
  化学組成	




Tsunesada	
  (0132),	
  Tameda(0512)	


BRM+LR	
  FDステレオ：平均Xmax	
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Nov	
  2007	
  ~	
  Nov	
  2012:	
  5-­‐year	
  data	
  
Xstart/Xend	
  definihon	
  change	
  
Cut	
  by	
  minimum	
  viewing	
  angle	
  (<	
  10deg)	
  
Cut	
  by	
  angle	
  btw	
  Shower	
  Detector	
  Planes	
  (SDPs)	
  (<	
  10deg)	
  
282	
  events	
  in	
  E	
  	
  >	
  1018.2	
  eV	
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Tsunesada	
  (0132),	
  Tameda(0512)	


Proton	


Iron	



BRM+LR	
  FDステレオ：Xmax分布とMCとの比較	
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TA BR/LR Stereo ICRC2013	
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BRM+LR	
  FDステレオ：Xmax分布の比較：KSテスト	
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TA BR/LR Stereo ICRC2013	



	


Tsunesada	
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  Tameda(0512)	
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Tsunesada	
  (0132),	
  Allen(0794)	
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MD-­‐FD	
  (refurbished	
  HiRes-­‐I	
  detectors)	
  +	
  SD	
  (>=3)	
  
SDP	
  by	
  FD	
  	
  +	
  	
  SD	
  shower	
  core	
  	
  
May	
  2008	
  ~	
  May	
  2012:	
  4-­‐year	
  data	
  
~1000	
  events	
  

MD	
  FD+SDハイブリッドイベント：Xmax	
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TA MD/SD Hybrid ICRC2013	


Highlights from the 

Telescope Array Experiment
Hiroyuki Sagawa (ICRR, Univ. of Tokyo)
for the Telescope Array Collaboration

July 4, 2013

33rd International Cosmic Ray Conference, 
Rio de Janeiro 2013
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1.3	
  到来方向、異方性、起源天体	




到来方向分布：超銀河座標系	
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Tinyakov(1033)	


Comparison with isotropic distribution: equatorial coords

right ascension declination

right ascention, degrees
0 50 100 150 200 250 300 350

nu
m

be
r 

of
 e

ve
nt

s

2
4
6
8

10
12
14
16
18
20
22

z<55, E>57, 52 eventsz<55, E>57, 52 events

declination, degrees
-80 -60 -40 -20 0 20 40 60 80

nu
m

be
r 

of
 e

ve
nt

s

0

5

10

15

20

25

30

35
z<55, E>57, 52 eventsz<55, E>57, 52 events

Comparison with isotropic distribution: equatorial coords

E > 57 EeV, equatorial coordinates, 52 events
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E > 57 EeV, equatorial coordinates, 52 events

Comparison with isotropic distribution: SG coords
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May	
  12,	
  2008	
  ~	
  May	
  4,	
  2013	
  (5	
  years)	
  
E	
  >	
  57	
  EeV,	
  θ	
  <	
  55o	
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赤道座標系	
 超銀河座標系	


Highlights from the 
Telescope Array Experiment

Hiroyuki Sagawa (ICRR, Univ. of Tokyo)
for the Telescope Array Collaboration

July 4, 2013

33rd International Cosmic Ray Conference, 
Rio de Janeiro 2013
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到来方向自己相関解析	
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Tinyakov(1033)	


TA ANISOTROPY
SUMMARY

P. Tinyakov
for the Telescope

Array
Collaboration.

TA detector

Data

Global
distributions

Clustering and
autocorrelations

Search for point
sources

Correlation with
LSS

Low energies
E ⇠EeV

Conclusions

AUTOCORRELATION FUNCTION
I AGASA has reported clustering at 2.5�, E > 40 EeV
I TA test: 0 pairs found, 1.5 expected from uniform

background =) no clustering at 2.5�

I Extend search for larger angles and higher energies:

P
( 

  )δ
E > 40 EeV

E > 57 EeV

δ

1e−3

 0.1

 1

 0  20  40  60  80  100  120  140  160  180

1e−2

•  AGASA	
  has	
  reported	
  clustering	
  at	
  2.5o,	
  E	
  >	
  40EeV	
  
•  TA:	
  0pairs	
  found	
  (1.5	
  expected	
  from	
  uniform)	
  	
  
　　　　⇔	
  no	
  clustering	
  at	
  2.5o	
  
•  Extend	
  search	
  for	
  larger	
  angles	
  and	
  higher	
  energies:	
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for the Telescope Array Collaboration
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33rd International Cosmic Ray Conference, 
Rio de Janeiro 2013
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等方性／大規模構造との到来方向相関	
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Sagawa(0128),	
  Tinyakov(0935,	
  1033)	

Correlations with LSS

E > 10 EeV: 2130 ev. E > 40 EeV:  132 ev.

E > 57 EeV:   52 ev.

27

White dots: TA data with zenith angle < 55o

P. Tinyakov, oral, 1033

Gray patterns:
expected flux density from proton LSS
2MASS Galaxy Redshift catalog (XSCz)
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等方性／大規模構造との到来方向相関	
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Sagawa(0128),	
  Tinyakov(0935,	
  1033)	
Correlations with LSS
E > 10 EeV E > 40 EeV

E > 57 EeV

28

Theta: deflection angle

~3V (pre-trial)
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大規模構造との比較	


等方性との比較	


compaNble	


Not	
  compaNble	


smearing	
  angle	
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AGNとの到来方向相関（PAO(2007)と同じ解析）	
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Sagawa(0128),	
  Tinyakov(1033)	


Correlations with AGN

• 472 AGN from 2006 Veron catalog with z < 0.018
• E > 57 EeV, zenith angle < 45o, N = 42 (5 yr)
• Separation angle = 3.1o

25

P. Tinyakov, oral, 1033

Correlations with AGN

• Probability to hit AGN with a single event po = 0.24
• 17 events correlate out of 42 ฺ p = 0.014

26

•  472	
  AGN	
  from	
  2006	
  VCV,	
  z	
  <	
  0.018	
  
•  E	
  >	
  57	
  EeV,	
  θ	
  <	
  45o,	
  N=42	
  
•  separahon	
  angle	
  =	
  3.1o	
  
•  17	
  events	
  correlate	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (Nexp=10)	
  ⇔	
  P=0.014	
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他の天体カタログ、エネルギーしきい値ではどうか？	
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•  3CRR,	
  2MRS,	
  Swim	
  BAT	
  	
  58M,	
  Swim	
  BAT	
  AGN,	
  2LAC,	
  VCV	
  13th	
  
•  May	
  2008	
  –	
  Sep	
  2011,	
  θ	
  <	
  45o,	
  アレイの十分内側	
  →	
  57イベント	
  E>	
  40	
  EeV	
  
•  スキャンされるパラメーター	
  

ü  E	
  >=	
  40	
  EeV	
  
ü  z	
  <	
  0.03	
  
ü  φ =	
  1o	
  ~	
  15o（イベント到来方向と天体のなす角がφ以下なら「方向相関」）	
  

•  等方性を仮定したシミュレーションから確率を計算	
  
　　　→　確率最小を与えるパラメーターセットを決定	
  

Catalog	
 Eth[Eev]	
 Window	
 z	
 kcorr/Ncorr	
 piso	
 Pmin	
 P	


Swim-­‐BAT	
  
AGN	


62.20	
   10.0o	
 0.020	
 17/17	
 0.52	
 1.3x10-­‐5	
 0.01	
  

Swim-­‐BAT	
  
58M	


57.46	
 11.0o	
 0.017	
 25/25	
 0.68	
 6.1x10-­‐5	
 0.04	


2MRS	
 51.85	
 6.5o	
 0.005	
 29/31	
 0.62	
 8.5x10-­‐5	
 0.21	


VCV	
  13th	
 62.20	
 2.1o	
 0.016	
 8/17	
 0.14	
 8.6x10-­‐4	
 0.25	


3CRR	
 66.77	
 2.0o	
 0.017	
 1/11	
 0.002	
 2.2x10-­‐2	
 0.75	


2LAC	
 55.41	
 12.0o	
 0.018	
 2/23	
 0.069	
 2.1x10-­‐1	
 0.83	


arXiv:1308.5808,	
  submiped	
  to	
  ApJ	
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Catalog	
 Eth[Eev]	
 Window	
 z	
 kcorr/Ncorr	
 piso	
 Pmin	
 P	


Swim-­‐BAT	
  
AGN	


62.20	
   10.0o	
 0.020	
 17/17	
 0.52	
 1.3x10-­‐5	
 0.01	
  

Swim-­‐BAT	
  
58M	


57.46	
 11.0o	
 0.017	
 25/25	
 0.68	
 6.1x10-­‐5	
 0.04	


2MRS	
 51.85	
 6.5o	
 0.005	
 29/31	
 0.62	
 8.5x10-­‐5	
 0.21	


VCV	
  13th	
 62.20	
 2.1o	
 0.016	
 8/17	
 0.14	
 8.6x10-­‐4	
 0.25	


3CRR	
 66.77	
 2.0o	
 0.017	
 1/11	
 0.002	
 2.2x10-­‐2	
 0.75	


2LAC	
 55.41	
 12.0o	
 0.018	
 2/23	
 0.069	
 2.1x10-­‐1	
 0.83	


kcorr：天体と相関のあったイベント数	
  
Ncorr：エネルギーしきい値以上のイベント数	
  
piso：一様等方からの期待相関数（1イベントあたり）	
  
Pmin：累積確率	
  
P：ペナルティで補正したPmin	
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Hiroyuki Sagawa (ICRR, Univ. of Tokyo)
for the Telescope Array Collaboration

July 4, 2013

33rd International Cosmic Ray Conference, 
Rio de Janeiro 2013
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for the Telescope Array Collaboration
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Swim-­‐BAT	
  58M	


Eth[Eev]	
 Window	
 z	
 kcorr/
Ncorr	


Pmin	
 P	


57.46	
 11.0o	
 0.017	
 25/25	
 6.1x10-­‐5	
 0.04	


Eth[Eev]	
 Window	
 z	
 kcorr/
Ncorr	


Pmin	
 P	


62.20	
   10.0o	
 0.020	
 17/17	
 1.3x10-­‐5	
 0.01	
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1.	
  TA実験の最新結果：まとめ	

•  GZK機構によるdip、cut	
  offによく一致	
  
•  ESD	
  =	
  EFD	
  ×	
  1.27	
  
•  Xmax	
  :	
  1018.2	
  eV以上では、「純粋陽子」と矛盾しない	
  
•  最高エネルギー領域（E	
  >	
  ~60	
  EeV）では、	
  
-  到来方向分布は「等方性」とは合わない	
  
-  （統計的に有意ではないものの）起源のヒント？	
  

ü 超銀河座標系	
  p	
  ∼	
  0.003	
  	
  
ü 自己相関	
  p∼	
  0.004@δ	
  =	
  20o	
  	
  
ü AGNとの相関 p	
  ∼	
  0.01	
  	
  
ü (1+z)m	
  （←低エネルギーでこそ！）	
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2.	
  TA実験の将来計画	


•  TALE	
  (TA	
  Low	
  energy	
  Extension)+NICHE	
  
-  Second	
  knee、GCR/EGCR	
  transiNon	
  
-  (1+z)m　精密測定	
  
-  EAS	
  @	
  LHCエネルギー	
  

	
  
	
  

•  TA	
  ×	
  4	
  
-  世界最大級	
  ~	
  3,000km2	
  

-  「異方性」に結論（→5σ）	
  

	
  

	
  
	
  

Ex.$2:$Source$evoluBon,$spectral$index�
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Fig. 4. Contributions from sources within shells in redshift according to our energy
loss model.

second knee was observed by the Fly’s Eye experiment at 1017.6 eV. The
behavior of the model below 1017.6 eV is not what one would expect from the
world’s data: the model’s prediction is that the spectrum should be steeper, at
about E−3.2. Another way of saying this is that the appearance of the second
knee is too weak in this model.

Figure 4 shows how sources grouped in shells of redshift contribute to the
cosmic ray spectrum, and the correlation between energy and redshift. As an
example, one can see the correlation by observing that at log E of 8.8 (E in
GeV), at the peak of the shell at z=1.0, the contribution from the shell at
z=0.1 is lower at this energy by an order of magnitude. The correlation is not
perfect, but it is significant.

This correlation is due to the effect of energy loss mechanisms working on
cosmic rays as they traverse large distances across the universe. To again take
the example of sources at z=1.0, the highest energy cosmic rays, in this model
1021 eV, are reduced to an energy of about 1017.9 eV at the earth by these
effects.
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Fig. 3. Effect of changing the spectral index, γ (left), and evolution parameter, m

(right), in fits to the HiRes spectrum, showing that the ankle region is sensitive to
γ, and that the region just below the ankle is most sensitive to m.

the fraction of cosmic rays that are protons is about 50% at 1017 eV and
about 80% for energies above 1018 eV. In this model, we ascribe the protons
to extragalactic sources and use the three energy loss mechanisms described
above in tracing their path from source to detection.

In Figure 1, the curve drawn through the data is the result of this model. We
assume the galactic/extragalactic mixture described above, that the spectrum
at the source is a power law of index γ which continues to 1021 eV then is cut
off sharply. The source density is a constant times a factor (1 + z)m, where m

is known as the evolution parameter. In this fit, one value of m is allowed for
all redshifts. The values of m and γ are allowed to vary in the fit. A complete
calculation of energy losses is performed, and pion production is treated by
the Monte Carlo method.

The fit has a satisfactory χ2 of 43 for 35 degrees of freedom. It agrees well
with the data in the region of the ankle. The ankle is especially important
because, in this region, the fit is sensitive to both the average power law index
and to the evolution parameter. The two parts of Figure 3 show the same data
with three fits in each part, with different values of γ (m) on the right (left)
side. The spectrum is sensitive to γ throughout the ankle region, and m on
the lower side of the ankle, showing that the two parameters’ values can be
extracted from the data.

Between 1019.4 and 1019.7 eV the fit is above the data points. This may be
due to the model’s abrupt cutoff at 1021 eV, whereas sources really have a
distribution of maximum energies. This is an interesting piece of information
that bears on the distribution of the size and magnetic fields of sources, and
should be investigated further.

Experiments studying lower energy regions than HiRes [9] observe a spectrum
that is flat on an E3J plot (i.e., falls like E−3.0) below the second knee. The

5
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the fraction of cosmic rays that are protons is about 50% at 1017 eV and
about 80% for energies above 1018 eV. In this model, we ascribe the protons
to extragalactic sources and use the three energy loss mechanisms described
above in tracing their path from source to detection.

In Figure 1, the curve drawn through the data is the result of this model. We
assume the galactic/extragalactic mixture described above, that the spectrum
at the source is a power law of index γ which continues to 1021 eV then is cut
off sharply. The source density is a constant times a factor (1 + z)m, where m

is known as the evolution parameter. In this fit, one value of m is allowed for
all redshifts. The values of m and γ are allowed to vary in the fit. A complete
calculation of energy losses is performed, and pion production is treated by
the Monte Carlo method.

The fit has a satisfactory χ2 of 43 for 35 degrees of freedom. It agrees well
with the data in the region of the ankle. The ankle is especially important
because, in this region, the fit is sensitive to both the average power law index
and to the evolution parameter. The two parts of Figure 3 show the same data
with three fits in each part, with different values of γ (m) on the right (left)
side. The spectrum is sensitive to γ throughout the ankle region, and m on
the lower side of the ankle, showing that the two parameters’ values can be
extracted from the data.

Between 1019.4 and 1019.7 eV the fit is above the data points. This may be
due to the model’s abrupt cutoff at 1021 eV, whereas sources really have a
distribution of maximum energies. This is an interesting piece of information
that bears on the distribution of the size and magnetic fields of sources, and
should be investigated further.

Experiments studying lower energy regions than HiRes [9] observe a spectrum
that is flat on an E3J plot (i.e., falls like E−3.0) below the second knee. The
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NICHE project

• Non-Imaging CHErenkov Array (NICHE)
• TA/TALE extension to measure the the energy and 

composition (Xmax) of very-high energy cosmic rays
• E = 1015.5 to 1017 eV
• Proposed but not yet funded

PMTs looking upwards

Cherenkov counters within
TALE infill array

J. Krizmanic et al., oral 365
D. Bergman et al. poster 983

40

Recondihoned	
  HiRes	
  II	
  
10	
  MHz	
  FADC	
  
Installed	
  Nov.	
  2012	
  

TALE：1016.5	
  –	
  1019	
  eV	
  
NICHE：1015.5	
  –	
  1017	
  eV	
  

TALE+NICHE	

SO(0717),	
  Krizmanic(0365)	


Highlights from the 
Telescope Array Experiment

Hiroyuki Sagawa (ICRR, Univ. of Tokyo)
for the Telescope Array Collaboration

July 4, 2013

33rd International Cosmic Ray Conference, 
Rio de Janeiro 2013
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Sagawa(0121)	


Highlights from the 
Telescope Array Experiment

Hiroyuki Sagawa (ICRR, Univ. of Tokyo)
for the Telescope Array Collaboration

July 4, 2013

33rd International Cosmic Ray Conference, 
Rio de Janeiro 2013

1

TA	
  SDアレイを4倍に拡張	
  
→	
  ~	
  3,000	
  km2	
  

	
•  約500台のSDを追加（2.08km間隔）	
  
•  10台のFD（旧HiRes）を設置@BRM	
  

2019年3月までに	
  
•  20	
  TA	
  years	
  of	
  SD	
  
•  14	
  TA	
  years	
  of	
  Hybrid	
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3.	
  Augerの最新結果	




Pierre	
  Auger	
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2013/09/03	
 高エネルギーガンマ線でみる極限宇宙
2013	
 32	
Antoine Letessier Selvon (CNRS/UPMC) Auger highlights ICRC 2013 Rio de Janeiro

STATUS & PERFORMANCE

6

The world’s largest cosmic ray observatory
In operation since 2004

INFILL/AMIGA

Letessier	
  Selvon(1227)	


1"

The$Muon$Content$of$Hybrid$
Events$Recorded$at$the$$
Pierre$Auger$Observatory"

Glennys"R."Farrar"(New"York"University,"USA)""
for"the""Pierre"Auger"CollaboraCon1"

"1Observatorio"Pierre"Auger,"Avenida"San"MarCn,"Malargue,"AR""""""
hGp:/www.auger.org/archive/authors_2013_05.html"

ICRC 2013-1108 
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Antoine Letessier Selvon (CNRS/UPMC) Auger highlights ICRC 2013 Rio de Janeiro7

Pierre Auger Observatory

�� �������	��
 � ��
��

���� ��
������������ ��
��
���
 ��������

1 / 12

The hybrid 
concept 
allows for a 
data-driven 
calibration of 
the ~100% 
duty cycle 
surface array 
using the 
calorimetric 
information 
from the 
fluorescence 
telescopes

STATUS & PERFORMANCE
The world’s largest cosmic ray observatory

  1660 Water Cherenkov Tanks, 3000 km2         

24+3 Telescopes, 4+1 sites

Letessier	
  Selvon(1227)	


TA	
  FDより広視野・大口径なので台数は
少ない。	
  
+3台はHEAT（低エネルギー観測）用	


水タンク検出器	
  
10m2、1.2m	
  

1"

The$Muon$Content$of$Hybrid$
Events$Recorded$at$the$$
Pierre$Auger$Observatory"

Glennys"R."Farrar"(New"York"University,"USA)""
for"the""Pierre"Auger"CollaboraCon1"

"1Observatorio"Pierre"Auger,"Avenida"San"MarCn,"Malargue,"AR""""""
hGp:/www.auger.org/archive/authors_2013_05.html"

ICRC 2013-1108 



Measuring the UHECR flux above 0.3 EeV

SD 1500 m, ✓ < 60�
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) Combined measurement of UHECRs over almost 3 decades in energy! 2 / 15

４つの異なる検出法／解析法で比較	
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S(1000) attenuation function

Empirical correction with 3rd deg. polynomial
CIC(✓) = 1 + ax + bx2 + cx3 �

x = cos2 ✓ � cos2 38��

Zenith angle independent energy estimator S38 = S(1000)/CIC(✓)

In case of SD 750 m array: S(450) ) S35. Separate attenuation function.

5 / 15

S(1000) attenuation function

Empirical correction with 3rd deg. polynomial
CIC(✓) = 1 + ax + bx2 + cx3 �

x = cos2 ✓ � cos2 38��

Zenith angle independent energy estimator S38 = S(1000)/CIC(✓)

In case of SD 750 m array: S(450) ) S35. Separate attenuation function.

5 / 15

Inclined SD events (62� < ✓ < 80�)

Example profile for proton shower with
E = 1019

eV, ✓ = 80�, � = 0

(see talk by I. Valino, paper 0635)

Mainly muonic component
( ⇡ 20% residual e.m. component )
Energy estimator N19:
N19(E ,A) = ⇢µ/⇢µ,19(x , y , ✓,�)

N19 - energy estimator
⇡ zenith angle independent
20% (8%) resolution @
E = 1018.6 eV (1019.8 eV)

6 / 15
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Air shower reconstruction

Real event with
E = (76 ± 2)EeV, ✓ = 54�

(Id: 201022604238)

SD: Lateral distribution at
optimal distance S(r

opt

)

FD energy:
R

Gaisser-Hillas +
invisible energy (⇡ 10%)
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エネルギー決定のプロセス：S(1000)→EFD　の場合	
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エネルギー推定のプロセス：S(1000)→EFD　の場合	
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エネルギースケールを更新	
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8"

CHANGE IN FD ENERGIES 

Absolute fluorescence yield -8.2% 
New opt. eff. 4.3% 
Calibr. database update 3.5% 
Sub total (FD cal.)  7.8% 
Likelihood fit of dE/dX 2.2% 
Folding with point. spr. func. 9.4% 
Sub total (FD prof. rec.)  11.6% 
Invisible energy 4.4% 
Total 15.6% 

maximum change at 1018 eV 

14% 

9.5% 

10% 
4% 

22% 

Changes compatibles with the systematic 
uncertainties on the old energy scale 

（旧スケールでの系統誤差）	


9"

CHANGE IN FD ENERGIES 
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14% 

5% ÷ 8% 

9.5% 

10% 

4% 

22% 

 uncertainties on 
previous energy 

scale 

 improvement in each 
sector with the 

exception of FD cal. 
(largest contribution) 
work in progress to 

reduce it 

Absolute fluorescence yield 3.4% 

Fluores. spectrum and quenching param. 1.1% 

Sub total (Fluorescence Yield) 3.6% 
Aerosol optical depth 3% ÷ 6% 

Aerosol phase function 1% 

Wavelength dependence of aerosol scattering 0.5% 

Atmospheric density profile 1% 

Sub total (Atmosphere) 3.4% ÷ 6.2% 
Absolute FD calibration 9% 

Nightly relative calibration  2% 

Optical efficiency  3.5% 

Sub total (FD calibration)  9.9% 
Folding with point spread function 5% 

Multiple scattering model 1% 

Simulation bias 2% 

Constraints in the Gaisser-Hillas fit 3.5% ÷ 1% 

Sub total (FD profile rec.)  6.5% ÷ 5.6% 
Invisible energy 3% ÷ 1.5% 
Statistical error of the SD calib. fit 0.7% ÷ 1.8% 
Stability of the energy scale   5% 
TOTAL 14% Verzi	
  (0928)	
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Energy spectra

Forward-folding: correction for bin-to-bin migrations due to the detector resolution
and steepness of spectrum, 10% (5%) at 0.3 EeV (3 EeV).
SD 750 m spectrum: 29585 events above 0.3 EeV
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Update of X
max

Results
accumulated effect of improved reconstruction and calibration

†:

(E/eV)
10

log
18 18.5 19 19.5 20

]2
 sh

ift
 [g

/c
m

m
ax

X

0

2

4

6

8

10

12

14

16

18

20

Fluor. yield
Fluor. yield + lik. fit
Fluor. yield + lik. fit + PSF

Fluor. yield + lik. fit + PSF + FD cal. and atm.

most important change:
convolution of point spread function‡ with lateral shower width
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⇠ +10 g/cm2 at low energies

†V. Verzi for the Auger Collab., ICRC #0928, ‡J. Bäuml for the Auger Collab., ICRC #0806
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Updated Measurement of hX
max

i and �(X
max

)

comparison to air shower simulations
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hln Ai and �(ln A)2

one-to-one relation of experimental observables to moments of
the mass distribution on top of the atmosphere:

hX
max

i ⇡ hX p
max

i � Dp hln Ai
�(X

max

)2 ⇡ h�2
i i+ D2

p �(ln A)2

given average depth of protons hX p
max

i, elongation rate Dp and
mass-averaged shower fluctuations h�2

i i.†

I hln Ai = P
fi ln Ai

e.g. pure p ! hln Ai = 0, pure Fe ! hln Ai ⇡ 4, 50:50 p/Fe ! hln Ai ⇡ 2

I �(ln A)2 = hln2 Ai � hln Ai2

e.g. pure p ! �(ln A)2 = 0, pure Fe ! �(ln A)2 = 0, 50:50 p/Fe ! �(ln A)2 ⇡ 4

† see J. Linsley, Proc. 18th ICRC, 1983 and Proc. 19th ICRC 1985 and also

K.H. Kampert&MU, APP 35 (2012) 660 and Auger Collab., JCAP 1302 (2013) 026.
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hln Ai from Auger Data using Air Shower Simulations
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FD+SDハイブリッド：<lnA>とその幅	


sigma	
  
mixed	
  -­‐>	
  pure	
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Garcia-­‐Gamez	
  (0694)	
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Phase of the first harmonic
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E = 0.01-2 EeV
Constant line fit
↵ ' 263� ± 19�

Prescription to check with
new data at 99% CL:

I Started on the 25 of
June 2011

I Constancy of phase
at E<1 EeV with the
Infill data

I Transition in phase

at high energies

Eas-Top: M. Aglietta et al. 2009 ApJ 692 L130
IceCube: R. Abbasi et al. 2012 ApJ 746 33

Iván Sidelnik ICRC 0739: Measurement of dipolar anisotropies
at the Pierre Auger Observatory

7

Amplitudes of the first harmonic

I r depends on the
Observatory latitude and
observed zenith angles

I To compare between
experiments we use the
equatorial dipole
component
d? ' r/ hcos �i

3 bins above 1 EeV
have low probability to
arise from isotropy
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at the Pierre Auger Observatory
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Sidelnik(0739)	


Analysis method

First harmonic modulations are small:

I Account for spurious modulations (experimental and atmospheric)

I Use methods which are not sensitive to these e↵ects

Modified Rayleigh (E>1 EeV):
Fourier coe�cients a = 2

N
P

N

i=1 wi

cos(↵
i

), b = 2
N

P
N

i=1 wi

sin(↵
i

),

Amplitude r =
p
a2 + b2 and phase ' = arctan( b

a

)

I Energy assignment corrected for weather and geomagnetic e↵ects

I w
i

accounting for the array growth, dead time and tilt of the array

East West method (E<1 EeV):

I I
E

(↵0)-I
W

(↵0) allows us to remove systematic e↵ects

I Reduced sensitivity

Iván Sidelnik ICRC 0739: Measurement of dipolar anisotropies
at the Pierre Auger Observatory

4

First harmonic analysis results

�E[EeV] N d? ± �
d? [%] '±�' [�] P(> d?) [%] diso

?99%
[%] dul

? [%]

Infill 0.01 - 0.025 11819 15 ±6.3 334± 25 5.9 19 28.6
East-West 0.025 - 0.1 428028 0.3±0.8 122±180 92 2.4 2.2
Method 0.1 - 0.25 223342 1.4±0.9 277± 39 28 2.9 3.5

East-West 0.25 - 0.5 720224 0.4±0.5 280±180 75 1.6 1.5
Method 0.5 - 1 1081810 0.8±0.4 258± 30 13 1.2 1.6

1 - 2 557829 1.0±0.2 335±14 0.03 0.7 1.5
Modified 2 - 4 148790 1.4±0.5 8±19 0.9 1.4 2.5
Rayleigh 4 - 8 31270 2.5±1.0 63 ±25 5.5 3.1 4.8

> 8 12292 5.9±1.6 86 ±16 0.1 4.9 9.4

Hint for large scale anisotropy above 1 EeV to be studied with future data

Iván Sidelnik ICRC 0739: Measurement of dipolar anisotropies
at the Pierre Auger Observatory
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I. Valiño et al. Muon content in inclined air showers
33RD INTERNATIONAL COSMIC RAY CONFERENCE, RIO DE JANEIRO 2013

of view and vertical aerosol optical depth positive and
less than 0.1). To obtain accurate values of the shower
maximum Xmax and of the primary energy we require: a
Gaisser-Hillas fit with a c2-residual, (c2 � ndof)/

p
2ndof,

less than 3; a maximum “hole” in the longitudinal profile
of 20%. In addition to the quality selection criteria, a
fiducial cut on the FD field of view (FOV) is performed
ensuring this is large enough to observe all plausible values
of Xmax. This “fiducial FOV cut” includes a cut on the
maximum uncertainty of Xmax accepted (150 g/cm2) and on
the minimum viewing angle of the light in the FD telescope
(25�), which avoids cutting on the fraction of Cherenkov
light. The uncertainty on EFD is required to be less than 30%.
Finally, we only accept FD energies larger than 4⇥1018 eV
to assure a trigger probability of 100% for the FD and SD
detectors. This selection was applied to inclined events
recorded from 1 January 2004 to 31 December 2012; 174
events were kept.

/eVFDE
1910 2010

µR

1

10

 0.02)±(1.03 eV)19 0.03) (E/10± = (1.84 µData: R

174 events

MC predictions

p QGSJetII-03

p QGSJetII-04

p EPOS LHC

Fe QGSJetII-03

Fe QGSJetII-04

Fe EPOS LHC

Figure 3: Fit of the correlation of Rµ = A [EFD/1019 eV]B

with EFD in high-quality hybrid data. Theoretical curves for
proton (blue lines) and iron (red lines) showers simulated
with QGSJetII-03 (solid lines), QGSJetII-04 (dashed lines)
and EPOS LHC (dotted lines) are shown for comparison.

A power-law fit of Rµ as a function of the calorimetric
energy, EFD, gives the Rµ/E relation as:

Rµ = A [EFD/1019 eV]B (2)

The fit method is based on a maximum-likelihood ap-
proach accounting for the estimated uncertainties in the re-
spective Rµ and EFD reconstructions, and fitting the shower-
to-shower fluctuations in the total number of muons to a con-
stant value. The corresponding result of the fit is shown in
Fig. 3 and the best fit values are A= 1.84±0.03±0.09(sys)
and B = 1.03±0.02±0.05(sys). The systematic uncertain-
ties are estimated from the dispersion of the different mod-
els and compositions explored with simulated events (see
Sec. 2) and variations of the quality cuts on the FD and of
fitting methods applied.

In this work we provide an update of the method pre-
sented previously in [9]. The current measurement of the
muon number has changed with respect to that made in

the past mainly due to upgrades of the reconstruction al-
gorithms of the shower size parameter N19 and of the FD
energy scale as presented in this conference [26]. The inter-
pretation of data is also affected by the use of the recent re-
leased hadronic interaction models QGSJetII-04 and EPOS
LHC as guidelines for the analysis.

4 Results and discussion
Using the formula for the correlation fit (see Eq. 2), it is
possible to derive the number of muons in data compared to
the predictions for different models and cosmic ray masses.
For example, the number of muons at 1019 eV deduced
from data exceeds that of proton (iron) showers simulated
with QGSJetII-03 by a factor 1.8 (1.4). However, the post-
LHC versions of the QGSJet and EPOS models, namely
QGSJetII-04 and EPOS LHC, predict about 20% more
muons than QGSJetII-03 and become more compatible with
data.
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An alternative and interesting comparison of the mea-
sured number of muons with predictions is shown in Fig. 4,
where the averaged scaled quantity Rµ/(EFD

/1019 eV) is
shown in five energy bins containing roughly equal number
of events. The measurement of Rµ is rather accurate and can
be estimated to have an uncertainty of 5% combining sta-
tistical and systematic uncertainties (shown as grey boxes
around the points) . The measurement of Rµ/(EFD

/1019

eV) is dominated by systematic uncertainties in the energy
scale (shown as open circles in the figure). The measured
number of muons between 4⇥1018 eV and 2⇥1019 eV is
marginally comparable to predictions for iron showers sim-
ulated with both QGSJetII-04 and EPOS LHC if we allow
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of view and vertical aerosol optical depth positive and
less than 0.1). To obtain accurate values of the shower
maximum Xmax and of the primary energy we require: a
Gaisser-Hillas fit with a c2-residual, (c2 � ndof)/

p
2ndof,

less than 3; a maximum “hole” in the longitudinal profile
of 20%. In addition to the quality selection criteria, a
fiducial cut on the FD field of view (FOV) is performed
ensuring this is large enough to observe all plausible values
of Xmax. This “fiducial FOV cut” includes a cut on the
maximum uncertainty of Xmax accepted (150 g/cm2) and on
the minimum viewing angle of the light in the FD telescope
(25�), which avoids cutting on the fraction of Cherenkov
light. The uncertainty on EFD is required to be less than 30%.
Finally, we only accept FD energies larger than 4⇥1018 eV
to assure a trigger probability of 100% for the FD and SD
detectors. This selection was applied to inclined events
recorded from 1 January 2004 to 31 December 2012; 174
events were kept.
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The fit method is based on a maximum-likelihood ap-
proach accounting for the estimated uncertainties in the re-
spective Rµ and EFD reconstructions, and fitting the shower-
to-shower fluctuations in the total number of muons to a con-
stant value. The corresponding result of the fit is shown in
Fig. 3 and the best fit values are A= 1.84±0.03±0.09(sys)
and B = 1.03±0.02±0.05(sys). The systematic uncertain-
ties are estimated from the dispersion of the different mod-
els and compositions explored with simulated events (see
Sec. 2) and variations of the quality cuts on the FD and of
fitting methods applied.

In this work we provide an update of the method pre-
sented previously in [9]. The current measurement of the
muon number has changed with respect to that made in

the past mainly due to upgrades of the reconstruction al-
gorithms of the shower size parameter N19 and of the FD
energy scale as presented in this conference [26]. The inter-
pretation of data is also affected by the use of the recent re-
leased hadronic interaction models QGSJetII-04 and EPOS
LHC as guidelines for the analysis.

4 Results and discussion
Using the formula for the correlation fit (see Eq. 2), it is
possible to derive the number of muons in data compared to
the predictions for different models and cosmic ray masses.
For example, the number of muons at 1019 eV deduced
from data exceeds that of proton (iron) showers simulated
with QGSJetII-03 by a factor 1.8 (1.4). However, the post-
LHC versions of the QGSJet and EPOS models, namely
QGSJetII-04 and EPOS LHC, predict about 20% more
muons than QGSJetII-03 and become more compatible with
data.
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An alternative and interesting comparison of the mea-
sured number of muons with predictions is shown in Fig. 4,
where the averaged scaled quantity Rµ/(EFD

/1019 eV) is
shown in five energy bins containing roughly equal number
of events. The measurement of Rµ is rather accurate and can
be estimated to have an uncertainty of 5% combining sta-
tistical and systematic uncertainties (shown as grey boxes
around the points) . The measurement of Rµ/(EFD

/1019

eV) is dominated by systematic uncertainties in the energy
scale (shown as open circles in the figure). The measured
number of muons between 4⇥1018 eV and 2⇥1019 eV is
marginally comparable to predictions for iron showers sim-
ulated with both QGSJetII-04 and EPOS LHC if we allow

N19=Nµ/Nµ,19	
  →	
  Rµ	
  	
  
(corrected	
  the	
  bias	
  <	
  5%	
  based	
  on	
  MC)	
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A measurement of the muon number in showers using inclined 
events recorded at the Pierre Auger Observatory

CR-EX 0635 

Energy dependence of mass composition of the highest energy cosmic rays is fundamental to unveil production and propagation mechanisms, and to interpret spectral features and anisotropies.

One of the most mass-sensitive observables is the muon content of extensive air showers at ground. This observable also provides information about properties of hadronic interactions at high energies.

Here, the average muon content of showers with zenith angles between 62° and 80° is obtained as a function of shower energy using a reconstruction method specifically designed for inclined showers.

Induced by cosmic rays arriving with zenith angles > 60°.

Muons are dominant particles at ground as the electromagnetic 
component is absorbed in the atmosphere.

Inclined showers provide a direct measurement of the muon content

INCLINED SHOWERS INCLINED EVENTS AT THE PIERRE AUGER OBSERVATORY

Inclined showers generate asymmetric and elongated signal patterns in the SD array (see left figure).

Asymmetry due to geometric and attenuation effects and geomagnetic deviation of muons.

Arrival  direction  (θ,) reconstructed from the relative arrival times of shower front at triggered stations.

An  inclined  shower  observed  with  the  Surface  Detector  (left)  and  simultaneously  with  the  Fluorescence  Detector  (“hybrid  event”,  right)

θ = (63.50.1)°

 = (294.80.1)°

E = (3.10.2) x 1019 eV

RECONSTRUCTION OF THE SHOWER PARAMETER, N19

Thanks to Y. Guardincerri

N19 : relative number of muons at ground wrt the density of muons of the reference distribution:

 : model prediction for muon density at ground used to fit the signals recorded at the detectors.

,19 : reference profile from parameterisation of muon density at ground of proton showers of 1019 eV

simulated with QGSJetII-03 interaction model.

Example of   ,19 for proton showers at  = 80°,  = 0° and core at (x,y) = (0,0)

TEST OF N19 AS ESTIMATOR OF THE RELATIVE 
MUON NUMBER, R

   ,,,19,19 yxN
Test based on MC:      N19 vs the true ratio  R

MC=N
true /N,19

High-quality hybrid events:

62°   80°

01/01/2004 - 31/12/2012

ENERGY DEPENDENCE OF R vs MC PREDICTIONS

Systematic uncertainties:

R : 5%

EFD : 14%

Measurement comparable to recent Fe-like predictions if EFD is allowed to increase by 14% (sys) 

 BEAR eV1019FD

A = (1.84  0.03  0.09 (sys))
B = (1.03  0.02  0.05 (sys))

 At 1019 eV  the muon number obtained from data exceeds that of proton (Fe) shower
simulated with QGSJetII-03 by a factor 1.8 (1.4).

R /EFD in energy bins

N,19 : total number of muons reaching ground as predicted by integral of ,19.

N
true : true number of muons at ground.

N19  provides a direct measurement of the relative muon number with bias < 5%.  

R defined as the measured N19  after correction for the average bias. 

R vs EFD
*

(*calorimetric energy measured with the FD) 

 Post-LHC models (QGSJetII-04 & EPOS-LHC) predict  20% more muons and become
more compatible with data.

 The observed Xmax distribution is this energy range is not compatible with an iron-dominated
composition [Ahn 0690] the observed muon number is not reproduced by showers
simulations [see also Kegl 0860].
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1018.98~1019.92eV	
  
rcore=	
  950~1050m	


Kegl	
  (0860)	
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3.	
  Augerの最新結果：まとめ	


•  エネルギースケールを更新	
  →	
  TA寄りに	
  
•  dip、cut	
  off。ただし、最高エネルギー端ではTAと異なる？	
  
•  <lnA>：medium	
  →	
  light	
  →	
  heavy？	
  
•  σ(lnA)：mix	
  →	
  ~pure？	
  
•  異方性位相のジャンプ@1018	
  eV	
  
•  ミューオン過剰：MCと合わない	
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4.	
  TAとAugerの共同研究	




TAとAugerの共同研究（１）：データ解析	
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3URJUHVV�7RZDUGV�
8QGHUVWDQGLQJ�WKH�$QDO\VHV�
RI�0DVV�&RPSRVLWLRQ�0DGH�
E\�WKH�$XJHU�DQG�7HOHVFRSH�

$UUD\�&ROODERUDWLRQV
:LOOLDP�)��+DQORQ�

IRU�WKH�7HOHVFRSH�$UUD\�DQG�$XJHU�
&ROODERUDWLRQV

�8QLYHUVLW\�RI�8WDK��'HSDUWPHQW�RI�3K\VLFV�DQG�$VWURQRP\�DQG�
+LJK�(QHUJ\�$VWURSK\VLFV�,QVWLWXWH�

Hanlon	
  (0964)	
  
Augerの結果を説明する「仮想的」組成	
  
→	
  MCイベント生成	
  
→	
  ハイブリッド再構成、Xmax解析	
  
	
  
TA	
  FDの分解能、再構成精度、バイアス	
  
「TAはAugerと同じものを見ているのか？」という	
  
問いに答える	
  

Measuring Large-Scale Anisotropy in the 
Arrival Directions of Cosmic Rays   

Detected at the Telescope Array and the 
Pierre Auger Observatory Above 10 eV      

(ICRC 0679) 

19

Olivier Deligny , for the Telescope Array 
and the Pierre Auger Collaborations

1

IPN Orsay, CNRS/IN2P3 & Université Paris Sud
1

2

3

http://www.telescopearray.org/index.php/research/
publications/conference-proceedings 

2

full author list: http://www.auger.org/archive/
authors_2013_05.html

3

Deligny	
  (0679)	
  
TAとAugerの両方のデータを用いた	
  
全天の異方性解析	
  
	
  

UHECR2012	
  →	
  ICRC2013	
  →
今後も継続する	




TAとPAOの共同研究（２）：共通の光源による較正	


2013/09/03	
 高エネルギーガンマ線でみる極限宇宙
2013	
 51	


Flights	
  @	
  TA-­‐FD	
  BRM：Oct	
  2012	
  &	
  Mar	
  2013	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  @	
  Auger,	
  Los	
  Leones：Nov	
  2012	


Event	
  display	
  @Auger	
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全体のまとめ	


•  TAの結果：純陽子	
  +	
  GZK機構と矛盾しない	
  
•  最高エネルギー領域（~60EeV以上）では起源のヒント	
  
•  Augerはエネルギースケール、Xmax解析を更新	
  
•  TAとAugerは近づいたが、最高エネルギーでは合わない	
  
•  SDとFDのエネルギースケールの違い（TA）	
  
•  ミューオン過剰（Auger）	
  
•  TALE+NICHEによる広エネルギー拡張	
  
•  TA×4による異方性問題の解決	
  →	
  起源天体へ	
  
•  TAとAugerの共同研究	
  


