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ARGO-YBJ physics

» VHE y-Ray Astronomy:

study of

extra-galactic sources with few hundreds GeV energy threshold

» Cosmic ray physics:

° energy

* study of the shower space-time structure
» flux anisotropies at different angular scales '|:
* p-Air cross section measurement =—3> |

hadron

> Search
> ...

anti-p / p ratio at TeV energies,
* geomagnetic effects on EAS

point-like (and diffuse) galactic and

46. Plots of cross sections and related quantities 11

spectrum and composition

ic interaction studies

BRRAAL UL IR

for GRB’s (full GeV / TeV energy range)
through the...

Observation of Extensive Air Showers produced in the
atmosphere by primary y’s and nuclei
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ARGO-YBJ detector

e




ELECTRONIC
FRONT-END

’ 10 Pads 8 Strips
(56 x 62 cmz) (6.5 x 62 cm?)

B o each RPC for each Pad

| BigPad =CHARGE readout PIXEL,
| 123 X 139 cm2 3120 (central carpet)




EAS reconstruction with digital ..

Space/time granularity EAS imaging and reconstruction
+ full coverage with unprecedented details
| ARGO-YBJ - Run 98166 Event 444598 |
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¥ . and analog (RPC charge) readout

[ ARGO-YBJ  Run 98166 - Event 444598 |

v' Access lateral particle distributions down to
the shower core (densities > 10*/m?)
thus overcoming the strip saturation

v Extend energy range (above 100 TeV)

v’ Sensitivity to Hadronic Interaction details
= and CR primary mass

-40
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The RPC analog readout

* Eight gain scales (GO, G1, ... G7) ensure good linearity up to about
2 x 10% particles/m?

» G7 data overlap the digital-mode linearity range, and have been
used for intercalibration and cross checks

* GO allows to cover the energy range up to ~30 PeV
= important region for the estimation of atmosferic v flux

- 1:
.E — (el
Here we use G4 and G1 scales § ?ﬁ%@% s @
-t i h A
to cover the 50 TeV — 20 PeV S 1ot effect i
range with high efficiency S "-"%
and without saturation g [ e,
S |
%10—25_ a
Q E -“&:‘t
Event selection: - -
107 =
- Core reconstructed in a central -
detector fiducial area B
10—4 L ol [ R

I T [ BRI P T T
- Reconstructed zenith angle <15° 1 15 2 2.5 3 35 4
Log (particle maximum density/(part/m?))
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MC: the truncated size Npg as
(mass dependent) energy estimator

> Event selection: - Core reconstructed in a central detector fiducial area
- Reconstructed zenith angle <15°

» Npg (humber of particles within 8m from the core):

e well correlated with primary energy
* not biased by finite detector size effects
e weakly affected by shower fluctuations

S'h 4 __ ....................... ........................ ....................... .............. ,_“_._. ..............
e - Theta = (0-15) Bll= =
g o .F 41
g 35 s e Look for
T information on the
)s ::> shower age in order
to have a mass
’ independent
1.5 energy estimator

Logm( Npa)
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Lateral Distribution Function (LDF)
and shower age

independently on the primary ™
mass (‘universality property’) 1

"F DATA
With the analog data | § [ - aut
Modified NKG function: LDF to | the LDF can be studied |#=f -
fit the lateral particle distribution | near the shower core S
oE T,
r) r \°° | without saturation SESREO R VT |
pr\IKG — A - 1+_ ore distance
rO rO « 1.8 T 4
s’ plays the role of ‘lateral age’ vE b E
The LDF slope (s’) is related to 5_ e _
X, then to the shower age, e . 3

v e e b e e Lo e 1o
380 400 420 440 460 480 500 520 540

Xmax (g/cm?)
A Assume an exponential
o N .
- absorption after the shower
o . hp secO—X nax (S")
5 .. maximum — Get the correct
O [ Tuage ~ iabs
& : , Npg... = Np, -€
4 signal at maximum (Npg,...) 8max 8
Xy AXy AX; S depth H
; oo TP from Npg and s” (fit parameter)
e measured for each event
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Mass independent Energy

reconstruction
;‘h 4.5 | T | T T T T | T T T T | T T T T | T T T T T T T T T T T ] ﬂ‘\
g T | MCsample following Horandel |—=—-~-====-=======-+ :I L
E'E 446)0 model spectra and composition _ /_: = 1045 In excellent
E" E Similar results with Gaisser- T /,’ E _ % agreement with
3.5 i Stanev-Tilav (GST) model - e — 1 total-size-vs-E
IF= ' e s = theoretical plot.
3 § ol 1= 10° The shift is simply
0 5 B = due to the fact that
sl 33 we are using the
2kl : = f(E) . truncated size
Lo b s 107
1.5 — —
_4_"_- = -__- // Ioglo(E/TeV) :a°|0g10(Np8rnax)+b : a_ (0'98 io'oj-)
1 g‘r'-.'ﬁ'll' I |/ (A T N T TN N N (NN TN TN N N NN N NN TN M AN TN TN TN MO NNNTNN NN N N b = (_242 =+ 005)
4 4.5 5 5.5 6 6.5 maxt
Iogm{NPB )

The measurement of Np,; and the (age correlated) LDF slope s’
allows estimating the truncated size at the shower maximum Npg,_ ..

L This ensures a mass independent Energy determination.
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The all particle spectrum

- Picture consistent with models and previous measurements
- Nice overlap between the two gain scales (different data samples, ...)
- Results suggest spectral index -2.6 below ~1 PeV and -2.8 from 1 to ~20 PeV

- A significant energy range extension should be gained by considering
GO scale data and inclined events (about a factor 5)
- The extensions to higher energy would be the subject of a future work

(GeV'*ms-lsr )

—
L

® ARGO-YBJ
— Tibet Il (QGSJET-Il) 2008 !
Tibet [1l (SIBYLL) 2008 1]
KASCADE (QGSJET-II) 2005
KASCADE (SIBYLL) 2005
Tunka-25 2013

Tunka-133 2012

DICE 2000

lcetop 2013
KASCADE-Grande 2012
EAS-TOP 1999

BLANCA 2001

CASA-MIA 1999

Horandel 2003 (All-part.)

3 Gaisser et al. 2013 (All-part.)
10° — [ ] Direct measurements comb.
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p and He selection

(MC Hoerandel spectra and normalizations)

s’ vs Log(Npg) ~
- - 1075
25 E_ ............. _: ..................................................................... p rotons .......... _E ©
DA - USRNSSR SIS WS D T4 10*
o e 1
= _ g
15_ ....... : :__,_j
E : ’ E 107
0.5 A S R T T =
oo 35 a -'4;5- 5 Lo’g('N _f 10°

s!

vs Np8 He |

I

N
)
|

3
rateb(Hz)

w ST N o 3 N
I I
107 107g
2.5 o 2.5 o
2 10° 2 10°
1.5 . 1.5 .
10 10

1 1 .
4 o ; . : — - 18 107

0-5 :_ ............. - ............. -- ............. ~ 15 /o ConTam|naTlon fr.om CNO and heGV|er| elemenTs ................................................ _:
°_"3""3.5""j|" "4.is" é "s.isll_olg('N?s.m'& 0'—";" "s.is" lll "4.i5" —5 "s.sll_olg('N'_gi 10°

p8 pa

13

EPS-HEP 2015

A. Surdo: Observation of a knee in the light CR energy spectrum with ARGO-YBJ



The p+He spectrum (1s%)

- Overlap of the points with different gain scales

- Overlap with direct measurements at low energy

- Gradual change of the slope starting around 700 TeV: possible (p+He) knee!
Consistent with previous hints (MACRO, CASA-MIA, Chacaltaya, EAS-TOP, ...)
and YAC-Tibet spectrum

- Flux systematics + CNO contamination =» Overall uncertainty < 20 %
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p+He spectrum (2n9):
Bayesian analysis of analog data

* The results are consistent with previous analysis

* The approach is fully Bayesian
* Different fiducial cuts, also more inclined events (0,,,,.,<35°)
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e
=908 — A ARGO-YBJ RM3-G1
Horandel (p + He) 2003
Horandel (p+He) 2003
: knee at Z x 1 PeV
Gaisser et al. 2013 (p + He : : : : v
||||i||||i||||i||||i||||i||||i||||i||||i|‘-|||
0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Logm(EfTeV)
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Hybrid measurement (3r9):
Cerenkov telescope + ARGO-YBJ ar'r'ay

* The results are consistent with previous analyses

* Possible shape difference
* Different data sample and introduction of another detector

* Different analysis cuts (also inclined events)

(GeV1'6m‘25‘lsr‘1)
=}

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

dN
dEdAdtdQ

ARGO-YBJ WFCTA (p + He)

2.6 .

-
o
(5]

Horandel {p + He) 2003

Horandel (p+He) 2003
knee at Z = 1 PeV

A Y R Gatsser ot al 2013 (b« Hey
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I“ 1 1 1
0.5 1 1.5 2 25 3 3.5 4 4.5 5

Logw(E/TeV)

16

EPS-HEP 2015 A. Surdo: Observation of a knee in the light CR energy spectrum with ARGO-YBJ



ARGO-YBJ: p+He spectrum
compared with other measurements

,’_IT“ I I I I | I I I I | I I | I | I I | I | I I | I | I I I I | I I I I | | I I I | | I I I
Hﬁ B -
n:in | |
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> 10" & —
< -
o _
2 _
%2 7
B [ [ @ ARGO-YBJAnalog (p+He) G4 > . 7
% ®  ARGO-YBJ Analog (p+He) G1 A R
e 10° — ARGO-G4 Bayes.(p + He) ) N =
& — 4  ARGO-G1 Bayes.(p + He) NN —
— 4 WFCTA-ARGO (p + He) A R .
- +  ARGO digital (p + He) 2015 —
L +  YAC-l+Tibetlll (p + He), SIBYLL . —
B 4 CREAM (p + He) :
3 ATIC-2 (p + He)
Horandel 2003 (p + He)
102 = - Gaisser et al. 2013 (p + He) —
L ] Direct measurements (p + He) S
[ T T T B B A N N B B N SR B B T B B R
0.5 1 1.5 2 2.5 3 3.5 4

%ng(E/Tev?
» Different analyses of ARGO-YBJ data give results in agreement
within systematics (further cross-checks in progress)

» ARGO-YBIJ results consistent with direct (i.e. below 200 TeV)

and YAC-Tibet measurements
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Summary and Outlook

(JARGO-YBJ measured the CR spectrum in the TeV — 20 PeV range.
All-particle spectrum consistent with other experiments

[ Evidence for a bending in the p+He spectrum below 1 PeV
(two different analyses of ARGO-YBJ data in agreement
within quoted uncertainties)

[ Consistent results from a third independent hybrid analysis
(RPC + Cerenkov signal)

[ Further cross checks and full data samples for final results

] Possibility to study the details of hadronic interaction features
in the very forward kinematic region
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CosnncRays
Bruno Rosst

| ARGO-YBJ (154 CL) - Event 242653 |
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EAS reconstruction by digital readout

Data taking with full configuration:
November 2007- February 2013

Event Rate ~ 3.5 kHz for N, ;, 220
- Duty cycle ~ 86% - 10! evts/yr

Space/time granularity
+ full coverage
+ high altitude

‘ ARGO-YBJ (154 CL)

Run 58880 - Event 26939 |

£ 80 o BE g W O¥a 5T
> e
of  EULILGSUCtEMORRES
TR e e
60— TRy ;ﬁ;ﬁﬂﬁmﬁ 3ol
e e e
50| e S |
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Number of fired Strips

Duty cycle

1
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0.1

2008

2009 2010 2011

00

duty-cycle ~86 %
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MJD

event imaging and EAS
space/time structure study
with unprecedented details

30 10 20 30
A. 8imjlo: Measurement of CR energy spectra with ARGO-YBJ
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Intrinsic linearity: test

calorimeter

i

at the BTF facility “‘““w% -
beam pipe
Linearity of the RPC @ BTF 4 RPCs
in INFN Frascati Lab: 60 X 60 cm?2 A o
- electrons (or positrons) awns
Calorimeter: lead glass block from OPAL
« E=25-750 MeV (0.5% resolution) PMT a Hamamatsu R2238.

« <N=>=1+10%articles/pulse

« 10 ns pulses, 1-49 Hz

The RPC signal vs the calorimeter signal
« beam spot uniform on 3x5 cm

< 40007 PR
2 0 L NN
= 3000 Y5 =
- - 7] ol
' " u P - ] o
-> Linearity up to =2 + 104 particle/m2 3 [ N
Z 2000 1 3
Y h 1 3
€ L 1 £
10001~ —0.5 &
Astroparticle Physics submitted - i g
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Erbrise war

J.R. Horandel , Astrop. Phys. 19 (2003) 193

Event selaction:

% Corse reconstructed in a fiducial
area of 2400 rr‘u2

% Zenith angle < 15°

Differential rate of Pmax, shower core density, for 2 gain scales

) 10-25
S . 61
2 10 e
= =7, & MC
e
= E "g.'
S 10°: om
> = -
S s
R 10 T,
E "
107
107 :
- Excellent agreement with MonteCarlo
Iﬂ-q | | | | | | 1 II| | | | | | | I| |
17 i 10°

PMuax

Pmax spans over two and half decades, while the
EPS-HEP 2015 event frequegncy runs over five decades.
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The analog readout system

Eight gain scales (60, 61, ... G7) ensure good linearity up to
about 2 x 10% particles/m?

G7 data overlap the digital-mode linearity range, and have
been used for intercalibration and cross checks

Here we use G4 and G1 scales to cover the 50 TeV - 5 PeV

range with high efficiency and without saturation

<Particle density> (m?)
2

10

G4 scale

5x102 < Np8 < 10*

Linearity
range

¥
K

L. Sensitivity threshold cpe ep s
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—
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P
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Core distance gﬁﬂctrum with ARGO-YBJ
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Truncated particle size

Npg :particle size truncated at 8m of core distance

Not affected by possible saturation of Analog System

Log(Np8) distributions for DATA from G4 and G1 scales

N
z N
@an2|
“"10 =
I G4
5 [ G1
@107
104
10°
10° =
10'T_IIII|IIII|IIIIIIII|IIIIIIII|IIIIIIII|IIII|IIII
1.5 2 25 3 3.5 4 4.5 5 5.5 6 6.5
Log{Npa)
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Truncated particle size

Npg :particle size truncated at 8m of core distance

Not affected by possible saturation of Analog System

Log(Np8) distributions for DATA from G4, G1, and GO scales

N =
T .ol G4
O an2l_
E 10 =
= - G1
= (—
g a3l
= GO
104 =
10° =
10° =
10.T_IIII|IIIIIIII|IIIIIIII|IIIIIIIIIII|III
2 25 3 3.5 4 4.5 5 5.5 6 6.5
Log(N )
p8
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MC simulation

e Simulated air shower samples:

(a) p showers (1- 30,000)TeV, Theta<45’
(b) He showers (1- 10,000)TeV, “
(c) CNO showers (1- 30,000)TeV, “
(d) Fe showers (1- 10,000)Tev, “

produced using CORSIKA code (QGSJET-11.03 + Fluka)

* Also p and He showers (1- 10,000)TeV, Theta<45°
produced using a different hadronic model: SIBYLL-2.1 (+ Fluka)

e Simulated showers (sampled on large areas) given in input to the ARGO MC
(based on Geant-3) fully simulating the detector response (analog charge trigger
and readout system included)

e MC data reconstructed by using the same program as for real data.

e Event selection: core inside a fiducial area A, = (64 x 64) m?

(0,en < 15° used in this analysis),cr 201 A. Surdo:

Observation of a knee in the light CR energy 29
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Trigger and event selection efficiencies for

€61

the aII par"rlcle spec’rr'um
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p(r)/ p(5)

10

ARGO-YBJ data: LDF fits

ALog(Npg) = (4.7 - 5.0)

Qcorich_3
Entries 88272
- Mean 2.901
C RMS 2.934
%% I ndf 16.15/10
- p0 0.425+0.007
L s 1.331+£0.008
- o5
o [ —
- & (=
ol Rl
S
h 1
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r(m) o
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Comparison of residuals from
different function fits:

EPS-H

P 2015

Fit with p’\,q

ARGO-YBJ flata LDF ALog(N ) = 4.7-5.0 6<15°

KASCADE-like func.
Linsley-like func.

Scaling form. func.

NKG-like func.

+10% band

A. Surdo:

Observation of a knee in the light CR energy
spectrum with ARGO-YBJ



The all-particle spectrum (IT)

- Picture consistent with models and previous measurements
- Nice overlap with the two gain scales (and different data)
- The plot suggests spectral index -2.6 below 1 PeV and -2.8 from 1 to 5 PeV

- 60 would extend the energy range up to ~15 PeV
- About a factor 5 should be gained by considering inclined events
- The higher energies would be the subject of a future work
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Aperture for p+He event

selection

Observation of a knee in the light CR energy

spectrum with ARGO-YBJ
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LogE resolution at 270 TeV vs A

Finding the best A

abs

parameter
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Energy reconstruction:

bias and resolution

The response function is Gaussian in LogkE.

The spectra are then given in LogE bins, much larger wh
than the estimated bias and well above the LogE

01431

)
3.5 4
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resolution, in the considered energy range. F
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MC Energy distributions

ARGO-YBJ

MC sample following Horandel model

spectra and composition Measurement energy
Similar results with Gaisser-Stanev-Tilav ranges
(GST) model
-~ T T T T T T T T T T T T T T T | T T T T ! T T T T E — E T T T T T T T T T T
«..I.:‘..- G4 gain scale E ,_I.:‘_,. E
] s L
=== MC reconstructed energy E §
E 10° s
E 0%
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E E 10° =
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log, (ETe |ogw(Erre\3

MC true energy
MC reconstructed energy
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Systematic uncertainty evaluations

Flux

- Geometrical aperture : (5 % in/out contamination) @ (2.5% angular contamination) = 5.6 %

- Efficiency: (5% from MC samples) @ (<10% efficiency estimation of the mixture) =5.0-11.2 %
- Unfolding: 3 %

- Hadronic interaction model < 5 %

- TOTAL: 8.1 % -13.8% TOTAL (conservative) = 14 %

Light component (p+He)

- Residual contamination of heavier nuclei after selection: 15-20 %
(CNO — 14 %, Fe — 4 %)

Combined (p+He) = 20-25 %

=> Shaded area In the flux plots

Error bars show the statistical uncertainties
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Systematic uncertainty evaluations

Flux

- Geometrical aperture : (5 % in/out contamination) @ (2.5% angular contamination) = 5.6 %

- Efficiency: (5% from MC samples) @ (<10% efficiency estimation of the mixture) =5.0-11.2 %
- Unfolding: 3 %

- Hadronic interaction model < 5 %

- TOTAL: 8.1 % -13.8% TOTAL (conservative) = 14%

Energy scale

- Gain of the analog system: 3.7 %

- Energy calibration: 0.03 in LogE = 6.9 %

- Hadronic interaction model: 5 %

- TOTAL: 9.3 % TOTAL (conservative) = 10%

In the flux plots an over-conservative * 14% shaded area has been
temporarily drawn on the flux measurements

Error bars show the statistical uncertainties
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Systematics from the
hadronic interaction models

The dependence on the adopted hadronic interaction model is small.

The differences among the QGSJET-11.03 and Sibyll-2.1 are within few percent
in the explored energy range (no bias due to muon number).

All further results shown here were obtained with QGSJET-11.03.

Particle density (m %)

LDF -p- A log NpB = (3.7-4.0)- @, =(0-15)° LDF - SIBYLL vs QGSjet A log Np8 = (3.7-4.0) N
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= - QGS'JE{ 15 C T T T T | T T T T | T T T T | T T T T | T EHTI‘IeS _4001
....... - 8 T Mean  40.82
10° = Sibyl @ [ RMS  26.84
- g 10—
C E T
E —
- = —
i 5 5C
o= -
m [
e C
107 g ol
n 8
C e L
- 3 T
10 T a0
: L L L L l L L L L | I I I I | L I L I | : L . L | 15 : | | | 1 | | | | | | | | | | | | | | | | | | | | |
0 5 10 15 20PS-HEP 2025 "9 A.Sumglo: 10 15 20 25
Gore distance(m) nce in the light CR energy Core distance (i)
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p+He spectrum (2n9):

Bayesian unfolding of analog data

Phys. Rev. D 85, 092005 (2012)
Bayesian analysis
for ARGO-YBJ digital data

Direct link between observables and primary energy and mass

+ Causes: {E;,..... En; ID;,...... IDn}
- Effects: {Np8;,...., Np8n; Di,....,Dn)

Experimental  grusrarmreml
data

CR Flux

N(E,ID) = P(E.ID

Energy Spectrum
Composition

NPs,Dy,Dy) - N(NPs, Dy, Dy)
Exp. Data

%
¥
&P

Simulations P(NPs, Dy.Do|E.ID) - Po(E.ID)
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The Bayesian unfolding method used for the analysis of data
below 200 TeV is adapted to the ARGO-YBJ analog data.

® NPmax > 500

* 10% < Np8 < 10
® Theta < 35°

6

® Reconstructed shower core position in a fiducial area 40 X 40 m

centered on the central carpet

Selection of the light component: shower topology

10!

10

10°

0

Light Component (p+Hse) sselection:
PA20 = PA42 £ozs
3
A20 = 20 innermost clusters
A42 = 42 outermost clusters L
o -_;-'l'_,-l.‘-l.:l..m“
EIIJ _1'-1- !|!E ! _II.H ! l; II.’ ’ ti! ’
Lag, (E_1
EPS-HEP 2015 A. Surdo:
Observation of a knee in the light CR energy 41
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p+He hybrid measurement (37¢): &
Cerenkov telescope + ARGO-YBJ array

Wide Field of view Cerenkov
Telescope Array (WFCTA)

/ 5 m? spherical mirror Chinese Phys. C 38 (2014) 045001
Y __ 16x16 PMT array Hybrid analysis for lower energy

| Field of View: 14° x 16° showers
Elevation angle: 60°

Cerenkov signal: energy measurement
Hillas parameters

ARGO-YBJ analog data:  core position
particle number at maximum
shower direction

Light elements are selected according to particle density

near the core and shape of the Cerenkov image (L, W)
NOW-2014 A. Surdo: Measurement of CR energy spectra with ARGO-YBJ 16/20



Mass selection for the hybrid measurement

2
B ~+ proton
— v
_ v oy v . # helium
E | B v - v e vy ¥ 4 CNO
— v v v ¢
§° i = M 'i' v V;,wv' v ooy + MgAISi
< = A
I | >
R
I 0
i [
G L
&
[0
(o)
— |8
4
L/W - 0.0091 Rp — 0.14 Log(E)
Rp - shower impact parameter
E - reconstructed ener

S-HEP 2015 A. Surdo:
rvation of a knee in the light CR energy
spectrum with ARGO-YBJ
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e Contamination of heavier component <5 %
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e Energy resolution: ~25% R
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The ARGO-YBJ measurements of
the p+He spectrum

Results also consistent with measurement at lower energies, done with the strip data.
Consistent picture within systematics. Further cross-checking still ongoing.
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The p+He spectrum index

p+He spectral index

Preliminary ARGO-YBJ analog data (G4 and G1)

CREAM p+He
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i ! i 1 + ! i
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' 2 . + 0 28 ’ 32 34 3'6|M n:af"p.-.\’]
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Comparison with other p+He

measurements

Consistent results with direct measurements (i.e. below 200 TeV) and YAC-Tibet

(GeV'’m2s-Isrl)

d
dEdAdtdQ

E2.6 %

—
L

—_
Oﬁo

~ARGO-YBJ Analog (p+He) G4

ARGO-YBJ Analog (p+He) G1
ARGO-G4 Bayes.(p + He)
ARGO-G1 Bayes.(p + He)
WFCTA-ARGO (p + He)
ARGO digital (p + He) 2015
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Direct measurements (p + He)
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Extension of the ARGO-YBJ
p+He spectrum measurements

ARGO-YBJ Analog (p+He) G4
ARGO-YBJ Analog (p+He) G1
ARGO-G4 Bayes.(p + He)
ARGO-G1 Bayes.(p + He)
WFCTA-ARGO (p + He)
ARGO digital (p + He) 2015
YAC-1+Tibetlll (p + He), SIBYLL
CREAM (p + He)

ATIC-2 (p + He)
Horandel 2003 (p + He)
Gaisser et al. 2013 (p + He)

- From GO scale

Direct measurements (p + He)
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The overall picture
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The all particle spectrum:
cross-check using 60 scale
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The overall picture
with the extended p+He spectrum

Observation of a knee in the light CR energy
spectrum with ARGO-YBJ

.

| Hl  ARGO-YBJ Analog (p+He) 4k ARGO Stip (p + He) 2013 = ; ¢ N [ D .
— @  £RGO-YBJ Analog akpart) B Tibet 11 0GS) ? . .
— ) Tibet i (SIB) S KASKADE (QGS) D 9 * . REUE T U, 0 I
L 3 KASKADE (SIB) ¥ Tunka2s Do * & ol =
— Tunka-133 ¥ lcetop : 'Z:I:Z' I ' ‘ —
— ¥ KASKADE-Grands A EAS-Top . —

() KASCADEp [0 KascADE Fe I I I I
— s YACITibetlll {p + He) SIE A CREAM(p+ He) I l I —
E ¥ ATIC2 (p+He) - = = = Horandel 2003 (p + He) I E
— plorande) 2009 (bl — Horandel 2008 (Al-part) Q A —

= Galsser et al. 2013 {p + Ha) Galsser at al. 2013 {p+He+Fa+ GNO)|
B irect measuraments (p+ Ha) l:l Direct measurements (All-part.) ‘ N
L L L L | | | L | L L L
2 3 4 6
log (E/TeV)
10
EPS-HEP 2015 A. Surdo:

51



