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20 The ARGO-YBJ experiment

2.3 L’apparato sperimentale 27

Figura 2.2: Schema del rivelatore ARGO e delle unità in cui è suddiviso. Il rivelatore

è costituito da 130 cluster nella parte centrale e 23 nell’anello esterno per un totale di

1836 camere RPC. Ogni cluster è formato da 12 camere RPC, a loro volta suddivise in

10 pad da 8 strip ciascuna.

2.3.1 Le camere RPC

Le camere RPC sono largamente utilizzate negli esperimenti di fisica delle alte

energie poiché sono rivelatori in grado di garantire prestazioni molto elevate, con

un’e�cienza di rivelazione pari a circa il 98% e una risoluzione temporale dell’or-

dine di 1 ns, ad un costo di produzione relativamente modesto. Gli RPC sono

dei rivelatori a gas in grado di rivelare il passaggio di particelle cariche mediante

processi di ionizzazione e moltiplicazione a cascata nella miscela di gas contenuta

al loro interno.

Il principio di funzionamento alla base di questo tipo di rivelatori è il processo di

ionizzazione. Quando una particella carica attraversa la miscela di gas, interagi-

sce con le molecole del mezzo attraverso un certo numero di processi di natura

Figure 2.3: Layout of the ARGO-YBJ detector.

many practical advantages like easy mounting without mechanical support,

robust assembling and easy access to any part of the detector. The RPCs

are low noise detector usually operated for triggering and tracking purposes,

however the layout of the chambers built for the ARGO-YBJ experiment

has been optimized for the detection of EAS secondaries. Each chamber

consists on two Bakelite foils, a polymer with a resistivity ⇢ ⇠ 5 · 1011 ⌦ cm,

assembled to form a gas gap 2 mm wide. A grid of plastic cylindrical spacers

(10 cm pitch) is used in order to maintain the gas volume plane and flat.

A schematic layout of a RPC is reported in figure 2.4. In order to have

a homogeneous distribution of the high voltage to the Bakelite electrodes,

a layer of conductive material (graphite) is laid on the electrode surface.

The choice of a high-resistivity material for the electrodes is related to the

necessity to reduce the dead time of the detector. In this way the signal

formation on the electrodes is a localized phenomena and the regions of the

chamber which are not interested in the ionization process remain sensitive.

The RPCs used in the ARGO-YBJ experiment are operated in streamer

mode at a voltage of about 7400 V with a gas mixture of Tetrafluoroethane

R134A, Isobutane and Argon in the proportion 75:10:15%. Argon is the

active component of the gas mixture while the other two components are

needed to quench the discharge by absorbing the ultraviolet photons and

secondary electrons emitted in recombination processes. The signal is picked

Single layer of Resistive 
Plate Chambers (RPCs) !
with a full coverage (92% 
active surface) of a large 
area (5600 m2)

time	  resolution	  ~	  1	  ns	  
space	  pixel	  =	  5.6	  x	  62	  cm2  
Angular	  resol.	  =	  0.5°	  (Nhit	  ⩾	  500)

detailed study on the EAS space/
time structure with unique 
capabilities (digital/analog readout)

0.056 X 0.62 m2 
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Digital readout system 31

(a) x - y projection (b) x, y, t view

Fig. 1. A typical event triggered by the ARGO-YBJ detector. The space hit den-

sity is obtained by the pattern in x - y projection, whereas the arrival direction is

reconstructed by the time distribution, shown on the vertical coordinate.

based on the NKG function. The accuracy of the core position reconstruction1

is estimated to be about 5 m from Monte Carlo studies for events with the2

core hitting the detector. A first selection of the data has been based on the3

quality of the reconstruction procedure. Additional cuts have been applied in4

order to estimate with good accuracy the probabilities used in the unfolding5

procedure and to make negligible the contamination of external events (i.e.6

showers with the core position outside the detector but mis-reconstructed in-7

side). The following selection criteria are adopted for both Monte Carlo and8

data:9

(a) the Monte Carlo events used in the analysis have been generated with the10

zenith angle (✓G) in the range (0� ÷ 45�). In order to avoid bias e↵ects11

estimating the quantities P (Mj|Ei) and to improve the quality of the12

reconstruction, data and Monte Carlo events have been selected requiring13

that the zenith reconstructed angle (✓R) is in the range (0� ÷ 30�). In14

figure 2 the distribution of the reconstructed zenith angle ✓R versus the15

9

Figure 3.2: A typical event triggered by the ARGO-YBJ detector. The space hit

density is obtained by the pattern in x–y projection, whereas the arrival direction

is inferred from the time distribution, shown on the vertical coordinate.

system. When the trigger conditions are satisfied a common stop signal is

sent to the TDCs and the local station assembles the data frame containing

the addresses of fired strips and all the timing informations from the TDCs.

These informations are transferred to the Central Station for event building

and data storage. The Central Station contain s the modules that receive the

pad signals and produce the trigger signal. The digital read out system has a

density of 23 strips/m2 and can be used to investigate the primary spectrum

up to energies of a few hundreds TeV. At greater energies the response starts

to saturate, as shown in [52]. In figure 3.3 the average strip and pad size are

compared with the size and the truncated size of induced proton showers at

Yangbajing altitude. The figure shows that the strip size start to saturate at

a few hundreds of TeVs. In order to extend the dynamic range of the detec-

tor an analog readout system of the RPC detectors was implemented. This

system, described in the next section, allow the detection of showers with a

particle density around the core of about 104 particles/ m2 and therefore to

investigate the PeV energy range.
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side). The following selection criteria are adopted for both Monte Carlo and8

data:9

(a) the Monte Carlo events used in the analysis have been generated with the10

zenith angle (✓G) in the range (0� ÷ 45�). In order to avoid bias e↵ects11

estimating the quantities P (Mj|Ei) and to improve the quality of the12

reconstruction, data and Monte Carlo events have been selected requiring13

that the zenith reconstructed angle (✓R) is in the range (0� ÷ 30�). In14

figure 2 the distribution of the reconstructed zenith angle ✓R versus the15

9

Figure 3.2: A typical event triggered by the ARGO-YBJ detector. The space hit
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system. When the trigger conditions are satisfied a common stop signal is

sent to the TDCs and the local station assembles the data frame containing

the addresses of fired strips and all the timing informations from the TDCs.

These informations are transferred to the Central Station for event building

and data storage. The Central Station contain s the modules that receive the

pad signals and produce the trigger signal. The digital read out system has a

density of 23 strips/m2 and can be used to investigate the primary spectrum

up to energies of a few hundreds TeV. At greater energies the response starts

to saturate, as shown in [52]. In figure 3.3 the average strip and pad size are

compared with the size and the truncated size of induced proton showers at

Yangbajing altitude. The figure shows that the strip size start to saturate at

a few hundreds of TeVs. In order to extend the dynamic range of the detec-

tor an analog readout system of the RPC detectors was implemented. This

system, described in the next section, allow the detection of showers with a

particle density around the core of about 104 particles/ m2 and therefore to

investigate the PeV energy range.

✓ Full coverage and high segmentation 
✓ Digital and analog readout 
✓ Active area: 

• Central carpet ~5600 m2 

• Sampling guard-ring ~1000 m2 
	    
✓ Stable data taking since Nov. 2007 to Feb. 2013 with full 

detector 
✓ Average duty cycle ~ 90%  
✓ ~1011 events/year

I. De Mitri: Cosmic Ray Physics with ARGO-YBJ 6 / 21   

High space/time granularity  
+ Full coverage 
+ High altitude 

detailed study on the  
EAS space/time structure 
with unique capabilities 

3-D view of a detected shower Top view of the same shower 

EAS 
reconstruction 

Event Rate ~ 3.5 kHz for Nhit >20  - Duty cycle ~ 86% - 1011 evts/yr – 100TB/yr      

86% duty cycle 

RICAP - 2013 

2008 2009 2010 2011 2012 

5 / 24   

High space/time granularity  
+ Full coverage 
+ High altitude 

detailed study on the  
EAS space/time structure 
with unique capabilities 

3-D view of a detected shower Bruno Rossi conceptual EAS detector 

EAS 
reconstruction 

Event Rate ~ 3.5 kHz for Nhit >20  - Duty cycle ~ 86% - 1011 evts/yr – 100TB/yr      

Data taking with full configuration: 
November 2007- February 2013  

FRA - 2014 I. De Mitri: Measurement of the CR energy spectrum with ARGO-YBJ 

The ARGO-YBJ experiment
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The ARGO-YBJ experiment
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Real event 

9 Extend the explored 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 
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Same event 😄
Analog Readout
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Digital readoutCover a wide range in particle density

Digital readout: !
Showers up to ~23 particles/m2

Analog readout:!
Showers up to ~104 particles/m2

Extend	  the	  maximum	  energy	  range	  up	  to	  the	  
PeV	  region

The RPC analog readout (II) 

Eight gain scales (G0, G1, … G7) to get good linearity up 
to about 2 x 104 particles/m2 
 

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  

6/19%

trigger%
effect%

Log%(par'cle%maximum%density/part/m2)%

The RPC analog readout (II) 

Eight gain scales (G0, G1, … G7) to get good linearity up 
to about 2 x 104 particles/m2 
 

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  

6/19%

trigger%
effect%

Log%(par'cle%maximum%density/part/m2)%

The ARGO-YBJ experiment

Different	  gain	  
scales
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ARGO-YBJ: Cosmic Ray Energy Spectrum
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!
‣ Learn information about the energy spectrum from the experimental 

data by using probability theory

Experimental  
data 

Energy Spectrum 
Composition

Probability theory 

• Causes: {Ei,…..En; IDi,……IDn}!
• Effects: {Mi,….,Mn; Di,….,Dn}

The Bayesian Unfolding Method

Monte Carlo  
Simulations 

+ 
Iterative procedure 

Consistency checks 
with simulations

Gaisser - Stanev - Tilav!
arXiv:1303.3565

P

He

Light

N(E, ID) = P (E, ID|M,D1, . . . Dn) ·N(M,D1, . . . Dn)



P. Montini RICAP 2014 - NOTO

Data sample

‣ EAS development: CORSIKA (QGSJETII.03 + FLUKA + EGS4)"
‣ Energy range: 0.316 - 31600 TeV"
‣ Full detector simulation (GEANT3)"
‣ Protons + Helium nuclei + CNO nuclei + Iron nuclei

Monte Carlo data sample

G4 Gain Scale 
(10 - 100 TeV) 
!
• 17 days (195-211) 2010

• 461Files

G1 Gain Scale 
(100 - 1000) TeV 
!
• 75 days (290-365) 

2010

• 830 Files

Digital Readout 
(1 - 100 TeV) 
!
• About 9 X 1010 events 

(~ 8000 hours) 
recorded in the period 
Jan. 2008 - Dec 2012

Three data sets in order to explore the energy range 1  - 1000 TeV 

Data analysis
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TABLE II. Values of the intensities of the light component
energy spectrum measured by the ARGO–YBJ experiment
by using the full 2008–2012 data sample.

Energy Range Energy Flux Intensity
[GeV] [GeV] [m�2s�1sr�1GeV�1]

??⇥ 103�??⇥ 103 ??⇥ 103 ??⇥ 10�??±??
??⇥ 103�??⇥ 103 ??⇥ 103 ??⇥ 10�??±??
??⇥ 103�??⇥ 103 ??⇥ 103 ??⇥ 10�??±??
??⇥ 103�??⇥ 103 ??⇥ 103 ??⇥ 10�??±??
??⇥ 103�??⇥ 103 ??⇥ 103 ??⇥ 10�??±??
??⇥ 103�??⇥ 103 ??⇥ 103 ??⇥ 10�??±??
??⇥ 103�??⇥ 103 ??⇥ 103 ??⇥ 10�??±??
??⇥ 103�??⇥ 103 ??⇥ 103 ??⇥ 10�??±??
??⇥ 103�??⇥ 103 ??⇥ 103 ??⇥ 10�??±??
??⇥ 103�??⇥ 103 ??⇥ 103 ??⇥ 10�??±??
??⇥ 103�??⇥ 103 ??⇥ 103 ??⇥ 10�??±??
??⇥ 103�??⇥ 103 ??⇥ 103 ??⇥ 10�??±??
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FIG. 7. Multiplicity distribution of the events selected by the
criteria described in section IVA. Values for data and Monte
Carlo (black solid line) are reported.

3. Interaction model in simulation351

In order to estimate e↵ects due to the particular choice352

of the high energy interaction model in Monte Carlo353

simulations, a small dataset has been generated by us-354

ing the SIBYLL [20, 21] high energy hadronic interac-355

tion model. These data have been compared with the356

QGSJET dataset used in this analysis. In figure 8 the357

ratio between the QGSJET shower size spectrum and358

the SIBYLL simulation is reported as a function of pri-359

mary energy. The plot shows that.... The contribution360

to the systematic uncertainty has been estimated as less361
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FIG. 8. Fraction of events surviving the selection cuts.

than ?? %.362

4. Contamination of heavier elements363

VI. DISCUSSION364

The Cosmic Ray energy spectrum in the range 1 �365

100TeV plays a fundamental role in the understanding366

of the mechanisms that rely beyond the production, ac-367

celeration and propagation of charged particles in our368

Galaxy. The ARGO–YBJ experiment has been taking369

data in its full and stable configuration since November370

2007 to February 2013.371

VII. CONCLUSIONS372
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Simulated spectrum 
After fiducial cuts 
Light component 
Heavy component

Event selection based on:!
➡  Shower size on detector, M (strip multiplicity) !
➡  Reconstructed zenith angle!
➡  Core Position!
Light - Heavy discrimination!
➡  Constraint on strip density (ρ) in the innermost and 

outermost area of the detector

4

FIG. 2. Values of �̄2 for each run collected by the ARGO–YBJ
as a function of time. Top: values of �̄2 for 2008 (blue), 2009
(green), 2010 (magenta), 2011 (light blue) and 2012 (purple).
Bottom: values of �̄2 for the whole period Jan. 2008 - Dec.
2012 after the selection criteria described in section IV

order to stay within the zenith angle range used in239

simulations. The resulting solid angle ⌦ is about240

0.84 sr.241

• The measured shower multiplicity M had to be in242

the range 150 6 M 6 50000. This selection cut was243

introduced in order to stay within the energy range244

used in simulations. Moreover this criterion reduces245

bias e↵ects in the estimation of the bayesian prob-246

abilities that are mainly located at the edges of the247

considered energy range.248

• The cluster with the highest multiplicity had to be249

contained in an area of about 40 ⇥ 40m2 centered250

on the detector. This cut was applied in order to251

reject events falling outside the detector surface.252

• The particle density measured by 20 cluster in the253

central area of the detector must be higher than254

the particle density measured by the outermost 42255

clusters. This a selection criteria based on the lat-256

eral particle distribution was introduced in order to257

discard events produced by CNO and Iron nuclei.258

In showers produced by light primaries almost ??%259

of particles are located at small distances from the260
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FIG. 3. Distribution of reconstructed core positions for show-
ers selected by applying the criteria described in sect. IVA.

core region. On the contrary, showers produced by261

heavy nuclei have larger particle densities at large262

distances from the core position.263

In figure 3 the coordinates of the reconstructed core po-264

sition of the events surviving the selection criteria de-265

scribed above are reported. The plot shows that the con-266

tribution of events located outside an area of 40⇥40m2 is267

negligible. In figure 4 the number of simulated events sur-268

viving the selection criteria described above is reported269

as a function of energy for both light and heavy compo-270

nent. The plot shows that the selected sample is essen-271

tially made of light nuclei and the contamination of the272

heavy component can be estimated as ???.273

B. Unfolding of the cosmic ray energy spectrum274

The number of events measured in a given multiplicity275

bin NM
j (j = 1, . . . ,m) is related to the energy spectrum276

NE
i (i = 1, . . . , n) by a response matrix R:277

NM
j = RijN

E
i (1)

which represents the detector response to a shower pro-278

duced by a primary of energy Ei. In order to obtain the279

energy spectrum from the observed multiplicity distribu-280

tion, the response matrix R has to be inverted. A simple281

inversion of R, however, could lead to unnatural fluctu-282

ations in the results.283

The determination of the cosmic ray spectrum starting284

from the measured space–time distribution of charged285

particles at ground level is a classical unfolding prob-286

lem that can be dealt by using the bayesian technique287

The cut based on the 
particle density on 
the detector surface 
selects showers with 
well–shaped core

Showers mainly 
produced by light 

elements

ARGO carpet

Data Analysis - Digital Readout Data

Multiplicity distribution

X,Y core
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2008 2009 2010

2011 2012 Full sample !
2008 - 2012

� = �2.62± 0.02� = �2.62± 0.02� = �2.61± 0.02

� = �2.61± 0.02 � = �2.60± 0.02� = �2.60± 0.02

Excellent 
stability over all 

five years

Light Component Spectrum: 1 - 100 TeV
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CREAM - Light
ARGO-YBJ - Light (PRD 2012)
ARGO-YBJ - Light (2014)
KASCADE - ALL (QGSJET)
Tibet - ALL (QGSJET)
Icetop - ALL
Horandel - Light
Horandel - ALL
GST - Light
GST - ALL

Extension of the previous 
ARGO-YBJ light component 
spectrum measurement in 
the low energy region

Full data sample 2008 - 2012

� = �2.62± 0.02

Light Component Spectrum: 1 - 100 TeV
➡  Excellent stability over a long period!
➡  Overlap with direct measurements in a wide energy region!
➡Total systematic uncertainty ~ 10%!

PRD 85, 092005
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Energy range for the 
Light spectrum 
measurement with G4

Overlap with the 
energy region 
explored by using 
digital readout 
data

P 
He 
CNO 
Fe

Fiducial cuts!
➡  Reconstructed zenith angle!
➡  Core Position!
➡  # of particles in a radius ~8m from the core!
Light - Heavy discrimination!
Essentially based on the LDF 

Data Analysis - Analog data (G4 scale)

⇢5/⇢0

⇢5/⇢0

Simulated spectrum 
After fiducial cuts 
Light component 
Heavy component
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➡Good agreement with the Digital Readout data (different data set)!
➡  Overlap with direct measurements in a wide energy region!
➡Two independent analyses gave consistent results (more details in next slides)!
➡Systematics ~ 10%!

Light Component Spectrum: 10 - 100 TeV
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The ARGO-YBJ experiment

Energy range for the 
Light spectrum 
measurement with G1

Simulated spectrum 
After fiducial cuts 
Light component 
Heavy component

Overlap with the 
energy region 
explored by using 
G4 data

Fiducial cuts!
➡  Reconstructed zenith angle!
➡  Core Position!
➡  # of particles in a radius ~8m from the core!
Light - Heavy discrimination!
Essentially based on the LDF 

⇢5/⇢0
P 
He 
CNO 
Fe

⇢5/⇢0, ⇢10/⇢0

Data Analysis - Analog data (G1 scale)
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The ARGO-YBJ experimentLight component spectrum: 100 - 1000 TeV

➡  Gradual change of the spectral index at E ~ 700 TeV!
➡  Two independent analyses gave consistent results (more details in next slides)!
➡Systematics as for G4 data analysis + ~10-12% of contamination of heavy elements (mainly 

CNO)!

P. Montini RICAP 2014 - NOTO
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The Overall Picture

Same data, different fiducial cuts and different approach 

Results are consistent with the presented analysis

Talk by Ivan De Mitri

P. Montini RICAP 2014 - NOTO

Light component spectrum

G4 and G1 data



The Overall PictureThe Overall Picture 
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ARGO-YBJ G4 (ALL)
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ICETOP (ALL)
TIBET-III (ALL)
KASCADE (ALL)
Horandel 2003 - P+He
Gaisser-Stanev-Tilav 2013 - p+He
Horandel 2003 - ALL
Gaisser-Stanev-Tilav 2013 - ALL

ARGO-YBJ Preliminary
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Conclusions and outlook

‣ Light component spectrum measured in the energy range by using the full 
2008-2012 digital data sample "

!
‣ Very good stability of the detector over a long period"

!
‣ Spectral indexes obtained consistent with very good stability"

‣ G4 data are in good agreement with the measurement obtained by using ~ 5 
years of data"

!
‣ Clear evidence of a bending of the light component spectrum at E < 1Pev"

!
‣ Two independent analyses gave consistent results"

!
‣ Analisys of the full analog readout data sample:"
‣ Heavy component spectrum"
‣ All particle spectrum"

!
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Consistency Checks
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ARGO-YBJ (2014)
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WFCTA-ARGO 
YAC-1 + Tibet III (QGSJET)
YAC-1 + Tibet III (SIBYLL)
ARGO-YBJ (LECCE)
Unfolding - Horandel Model (fake knee @ 300 TeV)
Unfolding - Horandel Model (fake knee @ 700 TeV)
Unfolding - Horandel Model
Horandel
Gaisser-Stanev-Tilav
Horandel - Knee @ 300 TeV
Horandel - Knee @ 700 TeV

ARGO-YBJ: Cosmic Ray Energy Spectrum

Horandel

Horandel!
Knee @ 300 TeV

Horandel!
Knee @ 700 TeV

• Check of the reliability of the method 2 MC samples  
S1: Bayesian Probabilities  
S2: “Data”

• Two different weights for S2:  Horandel model & 
Horandel model with a “fake knee” @ 300 TeV
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