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e 1013-10%eV
— Overlap with direct
. «—— (1 particle per m'-second) measurements
— Galactic radiation
| « 10'-108eV
T, — knee

— Galactic-Extragalactic
(1 particle par m*—year) tranSIthn

'~.‘;I-:.__1‘/ e >10%8eV
— Extragalactic radiation

 Information required are:
— Arrival Direction
— Energy
— Mass

—




EAS development in atmosphere

Measurement of Cherenkov
light with telescopes
or wide angle pmts

/

/

Measurement of partlcles with
tracking detectors or calorimeters

Some of the particles
reach the ground

Measurement with radlo emission

scintillation counters

/..\

\.\}‘

«—— Firstinteraction (usually several 10 km high)

Air shower evolves (particles are created
and most of them later stop or decay)

Measurement of
fluorescence light

Measurement of l'

“i\a

.

Measurement of low energy muons
with scintillation or tracking detectors

Measurement of high energy
muons deep underground
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 Near maximum of the
EAS et andu numbers
are nearly similar for H
or Fe primaries

- ok for E
- bad for A

e Height of maximum
depends on E

—> array location
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e Calorimetric measurements
— Faint signals (only high energies)
— Fluorescence Light-> 10% duty cycle
— Radio = very promising

o Sampling
— Stable and reliable techniques
— Hadronic interaction models dependence



1013 - 101 eV

MILAGRO
— Water cherenkov detector
— 2630 m
TIBET AS-y
— Scintillation counters
— 4300 m
ARGO-YBJ
— RPC carpet
— 4300 m
lce-Cube
— High energy U detector
— Cherenkov light emitted in Ice
— 1450 mice deep
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ARGO-YBJ
mesurement of the
light (i.e. H+He)

o0 e wweew | gpectrum

# MACROREASTOP(p+He) @ CREAM (p+He)
«=+ RUNJOB (p + He)
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Energy (GeV)

ox10%<E< X104 eV
Multiplicity distribution N(M)

N{M) = () f.- A.x(E', M)N(E')dE'.
Unfolding procedure> N(E)
*Total uncertainty lower tan 10%
*CNO contribution <2%



Declination (deg)

Anisotropy

MILAGRO (PRL 101, 221101 (2008))
— Events withB<45° and Ny, +>20 > E, 4,102 eV

— Significance map made with 10° smoothing and no
discrimination betweegyand charged cosmic rays

— Excesses called “Region’ And “Region B” have peak
significance of 15.0 and 12.6
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0.003

« ARGO-YBJ
detected the same
structures with
higher resolution
and as a function of
primary energy.
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G. Di Sciascio presentation at Vulcano 2012



Medinwm Scale Anisotropy by ARGO=-YB]

Map smoothed with the detector PSF for CRs

: Cosmic rays excess =
Proton median energy =1 TeV ARGO—YBJ sky—map Y

(o)
Wxrd, PRF—smocthed O 06 A)

}\ - = 0.1%

Cygnus,fegiofm
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At =3 hr=45°
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Equatorial coordinates: —15.0 n— e 15.0 s.4d.
projection of the earth longitude and latitude

Post-trial

G. Di Sciascio Vulcano Workshop 2012 - May 30, 2012



Anisotropies in the Southern emisphere

[059 Dot Ad = 4 hr. Smocthisg = 20" TC5% Dhatar Af= 4 he, Smoothing = )"

Ice Cube asl
detector, 1450 m
below ice level

E ~ 20 TeV

median
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Most significant structure extends over 20°in r.a.

Post trial significance 58
ApJ 740:16 (2011)

Milagro + IceCube TeV Cosmic Ray Data (107 Smoothing)

Combined Ice Cube and Milagro sky maps.
Smoothing 10°

significance (o]



1014¢< E < 1018 eV

Equivalent c.m. energy\'s,, (GeV)
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Experimental results

Proton spectrum agrees with direct measurements

Knee observed in the spectra of all EAS components

Primary chemical composition gets heavier crossing knee energies
Knee is attributed to light primaries

Radiation is highly isotropic.



Experiments operating between 106-1018 eV

« KASCADE-Grande (110 a.s.l.)
— N N, (Scintillators)
— Shower Size>NKG like |df
TUNKA -133 (675 m a.s.l.)
— Atmospheric Cherenkov light
— Q125
GAMMA (3200 m a.s.l.)
— N N, (Scintillators)
— Shower Size> NKG like Idf
e IceTop (2835 ma.s.l.)
— Cherenkov light emitted in ice
— S125
o Auger Infill (1400 m a.s.l.)

— Cherenkov light emitted in water tanks
— S450
— Hybrid detector
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All particle Cosmic Rays Energy Spectrum

Flux E*° J(E) (m™ sectsrieV™)
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Flux EZ° J(E) (m? sectsrlev®?

Same data as previous plot,
results are grouped by the
interaction model used

to convert the experimental
observable(s) to primary energy
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Flux differences can mainly be
attributed to hadronic interaction
used to convert to primary energy
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1. This difference mainly concerns 2. Structures are visible in
the absolute energy scale most of the spectra

Residual plot obtained fitting each spectrum
with a single slope power law above the structure
claimed by KASCADE-Grande (1.7x10%-1,3x10!7 eV)
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Chemical composition studies
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Spectra of different Mass Groups
« KASCADE-Grande

PRL107, 171104 (2011)

e Events selected in - . -
fwo samples = KAscADEGrde 3 sl o

N /N i m clectron-rich sample
U C h : i L_‘"‘L-J = -2.95+0.05

vhTy

« Change of slope of
the heavy component %
spectrum detected  x

at ~8x1016 eV
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E > 1018 eV

* Auger
— 1600 water tank. 1500m spacing
— 4 Fluorescence Light Telescopes
e Telescope Array

— 507 scintillators. 3 m? each. 1200 m spacing
— 3 Fluorescence Light Telescopes

Slides from the talks given at the:

International Symposium on Future Directions in WHEPhysics.
CERN 13-16 February 2012

http://indico.cern.ch/conferenceDisplay.py?confl82124



SD Energy: Scaled to FD energy,
measured by means of calorimetry
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lugm( EJ/(m? slsr)

UHECR Energy Spectrum
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Three Power-law fit

Intensity o
A o > Energy
71 Y2 73 log Ela log Es
3.16 278
AGASA (0.08) 0.3) 19.01
3.29 2.74 19.01
Yakutsk (0.17) (0.20) (0.01) -
- 3.25 2.81 5.1 18.65 19.75
HiRes (0.01) (0.03) 0.7) (0.05) (0.04)
327 2,68 42 18.61 19.41
Auger (0.02) (0.01) (0.1) (0.01) (0.02)
TA 333 268 42 18.69 19.68
(0.04) (0.04) 0.7) (0.03) (0.09)

*AGASA: Takeda et al., PRL, 81, 1163 (1998)
*Yakutsk: Fit by the WG
=HiRes: Abbasi et al., PRL, 100, 101101 (2008)

sAuger: ICRC2011 (F.Salamida icrc893)

+TA: ICRC2011 (B.Stokes/D.Ivanov icrc12! E n e rgy U N ce rtai nty Bu d get

HiRes Auger TA
Calibration 10% 9.5% 10%
Fluorescence yield 6% 14% 1%
Atmosphere 5% 8% 11%
Reconstruction 15% 10% 10%
Invisible energy 5% 4% (included above)
Total 17% 22% 21%

*HiRes: Abbasi et al., PRL 100 101101 (2008)
*Auger: ICRC2011
*TA: ICRC2011



Scaling Energy Spectra
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UHECR Composition

 Measurements based on X, = Fluorescence Light Telescopes

« Composition obtained comparing the <X,,> and/or oy behaviour
VS. energy with the expectations from a full simulatio
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Anisotropies and correlations
with extragalactic objects

Correlations with AGN
November 9, 2007

DU AL “Correlation of the Ani ¥ f h
l,_l £ Highest-Energy Cosmic sot opy o the

Rays with Nearby
Extragalactic Objects” U H E c R 5ky

AGN <71 Mpc
(VC catalogue)

Shading level:

exposure
;

Super Galactic Plane circles of 3.1° radius centered

Prob. chance correlation =21% at UHECR arrival direction
27 events E>5.710'? eV Angular resolution < 1° 1



Updated Auger analysis Search for AGN correlation in HiRes

Auger collaboration, Astroparticle Phys. 34 (2010) 314

Q s

2 events out of 13 correlate, 3.2 expected from random
The updated analysis: 21 events correlate out of 55 total. The coincidences
updated fraction of correlating events is P — 0.38 HiRes collaboration, Astropart.Phys. 30 (2008) 175-179

Search for AGN signal in Telescope Array

; uckground

2 . 15 20
Equatorial coordinates N

» Original estimate of the correlating fraction is not supported
» Consistent with the updated estimate

» Consistent with no correlation

» ~ 3 times the present statistics is needed for a conclusive test

TA collaboration, 2011



Conclusions

« Below the knee
— Unexpected CR anisotropy

e Around the knee

— Knee either due to limit of the acceleration inagal
sources (I.e. SNR) or of the containment inside
galactic magnetic fields

— Not yet identified the transition to extragalactic
radiation

« UHECR

— Well established spectral features: ankle & GZK
suppression

— Anisotropy E>60 EeV

— Controversial measurement of the chemical
composition.




KASCADE-Grande
= KArlsruhe Shower Core and Array DEtector + Grande

and LOPES
Measurements of air showers in the energy range ;& 100 TeV - 1 EeV

e NN

T
g/

ST e ; —
= =
& “ USR] B SN
: e S R &~
a = - £



m

y-coordinate
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KASCADE-Grande detectors & observables
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® Shower core and arrival direction
— Grande array

® Shower Size (N, number of charged
particles)

— Grande array
* Fit NKG like Idf

Detector Detected Detection Detect
EAS Technique or area
compone (m?)
nt
Grande Charged Plastic 37x10
particles Scintillators
KASCADE | Electrons, | Liquid 490
array ely y Scintillators
KASCADE | Muons Plastic 622
array M (Ep=230 | Scintillators
MeV)
MTD Muons Streamer Tubes 4128
(Tracking)
(Ep=800
MeV)

* u Size (E>230 MeV)

*KASCADE array u detectors

Fit Lagutin Function
* pdensity & direction (E,>800 MeV)
«Streamer Tubes




core position accuracy [m]

Grande resolution measured with real events comparing the

reconstruction with the KASCADE array.
Arrival direction accuracy <1° DATA

events
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Reconstruction of the energy spectrum

m]

KASCADE-Array

100 - . "
x E E - ////(%/
We use three different s LT % /
Q _ . -
methods: S 100 : : )
*N_, as observable 200; i,
- - : ..
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_ " ]
eCombination of N, and Nu as 300 " E = = .
observables 2o = ) _ ]
. u n
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~500- .'0 u il n
: . = ..0 llllllllll [ =
-600(— .
- - . - Grande stations

|
-500 -400 -300 -200 -100 O 100
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e 1173 days of effective DAQ time.- E
¢ Performance of reconstruction and detector is stable.
e 0<40°

® 250 M < r g <600 M
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24 I I I T T
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5 angular bins treated independently

lng(th‘rN_u)
()
[3*]
f

[ ¥]

log,,(N_./ Nu) - log,,(N,./ Nu)p

IoglO(Nch/Np.)Fe - IoglO(Nch/Nu)p

log,o(N,./ Nu)

0.8

T LT A I—

1, S v S O N Y S T O 3

*error bars=
RMS of distributions

Iog10Ep,Fe=ap,FeIogloNch-l-bp,Fe

©
tn

log, (E/GeV)

85 [

log,,(E/GeV)

o

log, E=[a +(ag.-a )] [dbg, (N, )+[b,+(be-b ) K]

8.5
log; (N,



o prT—————— Syl
k- 7 I & [ ™
-~ 1) Hp .-l ] g
'.sz_ qu.ﬂu "? E _h -
__-E "._ Fq?h$*+ i dﬁ i
= &
- 'I‘ -". q % ] d
'-,E 3 q'l'l‘ &1.].*'::; :I-:J
B | .”"1. Fyh r!{ " ol
-:- m= ekl r‘* 1f 1 E E
o B o BT I-*'i_r ! & F
L %30 O ® 10T <R 1 : I‘-:l
L w8 6 B cHceT | primary srsrgy [Bv]
T ¥ F B cdcom” +
lul-l_

E w88 & = B1"<cpe @i

Spectra measured with different analysis
are compatible.

% L° "y 3 Spectrum cannot be described by a single
L , .
W) L, I [ power law
- - ! t . 5
- ok 1 - -
E |t ” [ " sl KASCADE-Grands
[ 1 gy S LN ?.11 H B
1l!":— o AL i” | : i "'"":_ ) i}
T TS 15 4% 8 &5 Eh?.;:flll’-"%ﬁ':l E- {': s im. o
. . a3 N I]1 [ i 1
Spectra measured in the five : S b o
different angular bins. i ]
-u.-!-:— - .l
-u.r-E— h[
' il 1
mll 1nIr

http://dx.doi.org/10.1016/j.astropartphys.2012.05.023



Structure ~10!7 eV studied by
mass group spectra

107 eV 15 eV
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Spectra obtained cutting at different values
of ¥Y=In N, / In N,
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Spectra obtained cutting at different values
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 All particle spectrum in the 10°-10'% eV

energy range cannot be described by a
single power law

« Steeping of the spectrum around 8x10 eV
due to heavy component of primaries>
first detection of the change of slope



