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Cosmic rays

€  Energetic particles injected from the universe.
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Energy Spectrum
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Highest Energy Particles
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Origins of Cosmic Rays
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Greisen Zatsepin Kuzmin (GZK) Cutotf

Cosmic microwave

background radiation (CMBR) v Earth \

Cosmic Ray Yk TC 4 Ill é 2 Q\ Cosmic Ray
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¢ Interaction between UHE “protons” with energies above 6x10!
eV and CMBR wia a pion production.

€  Mean free path : 50-100 Mpc (compare to the Universe
size ~ 5000 Mpc)
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Propagation in the Universe
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Ultra-High Energy Cosmic Rays
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+ Extensive Air Shower (EAS)
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Extensive Air Shower
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Mass Composition Measurement

With the same energy, E
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Fluorescence Detector (FD)

€ Detect fluorescence photons emitted from
atmospheric molecule excited by EAS.

&  Measure longitudinal development of

EAS = sensitive mass composition

€  Only moonless clear night, duty cycle ~

10%

€  Many calibration factors: atmosphere,

mirror reflectance, PMT gain and so on.
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Surface Detector (SD

Observe EAS particles on the
ground by SD Array

Measure lateral density distributions
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Hybrid Detector
FD + SD
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Pierre Auger Observatory

The world’s largest Auger SD |
hybrid detector 3000 km? Water Cerenkov Tank with
&9%%% In operation from 2004. 1.6 km spacing ;
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Los
Eufrres :
.ﬂu

/35.15° S 69.2c' W ~1400

by Loma Amarilla ﬁﬁi_/ o ..
Ef SD.‘S‘HEED‘G { .o o.o.gfo,i.g D6 .. .‘_.. _ o ] [km]
I - 1= Auger FD

e s e e e LI .oo o oo o Ao o o oo e o o.o.o.o. —60

‘ .rcn.gj L&f 5 4 m Spherlc al mlrror

N 50 4 0 PMT

R e hight gulde + collector rmg

R RN O 0 et 0 s g 0000000000 °%0\0co o0 RO E _40

oooooooooooooooooooooooooooooooooooooo
ooooooooooooooooooooooooooooooooooooo
ooooooooooooo
oooooooooooooooooooooooooooooooooooooooo
oooooooooooooooooooooooooooooooooooooooo
oooooooooooooooooooooooooooooooo
oooooooooooooooooooooooooooooooooooo
oooooooooooooooooooooooooooooooooo
oooooooooooooooooooooooooooooooooooo
oooooooooooooooooooooooo
oooooooooooooooooooooooooooooooooooo
ooooooooooooooooooooooooooooooo
ooooooooooooooooooooooooooooo
oooooooooooooooooooooooooo
ooooooooooooooooooooooo
ooooooooooooooooooooo
ooooooooooooooooooooooooo

.........................
.........................
.........................
o e o o 0ofe 0 00 0 o ooooo'oooooo:-'“‘:.::-:,-_ -----
_u e e e ofe o 0 0 o e e o eoveoveooesef . m/
.......................
.......................
eofeo o .l...l.l....: 11111
0000000000000000
...............
..............-.- ____
00000000000000000
........
.....

"W~y Ea Las

“m Chacras i EF“EEFVE y




Middle Drum 507 Surface
(MD) Detectors(SD)

g - ,j,..:h 38 Fluorescence Detectors
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The largest detector in northern

hemisphere : 700 km?

Utah desert, US

Hybrid detector using SDs and FDs
Full operation from 2008

Plastic Scintillator, sensitive to EM
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Auger Energy Spectrum
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TA Energy Spectrum

5 years SD data

3 Y

E’ J(E) 2008 May ~ 2013 May
Zenith < 45 degree

—h
(=

Broken power law fit

Y, = -3.283+0.032

E, .. = (5.04:0.27)x10" eV
v, = -2.685:0.030

b

J(E) x E310%* [eVZm2s'sr]

5 AGASA Ip Eqzy = (5.68£1.05)x10" eV
s Auger (2011) [} vy =-4.62+ 0.74
O HiRes-l a -
o HiRes-Il T
| * TASD Systematic
1047797598 185 19 195 20 205 uncertainty 21%
Iogm(E/eV)

H. Sagawa, D. Bergman
Apd 768:L1 (2013) 20 ICRC 2013



Energy Spectrum Comparison

10% ditterence 1n energy scale

guide for eyes
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Cross Calibration
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Mass Composition
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Reconstructed Bias on Xmax

€ Xmax should be observed within field of view
(FOV) of FD.

-~ € Because of Limited field of view of FD, observed

Xmax 1s biased.
o 950 -
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Xmax measurement strategies

Lines: <Xmax> in the atmosphere

o Plots: <Xmax> in detector
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& Compare unbiased data to
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. . . Compare biased data to biased
simulation at generator level
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Mass Composition by Auger

<Xmax> and 0(Xmax) data
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¢ o(Xmax) is smaller than proton simulation above 101° eV

& Suggest a change of composition above ~10185 eV with

increasing mass number and small mixing
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TA Mass composrmon
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Arrival direction



Correlation with Nearby AGN (Auger)

1 ! | | | | |

PIERRE 68% CL =
ApUgv;A%g - et | 3.1 degree circle
% 0 ‘ Neanoftooents § VCV catalog z < 0.018
& os " ] 1 Es5.7x10P eV
g Zi | | | _ 1l 1n 2011 E-scale,
é N i T I 1 28 out of 84 events
§ 0.2 [HOHRY...... II """""" I """""""""""" * """""""""""" } """" fe (550/0, P=0.006)
0.1 _
0 ' | . . | . . .

0 10 20 30 40 50 60 70 80 AGN 3.1° circle

Number of events (excluding exploratory scan)

Data until 2011 July.

UHECR events -

Astropart. Phys. 24,314 (2010)




Correlation with Nearby AGN (TA)

expectation
[Auger 2007]

3.1 degree circle
VCV catalog z < 0.018

(same condition with Auger)

E > 5.7x10 eV in TA E-scale,

dati " LR 17 out of 42 events
-+
+* - (40%, P=0.014)
background
0 | | | |
0 5 10 15 20 25 30 35 40 Uncorrelated event
N tot Correlated event

Inconclusive evidence
with the current statistics

ApJ 757:26 (2012)



Looser cut
no 1.2 km border cuts

Zenith < 55 degree (45)
E > 5.7x101° eV

2008 May - 2013 May
52 -> 72 events selected

o =2 N W & O

_____________

same with AGASA large 30

scale anisotropy.

Oversampling with r=20° ......... ........

A b R a

Background from 72 random
1sotropic events estimated by MC

Maximum significant in hotspot 1s 5.1 ¢ as pre-trial.

Post-trial chance probability 1s being estimated.
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Future prospects

€  Steadily precise measurement by TAx4 + Auger upgrade from ground
€  Pioneering all sky survey from space by JEM-EUSO
¢  High performance of Super-Ground-Array by FD/SD/Radio Detector

TA x4 Auger JEM-EUSO

extended SD (T_AX4) upgrade Of muon

D @My I s b :
E g o detection capability

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

TALE FD

International Space Station (155)

TALESD [ TSRt o n e R e A e e R A

U T R TR R T S

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

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

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

. ES plus new electronics
. Scinti ww" ~ to facilitate readout

(ASCIIL_-%.:' and improve WCDs

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

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

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

TEM=ELISO

segmented tank
' (LSD)

e RPCs below UV photon
(Marta)

...............
. = 2 » = 8 4 * 2 s 8 v e = s ww

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

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

-----------

the 4t FD (TAX4) | SN+ v v v v v v v

Scintillators in

50 Conﬁrmation Of ground (AMIGA-Grande, TOSCA)

hotspot by 2019

Extensive Air Shower (EAS)

24 A. Olinto K08.01 APS April 2014



As a candidate of Super-Ground-Array,

Fluorescence detector Array of Single-pixel

Telescope (FFAST)
Start operation 1in Feb. 2014

Economical FD to
achieve 10 times larger

] } i ol
)

area than Auger.

Temporary use EUSO
Prototype in TA

14°x14° FOV

M. Marengo, F. Borotto, B. Giraudo,
M. Bertaina (INFN-TO)
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km”2*sr*yr)

Exposures (L

Exposure

1.E+6

1.E+5

1.E+4

1.E+3

1.E+2
1990 1995 2000

KICP workshop in Nov/2013

JEM-EUSO

JEM.- Eusg}l

Ground:
North+South

Auger

2005
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km”2*sr*yr)

Exposures (L

Exposure (Extrapolation)

1.E+8 "
1.E+7
1.E+6 JEM-EUSO In 2035,
100 times statistic
1.E+5
1.E+4
Establish charged

1643 particle astronomy

FIWVE
1.E+2 ‘://

1990 2000 2010 2020 2030 2040
KICP workshop in Nov/2013 Year



Summary

¢  Energy Spectrum

€  Precise measurement of ankle and
suppression.

€  Good agreement in Auger/TA with
energies less than 10!° eV, but
suppression energy 1s different.

€c

® Mass composition
€  Proton dominate around 10!83 eV

- Increasing mass number above 10189

eV and small mixing by Auger.
€  Arrival direction

€ Hint of UHECR origins?
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