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Galactic Cosmic Rays
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• CRs below 1017 eV are predominantly galactic.

!

• The bulk of CR is produced by shock acceleration in SN 
explosions.

!

• Diffusion of accelerated CRs through non-uniform, non-
homogeneous ISM.

!

• Galactic CRs are scrambled by galactic magnetic field 
over very long time.  

The main feature: the ‘knee’ in the all-particle spectrum

Different models to explain the ‘knee’ and different signature…

• Acceleration in SNRs:  
finite lifetime of shock Emax  Z · 1015 eV

• Diffusion  process:!
probability of escape from Galaxy = f(Z)

- Eknee ∝Z!
- No anisotropy change 

- Eknee ∝ Z

- Anisotropy ∝Eδ 

• Interaction with bckg particles: 
Photo-disintegration - interaction with 

in galactic halo etc.

• Change in particle interaction

- Eknee ∝ A

Key elements: mass composition and anisotropy
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Approaching the knee
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How well do we know the structure of the primary 
spectrum around the knee (1014 – 1016 eV) ?

The standard model:

!
• Knee attributed to light (proton) component 

!• Rigidity-dependent structure (Peters cycle): cut-offs at 
energies proportional to the nuclear charge                    
EZ = Z · 4.5 PeV

!• The sum of the flux of all elements with their individual 
cut-offs makes up the all-particle spectrum.

!• Not only does the spectrum become steeper due to such 
a cutoff but also heavier.

The  “knee”  of  the  CR  spectrum
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Z = 1

Z = 2

Z = 3

FLUX

ENERGY

Emax ~ Z·1015 eV

Emax(iron) = 26 · Emax(proton)

Experimental results conflicting
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Outline
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• Measurement of the CR energy spectrum (all-particle and light component) in the energy 
range few TeV - 5 PeV by ARGO-YBJ with different ‘eyes’

! ‣  ‘Digital readout’ (based on strip multiplicity) below 200 TeV


‣  ‘Analog readout’ (based on the shower core density) up to 10 PeV


‣  Hybrid measurement with a Wide Field of view Cherenkov Telescope 200 TeV - PeV 
→ next talk by Cao Zhen
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Modelli vs Altitudine
Tibet ASγ (4300 m asl) vs KASCADE (sl)

Ad alta quota osservabili 
“indipendenti”  dai  modelli  di  

interazione adronica

At high altitude p and Fe produce 
showers with similar size.

1. p and Fe produce showers with similar size


2. Small fluctuations: shower maximum


3. Low energy threshold: overposition with direct 

measurements

•Working at high altitude (4000 m asl):
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The ARGO-YBJ experiment
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Tibet ASγ 
ARGO 

The Yangbajing Cosmic Ray Laboratory 

Longitude  90° 31� 50� East 
Latitude     30° 06� 38� North 
 
90 Km North from Lhasa (Tibet) 

4300 m above the sea level  
~ 600 g/cm2 
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The basic concepts
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…for an unconventional air shower detector
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❖HIGH ALTITUDE SITE                             
(YBJ - Tibet 4300 m asl - 600 g/cm2)

!

❖ FULL COVERAGE                                  
(RPC technology, 92% covering factor)

!

❖HIGH SEGMENTATION OF THE READOUT 
(small space-time pixels)

Space pixels: 146,880 strips (7×62 cm2) 

Time  pixels: 18,360 pads (56×62 cm2)     

 … in order to

• image the shower front with unprecedented details

!

• get an energy threshold of a few hundreds of GeV
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The RPC analog 
readout
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Fig. 1. Average strip and pad sizes compared to the total and truncated
sizes for proton-induced air showers on the ARGO-YBJ central carpet.
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Fig. 2. Comparison between the digital strip size spectrum and the analog
big pad spectrum. Two different amplitude scales have been used to extend
the energy range. In the upper scale the corresponding proton mean energy
is reported.

Clusters (ARGO-42, ª1820 m2 out of ª6700 m2), has been
put in data taking with a so-called ”Low Multiplicity Trigger”,
requiring at least 60 fired pads on the whole detector [13].
The corresponding median energy of proton-induced triggered
showers is º6 TeV. In this paper we present a first measure-
ment of the strip size spectrum performed with the ARGO-42
detector.

II. THE ARGO-YBJ DETECTOR
The ARGO-YBJ detector is constituted by a single layer of

RPCs with ª93% of active area. This carpet has a modular
structure, the basic module being a Cluster (5.7£7.6 m2),
divided into 12 RPCs (2.8£1.25 m2 each). Each chamber
is read by 80 strips of 6.75£61.8 cm2, logically organized
in 10 independent pads of 55.6£61.8 cm2 [14]. The central
carpet, constituted by 10£13 clusters, is enclosed by a guard
ring partially instrumented (ª40%) in order to improve the
rejection capability for external events. The full detector is
composed by 154 clusters for a total active surface of ª6700
m2. A lead converter 0.5 cm thick will uniformly cover the
apparatus in order to improve the angular resolution. The main
features of the ARGO-YBJ experiment are: (1) time resolution
ª1 ns; (2) space information from strips; (3) time information
from pads. Due to its small size pixels, the detector is able to
image the shower profile with an unprecedented granularity,
with high duty cycle (º 100%) in the typical field of view of
an EAS array (ª2 sr).

A. The digital read-out
The particle density measurement with the digital read-out

provided by the strip system is limited to showers with a
primary energy up to º 100 TeV (for proton-induced events)

due to a strip density of ª22 strips/m2. In Fig. 1 we show the
average strip and pad sizes (Ns and Npad) as a function of the
primary energy for proton-induced showers. For comparison,
the total shower size Nch and the so-called ”truncated size”
Ntr

ch, i.e., the size sampled by the ARGO-YBJ carpet, are also
plotted. In calculations only quasi-vertical (zenith angle µ <
15±) showers with core reconstructed inside a small fiducial
area (260 m2 around the center of the carpet corresponding
to the inner 6 clusters) have been used. An average strip
efficiency of 95% and an average strip multiplicity m = 1.2
have been taken into account. As can be seen from the figure,
log(Ns) is a linear function of log(E) up to about 100 TeV
(corresponding to a particle density of º 12-15 m°2) and
”saturates” above 1000 TeV. Accordingly, the digital response
of the detector can be used to study the primary spectrum up
to energies of a few hundreds of TeV.

B. The analog read-out

In order to extend the dynamic range up to PeV energies, a
charge read-out has been implemented by instrumenting every
RPC also with two large size pads of dimension 140£125 cm2

each (the so-called ”big pads”) [12]. The signal from the big
pad is read by a 12 bits ADC. Different signal amplitude scales
(0-330 mV, 0-2.5 V and 0-20 V) have been implemented in
order to extend the particle density measurement up to º104
particles/m2.
Since November 2004 the analog read-out has been put

in data taking into increasing portions of the full carpet
with a trigger requiring more than 32 particles on at least
one Cluster. In Fig. 2 a comparison between the measured
digital strip size spectrum and the analog big pad spectrum is
shown. Two different amplitude scales have been used in this
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Strips 

(digital) 

BigPads 

(analog) 

Real event 

9 Extend the covered energy range 

9 Access the LDF down to the shower core 

9 Sensitivity to primary mass 

9 Info/checks on Hadronic Interactions 

The RPC analog readout 

RICAP - 2013 

Strips 
(digital)

Big Pads 
(analog)

…extending the dynamical range up to PeV

• Extend the covered energy range 
• Access the LDF in the shower core 
• Sensitivity to primary mass
• Info/checks on Hadronic Interactions

4 different gain scales used to cover a 
wide range in particle density:

ρmax−strip  ≈ 20 particles/m2 

ρmax−analog ≈ 10
4
particles/m

2

42 

G1 G4 

G1 sensitivity 
N

part
 

Not all distances can be 
accessed at a given gain 
scale 
 
We focused on the first 
10 meters from the core, 
this being the ARGO-YBJ 
peculiarity and 
innovative aspect  

G4  
linearity range 

G1  
linearity range 

G1 
Strips 

Strips saturation 

G4 sensitivity 
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Status and 
performance
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• In observation since July 2006 (commissioning phase)


• Stable data taking since November 2007


• End/Stop data taking: January 2013


• Average duty cycle ~87%


• Trigger rate ~3.5 kHz @ 20 pad threshold 


• N. recorded events: ≈ 5·1011 from 100 GeV to 10 PeV


• 100 TB/year data

Intrinsic Trigger Rate stability 0.5% 
(after corrections for T/p effects)

Energy calibration!
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(p+He) spectrum below 300 TeV: data selection
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Event selection based on:
➡  Shower size on detector, M (strip multiplicity) 
➡  Reconstructed zenith angle
➡  Constraint on strip density (ρ) in the innermost and 

outermost area of the detector

Discard the events 
falling outside a 40 
X 40 m2 area 
centered on the 
detector

‣Select “well-reconstructed” events
‣Avoid contamination of events coming from non simulated 

regions
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Data
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Data
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Event selection based on:
➡  Shower size on detector, M (strip multiplicity) 
➡  Reconstructed zenith angle
➡  Constraint on strip density (ρ) in the innermost and 

outermost area of the detector

Discard the events 
falling outside a 40 
X 40 m2 area 
centered on the 
detector

‣Select “well-reconstructed” events
‣Avoid contamination of events coming from non simulated 

regions

Shower size distribution on the central carpet, M (strip multiplicity)

Rconstructed shower core position

Data collected between Jan. 2008 and Dec. 2012 ≈ 8 ⨉ 1010 high quality events

• M ≤ 50,000

• Zenith Angle ≤ 35º

• Highest density cluster in 40 ⨉ 40 m2

Light Component (p+He) selection:

!

ρA20 > ρA42 

!
A20 = 20 innermost clusters

A42 = 42 outermost clusters

Digital readout: strip multiplicity
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Light component spectrum 
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Year Spectral index

2008 -2.61 ± 0.02

2009 -2.61 ± 0.02

2010 -2.61 ± 0.02

2011 -2.62 ± 0.02

� = �2.61± 0.02

Full sample 2008 - 2011

The light component spectrum
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The light-component spectrum (3 - 300 TeV)
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Measurement of the light-component (p+He) CR spectrum in the 
energy region (3 – 300) TeV via a Bayesian unfolding procedure
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ARGO-YBJ and AMS-02 (ICRC13)
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Extending the energy range 
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To extend the energy range up to 10 PeV we use different eyes:

!

❖ ARGO-YBJ Analog Readout

!

❖ Wide Field of view Cherenkov Telescope (WFCTA)

…to performe 2 different analysis:

!

❖ ARGO-YBJ Analog Readout alone

!

❖ Hybrid measurement ARGO-YBJ/WFCTA

a single electron is considerably weaker and isotropic. In the
Cherenkov detector, the telescopes run in high elevation mode
to directly measure Cherenkov light from the showers, similar to
what was done in the Dice experiment [16]. A Cherenkov light

radiation provides considerably more photons along the shower
axis that are useful for lowering the shower energy.

In 2007, two prototype Cherenkov telescopes [5,6] were
deployed at Yangbaijing (YBJ) Cosmic Ray Observatory near the
ARGO-YBJ experiment [7]. Moreover, two WFCTA telescopes have
been successfully running in Cherenkov mode beginning August
2008. To date, millions of cosmic ray events that simultaneously
trigger the telescopes and the ARGO-YBJ detector carpet array have
been collected. An analysis of these events is carried out to study the
performance of the telescopes. Detailed descriptions of the tele-
scopes and the analysis of the findings are presented in this paper.

Several details about the apparatus are presented in Section 2.
The detector calibration is then discussed in Section 3. The test run
of the two telescopes and results are reported in Section 4 including
summaries on the detector performance. The conclusions drawn
are provided in the last section.

2. Apparatus

The two prototype telescopes are deployed near the ARGO-YBJ
carpet detector array at a longitude of 90.531E, and a latitude of
30.111N and 4300 m a.s.l. One telescope is about 25 m away from
the west side of the ARGO-YBJ array. The other is also 25 m away
from the south side of the array with separation distance between
the two telescopes is 50 m. Each telescope has an FOV of 141 in
elevation by 161 in azimuth. The focal plane camera is made of a
16!16 photomultiplier tube (PMT) array, and the pixel size is
approximately 11. Because both telescopes are tilted up to 601
pointing in the same direction, they can be operated in stereoscopic
mode, i.e., showers striking an area covered by the telescopes will
be seen simultaneously. Since the Cherenkov light from a shower is
very concentrated in a forward region; thus, the telescopes can be
triggered by showers coming within a cone of approximately 81
with respect to the main optic axes of the telescopes.

The entire telescope system is composed of an optic ultraviolet
light collector, a focal plane camera, front end electronics (FEE) based
on 50-MHz flash analog-to-digital-converters (FADC), data acquisi-
tion (DAQ) based on an embedded ARM processor and PC104 bus,
power supplies for low and high voltages, and a slow control system.
Everything is installed in a shipping container with dimensions of
2.5 m!2.3 m !3 m (Fig. 1). Mirrors are mounted at one end of the
container and the camera is located at the other end where the focal
planes of the mirrors are. The FEE and DAQ are placed at the back
plane of the PMT camera. A glass window is installed at the entrance
aperture to keep dust from entering the apparatus. The container is
mounted on a dump-truck frame with a hydraulic lift that allows the
container to be lifted up from 01 to 601. The mobility of the entire
telescope allows for freely switch between configurations of the
telescope array for different observational modes. The architecture of
the electronic data acquisition and the slow control system are shown
in Fig. 2, whereas that of a sub-cluster is shown in Fig. 3. The PMT

Fig. 1. Photograph of the telescope with the doors open.

Fig. 2. Communications diagram of one telescope; for details of the sub-cluster see
Fig. 3.

Fig. 3. Photograph of a sub-cluster (left) and schematic of the sub-cluster (right).

S.S. Zhang et al. / Nuclear Instruments and Methods in Physics Research A 629 (2011) 57–6558

Air Shower Detection at High Altitude - 2013 I. De Mitri: Cosmic Ray Physics with ARGO-YBJ 27 

Multicore events with analog data 
Preliminary results show the feasibility of these studies. 

Hadronic physics, pt distributions,.. 

‣ 5 m2 spherical mirror

‣ 16 ⨉ 16 PMT array

‣ pixel size 1º

‣ FOV: 14º ⨉ 14º


‣ Elevation angle: 60º

Next talk by Zhen Cao
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Intrinsic linearity: test 
at the BTF facility
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The RPC signal vs the calorimeter 
signal 

Normalized residuals: the gaussian fit to the 
distribution Æ no deviations from linearity

Linearity of the RPC 
@ BTF in Frascati:

•• electrons (or positrons)electrons (or positrons)
•• E = 25E = 25--750 750 MeVMeV (0.5% resolution)(0.5% resolution)
•• <N> = 1<N> = 1÷÷101088 particles/pulseparticles/pulse
•• 10 ns pulses, 110 ns pulses, 1--49 Hz49 Hz
•• beam spot uniform on 3*5 cmbeam spot uniform on 3*5 cm22

beam

Æ Linearity up to § 2 104 particle/m2 ( see also S. Mastroianni’s poster) 

Calorimeter: lead glass block from OPAL,  
PMT  a Hamamatsu R2238.

IntrisicIntrisic linearity:ȱtestȱatȱtheȱBTFȱfacilitylinearity:ȱtestȱatȱtheȱBTFȱfacility

M. Iacovacci RPC2014, Beijing 14/18
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Figure 7: Result of the RPC linearity test performed at the BTF (see text for details).
The fit with a straight line, in red, has been performed.

red straight line shown in Fig.7 and the residual values, normalized to the fit141

values, reported in the histogram of Fig.8. The gaussian fit to the residual142

distribution (Fig.8) shows a good agreement, as confirmed by the value of143

the χ2/d.o.f.. From the fitted values of the gaussian parameters one can say144

that local deviations are contained within a few per cent (r.m.s) , while the145

integral deviation (mean) is below 1%.146

The offset of the RPC response in Fig.7 is due to the strong attenuation147

of the calorimeter signal and to its adaptation to match the specifications of148

the readout electronics. In conclusion, up to 30 particles on 15 cm2 there is149

no evidence of deviation from linearity behavior of the RPC, which means150

linearity response up to density of about 2× 104/m2. Of course this value151

is conservative because the particle density of the beam spot is not properly152

uniform.153

IV. Local Station and Trigger System154

The trigger of the experiment is generated by the digital signals sent155

by the Front-End boards mounted on the RPCs. These digital signals are156

processed by a specific crate named Local Station (LS) [6] - the Cluster157

DAQ Unit -, as depicted in Fig. 9, that provides the pad multiplicity to the158

9

The RPC signal vs the calorimeter signal

➔ Linearity up to ≈ 2・104 particle/m2

!
Linearity of the RPC @ BTF 

in INFN Frascati Lab: 

• electrons (or positrons) 

• E = 25-750 MeV (0.5% resolution) 

• <N>=1÷108particles/pulse 

• 10 ns pulses, 1-49 Hz 

• beam spot uniform on 3⨉5 cm

4 RPCs  
60 x 60 cm2

Astroparticle Physics submitted
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Performance evaluation
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4 data sample:
ȡ : 10 Æ 104 part/m2

Event selection:
� Core reconstructed 
in a fiducial area of 
2400 m2 ;
� Zenith angle < 15°

Good overlap between 4 scales with the maximum density
of the showers spanning over three decades

Trigger 
effect

RPC2014, Beijing M. Iacovacci

ChecksȱandȱperformanceȱevaluationChecksȱandȱperformanceȱevaluation

16/18

4 data sample:


ρ: 10 → 104 part/m2


Event selection: 


• Core reconstructed in a fiducial 
area of 2400 m2


• Zenith angle < 15°

Good overlap between 4 scales with the maximum density of the 
showers spanning over three decades

4 different gain scales used to cover a 
wide range in particle density:

ρmax−strip  ≈ 20 particles/m2 

ρmax−analog ≈ 10
4
particles/m

2
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Absolute comparison Data - MonteCarlo
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AbsoluteȱcomparisonȱDataAbsoluteȱcomparisonȱDataȬȬMCMC

Differential rate of the shower density at core, PMax, for 
events with core in a fiducial area of the carpet (2400 m^2) 
and T<15° showing a very good matching between different 
scales The results from a Montecarlo simulation are shown 
for comparison.

M. Iacovacci RPC2014, Beijing 

J.R. Horandel , Astroparticle
Physics 19 (2003) 193-220

17/18

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

Pmax spans over two and half decades, while the 
event frequency runs over five decades. 

AbsoluteȱcomparisonȱDataAbsoluteȱcomparisonȱDataȬȬMCMC

Differential rate of the shower density at core, PMax, for 
events with core in a fiducial area of the carpet (2400 m^2) 
and T<15° showing a very good matching between different 
scales The results from a Montecarlo simulation are shown 
for comparison.

M. Iacovacci RPC2014, Beijing 

J.R. Horandel , Astroparticle
Physics 19 (2003) 193-220

17/18

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

Excellent agreement with MonteCarloEvent selection: 


★ Core reconstructed in a fiducial 
area of 2400 m2


★ Zenith angle < 15°
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ARGO-YBJ + WFCTA
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Extension to 100 TeV -1 PeV @ light spectrum

Un-biased measurement

❖ ARGO-YBJ: lateral distribution         
In the core region  à mass sensitive 

❖ Cherenkov telescope: longitudinal information 
Hillas parameters  à mass sensitive 
Better energy resolution

� ARGO-YBJ:  
              lateral distribution 

▪ In the core region Æ mass sensitive 

� Cherenkov Telescope:  
          longitudinal  information  

▪ Hillas parameter Æ mass sensitive 
 
 

▪ Better energy resolution 

Hybrid Measurement proton 
iron 

� ARGO-YBJ:  
              lateral distribution 

▪ In the core region Æ mass sensitive 

� Cherenkov Telescope:  
          longitudinal  information  

▪ Hillas parameter Æ mass sensitive 
 
 

▪ Better energy resolution 

Hybrid Measurement proton 
iron 

H&He Selection 
• Elongation of the shower image 
              L/W ~ 0.09(Rp/10m) 

2L 

2W 

• angular resolution: 0.2º


• shower core position resolution: 2 m

Next talk by Zhen Cao
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Hybrid observation data set

18

‣ Period

• Dec 2010 → Feb. 2012


• Good wheater:  728,000 sec

‣ Cherenkov image cleaning

‣ Criteria for reconstruction
• Shower cores well inside the ARGO-YBJ central carpet


• Cherenkov images well contained in the telescope, i.e. space angle with respect to 
the telescope axis < 6º 


• Number of fired PMTs ≥ 6

• Single channel threshold: S/N>3.5.


• Arrival time: all triggered pixels in a window of Δt = 240 ns.


• Isolated pixels rejected

8218 events well reconstructed above 100 TeV
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• Contamination of heavier component < 5 % 
• Energy resolution: ~25% 
• Uncertainty : ~25% on fluxlog10(Energy/TeV)
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Figure 5: The solid color lines are the primary energy distribution of the five primary particle groups before light compo-
nent selection. The two dashed color lines are the light component (blue dashed) and the heavy component (red dashed)
respectively after light component selection. The pre-injected primary energy spectrum (black solid line) is also shown
in the figure. After comparing to the pre-injected primary energy spectrum, they are almost full trigger efficiency for five
primary particle groups above 100 TeV before light component selection. And the contamination of heavy component is
changed small over energy after light component selection.
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Figure 6: Two mass sensitive parameters from the ARGO-YBJ (pL) and the WFCTA-02 (pC) are shown in a two dimen-
sional graph. See text for details.
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Figure 7: The aperture of the light component (protons + helium) before composition selection is shown in black dots
and the aperture after composition selection is shown in red dots.
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cosmic ray components, as shown in Fig.6 in which all simulated events are plotted as scattered234

points on a map of the two parameters. As mentioned above, primary particles are divided into235

five groups: protons, helium, CNO group, MgAlSi group and iron with the ratio of 1:1:1:1:1 in236

the simulation. At first, no strong correlation between the two parameters is observed, indicating237

that the parameters are quite independent. Second, a rather significant separation among the238

composition groups is clearly observed, although the di↵erent groups overlap each other. Third,239

the lighter components, e.g. protons and helium, are in the upper-right-most region while the240

iron showers are mainly concentrated in the lower-left corner. Finally, it is rather significant241

that the fluctuation in showers initiated by heavier nuclei is much less than in those initiated242

by lighter ones. This o↵ers a great opportunity to pick out a light composition sample with243

high purity by simply cutting o↵ the concentrated heavy cluster in the lower-left region in the244

map, i.e. getting rid of the heavy cluster by excluding the region pL  �0.91 and pC  1.3.245

The nonlinearity of the RPC charge measurement is less than ±3% as the multiplicity of an246

RPC is greater than 50 [20]. A good linear measurement of RPCmax when RPCmax is greater247

than 100 is also applied in the light composition sample selection process. After the above248

cuto↵s are applied, the contamination of the heavy component (CNO group, MgAlSi group and249

iron) is less than 5.1% in total. About 34.6% of protons and helium nuclei are picked out from250

proton and helium samples. More details about the selection are shown in Table.1. The ratio of251

protons to helium changes from 1 to 2.68 after the selection. Clearly, this indicates the selecting252

e�ciency for proton is higher than for helium. Therefore, the selection e�ciencies listed in253

Table.1 are composition assumption dependent. For instance, using the CREAM measurement254

results (100 TeV) [2] as a simple extrapolation, Horandel composition model [1] or even the255

heavy dominant model and the proton dominant model [24], a systematic e↵ect not greater than256

14.3% is found. However, the contamination by heavier nuclei is quite stable, from 5.1% to257

2.3% as the composition assumption changes from one extreme to the other.The SIBYLL model258

has a selecting e�ciency about 2.3% higher than the QGSJET model. Even for the low-energy259

hadronic interaction models, the di↵erence between the GHEISHA and the FLUKA is about260

3.5% in their selecting e�ciency.261

The energy distribution of the light component after composition selection and the energy re-262

construction is shown in Fig.5. The aperture of the light component before composition selection263

and the aperture after composition selection are shown in Fig.7. No extra bias is introduced in264

the spectrum measurement due to the composition selection and energy reconstruction when the265

primary energy more than 100 TeV. The spectral index remains as it was before the selection and266

reconstruction. The simulation is applied only for overall e�ciency correction, in other words,267

only on the normalization of the spectrum.268

Table 1: The composition model of P:H:CNO:MgAlSi:Iron=1:1:1:1:1 is applied. The results of before and after the light
component selection are shown in the table.

Proton Helium CNO MgAlSi Iron SUM

The initial fractions 20% 20% 20% 20% 20% 100%

The fractions after composi-
tion selection

69.1% 25.8% 3.8% 1.1% 0.2% 100%

The selection e�ciency 51.0% 19.1% 2.7% 0.8% 0.1%

10

Next talk by Zhen Cao
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The light-component (p+He) spectrum (2 - 700) TeV

20

• CREAM:       1.09 ⨉ 1.95 ⨉ 10-11 (E/400 TeV)-2.62 

• ARGO-YBJ: 1.95 ⨉ 10-11 (E/400 TeV)-2.61 

• Hybrid:          0.92 ⨉ 1.95 ⨉ 10-11 (E/400 TeV)-2.63

CREAM: 1.09x1.95x10-11(E/400TeV)-2.62 
 ARGO-YBJ:      1.95x10-11(E/400TeV )-2.61 
Hybrid:   0.92x1.95x10-11(E/400TeV)-2.63 

B. Bartoli et al, Chinese Physics C, Vol. 38, No. 4, 045001 (2014) 

Single power-law: 2.62 ± 0.01

Flux at 400 TeV:  
1.95 × 10-11± 9% (GeV-1 m-2 sr-1 s-1)

The 9% difference in flux corresponds to a difference of 
± 3.5% in energy scale between different experiments.Bartoli et al., Chin. Phys. C 38, 045001 (2014)
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Approaching the all-particle knee

21

We modified the selection criteria to increase the statistics above 700 TeV  
with tolerable contamination from heavier nuclei.

The aperture increases by a factor of 2.4 and the number of (p+He) events increases from 490 to 1162 above 200 TeV.	



The contamination increases from 3% to 7% below 700 TeV and the purity worsens from 98% to 93%.

Preprint submitted to Nature
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Extended Data Figure 3 | The fraction of events of composition groups that survive the H&He selection criteria.
Heavy nuclei data indicate that the contamination increases with shower energy. The efficiency of selecting H&He
is about 72% while the contamination reaches 13% below 1000 TeV and gradually climbs to 45% around 6300 TeV.
The Horandel model is assumed.
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Analysis with ARGO-YBJ analog data

22

Analysis based on the Np8m parameter: the number of particle 
within 8 m from the shower core position. 
This truncated size is


• well correlated with primary energy

• not biased by finite detector effects

• weakly affected by shower fluctuations

9 

The truncated size as a first energy estimator 

Mass composition 
from LDF slope 

mass dependent energy estimator

Look for information on the shower age in order to 
have a mass independent energy estimator.  
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Assume an exponential absorption 
after the shower maximum. Get 
the correct signal at maximum 
(Np8max) by using Np8 and s’ 
measurements for each event. 
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Also checks with Gaisser-Hillas profile

R0 = 30 m

s’ is NOT the shower age. It is correlated to it.

The LDF slope s’ is <Xmax> 
estimator mass-independent
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Finding the best λabs parameter
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 LogE resolution at 270 TeV vs λabs 
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Correction with 
λ=120 g/cm2 

•  p 
•  He 
•  CNO 
•  Fe 
•  Total 

Small residual shift 
with LogA as 
foreseen by theory 

Further improvements 

in progress
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Mass independent energy reconstruction 

24

In excellent agreement with total-size 
vs E theoretical plot.


The shift is simply due to the fact that 
we are using the truncated size.

The measurement of Np8 and the (age correlated) LDF slope

allows estimating the truncated size at the shower maximum.

!
This ensures a mass independent Energy determination.
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MC sample following Horandel 
model spectra and composition 
 
Similar results with Gaisser-
Stanev-Tilav (GST) model 

Log((Np8max)

Measurement energy range
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All particle spectrum: trigger and selection efficiencies

25

P 
He 
Fe 
CNO 
Average (Hoerandel) 
Average (GST) 

Energy range for 
the spectrum 
measurement

Energy range for 
the spectrum 
measurement

G4 ⊕ G1

in full efficiency for all species 

from 300 TeV to 5 PeV
G4

G1

Low MC statistics.

Enlarged MC data sample on the way.

Preliminary !
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Systematic uncertainty evaluations
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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 following plots an over-conservative ±14% shaded area has been temporarily drawn 
on the flux measurements.


Error bars show the statistical uncertainties.

Preliminary !
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The “all-particle” spectrum by ARGO-YBJ
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Preliminary !
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The “all-particle” spectrum by ARGO-YBJ
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Preliminary !

‣  Consistent picture with models and previous measurements

‣  Overlap with the two gain scales (different data,…)

‣  Suggest spectral index -2.6 below 1 PeV and -2.8 from 1 to 5 PeV
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The light component spectrum by ARGO-YBJ  (1)

29

The Bayesian unfolding method used for the analysis of data 
below 200 TeV is adapted to the ARGO-YBJ analog data.

• NPmax > 500

• 104 < Np8 < 106 


• Theta ≤ 35°

• Reconstructed shower core position in a fiducial area 40 X 40 m2 

centered on the central carpet

Selection of the light component: shower topology

Light Component (p+He) selection:

!

ρA20 > ρA42 

!
A20 = 20 innermost clusters

A42 = 42 outermost clusters
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The light component spectrum by ARGO-YBJ  (1)

30

Preliminary !

The Bayesian unfolding method used for the analysis of data 
below 200 TeV is adapted to the ARGO-YBJ analog data.
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p and He selection

31

He

CNO Fe

MC Horandel spectra and normalizations

protons

R
ate (H

z/2D
-bin) 

A simple cut in the plane s’ vs Np8 Contamination > CNO: ≈ 15%
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p+He: trigger and selection efficiencies 
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Energy range for p+He 
measurement with G4

Energy range for p+He 
measurement with G1

On the efficiency plateau above 200 TeV 
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The light component spectrum by ARGO-YBJ  (2)
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Preliminary !

 Observation of gradual change of the slope starting around 650 TeV
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Light component spectrum (3 TeV - 5 PeV) by ARGO-YBJ
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Preliminary !

 Observation of gradual change of the slope starting around 650 TeV
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Light component spectrum (3 TeV - 5 PeV) by ARGO-YBJ
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Preliminary !

Comparison with direct measurements and with Tibet ASgamma (SYBILL)
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Other results
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88 

650 TeV 
88 

650 TeV 

CASA-MIA

88 

650 TeV 

CASA-MIA

82 

7∙660 TeV CNO

84 

26∙660 TeV 

26∙660 TeV 

Iron 

IRON

660 TeV
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The overall picture
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Preliminary !
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Conclusions 
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• We measured the CR energy spectrum in the TeV - 10 PeV energy range.

!

• Evidence for a bending in the p+He spectrum around 650 TeV (6 s.d. level).

!

• The measured all-particle spectrum in agreement with other experiments.

!

• Different analysis consistent with a hybrid measurement carried out with a wide 
field of view Cherenkov telescope.

!

• Results nearly independent from hadronic models: no muons, particle density in 
the core

!

• Many cross check made and improvements on the way.

!

• Analysis with the full statistics under way. Further gain scale under calibration 
but preliminary results consistent

The ARGO-YBJ detector exploiting the full coverage approach and the high segmentation of the 
readout is imaging the front of atmospheric showers with unprecedented resolution and detail. 


