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Abstract

We present the concept of a new wide-FoV high-altitude detector in the Southern hemisphere dedicated

to gamma-ray astronomy in the range 100 GeV - 10 TeV. The new instrument is based on large-area

particle detectors (Resistive Plate Chambers, RPCs) already tested and implemented in the ARGO shower

array experiment. The new experiment will have a sensitivity better than 10% Crab Nebula flux per year

at 100 GeV with a very good angular resolution. It will be unique and complementary to CTA-South

and other TeV detectors planned to be active during the next decade. We consider here a possible site in

Argentina at the 4800 m asl of the Alto Chorrillos region, currently hosting also the Long Latin American

Millimeter Array (LLAMA).

1 Motivation for a sub-TeV/TeV wide field-of-view �-ray detector

in the Southern emisphere

High-energy gamma-rays can be observed from the ground by either imaging the Cherenkov light produced by

the secondary particles when �-rays interact in the upper atmosphere (with Imaging Atmospheric Cherenkov

Telescopes, IACTs) or, using Extensive Air Showers (EAS) arrays, that directly sample the shower particles

reaching the ground (electrons, muons and eventually photons).

Gamma rays at energies above 100 GeV are of great relevance for a variety of astrophysical sources. In

recent years, progress in the detection of TeV sources have been driven especially by IACT ground-based

detectors such as HESS, MAGIC, and VERITAS. On the other hand, wide field-of-view detectors such as

MILAGRO and ARGO-YBJ have provided a very large coverage of the Northern sky at energies 1-100 TeV.

The new generation of wide Field of View (wFoV) EAS instruments (HAWC and LHAASO) aim at reaching

improved sensitivities with respect to the previous generation in the range 10-100 TeV. Both HAWC and

LHAASO are in the Northern hemisphere, and have access to a limited portion of the Galactic plane.

There is today a great interest in developing a wFoV EAS instrument in the Southern hemisphere for

several reasons:

• the Southern sky including the Galactic Center and the inner part of the Galaxy was never explored

by a wFoV instrument in the sub-TeV/TeV range;
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Figure 1: Sensitivity of wide field of view �-ray detectors to a Crab-like point source. The blue line shows a

very conservative estimation of the sensitivity of a RPC carpet described in the text.
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unpublished note

updated ARGO carpet operated at 5000 m asl 
Instrumented area 150 x 150 m2 

hypothesis: Qf = 2 below TeV

Very preliminary calculation made with 
ARGO simulation and reconstruction codes 

and with ARGO trigger logic
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The motivation
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EAS arrays are multi-messenger instruments by definition

Operation at extreme altitude very difficult


➨ A “small” array (≈150 × 150 m2) with high performance and 
sensitivity to investigate the 'cosmic ray connection' through a 
combined study of cosmic rays and gamma-rays in the energy 

range 1011 -- 1016 eV. 

We believe the ARGO-like RPCs should be an important 
element of a future experiment 
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STACEX Workshop 2016
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http://www.iaps.inaf.it/stacex/index.html
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Why a new Wide FoV detector in the CTA era ?
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✦ Galactic/Extragalactic unbiased survey: detection of 
unexpected sources 

✦ High exposure for flaring activity (AGN, GRBs, solar 
flares): transient factory


✦ “Finder” telescope for CTA: provides targets for in-depth 
observations


✦ Extended objects (PWN, diffuse gamma-ray emission)


✦ Fundamental physics


✦ “Classical” Cosmic Ray Physics (energy spectrum, 
elemental composition, anisotropy, hadronic interactions 
in the PeV domain) 
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Why a new Wide FoV detector in the CTA era ?
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No Wide FoV experiment to:

• Explore the 100 GeV energy region  
• Survey the Inner Galaxy and the Galactic Center 
• Explore the 100 TeV range

✦ Galactic/Extragalactic unbiased survey: detection of 
unexpected sources 

✦ High exposure for flaring activity (AGN, GRBs, solar 
flares): transient factory


✦ “Finder” telescope for CTA: provides targets for in-depth 
observations


✦ Extended objects (PWN, diffuse gamma-ray emission)


✦ Fundamental physics


✦ “Classical” Cosmic Ray Physics (energy spectrum, 
elemental composition, anisotropy, hadronic interactions 
in the PeV domain) 
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Scientific requirements
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A future Wide FoV Observatory to be useful (to CTA) needs:


• Low energy threshold (≈ 100 GeV) to detect extragalactic transient (AGN, GRBs).


• Angular resolution ≈ 1° at the threshold for survey of Inner Galaxy (source confusion).


• <10% Crab sensitivity below TeV to have high exposure for flaring activity. 

• Capability to measure the proton knee in different regions of the Galactic Plane to 
investigate the maximum energy of accelerated particles in CR sources and for 
understanding the observed gamma-ray spectra.


• Capability to select different primary masses across the knee to investigate the origin of 
the knee and for anisotropy observations vs CR particle rigidity ! 

• Background discrimination capability at level of 10-5 (!!!) in the 100 TeV range to observe 
the knee in the energy spectrum of the diffuse emission in different regions of the GP.

̣ Is this possible ?
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Expected Galactic diffuse γ-ray flux
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Expected Galactic diffuse gamma ray flux 

Unabsorbed 
flux 

Grey band: 
expected gamma 
ray flux in the 
region 
|lat| < 5° 
long =25°-100° 
 

    S.Vernetto & P.Lipari                                                                                 35th ICRC, 12-20 July 2017, Busan, Korea 

1 year LHAASO 
5 sigma 
sensitivity 
(approximate) 

Grey band: expected γ-ray flux in 
the region |lat|<5º, long=25º-100º

Extrapolation of the Fermi spectrum E-2.65±0.05 
with a steepening due to CR knee

by S. Vernetto & P. Lipari: ICRC 2017

Observing a location dependence of the knee 
energy (or of the spectral index !) would provide 
important clues on the nature of the knee.

Is the knee a source property, in which case we should see a corresponding spectral feature in the 
gamma-ray spectra of CR sources, or the result of propagation, so we should observe a knee that is 
potentially dependent on location, because the propagation properties depend on position in the Galaxy ? 

Eγ ~ ECR/10
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The key parameters
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• The energy threshold


• R, the signal/background relative trigger efficiency


• The angular resolution


• Q-factor, the background rejection capability

The key parameters to improve the sensitivity are

Wide FoV telescope in the South G. Di Sciascio
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Figure 2: Average number of particles (charged + photons) produced by showers induced by primary pho-
tons and protons of different energies at different observation levels. The left plot shows the total size, the
right one refers to particles contained inside an area 150⇥150 m2 centered on the shower core. The plotted
energies are 100, 300, 1000 GeV starting from the bottom.

write Fg ⇠ E�g
thr and Fbkg ⇠ E�gbkg

thr we obtain
p

Fbkg

Fg
⇠ E(g�gbkg/2)

thr ⇠ E2/3
thr (2.3)

being g ⇠1.5 and gbkg ⇠1.7.
Angular resolution, relative trigger probability, energy threshold and Q-factor are the main

parameters, the drives, which determine the sensitivity of a ground-based wide FoV g-ray telescope.

2.1 The energy threshold

The energy threshold of EAS-arrays is not well defined. In fact, the trigger probability for
a shower of a fixed energy increases slowly with energy mainly due to fluctuations in the first
interaction height and is not a step function at the threshold energy Ethr.

The key to lower the energy threshold is to locate a detector at very high altitude. In the Fig.
2 the average sizes produced by showers induced by primary photons and protons of different en-
ergies at different observation levels are plotted. The left plot shows the total number of secondary
particles (charged plus photons), the right one shows the number of particles contained inside an
area 150⇥150 m2 centered on the shower core. As can be seen, the number of particles in proton-
induced events exceeds the number of particles in g-induced ones at low altitudes. This implies
that, in gamma-ray astronomy, the trigger probability is higher for the background than for the
signal.

The small number of charged particles in sub-TeV showers within 150 m from the core im-
poses to locate experiments at extreme altitudes (>4500 m asl). At 5500 m asl 100 GeV g-induced
showers contains about 8 times more particles than proton showers within 150 m from the core.
This fact can be appreciated in the Fig. 3 where the ratio of particle numbers (charged + photons)
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Figure 1: Differential sensitivities to a Crab-like point gamma-ray source of different experiments/projects
(multiplied by E2). The Crab Nebula spectrum, extrapolated to 1 PeV, is reported as a reference together
with the spectra corresponding to 10%, 1% and 0.1% of the Crab flux

S =

R
Jg(E) ·Ag

e f f (E) · eg(E) · fg(DW) ·T dE
R

Jbkg(E) ·Abkg
e f f (E) · (1� ebkg(E)) ·DW ·T dE

(2.1)

where Jg and Jbkg are the differential fluxes of photon and background, Ag
e f f and Abkg

e f f the
effective areas, that determines the number of showers detected in a given observation time T ,
DW= 2p(1�cosq) the solid angle around the source and fg(DW) the fraction of g-induced showers
fitted in the solid angle. The parameters eg and ebkg are the efficiencies in identifying g-induced and
background-induced showers, respectively. As most of the parameters are function of the energy,
the sensitivity depends on the energy spectra of the cosmic ray background and of the source.

The sensitivity S, formula (2.1), in 1 year can be expressed by

S µ
Fgp
Fbkg

·R ·
q

Ag
e f f ·

1
sq

·Q (2.2)

where Fg and Fbkg are the integral fluxes of photon and background, sq is the angular resolu-

tion, R =
q

Ag
e f f /Abkg

e f f the g/hadron relative trigger efficiency and Q =
egp

1�ebkg
represents the gain

in sensitivity due to the hadron discrimination procedure. Because for the integral fluxes we can

3

R =
Aeff

γ (E)
Aeff
B (E)

Qf =
fraction of surviving photons
fraction of surviving hadrons

Aeff
γ ,p (E) = effective area

ψ 70 = opening angle

ΦB= background flux
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Milagro vs ARGO-YBJ
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2 different approaches in the last decade for ground-based survey instruments

• operated from 2000 to 2008 
• 2600 m above sea level  
• angular resolution ≈0.5° 
• 1700 Hz trigger rate 
• Median Energy at the threshold: ≈ 2 TeV 
• Energy range: 2 - 40 TeV 
• poor background rejection (with outrigger) 
• conversion of secondary photons in water

Milagro 
Water Cherenkov Technology

ARGO-YBJ 
Resistive Plate Chamber Technology

• operated from 2007 to 2012 (final configuration) 
• 4300 m above sea level 
• angular resolution ≈0.5° at 1 TeV 
• 3500 Hz trigger rate 
• high granularity of the readout 
• Median Energy at the threshold: ≈340 GeV 
• Energy Range: 340 GeV - 10 PeV 
• NO background rejection (no outrigger) 
• NO conversion of secondary photons (no lead)

Widely used technology in cosmic ray physics Widely used technology in particle physics

Cluster = DAQ unit 

BigPad 

RPC 

Cluster = DAQ unit 

BigPad 

RPC 
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Milagro vs ARGO-YBJ
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Milagro 
Water Cherenkov Technology

How Did Milagro Work? 

  Detected Particles in Extensive Air Showers from 
Cherenkov light created in 60m x 80 m x 8m pond 
containing filtered water 

  Reconstructed shower direction to ~0.5° from the 
time that different photodetectors are hit 

  Field of view was ~2 sr and duty factor  >90% 
  1700 Hz trigger rate mostly due to Extensive Air 

Showers created by cosmic rays 
  > 100 billion air showers were recorded 

8 meters 

e µ
 γ


80 meters 

50 meters 

ARGO-YBJ 
Resistive Plate Chamber Technology

Central 80 m x 60 m x 8 m water reservoir, containing 
two layers of PMTs


• 450 PMTs at 1.4 m below the surface (top layer) 

• 273 PMTs at 6 m below the surface (bottom layer)

Outrigger Array, consisting of 175 tanks filled with water and 
containing one PMT, distributed on an area of 200 m x 200 m 
around the central water reservoir.

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

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

Experimental Hall & Detector Layout

Vulcano Workshop 2010 G. Di Sciascio 4

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

+ sampling guard ring (6700 m2 in total)

time resolution ~1-2 ns (pad)
space resolution = strip

10 Pads 
(56 x 62 cm2)
for each RPC

8 Strips 
(6.5 x 62 cm2) 

for each Pad1 CLUSTER = 12 RPCs

78 m
111 m

99
 m

74
 m

(5.7 7.6 m2)

Gas Mixture: Ar/ Iso/TFE = 15/10/75

HV = 7200 V

Central Carpet:
130 Clusters
1560 RPCs

124800 Strips

2 read-outs:
ρmax−strip  ≈ 20 particles/m2 

ρmax−analog ≈ 104 particles/m2
HAWC and LHAASO    

MATHUSLA proposal, CR and hadronic 
physics at CERN (RPC carpets above ATLAS)    
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Background rejection in Milagro
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are detected.

The muon layer in Milagro is located under 6m of water (corresponding to 17 more

radiation lengths and 7.2 interaction lengths). This means that most EM charged

particles that enter the pond get absorbed before reaching this layer, although their

Cherenkov light does reach the muon layer. On the other hand, muons with energies

as low as 1.2 GeV can penetrate and shower near the PMTs of the muon layer. These

penetrating muons and hadrons will result in bright compact clusters of light in this

layer. This is clearly seen in figure 5.1 which shows images from the muon layer

of six Monte Carlo events. The top three events are γ-ray-induced events, and the

bottom three are proton-induced events. The area of each square is proportional to

the number of photoelectrons (PEs) registered in the corresponding PMT, and the

area is saturated at 300 PEs. It can be seen from this figure that the γ-ray events have

relatively smooth PE distributions in the muon layer while the hadronic events have

well-defined clumps of high intensity regions. Using Monte Carlo simulations it is

estimated that 79% of all proton showers that trigger Milagro contain a muon and/or

a hadron that enters the pond, while only 6% of gamma ray induced air showers

contain a muon and/or a hadron that enters the pond.

5.1.1 The Compactness Parameter

A simple algorithm has been developed [14] to distinguish γ-ray initiated air showers

from the overwhelming background of hadron initiated air showers. The compactness

parameter [14] is defined as:

C =
Nbot≥2PEs

PEmaxB
(5.1)

where Nbot≥2PEs is the number of PMTs in the bottom layer with more than 2 PEs,

and PEmaxB is the number of PEs in the bottom layer tube with the maximum

76

compactness parameter

where Nbot≥2PEs is the number of PMTs in the bottom layer 
with more than 2 PEs, and PEmaxB is the number of PEs in 
the bottom layer tube with the maximum number of PEs.
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Figure 5.4: Quality factor Q as a function of the minimum value of C required to
retain an event. The red line compares Monte Carlo γ-rays to Monte Carlo cosmic-
rays, and the black line compares Monte Carlo γ-rays to data.

81

5.2 A4, Milagro’s New Gamma-Hadron Separation

Variable

The denominator of the compactness parameter (equation 5.1) carries the proper

information about the clumpiness in the muon layer that is caused by the penetrating

muons and hadrons that are mostly present in cosmic-ray-induced air showers. This

parameter, however, does not carry information about the size of the air shower or

how well this shower was fit.

A4 is a new γ-hadron separation variable that makes use of the information about

the shower size and how well the shower was fit [2, 3]. A4 is defined as:

A4 =
(ftop + fout) × Nfit

PEmaxB
(5.3)

where

• ftop is the fraction of the air shower layer PMTs hit in an event.

• fout is the fraction of the outriggers hit in an event.

• Nfit is the number of PMTs that entered in the angle fit.

The “A” in A4 stands for “Abdo” and the “4” stands for the number of parameters

that make up A4. Originally A4 included Ntop and Nout instead of ftop and fout,

respectively. The reason for using the fraction of the air shower layer and outriggers

hit and not the actual numbers of the tubes hit is to give a higher weight for the

outriggers in this variable. This is done for many reasons. One of these reasons is

that events with cores on the pond seem to be more hadron like, while events with

cores off the pond seems to be more γ-ray like. Also, events with large number of

outriggers hit have better angular and core resolutions.

The first part in the numerator of A4 carries information about the size of the
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82Consistent with ARGO findings 
after cuts on χ2 of the temporal fit

(ftop +fout) = info on the size of the shower

Nfit carries information about how well the shower was 
reconstructed. PEmaxB carries information about the clumpiness 
in the muon layer that is due to the penetrating muons and hadrons 
which are mostly presented in hadronic air showers. 
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Figure 5.7: Quality factor Q as a function of the minimum value of A4 required to
retain an event. The red line compares Monte Carlo γ-rays to Monte Carlo cosmic-
rays, and the black line compares Monte Carlo γ-rays to data.

initiated events passing this cut is around 10 TeV.

The energy of the primary gamma-ray is also a function of the A4 cut applied.

Figure 5.9 shows the median energies as a function of an A4 cut. Each point represents

the median energy for gamma-ray events with an A4 value greater than the x-axis

value. As can be seen from this figure, there is a good correlation between the median

energy for a given A4 value and that value of A4. One can use this dependence to

estimate the energy spectrum of a gamma-ray source. See Appendix A for details.
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Abdo, PhD thesis
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Dimensions are important…
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Milagro 
bottom layer

γ

p

• Algorithm looks for high-amplitude hits more than 
40 m from the reconstructed core location

G. Sinnis, 2010
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Scientific results
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Milagro

Water Cherenkov Technology

• Gamma-ray Astronomy

• CR anisotropy

• No results on selection of 

different primary masses and 
spectra of different elements

ARGO-YBJ

Resistive Plate Chamber Technology

• Gamma-ray Astronomy

• CR anisotropy

• All-particle energy spectrum up to the knee range 

• Study of the shower core region

• Selection of light component (p+He) and 

observation of the proton knee 

The capability of Water Cherenkov facilities in extending the energy 
range to PeV and in selecting primary masses must be investigated    

• Gamma-ray Astronomy

• CR anisotropy

• All-particle energy spectrum

• Still no results on the selection of 

different primary masses

HAWC

Water Cherenkov Technology

Benefits of RPCs in ARGO-YBJ:

• dense sampling → low energy threshold (≈ 300 GeV)

• wide energy range: ≈300 GeV → 10 PeV

• high granularity of the read-out → good angular 

resolution and unprecedented details in the core region

With ARGO-YBJ we demonstrated that RPCs can be 
safely operated at extreme altitude for many years.
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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.

Fluctuations smaller but reduced sensitivity of 
the Ne/Nµ technique in selecting primary masses

Gaisser, 2003

1. All nuclei produce showers with similar size 

2. Unbiased trigger threshold for all nuclei

3. Primary energy reconstruction mass-independent

4. Small fluctuations: shower maximum

5. Low energy threshold: absolute energy scale calibration with the Moon 

Shadow technique and overposition with direct measurements

6. Trigger probability larger for γ-showers than for p-showers
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where W"1 denotes the lower branch of the Lambert-W function
(see e.g. [53]). The decay energy is then given by

ep
d ¼

E
Nnd

ð18Þ

for which we find numerical values of a few tens of GeV and a slow
decrease with primary energy in agreement with the estimates of
[43]. The total number of muons produced in a shower is equal to
the number of pions with Ep ¼ ep

d and therefore

Np
l %

E
ep

d

# $b

ð19Þ

with

b¼
ln 2

3 N
ln N

; ð20Þ

where the factor 2
3 gives the approximate fraction of charged pion

secondaries. Air shower simulations predict b to be in the range
of 0.88 to 0.92 [42], corresponding to effective multiplicities from
30 to 200 in Eq. (20). It is interesting to note, that because the inter-
action length drops out in the calculation of nd (cf. Eq. (16)), the
number of muons at ground are expected to be independent of kint.

The number of electrons at shower maximum, i.e. at the point at
which the electron energies become too low to produce new parti-
cles Ee ¼ eem

c

% &
, can be estimated from the total amount of energy

in the electromagnetic cascade given by the primary energy minus
the energy in muons. Since El ¼ Nlep

d , the number of electrons is

Np
e;max ¼

E
eem

c
"

ep
d

eem
c

E
ep

d

# $b

% E
eem

c
; ð21Þ

where the last approximation can be made at high energies at
which the energy fraction transferred to muons becomes small.

Using again the superposition model and substituting E with
E0 = E/A, one obtains the following relations for nuclear primaries:

NA
e;max % A

E=A
eem

c
¼ Np

e;max ð22Þ

and

NA
l % A

E=A
ep

d

# $b

¼ Np
l;maxA1"b: ð23Þ

So, whereas the number of electrons at shower maximum gives a
good estimate of the primary energy independent of the composi-
tion, the number of muons can be used to infer the mass of the pri-
mary particle, since it grows with A1"b. Moreover, the evolution of
the muon number with energy, dNl/d ln E, is a good tracer of
changes in the primary composition. Just as in the case of the elon-
gation rate of the longitudinal development, a constant composition
gives dNl/d ln E = b and any departure from that behavior can be
interpreted as a change of the average mass of the primaries.

Unfortunately, the experimental situation is more complicated,
because surface detectors do not observe the number of electrons
at shower maximum, but at a fixed depth Xground/cosh. If the detec-
tor and shower maximum are separated by DX = Xground/cosh " X-
max, then only the attenuated number of electrons is observed with

Ne;ground % Ne;max exp "DX
K

# $
; ð24Þ

where K % 60 g/cm2 is the attenuation length of the number of
electrons after the shower maximum. Since heavy primaries reach
their shower maximum at smaller depths than light ones, the num-
ber of electrons on ground is expected to be composition sensitive

as well, with a larger electron number for air showers initiated by
light primaries. This feature is visible in Fig. 3, where Nl vs. Ne is
shown for air shower simulations at different energies for a detector
located at 800 g/cm2. As can be seen, the ln Nl-ln Ne observables are
basically rotated from the desired quantities, lnA and lnE. Due to the
steeply falling cosmic ray spectrum, this rotation causes a complica-
tion in the analysis of air shower data, because showers of equal
lnNe are enriched in light elements (cf. Section 3.1 for a description
of unfolding methods to overcome this problem). Furthermore, Eq.
(24) implies that given the Xmax fluctuations explained in the last
section, the relative fluctuations of the electron number are ex-
pected to be quite substantial,

rðNe;groundÞ
Ne;ground

% rðXmaxÞ
K

: ð25Þ

These attenuation effects can be reduced considerably by
choosing an appropriate detector site which is situated at a height
close to the shower maximum. The exponential attenuation Eq.
(24) is only valid far from the maximum, whereas in its close vicin-
ity the shower size is nearly invariant under small displacements
from the maximum (see Fig. 9 below). Since the simulations in
Fig. 3 were performed at a fixed ground depth of 800 g/cm2, the
evolution of the attenuation effect with distance to the shower
maximum can be seen indirectly: at low energies where the obser-
vation level is far from the shower maximum, the difference in the
number of electrons between proton and iron primaries is large
and diminishes while the shower maximum approaches the
ground level at higher energies.

Besides the measurement of the number of electrons and
muons, experiments with surface detectors have further means
to determine the shower age (i.e. the distance to the shower max-
imum) by studying the shape of the particle densities with respect
to the distance to the shower core. These measurements of the lat-
eral distribution as well as other additional composition sensitive
variables from ground detectors will be discussed in Section 3.1.2.

2.3. Model uncertainties

The physics of air showers is very well understood in terms of
particle transport through the atmosphere and for electromag-
netic showers it is currently believed that they can be modeled
without any significant uncertainties. In the case of hadronic
showers, however, there is a fundamental lack of theoretical
and experimental knowledge of the characteristics of hadronic
interactions (see e.g. [55,56] for recent discussions of hadronic
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So, whereas the number of electrons at shower maximum gives a
good estimate of the primary energy independent of the composi-
tion, the number of muons can be used to infer the mass of the pri-
mary particle, since it grows with A1"b. Moreover, the evolution of
the muon number with energy, dNl/d ln E, is a good tracer of
changes in the primary composition. Just as in the case of the elon-
gation rate of the longitudinal development, a constant composition
gives dNl/d ln E = b and any departure from that behavior can be
interpreted as a change of the average mass of the primaries.

Unfortunately, the experimental situation is more complicated,
because surface detectors do not observe the number of electrons
at shower maximum, but at a fixed depth Xground/cosh. If the detec-
tor and shower maximum are separated by DX = Xground/cosh " X-
max, then only the attenuated number of electrons is observed with
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where K % 60 g/cm2 is the attenuation length of the number of
electrons after the shower maximum. Since heavy primaries reach
their shower maximum at smaller depths than light ones, the num-
ber of electrons on ground is expected to be composition sensitive

as well, with a larger electron number for air showers initiated by
light primaries. This feature is visible in Fig. 3, where Nl vs. Ne is
shown for air shower simulations at different energies for a detector
located at 800 g/cm2. As can be seen, the ln Nl-ln Ne observables are
basically rotated from the desired quantities, lnA and lnE. Due to the
steeply falling cosmic ray spectrum, this rotation causes a complica-
tion in the analysis of air shower data, because showers of equal
lnNe are enriched in light elements (cf. Section 3.1 for a description
of unfolding methods to overcome this problem). Furthermore, Eq.
(24) implies that given the Xmax fluctuations explained in the last
section, the relative fluctuations of the electron number are ex-
pected to be quite substantial,
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These attenuation effects can be reduced considerably by
choosing an appropriate detector site which is situated at a height
close to the shower maximum. The exponential attenuation Eq.
(24) is only valid far from the maximum, whereas in its close vicin-
ity the shower size is nearly invariant under small displacements
from the maximum (see Fig. 9 below). Since the simulations in
Fig. 3 were performed at a fixed ground depth of 800 g/cm2, the
evolution of the attenuation effect with distance to the shower
maximum can be seen indirectly: at low energies where the obser-
vation level is far from the shower maximum, the difference in the
number of electrons between proton and iron primaries is large
and diminishes while the shower maximum approaches the
ground level at higher energies.

Besides the measurement of the number of electrons and
muons, experiments with surface detectors have further means
to determine the shower age (i.e. the distance to the shower max-
imum) by studying the shape of the particle densities with respect
to the distance to the shower core. These measurements of the lat-
eral distribution as well as other additional composition sensitive
variables from ground detectors will be discussed in Section 3.1.2.

2.3. Model uncertainties

The physics of air showers is very well understood in terms of
particle transport through the atmosphere and for electromag-
netic showers it is currently believed that they can be modeled
without any significant uncertainties. In the case of hadronic
showers, however, there is a fundamental lack of theoretical
and experimental knowledge of the characteristics of hadronic
interactions (see e.g. [55,56] for recent discussions of hadronic
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Ne(E0, A) = α(A)•Eβ(A)

Different technique to select primary masses: 
ARGO-YBJ, Tibet ASγ, BASJE-MAS exploited 
characteristics of the shower core region.

No muons ? ➜ results nearly independent 
on hadronic interaction models ! 
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The RPC charge readout
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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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The RPC charge readout: the core region
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The RPC charge readout: the core region
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Shower Core = study of hadronic interactions 
in a region with pseudorapidity > 8 !!!
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Lowering the energy threshold: extreme altitude
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Showers of all energies have the same slope after shower 
maximum: ≈1.65x decrease per r.l. .

So, for all energies, if a detector is located one radiation 
length higher in atmosphere, the result will be a ≈1.65x 
decrease in the energy observable.

This imply that the effective areas of EAS 
detectors increases at low energies. 

Sabrina Casanova 49 

From Milagro to HAWC 
•  Higher altitude: 2630 m a.s.l. -> 4100 m a.s.l.  
•  Closer to the shower maximum. 

HAWC	
Milagro	

Sea	level	Sea LevelHAWC
ARGO-YBJ
LHAASO

6000 m

HAWC

5200 m

• Extreme altitude (≈5000 m asl) 

• Detector and layout 

• Coverage and granularity of the read-out 

• Trigger logic 

• Detection of secondary photons

Lowering the energy threshold:
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Energy threshold
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The Astrophysical Journal, 798:119 (11pp), 2015 January 10 Bartoli et al.
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Figure 2. Angular resolution for different Npad intervals, according to simula-
tions. The curves represent the fraction of events beyond the angular distance d
from the source, as a function of d.

shower arrival direction. For events with Npad ! 100, for which
the core position is determined with more accuracy, the error
can be considerably reduced.

These selections and corrections shrink the PSF by a factor
ranging from ∼1.1 for events with Npad = 20–39, up to ∼2,
for Npad ! 1000. The PSFs obtained by simulating the Crab
Nebula along its daily path up to θ = 45◦ are shown in Figure 2
for different intervals of Npad.

To describe the PSFs analytically, for small values of Npad
that cannot be simply fitted by a two-dimensional Gaussian
function, the simulated distributions have been fitted with a
linear combination of two Gaussians. In general, when the PSF
is described by a single Gaussian (F(r) = 1/(2πσ 2) exp (− r2/
σ 2), where r is the angular distance from the source position),
the value of the root mean square σ is commonly defined as the
“angular resolution.” In this case, the fraction of events within
1σ is 39%. For our PSFs, the value of the 39% containment
radius R39 ranges from 0.◦19 for Npad ! 2000 to 1.◦9 for Npad =
20–39. Table 1 reports the values of R39 for different Npad
intervals, together with the core position error, after quality
cuts, as obtained by simulating the source during the daily path
in the ARGO-YBJ field of view.

2.3. Energy Measurement

The number of hit pads Npad is the observable related to
the primary energy that is used to infer the source spectrum.
In general, the number of particles at ground level is not a
very accurate estimator of the primary energy of the single
event, due to the large fluctuations in the shower development
in the atmosphere. Moreover, for a given shower, the number
of particles detected in a finite area detector like ARGO-YBJ
depends on the position of the shower core with respect to
the detector center; for small showers this is especially poorly
determined.

The relation between Npad and the primary gamma-ray en-
ergy of showers surviving the selection cuts is illustrated in
Figure 3, where the corresponding primary energy distributions
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Figure 3. Normalized distribution of the primary gamma-ray energy for different
Npad intervals, for a Crab-like source.

for different Npad intervals are reported, as obtained by simulat-
ing a Crab-like source with a power law spectrum with index
− 2.63. The distributions are broad, with extended overlapping
regions, spanning over more than one order of magnitude for
small Npad values. The median energies for different Npad inter-
vals are given in Table 1. They range from 340 GeV for events
with Npad = 20–39, to ∼18 TeV for Npad ! 2000.

Since the variable Npad does not allow the accurate mea-
surement of the primary energy of a single event, the energy
spectrum is evaluated by studying the global distribution of
Npad. The observed distribution is compared to a set of simu-
lated ones obtained with different test spectra to determine the
spectrum that better reproduces the data.

3. THE CRAB NEBULA SIGNAL

The data set used for this analysis contains all the events
recorded from 2007 November to 2013 February, with Npad !
20. The total on-source time is 1.12 × 104 hr.

For each source transit, the events are used to fill a set of nine
12◦ × 12◦ sky maps centered on the Crab Nebula position, with
a bin size of 0.◦1×0.◦1 in right ascension and declination (“event
maps”). Each map corresponds to a defined Npad interval:
20–39, 40–59, 60–99, 100–199, 200–299, 300–499, 500–999,
1000–1999 and Npad ! 2000.

To extract the excess of gamma-rays, the cosmic-ray back-
ground has to be estimated and subtracted. Using the time swap-
ping method (Alexandreas et al. 1993), the shower data recorded
in a time interval ∆t = 2–3 hr are used to evaluate the “back-
ground maps,” i.e., the expected number of cosmic-ray events in
any location of the map for the given time interval. This method
assumes that during the interval ∆t the shape of the distribution
of the arrival directions of cosmic-rays in local coordinates does
not change, while the overall rate could change due to atmo-
spheric and detector effects. The value of the time interval ∆t is
less than a few hours to minimize the systematic effects due to
the environmental parameters variations that could change the
distribution of the arrival directions.

The time swapping method is a sort of “simulation” based on
real data: for each detected event, nf “fake” events (with nf =
10) are generated by replacing the original arrival time with
new ones, randomly selected from an event buffer that spans the
time ∆t of data taking. By changing the time, the fake events
maintain the same declination of the original event, but have

4

ARGO-YBJ HAWC (2017)

coverage ≈ 92%

high granularity (cm level)

Topological-based Trigger logic; >20 
pads out of 15,000 bkg free !


Topology ➔ well structured showers 
➔ γ-showers !

array of water tanks operated at 4100 m asl

coverage ≈ 60%

poor granularity (m level)

full coverage RPC carpet operated at 4300 m asl

Median energy first bin = 340 GeV
Median energy first bin = 700 GeV
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γ/p detection efficiency
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γ/p detection efficiency
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Secondary photons
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Detection of secondary photons very important to lower the energy threshold

and to improve the angular resolution

The number of secondary photons in γ-showers exceeds the number of gammas in  p-showers with increasing altitude.

In γ-showers the ratio Nγ/Nch decreases if the comparison is restricted to a small area around the shower core. 

For instance, we get Nγ/Nch ≈3.5 at a distance r < 50 m from the core for 100 GeV showers. 

G. Di Sciuscio et al. /Astroparticle Physics 6 (1997) 313-322 315 

Table I 

Erh (MeV) A,(&) G(&h) A,(&) (b c&h) 

1 0.92 0.00 4.80 -0.88 
5 0.75 0.19 2.98 -0.69 

IO 0.63 0.35 2.13 -0.57 
15 o.s4 0.45 1.71 -0.45 
20 0.50 0.53 1.45 -0.36 
50 0.32 0.83 0.74 0.12 

100 0.21 1.20 0.41 0.63 

where t2 is the modified depth according to the ex- 
pression t2 = t + uy( E,h), with A,( E,h) and uY( E,h) 
threshold energy-dependent parameters. The shower 
age sz is calculated inserting the modified t2 value in 
Eq. (3). The parameters A,(&), &(Eth), A,(Eth) 
and a,( Eth) are given in Table 1. They can be in- 
terpolated for intermediate E,h values with a reason- 
able accuracy. These parametrizations are valid in the 
depth range 4 < t < 24 for primary photon energies 
0.1 5 Eo < lo3 TeV. 

The dependence of the average size NC, NY on the 
primary energy is shown in Fig. 4 for 642 g/cm2 and 
800 g/cm*, figures (a) and (b) respectively. We see 
that at a depth of 642 g/cm2 the y-component is about 
7 times more abundant than electrons for a primary 
energy of 100 GeV, this factor decreasing to about 
5.5 at 20 TeV. However, this result depends on the 
threshold energy E,l, of the secondaries (??,,/Np N 2 
for E,/, = 100 MeV) as confirmed by the dependence 
of A, ( Erli ) and A, ( Eth) on Eth (see Table 1) . More- 
over, the ratio NY/NC decreases if the comparison is 
restricted to a small area around the shower core. For 
instance, we get NY/NC N 3.5 at a distance r < 50 
m from the core for 100 GeV showers. This result is 
due to the different lateral spread of the electron and 
photon components as shown in the next section. A 
similar behaviour is found at the depth of 800 g/cm2, 
the ratio Ny/Ei, changing from w 7 at 10 TeV to N 6 
at lo3 TeV. 

The distribution of electron and photon numbers 
around the average values ??, and FY follows a rather 
complicated evolution. The fluctuation reaches a min- 
imum at depths slightly greater than the depth corre- 
sponding to the maximum development of the shower, 
the effect being more pronounced for the photon com- 
ponent. This is shown in Fig. 5 where the dependence 
of the dispersion crd/N on the atmospheric depth t is 

105 F- ’ I ““““I “’ F 
104 F (4 

0 0 
0 0 _ 

0 
0 103 0 7 
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102 T 
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Fig. 4. Average size versus primary energy at depths of 606 g/cm’, 
0 = 20° (plot (a)) and 800 g/cm* (plot (b)). 

plotted(ui=(Cy=,(Ni-??)2)/(n- 1)). 
In [ 1 ] we have found that the size Np is distributed 

according to a log-normal distribution. In a real ex- 
periment we can expect a contribution from sampling 
fluctuations, due to the finite size of the detector. Lo- 
cal fluctuations have been studied coupling the EPAS 
code to a set of detectors placed at 16 different points at 
distances ranging from 1 to 100 m around the shower 
core. Detectors of area 1,4, and 10 m* have been con- 
sidered. The results can be summarized as follows: 

( 1) At fixed size N, no substantial correlation be- 
tween the number of hits on different detectors does 
exist for detectors more than 10 m apart, the correla- 
tion coefficient being N 0.1-0.2. At closer distances 
this coefficient increases. As an example, for lo2 TeV 
showers sampled at a depth of 800 g/cm2, the scat- 
ter plot (nr , n2) - being nr and n2 the number of hits 
recorded by 1 m2 detectors about 2 m apart near the 
shower axis - provides a coefficient N 0.8; 

(2) The number np of electrons incident onto a 
surface S at a distance r from the shower axis fluctuates 
according to a binomial law 

4300 m asl

gamma rays dominate the particles on ground (≈7:1 for 100 GeV γ-showers at 4300 m asl)
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Angular Resolution
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The angular resolution is a function of multiplicity and zenith angle

high multiplicity events (>100 hits) is estimated !1
ns. This value is in good agreement with the results
of Monte Carlo calculations given in Ref. [10,11]
for photon-initiated showers simulated at the
Yangbajing atmospheric depth.

4.4. Angular resolution

The angular resolution of the carpet has been
estimated by dividing the detector into two inde-
pendent sub-arrays (‘‘odd pads’’ and ‘‘even pads’’)
and comparing the two reconstructed shower di-
rections. These two sub-arrays overlap spatially so
that they sample the same portion of the shower.
Events with m total pads have been selected ac-
cording to the constraint modd ’ meven ’ m=2. The
distribution of the even–odd angle difference Dh is
shown in Fig. 17 for events in two multiplicity
ranges and h< 55!, v2 < 30. These distributions
follow fairly well, apart from a long tail, a
Gaussian shape. They narrow, as expected, with
increasing shower size. Assuming that the angular
resolution function for the entire array is Gauss-
ian, its standard deviation is given by rh ¼
MDh=2:354, being MDh the median of the distribu-
tion of the even–odd angle difference Dh [20]. The

angular resolution rh is shown in Fig. 18 as a
function of pad multiplicity, for showers recon-
structed before and after the lead was added. The
effect of the lead sheet can be appreciated.

Following the same arguments as given in Ref.
[21], the angular resolution rh, averaged on the
azimuthal angle /, is found to depend on pad
multiplicity m and zenith angle h as

rhðm;hÞ /
rtðmÞ

ffiffiffiffi

m
p

ffiffiffiffiffiffiffiffiffiffi

sech
p

ð3Þ

where rt(m) is the average time fluctuation for
events with m hits. The factor (sech)1=2 accounts
for the geometrical effect related to the reduction
with increasing h of the effective distance between
pads. The time spread rt(m) can be inferred from
the FWHM curves given in Fig. 16 as a function of
m, for quasi-vertical events. As shown in Fig. 18,
the angular resolution rh for this sample of events
is in satisfactory agreement with the Eq. (3). Thus,
the dependence of rh upon m is well explained in
terms of the combined effect of the time thickness
of the EAS disk, as imaged by the detector, and
the density of shower particles.

Fig. 17. Distribution of the even–odd angle difference Dh for
events with different pad multiplicity, in the case of lead-cov-
ered RPCs (h< 55!, v2 < 30).

Fig. 18. The standard deviation rh of the distribution of Dhas a
function of pad multiplicity. The curve represents a fit of Eq. (3)
to data, for quasi vertical events.

C. Bacci et al. / Astroparticle Physics 17 (2002) 151–165 163

σt(m) is the average time fluctuation for events with m hits.

The factor (sec θ)1/2 accounts for the geometrical effect related to the 
reduction with increasing θ of the effective distance between detectors. 
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ARGO-YBJ 
bin 20 - 40 pads: photons 
E50 ≈ 360 GeV (≈ 1 TeV for protons) 
σθ ≈ 1.66º (2D Gaussian PSF) 
εγ = 73% 
no converter (no lead)

Preliminary Calculations 
ARGO-like 150 x 150 m2 carpet operated at 5200 m asl 

➔ σθ ≈ 0.7º at ≈100 GeV

Consistent with expectations 
at 5200 m:  ≈2x increase in size, ≈3x energy thr.

larger carpet: ang. res. improves with the lever arm ➔ from ARGO to 150 x 150 m2:  ≈1.8x

0.5 mm lead: ≈1.5x at the threshold

➔ we expect ≈ 2.7x improvement
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Effective Area
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The Effective Area is function of


• Number of charged particles

• Dimension and coverage of the detector

• Trigger Logic

Energy (GeV)
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)2
 (m
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610

ARGO-YBJ 4300 m asl

ARGO-YBJ 5200 m asl

ARGO-YBJ 6000 m asl

Very Preliminary !

Instrumented 
AreaEffective Areas at 100 GeV: 


≈ 1000 m2 at 5200 m asl

≈ 5000 m2 at 6000 m asl

Effective Areas at 300 GeV: 

≈ 10,000 m2 at 5200 m asl

≈ 20,000 m2 at 6000 m asl

Caveat: In this calculation we simply moved ARGO carpet at different altitudes 
➔ larger carpet with new trigger logic for different layout and shower topology 
at different altitude required !
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Gamma/Hadron discrimination
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Very difficult at low energy (< 1 TeV) 

Muon size very small 


HAWC/LHAASO approach requires large area:

discrimination based on topological cut in the pattern of 
energy deposition far from the core (>40 m).


Requires sufficient number of triggered channels  (>70 - 100)   
→ minimum energy required: E>0.5 - 1 TeV ?

New ideas ? Energy (GeV)
210 310 410
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• Suitable trigger logic to reject not 'symmetric' showers 

• Calorimetry with multi-layer RPCs  

• Calorimetry with RPCs + water Cherenkov tanks ?
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Avalanche mode not streamer
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Abstract

The measurement of YBJ-ARGO Resistive Plate Chamber (RPC), working in avalanche mode was performed. With different
component of i-C4H10 in C2H2F4-based gas mixtures C2H2F4/i-C4H10/SF6, the behavior of the detector with respect to the high voltage
was studied. The experiment confirms that it is possible to operate YBJ-ARGO RPC in avalanche mode. The results show that with the
gas mixtures containing 10% of i-C4H10 the detector achieves its optimum performance.
r 2006 Elsevier B.V. All rights reserved.

PACS: 29.40.Cs; 95.55.Vj; 95.55.Ka

Keywords: Avalanche; i-C4H10; YBJ-ARGO; RPCs

1. Introduction

The YBJ-ARGO experiment is in a mounting and
debugging phase at Yangbajing high altitude cosmic ray
laboratory (4300m a.s.l., 606 g/cm2, longitude 9013105000E,
latitude 3010603800N), 90 km North to Lhasa (Tibet, P.R.
China). The aim of the YBJ-ARGO experiment is the study
of fundamental issues in cosmic rays and astroparticle
physics, including g-ray astronomy, Gamma-Ray-Bursts
(GRBs) physics at an energy threshold of a few hundred
GeV. This very low energy threshold is achieved in two
ways:

(1) Operating the detector at very high altitude (44000m
a.s.l.) to increase the size of low energy air showers.

(2) Using a full coverage layer of resistive plate chambers
(RPCs) [1] to get a high granularity sampling of small
size shower particles [2–4].

RPCs may be operated in avalanche or streamer mode.
The avalanche mode corresponds to the generation of a
Townsend avalanche, which follows the release of primary
charge by the incoming ionizing radiation. In streamer

mode, the avalanche is followed by a very large saturated
signal which is known as streamer [5,6]. For the fast signal,
a tunable signal charge is around few pC in avalanche
mode, and is around 100 pC in streamer mode. Due to the
capability to work in a large dynamic range and to work
efficiently at much higher particle fluxes, RPCs operated in
avalanche mode have been widely studied and used in
recent years [7–11].
In YBJ-ARGO experiment, RPCs are single gap

chambers operated in streamer mode. To extend the
dynamic range, the study of the RPCs operated in
avalanche mode is of particular interest for YBJ-ARGO
experiment.
The purpose of present paper is to study the possibility

of operating YBJ-ARGO RPC in avalanche mode, the
RPC with the structure that has been conceived to operate
in streamer mode. In view of this, we introduced the
following issues in the chamber:

(1) Change the gas mixture mainly by introducing a very
small fraction, 0.3%, of SF6, which could prevent the
avalanche to streamer transition [8].

(2) Remove the resistive voltage divider in the input of the
front-end electronics which had purpose to reduce the
large signal produced in streamer operation mode.

ARTICLE IN PRESS

www.elsevier.com/locate/nima

0168-9002/$ - see front matter r 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.nima.2005.11.254

!Tel.: +86 10 88236115; fax: +86 10 88233086.
E-mail address: gouqb@ihep.ac.cn.
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Conclusions
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• An all-sky detector in the Southern Hemisphere should be a high priority to face a broad range of 
topics.


• Extragalactic transient detection requires low threshold, ≈100 GeV.


• Extreme altitude (≈5000 m asl), high coverage and high granularity of the read-out are key.


• Background rejection below TeV challenging ➜ multi-layer RPCs, RPCs + Water Cherenkov ?  

• Selection of primary masses crucial ➜ RPCs with charge readout ? 

• Capability of Water Cherenkov Facilities in selecting primary masses must be investigated.


• High energy gamma-ray astronomy (≈100 TeV) and CR physics covered by ALPACA ?

Benefits of ARGO-like RPCs:

• dense sampling → low energy threshold (≈ 300 GeV)

• wide energy range: ≈300 GeV → 10 PeV

• high granularity of the read-out → good angular 

resolution and unprecedented details in the core region

In the next decade CTA-North and LHAASO are expected to be the most sensitive 
instruments to study γ-ray astronomy in the Northern hemisphere from ≈20 GeV up to PeV.
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Point source sensitivity
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Point source sensitivity
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LHAASO (1 year, 5 s.d.)
HAWC (1 year, 5 s.d.)
HESS/VERITAS (50 hours)
MAGIC II (50 hours)
CTA-South Survey
CTA-South point sources (50 hours)
EAS-TOP Crab u.l. (1995)
KASCADE Crab u.l. (2004)
HEGRA AIROBICC u.l. (2002)
CASA-MIA Crab u.l. (1991,1997)

EAS-array: 5 s.d. in 1 year

Cherenkov: 5 s.d. in 50 h on source

̣ 1 year for EAS arrays means:

(5 h ⨉ 365 d) ~1500 - 2200 of 
observation hours for each source 
(about 4-6 hours per day).


̣ For Cherenkov: 

(5 h ⨉ 365 d) ⨉ d.c. (≈ 15%) ≈ 270 h/y 
for each source.
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Effect of a lead converter above a detector
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The enhanced signal alone, arising from 
this, will reduce the timing fluctuations.


 In addition, the contributions gained are 
concentrated near the ideal time because 
the higher energy electrons and photons 
travel near the front of the particle swarm 

(they suffer from smaller time delays) while 
those lost tend to lag far behind.

The consequences of placing a thin sheet of dense, high-Z material, above detectors are, qualitatively: 

(1) low-energy electrons are absorbed and no longer contribute to the signal (low-energy photons are also absorbed), 

(2) high-energy electrons produce an enhanced signal size through multiplication, 

(3) high-energy photons materialise, producing additional signal contributions similar in size to those produced by (2).

The number of particles gained from processes (2) and (3) exceeds 
that lost through (1) and hence the Rossi transition effect is observed.

 (!2)1/2 represents (approximately) 
the average time spread 

carpet (filled circles and crosses, respectively). The
effect of the converter is well evident, consisting in
a shrinking of the shower time thickness. This is
expected since the lead absorbs low energy elec-
trons, that mostly cause the non-Gaussian tails of
the time distribution, and converts the shower
photons. The improvement decreases with in-
creasing multiplicity.

Events with v2 > 30 (about 10% of the total)
have been discarded and not used in the following
analysis.

4. Results

4.1. Angular distribution of shower events

The accurate determination of the atmospheric
shower event rate as a function of the local coor-
dinates (h– zenith angle, / – azimuthal angle) is of

Fig. 9. The v2 distribution without (dashed line) and with (continuous line) cutting for two multiplicity range.

Fig. 10. The average v2 vs. pad multiplicity.

158 C. Bacci et al. / Astroparticle Physics 17 (2002) 151–165

high multiplicity events (>100 hits) is estimated !1
ns. This value is in good agreement with the results
of Monte Carlo calculations given in Ref. [10,11]
for photon-initiated showers simulated at the
Yangbajing atmospheric depth.

4.4. Angular resolution

The angular resolution of the carpet has been
estimated by dividing the detector into two inde-
pendent sub-arrays (‘‘odd pads’’ and ‘‘even pads’’)
and comparing the two reconstructed shower di-
rections. These two sub-arrays overlap spatially so
that they sample the same portion of the shower.
Events with m total pads have been selected ac-
cording to the constraint modd ’ meven ’ m=2. The
distribution of the even–odd angle difference Dh is
shown in Fig. 17 for events in two multiplicity
ranges and h< 55!, v2 < 30. These distributions
follow fairly well, apart from a long tail, a
Gaussian shape. They narrow, as expected, with
increasing shower size. Assuming that the angular
resolution function for the entire array is Gauss-
ian, its standard deviation is given by rh ¼
MDh=2:354, being MDh the median of the distribu-
tion of the even–odd angle difference Dh [20]. The

angular resolution rh is shown in Fig. 18 as a
function of pad multiplicity, for showers recon-
structed before and after the lead was added. The
effect of the lead sheet can be appreciated.

Following the same arguments as given in Ref.
[21], the angular resolution rh, averaged on the
azimuthal angle /, is found to depend on pad
multiplicity m and zenith angle h as

rhðm;hÞ /
rtðmÞ

ffiffiffiffi

m
p

ffiffiffiffiffiffiffiffiffiffi

sech
p

ð3Þ

where rt(m) is the average time fluctuation for
events with m hits. The factor (sech)1=2 accounts
for the geometrical effect related to the reduction
with increasing h of the effective distance between
pads. The time spread rt(m) can be inferred from
the FWHM curves given in Fig. 16 as a function of
m, for quasi-vertical events. As shown in Fig. 18,
the angular resolution rh for this sample of events
is in satisfactory agreement with the Eq. (3). Thus,
the dependence of rh upon m is well explained in
terms of the combined effect of the time thickness
of the EAS disk, as imaged by the detector, and
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to data, for quasi vertical events.

C. Bacci et al. / Astroparticle Physics 17 (2002) 151–165 163

high multiplicity events (>100 hits) is estimated !1
ns. This value is in good agreement with the results
of Monte Carlo calculations given in Ref. [10,11]
for photon-initiated showers simulated at the
Yangbajing atmospheric depth.

4.4. Angular resolution

The angular resolution of the carpet has been
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pendent sub-arrays (‘‘odd pads’’ and ‘‘even pads’’)
and comparing the two reconstructed shower di-
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tion of the even–odd angle difference Dh [20]. The

angular resolution rh is shown in Fig. 18 as a
function of pad multiplicity, for showers recon-
structed before and after the lead was added. The
effect of the lead sheet can be appreciated.
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ffiffiffiffiffiffiffiffiffiffi
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the FWHM curves given in Fig. 16 as a function of
m, for quasi-vertical events. As shown in Fig. 18,
the angular resolution rh for this sample of events
is in satisfactory agreement with the Eq. (3). Thus,
the dependence of rh upon m is well explained in
terms of the combined effect of the time thickness
of the EAS disk, as imaged by the detector, and
the density of shower particles.

Fig. 17. Distribution of the even–odd angle difference Dh for
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Measurement with ARGO at YBJ
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Energy calibration!

N ≈ 21 · (ETeV/Z)1.5

Calibration of the energy scale

�30

• 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 ± 4% in energy scale between different experiments.

(p+He) spectrum (2 - 700) TeV

ARGO-YBJ: Moon shadow tool

The energy scale uncertainty is estimated at 
10% level in the energy range 1 – 30 (TeV/Z).

Chin. Phys. C 38, 045001 (2014)

PRD 84 (2011) 022003
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Knee as end of Galactic population ?
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Understanding the origin of the "knee" is the key for a comprehensive 
theory of the origin of CRs up to the highest observed energies.

In fact, the knee is connected with the issue of 
the end of the Galactic CR spectrum and the 
transition from Galactic to extra-galactic CRs.

̣ Rigidity models can be rigidity-acceleration models 
or rigidity-confinement models

• Structure generated by propagation: ➜ we should observe a knee that is potentially 
dependent on location, because the propagation properties depend on position in the Galaxy 
➜ the (main) Galactic CR accelerators must be capable to accelerate to much higher energy 
➜ the Galaxy contains “super-PeVatrons” ! ➜ Gamma-Ray Astronomy above 100 TeV

• Accelerator feature: maximum energy of acceleration 
➜ implies that all accelerators are similar: source property !

If the mass of the knee is light according to the standard model 
➜ Galactic CR spectrum is expected to end around 1017 eV

If the composition at the knee is heavier due to CNO / MgSi 
➜ we have a problem !
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Understanding the origin of the "knee" is the key for a comprehensive 
theory of the origin of CRs up to the highest observed energies.

In fact, the knee is connected with the issue of 
the end of the Galactic CR spectrum and the 
transition from Galactic to extra-galactic CRs.

̣ Rigidity models can be rigidity-acceleration models 
or rigidity-confinement models

• Structure generated by propagation: ➜ we should observe a knee that is potentially 
dependent on location, because the propagation properties depend on position in the Galaxy 
➜ the (main) Galactic CR accelerators must be capable to accelerate to much higher energy 
➜ the Galaxy contains “super-PeVatrons” ! ➜ Gamma-Ray Astronomy above 100 TeV

• Accelerator feature: maximum energy of acceleration 
➜ implies that all accelerators are similar: source property !

If the mass of the knee is light according to the standard model 
➜ Galactic CR spectrum is expected to end around 1017 eV

If the composition at the knee is heavier due to CNO / MgSi 
➜ we have a problem !

Strong Message: composition at the knee !
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Diffuse γ-rays from the Galactic Plane

�32

Diffuse γ-rays are produced by relativistic electrons by bremsstrahlung or inverse Compton scattering 
on bkg radiation fields, or by protons and nuclei via the decay of πº produced in hadronic interactions 
with interstellar gas. 

  

View of the galactic plane from the galactic North Pole 

Galactic longitude l
is measured counter
clockwise from the
direction of the 
galactic center.

l and b are the
galactic coordinates

Most of the matter
in the Galaxy is in 
the galactic arms.

Galactic diffuse gamma ray flux data 
from the Northern emisphere 

Cosmic rays  
all particle flux × 10-4 

|b| < 5° 

    S.Vernetto & P.Lipari                                                                                 35th ICRC, 12-20 July 2017, Busan, Korea 

? ? ? by S. Vernetto & P. Lipari: ICRC 2017

The space distribution of this emission 
can trace the location of the CR sources 

and the distribution of interstellar gas.

S =
N�p
Nbkg

=
��(> E)p
�bkg(> E)

·R ·
q

A�
eff · 1p

�⌦ext
·
p
T ·Q (6)

R =

vuutA�
eff

Abkg
eff

S ⇠ ��(> E)p
�bkg(> E)

·R ·
q

A�
eff ·

p
T ·Q⇥ 1

✓ext
· ✓ext
✓PSF

· ✓PSF

✓ext
(7)

�⌦PSF ⇠ ⇡✓2PSF

Sext = Spoint ·
✓PSF

✓ext
[1] ARGO-YBJ Collab. (G. Aielli et al ), 562, 92 (2006).

  

Propagation of cosmic rays in the Galaxy and
in Extragalactic space

Side view of 
the Galaxy

The Solar system is 8.5 kpc away from the galactic
center. One pc is 3.1018 cm, so we are at a distance
of 2.55 1017 km and the light from it reaches us 
after 2,800 years. One pc is the distance at which
1 AU (149.6 106 km) is seen at an angle 1 arcsec.

Galactic latitude b is the angle at which an object
is above the galactic plane.

Todor Stanev
Bartol Research Institute and
Department of Physics and Astronomy
University of Delaware

Detectors with a ‘poor’ angular resolution 
are favoured in the extended source studies. 
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Diffuse Gamma Emission

�33
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Fig. 3.— The energy spectrum of the di↵use gamma-ray emission measured by ARGO-YBJ

in the Galactic region 25� < l < 100�, |b| < 5� (dots). The solid line shows the flux in

the same region according to the Fermi-DGE model. The short-dashed line represents its

extension following a power law with spectral index -2.6.The EGRET results (squares) in

the same Galactic region 25� < l < 100�, |b| < 5� and the upper limits quoted by HEGRA

(99% C.L., 38� < l < 43�, |b| < 2�), Whipple (99.9% C.L., 38.5� < l < 41.5�, |b| < 2�) and

Tibet AS� (99%C.L., 20� < l < 55�, |b| < 2�) are also shown.

25° < l < 100°; |b|< 5°

Diffuse gamma-ray emission from the Galactic plane for |b| < 5◦ 

A precise comparison of the spectrum of young CRs, as those supposed in the Cygnus region, with the spectrum of 
old CRs resident in other places of the Galactic plane, could help to determine the distribution of the sources of CRs.

Interestingly, the energy spectrum of the light component (p+He) up to 
700 TeV measured by ARGO-YBJ follows the same spectral shape as 
that found in the Cygnus region. 

– 20 –

Table 1: Di↵use gamma-ray emission from the Galactic plane for |b| < 5�. The median

energies and the corresponding di↵erential fluxes are reported. The errors are only statistical.
l Intervals Significance Spectral index Energy(GeV) Fluxa

25� < l < 100� 6.9 s.d. �2.80± 0.26 390 8.06± 1.49

750 1.64± 0.43

1640 0.13± 0.05

1000b 0.60± 0.13

40� < l < 100� 6.1 s.d. �2.90± 0.31 350 10.94± 2.23

680 2.00± 0.60

1470 0.14± 0.08

1000b 0.52± 0.15

65� < l < 85� 4.1 s.d. �2.65± 0.44 440 5.38± 1.70

780 1.13± 0.60

1730 0.15± 0.07

1000b 0.62± 0.18

25� < l < 65� & 5.6 s.d. �2.89± 0.33 380 9.57± 2.18

85� < l < 100� 730 1.96± 0.59

1600 0.12± 0.07

1000b 0.60± 0.17

130� < l < 200� -0.5 s.d. – – < 5.7c

aIn units of 10�9 TeV�1 cm�2 s�1 sr�1.
bThis entry gives the result of the fit to the three data points.
c99% C.L. at 700 GeV.

Cygnus region: 65° < l < 85°; |b|< 5°
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Fig. 5.— The energy spectrum of the di↵use gamma-ray emission measured by ARGO-YBJ

in the Galactic region 65� < l < 85�, |b| < 5� (dots). The solid line shows the flux according

to the Fermi-DGE model. The short-dashed line represents its extension following a power

law with spectral index -2.6. The EGRET results (squares) in the same region are also

shown. The Milagro result (triangle) for the Galactic region 65� < l < 85�, |b| < 2� is also

given. The long-dashed line and its extension (short-dashed line) represent the flux in this

region according to the Fermi-DGE model. The spectral energy distribution of gamma-ray

emission measured by Fermi-LAT in the Galactic region 72� < l < 88�, |b| < 15� is also

reported (stars). The flux in the same region expected from the Fermi-DGE model is shown

as a dot-dashed line.

72° < l < 88°; |b|< 15°
65° < l < 85°; |b|< 2°

ApJ 806 (2015) 20
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The flaring γ-ray sky: Mrk421
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ARGO-YBJ (E > 300 GeV) 

FERMI-LAT (E > 0.3 GeV) 

SWIFT-BAT (15-50 keV) 

RXTE-AMS (2-12 keV) MAXI-GSC (2-20 keV) 

SWIFT-XRT (0.3-10 keV) 

SWIFT-UVOT (UVW1) 

OVRO (15 GHz) 

30 days bins 

7 days bins 

ARGO-YBJ 
5 years
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One-zone Synchrotron Self-Compton model

�35

Consider a population of relativistic electrons in a magnetized region. They will produce synchrotron radiation, 
and therefore they will fill the region with photons. These synchrotron photons will have some probability to 
interact again with the electrons, by the Inverse Compton process. 

Since the electron “work twice” (first making synchrotron radiation, then scattering it at higher energies) this 
particular kind of process is called synchrotron self–Compton, or SSC for short. 

Steady 1 �

Flare 2 (2010) � Flare 3 (2010) �

Flare 1 (2009) �

Steady 2 �

Outburst�

ApJ Supplement, 222 (2016) 6
ARGO-YBJ

The one-zone model assumes that non-
thermal radiations are produced in a 
single, homogeneous and spherical 
region in the jet. 


The emission region moves relativistically 
toward us, and consequently the intrinsic 
radiation is strongly amplified due to the 
Doppler boosting. 


Three parameters are needed to 
characterise the emission region: the 
comoving magnetic field, the Doppler 
factor and the comoving radius of the 
emission region.
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CR energy spectrum: the overall picture
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Energy (GeV)
410 510 610 710 810

]
1.

6
 G

eV
-1

 s
r

-1
 s

-2
 [m

2.
6

Fl
ux

 x
 E

210

310

410

Horandel (p+He)
CREAM (p+He)
ARGO-YBJ analog All Particle ICRC15 ID366
ARGO-YBJ analog All Particle ICRC15 ID382
ARGO-YBJ analog All Particle (Bayes)
ARGO-YBJ 2015 digital (p+He) PRD91 (2015) 112017
ARGO-YBJ analog Bayes (p+He)
ARGO/WFCTA hybrid (p+He) PRD92 (2015) 092005
Tibet Array All Particle - QGSJet
IceTop 73 All Particle - SIBYLL
KASCADE All Particle - QGSJet
KASCADE-Grande All Particle - QGSJet
TUNKA 25 All Particle
HAWC All Particle - arXiv:1710.00890

Experimental results in the knee region still conflicting:
ARGO-YBJ reports evidence for a proton knee starting at about 700 TeV

The proton knee is connected to the maximum energy of accelerated particles in CR sources !



G. Di Sciascio - INFN SGSO 2018, Heidelberg Oct. 08-09,  2018

Full-Sky Cosmic Ray Anisotropy
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Paolo Desiati

talk by Juan Carlos Díaz Vélez later…
�26

HAWC

IceCubeCredit: P. Desiati & J.C. Diaz Velez
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Cosmic Ray mass dependency ?

�38

…we need anisotropy observations vs CR particle rigidity ! 

Anisotropy depends on primary energy


CR composition changes as well with energy 

A combined measurement of CR energy spectrum, mass 
composition and anisotropy inevitably probes the properties 

and spatial distribution of their sources as well as of the 
long propagation journey through the magnetized medium.

Aartsen et al., ApJ 826, 220, 2016

�11

observing cosmic ray anisotropy 
energy dependency (< knee)

cosmic ray anisotropy depends on 
primary energy 

large scale changes structure  
>100 TeV 

imaging magnetic effects at larger 
distances with increasing energy 

Note: cosmic ray composition changes 
as well vs. energy

IceCube

13 TeV

24 TeV

38 TeV

71 TeV

130 TeV

240 TeV

580 TeV

1.4 PeV

Credit: P. Desiati

After IceCube/IceTop observations we know very well the 
anisotropy in the Southern Hemisphere at different angular scales 

but…

Energy dependency (< knee) 
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The full coverage approach

�39

ARGO-YBJ is a high altitude full coverage EAS-array 
optimized for the detection of small size air showers. 

a continuous carpet of detectors

ARGO-YBJ central carpet

coverage factor ≈ 0.92

Increasing the sampling (~1% ➜100%)

• Improves angular resolution 

• Lowers energy threshold 13

Unit density

/ N

low energy shower = small shower 
➔ NO trigger

high energy shower = big shower 
➔ trigger

sparse array

coverage factor ≈ 10-3 - 10-2

by CASA-MIA
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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独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

Astrop. Phys. 67 (2015) 47

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

Good overlap between 4 scales with the maximum 
density of the showers spanning over three decades
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MATHUSLA proposal
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A Letter of Intent for MATHUSLA: a dedicated
displaced vertex detector above ATLAS or CMS
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Tejeda Muñoz,h Mario Iván Martı́nez Hernández,h Yiftah Silver, c Steffie Ann Thayil,d

Emma Torro,a Yuhsin Tsai,u Juan Carlos Arteaga-Velázquez,i Gordon Watts,a Charles
Young,e Jose Zurita,w,ac

aUniversity of Washington, Seattle
bUniversity of Toronto
cTel Aviv University
dRutgers University
eSLAC National Accelerator Laboratory
f Istituto Nazionale di Fisica Nucleare, Sezione di Roma Tor Vergata, Roma, Italy
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Figure 2. Schematic illustration of LLP decay signal (top) and main backgrounds (bottom) in a MATHUSLA-
like detector consisting of a robust multi-layer tracker (a) above an air-filled decay volume. A veto of scintillator
or tracker (b) may surround the decay volume to provide additional background rejection, but depending on the
outcome of detailed background studies, this may not be required.

displaced vertices of upwards-traveling charged tracks that are reconstructed by a highly-robust multi-
layer tracking system near the roof. The original simplified design proposed in [1] assumed 5 layers of
Resistive Plate Chambers (RPCs), which are suitable for economical coverage of very large areas with
good position and timing resolution. This is also the basis for the more realistic preliminary detector
design proposed in Section 7 of this letter, though other technologies are also being considered.

Fig. 3 shows the position of three simplified geometries for the MATHUSLA decay volume
we will consider in this letter. To a reasonable approximation, sensitivity to LLP production rate
(long lifetime) scales inversely (linearly) with detector area, assuming fixed height. As long as the
detector starts . 100m horizontally displaced from the IP on the surface, the sensitivity is not greatly
dependent on the precise position of the detector.

MATHUSLA200 has a 200m⇥200m⇥20m decay volume. This is the geometry proposed in [1]
and studied in most previous works, including the physics case white paper [46]. Significantly, this
large size would allow MATHUSLA to probe LLP lifetimes close to the Big Bang Nucleosynthesis
(BBN) limit c⌧ . 10

7
m for LLPs produced in exotic Higgs decays (see Section 4). It could be

implemented if sufficient land was made available, but the default benchmark we consider in this
letter is MATHUSLA100, which is smaller by a factor of 4 with a 100m ⇥ 100m ⇥ 20m decay
volume. The reason for making this choice is that an available experimental site near CMS may be

– 7 –

Under review at the LHCC committee


