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Ground-based Gamma-Ray Astronomy
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Detecting Extensive Air Showers

Air Cherenkov Telescopes 

Very low energy threshold (≈ 60 GeV) 
Excellent bkg rejection (99.7 %) 
High sensitivity (< 10-2 Φcrab) 
Good energy resolution 
Low duty-cycle (~ 5-10 %) 
Small field of view Δθ < 4° 

detection of the Cherenkov light 
from charged particles in the EAS 

Very low energy threshold: (≈ tens GeV)

Excellent bkg rejection (> 99%)

Excellent angular resolution (< 0.05 deg)

Very good energy resolution (≈ 10% - 20%)

High sensitivity (<0.01 Crab)

Low duty cycle (≈10%)

Small field of view (≈ 5 - 8 deg)

Limited energy range: 20 GeV → tens TeV

EAS arrays 

Higher energy threshold (≈ 0.3 TeV) 
Moderate bkg rejection (≈ 50 %) 
Good sensitivity (≈ 0.25 Φcrab) 
Modest energy resolution 
High duty-cycle (> 90 %) 
Large field of view (~2 sr) 

detection of the charged 
particles in the shower 

Higher energy threshold: ≈ 300 GeV

Moderate bkg rejection (≈50 → 99 %)

Modest angular resolution (≈0.8 → 0.1 deg)

Modest energy resolution (≈80% → 40%) 

Good sensitivity (≈0.1 - 0.2 Crab/year)

High duty-cycle (> 90%)

Large field of view (≈2 sr)

Wide energy range: 100 GeV → PeV
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Pointed and Survey Instruments
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Pointed and Survey Instruments
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EAS arrays are irreplaceable tools 
for all sky survey and to study the 

transient gamma sky !
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Wide FOV Detectors = Cosmic Ray Experiments 
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“Classical” Cosmic Ray Physics can be studied only with wide FOV experiments


• CR energy spectrum


• Elemental composition


• Anisotropy

3 fragments of a “Rosetta stone” crucial for understanding 
origin, acceleration and propagation of the radiation

Gamma-Ray Astronomy & Cosmic Ray Physics

complementary to investigate the open problems in CR physics
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The ‘Cosmic Ray connection'
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★ Hadronic emission (CR sources): p + p/γ ⇒ n  (π+ + π- + π0 ) + h

ν    Neutrino Astronomy

γ   Gamma-Ray Astronomy

CRs, photons and neutrinos strongly correlated: the ‘cosmic ray connection' 

ONLY charged CRs observed at E > 1014 eV so far ! 
Recent observations of PeV neutrinos by Icecube

SSC model: photons radiated by high energy  (1015 eV)  electrons 
boosted by the same electrons 

Gammas (and neutrinos) point back to their sources (SNR, PWN, BS, AGN ..)

★ Leptonic emission (Inverse Compton):    e + γ ⇒ e’ + γ’  
scattering of electrons on low energy photons:  

✓ Cosmic Microwave Background (CMB) 
✓ Infrared, optical photons 
✓ Synchrotron photons
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Galactic CRs: main open problems
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?

?

The  “knee”  of  the  CR  spectrum
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Z = 1

Z = 2

Z = 3

FLUX

ENERGY

Emax ~ Z·1015 eV

Emax(iron) = 26 · Emax(proton)

✦ Cosmic Ray Sources: “PeVatrons”
accelerators ?

✦ Acceleration limit in Cosmic Ray sources: “proton knee”

“astronomy” (gamma, neutrino) but also anisotropy ! 

old nearby sources: no more photons but CRs → anisotropy ! 

acceleration mechanisms, different source populations ?
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TeVatron Sky
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Gammas from Galactic Cosmic Rays: Eγ ~ ECR/10

TeV Cosmic Rays 
Photons > 100 GeV !

But smoking gun still missing…

leptonic ?

hadronic ?

Complex scenario: each source is 
individual and has a unique behaviour. 
In general one expects a combination 
of leptonic and hadronic emission !
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PeVatron Sky
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?PeV Cosmic Rays 
Photons > 100 TeV !
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PeVatron Sky
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?

?
Where are the CR 

PeVatrons ?

PeV Cosmic Rays 
Photons > 100 TeV !
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PeVatron Sky
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?

?
Where are the CR 

PeVatrons ?

PeV Cosmic Rays 
Photons > 100 TeV !

Bonus @ 100 TeV: 

Hadronic spectra: hard 
Leptonic spectra: soft 
No hard IC gamma rays >100 TeV 
IC in deep Klein-Nishina

A power law spectrum reaching 100 TeV without a cutoff  is a very 
strong indication of the hadronic origin of the emission
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The ‘proton knee’
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Light (p+He) Component CR spectra with ARGO-YBJ

Horandel (p+He)

CREAM (p+He)

ARGO-YBJ 2015 digital (p+He) PRD91 (2015) 112017

ARGO-YBJ analog Bayes (p+He) 

ARGO/LHAASO-WFCTA hybrid (p+He) PRD92 (2015) 092005

700 TeV 4000 TeV

“Standard model”

The origin of the knee in the all-particle spectrum of CRs is inextricably connected with 
the issue of the end of the Galactic CR spectrum and the transition to extragalactic CRs.
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Status of wide FOV experiments
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Tibet ASγ: 4300 m asl in Tibet (China + Japan) - multicomponent


HAWC: 4100 m asl in Mexico (USA + Mexico) - water Cherenkov


LHAASO: 4400 m asl under installation in China (China) - multicomponent


HiSCORE: project with prototype at Tunka (Russia) - Cherenkov wide FOV

Northern Hemisphere

Southern Hemisphere  ?

different ideas:


HAWC-South 

LATTES: RPCs + water Cherenkov

STACEX: layers of RPCs

ALPACA: Tibet ASγ - like + water pond
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Tibet ASγ experiment
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around 4000 TeV. Considering the difference of the covering
area between the full-scale MD array and the 100 m2 MD, the
number of muons detected by the 100 m2 MD would be about
100 times smaller than that by the full-scale MD array, since
the lateral distribution of AS muons is rather flat. In terms of
the number of muons, the 100 m2 MD observes the energy

scale about 100 times higher in comparison with the full-scale
MD array, because the number of muons contained in ASs is
roughly proportional to the primary particleʼs energy (∝E0.85).
It is seen in Figure 3 that the fraction expected by the full-scale
MD array (10,000 m2) comes at about 200 times lower along
the horizontal axis than the experimental data by the 100 m2

Figure 1. (a) Schematic view of the Tibet AS array. Open squares represent surface scintillation counters. The 100 m2 muon detector (two small shaded boxes) was
constructed 90 m southwest of the center of the Tibet AS array. (b) Schematic view of a muon detector cell (left: top view, right:side view). The water volume is
7.15 m wide, 7.15 m long, and 1.5 m deep. Two vertical pillars reinforce the structure. Each cell is equipped with three downward-facing 20-inch-in-diameter PMTs
(HAMAMATSU R3600) on the ceiling. One of the three PMTs, which is not used for analysis in this paper, is omitted from the figure.

3

The Astrophysical Journal, 813:98 (5pp), 2015 November 10 Amenomori et al.

After several upgrades, the Tibet ASγ array now consists of 


• 761 fast-timing (FT) scintillation counters and 


• 28 density (D) counters


covering an effective area of 36,900 m2. 

The Tibet ASγ experiment started in 1990 at Yangbajing in Tibet at an altitude of 4300 m asl

All of the FT counters are equipped with an 2’’ PMTs


249 FT counters and all of the D counters are equipped 
with a wide dynamic range 1.5’’ PMT. 
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Gamma-Ray Astronomy with Tibet ASγ
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Mainly devoted to Cosmic Ray Physics: energy spectrum, composition, anisotropy up to 1016 eV 


Low sensitivity in gamma-ray astronomy, energy threshold: few TeV

68 AMENOMORI ET AL. Vol. 692
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Figure 10. Contour map of significance distribution around the Crab Nebula
(α = 83.◦63, δ = 22.◦02) for events with

∑
ρFT > 101.25 (!1 TeV). A clear

peak excess is seen at the center position ∆αcos(∆δ) = ∆δ = 0◦, where ∆α and
∆δ are the relative right ascension and declination, respectively, from the Crab
Nebula. The cross mark indicates the pointing error by a PSF fitting.
(A color version of this figure is available in the online journal.)
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Figure 11. Scatter plot of the shower size

∑
ρFT and the energy of primary

γ -rays, where a differential power-law spectrum of the form E−2.6 starting at
0.3 TeV is assumed for primary γ -rays. For details, see the text.
(A color version of this figure is available in the online journal.)

affect the pointing accuracy essentially, we estimate our point-
ing accuracy to be 0.◦011 deduced from the Moon’s shadow
analysis described in Section 3.3.

4.2. Monte Carlo Simulation of γ -Ray Observation from the
Crab Nebula

The performance of the Tibet-III array has been studied by
a full MC simulation using the CORSIKA code (Heck et al.
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Figure 12. Distribution of excesses as a function of the opening angle relative to
the Crab Nebula direction θ . The filled circles and the shaded histograms stand
for the experimental data and the MC events with

∑
ρFT > 101.25 (!1 TeV),

respectively.
(A color version of this figure is available in the online journal.)

1998) for event generation in the atmosphere and the Epics
code (Kasahara) for the response of the scintillation detector
(Amenomori et al. 2003). These procedures are essentially
the same as in the case for the Moon’s shadow described in
Section 3.2. In the simulation for γ -ray observation from the
Crab Nebula, primary γ -rays, assuming the energy spectrum
of a power-law type in the energy region of 0.3–1000 TeV,
are thrown along the diurnal motion of the Crab Nebula in the
sky. The AS events generated are uniformly distributed over
circle with a 300 m radius centered at the Tibet-III array. Shown
in Figure 11 is the scatter plot of shower size

∑
ρFT and the

energy of γ -rays coming from the Crab direction. The filled
circles and error bars stand for the logarithmic mean of the
energy and one-standard deviation of the logarithmic Gaussian,
respectively. The one-event energy resolution is estimated to
be approximately (−40/ + 70)% at 10 TeV, and approximately
±100% in the region of a few TeV.

The Crab Nebula can be treated as a pointlike source at the
TeV energy region. To investigate the PSF of the Tibet-III array,
we compared the θ distribution of the Crab Nebula between the
experimental data and the MC events, where θ is the opening
angle relative to the Crab Nebula direction. Figure 12 shows the
distribution of the excess events as a function of θ for events
with

∑
ρFT > 101.25. The experimental data agree well with the

MC simulation assuming the pointlike source.

4.3. Energy Spectrum of γ -Rays from the Crab Nebula

The γ -ray flux from the Crab Nebula is estimated by assuming
a power-law spectrum f (E) = αEβ . The best-fit values α0 and
β0 are given by minimizing a χ2 function, changing α and β:

χ2 =
6∑

i=1

(
Nobs

i − N sim
i (α,β)

σ obs
i

)2

, (4)

where Nobs
i , σ obs

i , and N sim
i (α,β) are the observed number

of excess counts, its error, and the number of remaining MC

No. 1, 2009 MULTI-TeV GAMMA-RAY OBSERVATION FROM THE CRAB 69

Table 1
Logarithmic Mean of Energy and Differential Flux for Each

∑
ρFT Bin as

Shown in Figure 13
∑

ρFT Energy NON ϵNOFF Differential Flux
(TeV) (cm−2 s−1 TeV−1)

101.25–101.50 1.71 1935499 1931547 (8.72 ± 3.25) × 10−12

101.50–101.75 2.89 1382356 1377139 (2.70 ± 0.643) × 10−12

101.75–102.00 4.84 444504 442074 (5.52 ± 1.60) × 10−13

102.00–102.33 8.29 134509 133362 (1.03 ± 0.348) × 10−13

102.33–102.67 18.6 21530 21138 (1.06 ± 0.417) × 10−14

102.67–103.00 39.5 3923 3844 (6.64 ± 5.57) × 10−16

>103.00 107 1558 1569 < 1.10 × 10−16

events after the analysis assuming the spectrum f (E) = αEβ ,
respectively, in the ith

∑
ρFT bin among the six

∑
ρFT bins

between 101.25 and 103.00 defined in Section 3.1. In order to
estimate N sim

i (α,β) in the same way as experimental data,
simulated secondary particles are inputted to the detector
response simulation. Then, we obtain the expected N sim

i (α,β)
for the ith

∑
ρFT bin after the event reconstruction and event

selections in the same way as experimental data. Here, the
expected N sim

i (α,β) includes the energy resolution effect by
the detector response simulation.

Subsequently, the differential γ -ray flux for the ith
∑

ρFT bin
is calculated by the following equation:

fi(Ei) = Nobs
i

N sim
i (α0,β0)

N sim
all (α0,β0)∫ ∞
Esim

min
Eβ0dE

E
β0
i

SsimTobs
, (5)

where N sim
all (α0,β0) denotes the total number of MC events

generated at the top of the atmosphere along one diurnal motion
assuming the spectrum f (E) = α0E

β0 ,
∫ ∞
Esim

min
Eβ0dE is the

normalization factor of N sim
all (α0,β0), Esim

min denotes the minimum
energy of simulated AS events (0.3 TeV), Ssim denotes the
area of core location distribution by the simulation (300 m ×
300 m ×π ), Tobs denotes the observation live time, and Ei
denotes the representative energy defined as the logarithmic
mean of the energy calculated by the MC simulation for the ith∑

ρFT bin.
Figure 13 shows the differential energy spectrum of the Crab

Nebula observed by the Tibet-III array together with the spec-
tra obtained by IACTs, including Whipple (Hillas et al. 1998),
HEGRA (Aharonian et al. 2004), CANGAROO III (Enomoto
et al. 2006), H.E.S.S. (Aharonian et al. 2006), and MAGIC
(Albert et al. 2008). The differential flux for each

∑
ρFT bin

is presented in Table 1. Finally, this energy spectrum is fitted
by the least χ2 method assuming f (E) = α(E/3 TeV)β , and
then we obtain the differential power-law spectra as (dJ/dE) =
(2.09 ± 0.32) × 10−12(E/3 TeV)−2.96±0.14 cm−2 s−1 TeV−1 in
the energy range of 1.7–40 TeV. Note that the absolute energy
scale error in the Tibet-III array is experimentally estimated
to be smaller than ±12% by the Moon’s shadow observation
described in Section 3.4. The energy scale uncertainty corre-
sponds to (−28/ + 46)% in the absolute γ -ray flux, assuming
the spectral index −2.96, which is our best-fit value. Our energy
spectrum in this work is consistent with other observations made
by IACTs, such as HEGRA and H.E.S.S., in the same energy
range between 1.7 TeV and 40 TeV.

The previous flux measurement (Amenomori et al. 1999a),
with the Tibet-HD array of 5175 m2 and an effective run-
ning time of 502.1 live days, is approximately double this
measurement. In order to properly estimate the difference
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Figure 13. Differential energy spectrum of γ -rays from the Crab Nebula
obtained using the data collected from 1999 November to 2005 November with
the Tibet-III array in comparison with the results from IACTs: Whipple (Hillas
et al. 1998), HEGRA (Aharonian et al. 2004), CANGAROO III (Enomoto
et al. 2006), H.E.S.S. (Aharonian et al. 2006), and MAGIC (Albert et al. 2008).
The Tibet-III upper limit is given at the 90% confidence level, according to a
statistical prescription (Helene 1983).

between the previous work and the present one, we give
a re-fit to both data points from 2.8 TeV to 20 TeV in
the overlapping energy region assuming a power-law spec-
trum. The previous (Tibet-HD) and present (Tibet-III) en-
ergy spectra are expressed as (dJ/dE) = (5.04 ± 0.94) ×
10−12(E/3 TeV)−2.85±0.20 cm−2 s−1 TeV−1 and (dJ/dE) =
(2.35±0.49)×10−12(E/3 TeV)−3.00±0.25 cm−2 s−1 TeV−1, re-
spectively. The flux and spectral index differences between them
are estimated to be (2.69 ± 1.06) × 10−12 cm−2 s−1 TeV−1

and 0.15 ± 0.32, respectively. As a result, the com-
bined statistical deviation between them is calculated to be√

(2.69/1.06)2 + (0.15/0.32)2σ = 2.6σ . Although we have up-
dated the MC simulation in this analysis, we cannot find any
systematics to explain this difference. Hence, we conclude that
the higher flux observed in our previous measurement may have
been caused by a statistical signal fluctuation.

4.4. Time Variability

We divided our data set from 1999 November to 2005
November into six phases, as summarized in Table 2, to examine
the time variability of the flux intensity. Each phase corresponds
to approximately one calendar year. We used slightly different
calibration parameters for each phase, because we usually
calibrate the scintillation detectors of the Tibet AS array late in
the fall of every year. Unfortunately, some of the blank periods
seen in Table 2 mostly coincide with the detector calibration
periods, periods in which the AS array was upgraded or when
the data acquisition system was experiencing problems. The
upper panel (a) in Figure 14 shows the time variability of
the γ -ray fluxes from the Crab Nebula at 3 TeV. We found
no evidence for the time variability of flux intensity from the
Crab Nebula, as we can give a good χ2 fit to these fluxes by a
constant function (χ2/dof = 6.55/5), where dof means degrees
of freedom. In order to check the possible systematics, the time
variability of the deficit event rates of the Moon’s shadow is also
demonstrated as shown by the middle panel (b) in Figure 14.
The deficit event rates of the Moon’s shadow from 1999

Crab Nebula

6.9 s.d. in 1915 days

ApJ 692 (2009) 61

ApJL 709 (2010) L6

L8 AMENOMORI ET AL. Vol. 709

Table 1
Summary of the Tibet-III Array Observations of the Fermi Sources

Fermi LAT Class R.A. Decl. Tibet-III Milagroa Source
Source (deg) (deg) Signi. Signi. Associations
(0FGL) (σ ) (σ )

J0030.3+0450 PSR 7.600 4.848 1.7 −1.7
J0357.5+3205 PSRb 59.388 32.084 −1.7 −0.1
J0534.6+2201 PSR 83.653 22.022 6.9 17.2 Crab
J0617.4+2234 SNR 94.356 22.568 0.2 3.0 IC 443
J0631.8+1034 PSR 97.955 10.570 0.3 3.7
J0633.5+0634 PSRb 98.387 6.578 2.4 1.4
J0634.0+1745 PSR 98.503 17.760 2.2 3.5 Geminga
J0643.2+0858 100.823 8.983 −1.2 0.3
J1830.3+0617 277.583 6.287 −0.2 0.2
J1836.2+5924 PSRb 279.056 59.406 −0.3 −0.9
J1855.9+0126 SNR 283.985 1.435 0.7 2.2 W44
J1900.0+0356 285.009 3.946 1.0 3.6
J1907.5+0602 PSRb 286.894 6.034 2.4 7.4 MGRO J1908+06

HESS J1908+063
J1911.0+0905 SNR 287.761 9.087 1.7 1.5 G43.3 − 0.2
J1923.0+1411 SNR 290.768 14.191 −0.3 3.4 W51

HESS J1923+141
J1953.2+3249 PSR 298.325 32.818 −0.0 0.0
J1954.4+2838 SNR 298.614 28.649 0.6 4.3 G65.1+0.6
J1958.1+2848 PSRb 299.531 28.803 0.1 4.0
J2001.0+4352 300.272 43.871 −0.5 −0.9
J2020.8+3649 PSR 305.223 36.830 2.2 12.4 MGRO J2019+37
J2021.5+4026 PSRb 305.398 40.439 2.2 4.2
J2027.5+3334 306.882 33.574 −0.3 −0.2
J2032.2+4122 PSRb 308.058 41.376 2.4 7.6 TeV J2032+4130

MGRO J2031+41
J2055.5+2540 313.895 25.673 −0.0 −0.0
J2110.8+4608 317.702 46.137 0.3 1.1
J2214.8+3002 333.705 30.049 −1.0 0.6
J2302.9+4443 345.746 44.723 −0.0 −0.6

LAT PSR J2238+59c PSRb 339.561 59.080 2.5 4.7

Notes.
a Significance of the Milagro observations. Taken from Abdo et al. (2009b).
b These pulsars are newly discovered by the Fermi LAT observations (Abdo et al. 2009a, 2009c).
c This pulsar is not in the Fermi bright source list, but it is detected by the latest Fermi LAT observation (Abdo et al. 2009c).

that implemented by Romero et al. (1999). We generate 2000
dummy-source lists of the 27 Fermi bright Galactic sources,
where the Galactic latitude distributions retain the form of
the actual histograms of the Fermi sources with the Galactic
longitudes randomly set to new distributions within our field
of view. We count the number of !2σ sources in the Tibet-III
data according to each dummy-source list and calculate that the
average expected number of sources at 2σ or more is 0.73 ± 0.02
in the chance association. In this case, the chance probability
associated with seven sources or more goes up slightly, to 1.2 ×
10−5, while it becomes 9.7 × 10−5 with the Crab excluded.

The Milagro observation found 14 out of 34 Fermi sources at
a significance of 3σ or more, and its sensitivity is approximately
2 or 3 times better than that of the Tibet-III array. Hence,
our threshold significance 2σ , which corresponds to ∼30%
of the Crab flux assuming a point-like source, should be a
reasonable value. We note that the flux of 0FGL J2020.8+3649
seems to be quite low compared with the Milagro’s, since the
flux measurement of 0FGL J2020.8+3649 with the Milagro
experiment is (67 ± 7)% of the Crab flux above 35 TeV, while
our flux is (30 ± 14)% of the Crab flux above 3 TeV. The
statistical difference between them is calculated to be 2.3σ . This

Significance by the Tibet III array
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Figure 1. Histograms show significance distribution of the Fermi bright sources
observed by the Tibet-III array. The dashed curve is the expected normal
Gaussian distribution.
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Tibet ASγ upgrades
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Observation of shower electron size under 
lead plate (burst size Nb) induced by high 

energy e.m. particles in shower core region.

50 TeV – 1016 eV 

lead-plate thickness and distances between YAC detectors, as
shown in Fig. 4, and we defined a new parameter called ‘collection
power’ Cp [13] to appraise the performance of YAC array with fixed
number of detectors, i.e., to have the best cost performance:

Cp ¼ g" P0 " P1 " D2; ð1Þ

where the g; P0; P1 and D denote detection efficiency, the selection
rate of the given primary mass group by means of the artificial neu-
ral network (ANN [14]) method (see Section 5.2), the selection rate
of other primary mass groups and the distance between the detec-
tors, respectively. The detection efficiency (g) is also a function of
the thickness of the lead plate above the scintillator. Based on
Fig. 4, we chose 3.5 cm (corresponding to 6.3 radiation length) as

the best optimal Pb-thickness, and we set YAC detector distances
to 1.875 m as shown in Fig. 3. The inner 100 YAC-II plastic scintilla-
tor units are arranged as an array (10 " 10 grid), each of which has
an area of 50 cm " 80 cm. The outer 24 units, each of which has an
area of 50 cm " 100 cm (hereafter we call it to ‘‘YAC anti detector’’),
are arranged around the inner array and they are used to reject non
core events whose shower cores are far from the YAC-II array.

At present, the YAC-II array is constructed near the center of the
Tibet-III (Fig. 2), and it has been operated simultaneously with
Tibet-III and MD. For an air shower event, the Tibet-III provides
the arrival direction (h) and the air shower size (Ne) which are
interrelated to primary energy, the YAC-II measures the high
energy electromagnetic particles in the core region so as to obtain

Fig. 2. Schematic view of (Tibet-III + YAC-II + MD) array. Open squares represent surface 0.5 m2 scintillation detectors of the Tibet-III array. Filled gray squares represent the
12 planed pools, each of which consists of 16 cells with 52 m2, set up beneath a 2.2 m thick soil and a 0.3 m thick concrete layer, the five pools in the solid frame have been
already constructed. Filled black squares represent 0.4 m2 YAC detectors consisting of 3.5 cm thick lead layer and 1 cm thick scintillator. The new hybrid experiments array
shown here has been completed now, and will acquire data in 2014. The Tibet-III consists of 789 detector units, with a covering area about 50,000 m2; the YAC-II consists of
124 detector units, with a covering area of about 500 m2 and the five MD pools consists of 80 cells, with an area of about 4500 m2.

Fig. 3. Schematic view of YAC-II array (left) and a YAC detector structure (right). The YAC-II array consists of 124 detectors. The inner 100 scintillator units are arranged as an
array (10"10 grid). Each detector has an area of 50 cm " 80 cm and it is placed with 1.875 m interval. The outer 24 units of the sizes of 50 cm " 100 cm are arranged around
the inner array and they are used to reject non core events whose shower cores are far from the YAC-II array. Each detector consists of lead plates with a thickness of 3.5 cm
above the scintillator to convert high energy electrons and c into electromagnetic showers.

20 J. Huang et al. / Astroparticle Physics 66 (2015) 18–30

Goal: energy spectrum & composition in the knee energy region 
through the mesurement of the high energy air shower cores.

Yangbajing Air shower Core array

Each pool consists of 16 MDs. 

Each MD is a waterproof concrete cell, 7.15 m wide × 7.15 m long 
× 1.5 m deep in size, equipped with 2 downward-facing 20’’ PMTs 
(HAMAMATSU R3600. Energy threshold ≈1 GeV.

The currently planned full-scale MD array is made up of 12 pools, 
set up under a 2.6 m thick layer of soil for a total effective area of 
approximately 10,000 m2

around 4000 TeV. Considering the difference of the covering
area between the full-scale MD array and the 100 m2 MD, the
number of muons detected by the 100 m2 MD would be about
100 times smaller than that by the full-scale MD array, since
the lateral distribution of AS muons is rather flat. In terms of
the number of muons, the 100 m2 MD observes the energy

scale about 100 times higher in comparison with the full-scale
MD array, because the number of muons contained in ASs is
roughly proportional to the primary particleʼs energy (∝E0.85).
It is seen in Figure 3 that the fraction expected by the full-scale
MD array (10,000 m2) comes at about 200 times lower along
the horizontal axis than the experimental data by the 100 m2

Figure 1. (a) Schematic view of the Tibet AS array. Open squares represent surface scintillation counters. The 100 m2 muon detector (two small shaded boxes) was
constructed 90 m southwest of the center of the Tibet AS array. (b) Schematic view of a muon detector cell (left: top view, right:side view). The water volume is
7.15 m wide, 7.15 m long, and 1.5 m deep. Two vertical pillars reinforce the structure. Each cell is equipped with three downward-facing 20-inch-in-diameter PMTs
(HAMAMATSU R3600) on the ceiling. One of the three PMTs, which is not used for analysis in this paper, is omitted from the figure.
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lead-plate thickness and distances between YAC detectors, as
shown in Fig. 4, and we defined a new parameter called ‘collection
power’ Cp [13] to appraise the performance of YAC array with fixed
number of detectors, i.e., to have the best cost performance:

Cp ¼ g" P0 " P1 " D2; ð1Þ

where the g; P0; P1 and D denote detection efficiency, the selection
rate of the given primary mass group by means of the artificial neu-
ral network (ANN [14]) method (see Section 5.2), the selection rate
of other primary mass groups and the distance between the detec-
tors, respectively. The detection efficiency (g) is also a function of
the thickness of the lead plate above the scintillator. Based on
Fig. 4, we chose 3.5 cm (corresponding to 6.3 radiation length) as

the best optimal Pb-thickness, and we set YAC detector distances
to 1.875 m as shown in Fig. 3. The inner 100 YAC-II plastic scintilla-
tor units are arranged as an array (10 " 10 grid), each of which has
an area of 50 cm " 80 cm. The outer 24 units, each of which has an
area of 50 cm " 100 cm (hereafter we call it to ‘‘YAC anti detector’’),
are arranged around the inner array and they are used to reject non
core events whose shower cores are far from the YAC-II array.

At present, the YAC-II array is constructed near the center of the
Tibet-III (Fig. 2), and it has been operated simultaneously with
Tibet-III and MD. For an air shower event, the Tibet-III provides
the arrival direction (h) and the air shower size (Ne) which are
interrelated to primary energy, the YAC-II measures the high
energy electromagnetic particles in the core region so as to obtain

Fig. 2. Schematic view of (Tibet-III + YAC-II + MD) array. Open squares represent surface 0.5 m2 scintillation detectors of the Tibet-III array. Filled gray squares represent the
12 planed pools, each of which consists of 16 cells with 52 m2, set up beneath a 2.2 m thick soil and a 0.3 m thick concrete layer, the five pools in the solid frame have been
already constructed. Filled black squares represent 0.4 m2 YAC detectors consisting of 3.5 cm thick lead layer and 1 cm thick scintillator. The new hybrid experiments array
shown here has been completed now, and will acquire data in 2014. The Tibet-III consists of 789 detector units, with a covering area about 50,000 m2; the YAC-II consists of
124 detector units, with a covering area of about 500 m2 and the five MD pools consists of 80 cells, with an area of about 4500 m2.

Fig. 3. Schematic view of YAC-II array (left) and a YAC detector structure (right). The YAC-II array consists of 124 detectors. The inner 100 scintillator units are arranged as an
array (10"10 grid). Each detector has an area of 50 cm " 80 cm and it is placed with 1.875 m interval. The outer 24 units of the sizes of 50 cm " 100 cm are arranged around
the inner array and they are used to reject non core events whose shower cores are far from the YAC-II array. Each detector consists of lead plates with a thickness of 3.5 cm
above the scintillator to convert high energy electrons and c into electromagnetic showers.
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A 100 m2 muon detector prototype has been operated in Tibet.

First results in ApJ 813 (2015) 98:


“Search for gamma rays above 100 TeV from the Crab Nebula 
with the Tibet air shower array and the 100 m2 Muon Detector”.

Fraction of surviving events

MD. This fact assures that our MC simulation for the full-scale
MD array is valid, at least up to ∼20 TeV.

We next search for steady gamma-ray emission from the
Crab Nebula above ∼100 TeV. To estimate the numbers of
background events (NOFF) and signal events (NON), we adopt
what we call the equi-zenith angle method (Amenomori et al.
2009), in which the search window radius is fixed at 0°.4.
Table 1 summarizes the statistics of the data that remain within
the 0°.4 radius window centered at the Crab Nebula. Note that
the NONs and NOFFs are the numbers of events that remain after

the Nμ-based event selection by the 100 m2 MD. No significant
excess is found, and the upper limits at the 90% confidence
level are obtained on the Crabʼs differential and integral flux, as
shown in Figures 4(a) and (b), respectively, according to a
statistical prescription (Helene 1983). Figure 4(b) also includes
upper limits at the 90% confidence level obtained by the
CASA-MIA experiment (Borione et al. 1997). It can be seen
that this work provides the most stringent upper limit above
140 TeV.
During the whole period of the 100 m2 MDʼs operation,

there were two gamma-ray flares from the Crab Nebula
reported above 100 MeV (Abdo et al. 2011; Tavani
et al. 2011); one lasted ∼16 days in 2009 February with a
flux of four Crabs, and the other occurred for 4 days in 2010
September with a flux of six Crabs. Unfortunately, the Tibet
AS array was briefly not in operation at the times of those
flares.

5. CONCLUSIONS

The 100 m2 water Cherenkov MD was successfully
constructed in 2007. We find that our MC simulation is in
good agreement with the experimental data. Using the data
collected by the 100 m2 MD from 2008 March to 2010
February (438 live days), we search for continuous gamma-ray
emission from the Crab Nebula above 100 TeV. No significant
excess is found, and the most stringent upper limit is obtained
above 140 TeV.

Figure 2. Charge distribution recorded by one of the two PMTs in a cell of the
100 m2 muon detector extracted from air shower data (open squares), along
with the corresponding photo-electron distribution obtained by our MC
simulation (solid line).

Figure 3. Fraction of the number of background cosmic rays that survive the
Nμ-based event selection, as a function of åρFT. Open diamonds represent the
fraction obtained by our detailed MC simulation (Sako et al. 2009) for the full-
scale (10,000 m2) MD, while closed circles indicate the fraction calculated
from the experimental data of the 100 m2 MD. Open squares show the fraction
by MC simulation for the 100 m2 MD.

Table 1
Data Statistics of the Search for Gamma Rays From the Crab Nebula by Means

of the Equi-Zenith Angle Method (Amenomori et al. 2009)

Differential

åρFT Bin Energy
(TeV)

NON NOFF Excess Flux Upper Limit
(90% C.L.)
× 10−17

(cm−2 s−1 TeV−1)

1700 �å
ρFT < 3000

170 59 68.9 −9.9 3.89

if 0 6.65
3000

FT- rå <
4500

300 12 11.3 +0.7 2.75

if 0 2.55

Integral

åρFT Bin Energy
(TeV)

NON NOFF Excess Flux Upper Limit
(90% C.L.)

× 10−15 (cm−2 s−1)

�1700 �140 75 83.5 −8.5 4.61
if 0 6.95

�3000 �270 16 14.6 +1.4 4.10
if 0 3.58

Note. The representative energy for a differential upper limit is the logarithmic
mean of the primary gamma-ray energies in the correspondingåρFT bin, while
the representative energy for an integral upper limit is the mode of the primary
gamma-ray energies in the corresponding åρFT bin. The NONs and NOFFs are
the numbers of events within the 0°. 4 radius window centered at the crab nebula
after the Nμ-based event selection by the 100 m2 MD. The upper limits
assuming zero excess counts are also written.
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Discrimination at level of 10-4 at 100 TeV

background-free above 
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The High Altitude Water Cherenkov Gamma-ray Observatory (HAWC) is up and running 

Goals: observe gamma rays and cosmic rays from half the sky each day between 100 GeV and 100 TeV 


• 4100 meters above sea level


• 19°N latitude (Galactic Center at 48° zenith)


• 300 water tanks, 1200 large photocathode area PMTs 1/6th of sky in instantaneous field of view

IPA 20155/4/15

HAWC Site

8

Pico de Orizaba
(“Citlaltepetl”)
5636 meters, 5 km distant

Platform
4100 meters

Sierra Negra
4582 meters

Lava flow
(~4 kyr BPD)

Counting House

HAWC Utility Building
(HUB)

• Instrumented Area: 22,000 m2 

≈140 X 140 m2


• Coverage factor: ≈60 %


• 10 kHz event rate
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Water Cherenkov Method
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• Robust and cost-effective surface detection technique 


• Water tanks: 7.3 m radius, 5 m height, 185 kL purified water 


• Tanks contain three 8” R5912 PMTs and one 10” R7081-HQE 
PMT looking up to capture Cherenkov light from shower front

IPA 20155/4/15

Water Cherenkov Method
‣ Robust and cost-effective surface detection technique

‣Water tanks: 7.3 m radius, 5 m height, 185 kL purified water

‣ Tanks contain three 8” R5912 PMTs and one 10” R7081-HQE 
PMT looking up to capture Cherenkov light from shower front

10

Air$shower$par,cle$
(e.g.,$GeV$muon)$

IPA 20155/4/15

Tank Deployment
‣ Tanks built using 5 “rings” of curved steel panels and capped 

with an opaque military-grade canvas roof

‣ Next: bladder installation, water delivery, wet PMT deployment

‣ 55 million L (55 kT) water delivered: 3900 tanker truck trips

11

Final tank deployed: December 15, 2014 Water filtration system in HUB, Sierra Negra

IPA 20155/4/15

Water Cherenkov Method
‣ Robust and cost-effective surface detection technique

‣Water tanks: 7.3 m radius, 5 m height, 185 kL purified water

‣ Tanks contain three 8” R5912 PMTs and one 10” R7081-HQE 
PMT looking up to capture Cherenkov light from shower front

10

Air$shower$par,cle$
(e.g.,$GeV$muon)$
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Background rejection
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Requires sufficient number of triggered channels (>70) to work well. 
Q-value max (εγ/√εCR) is estimated ~5 for point sources. 

Hadronic showers typically deposit large amounts of energy in distinct clumps far 
from the shower core (>40 m)   ➜   CR rejection using topological cut in hit pattern 

(the pattern of energy deposition in the detector)

G. Sinnis for the HAWC Collaboration Science with the Next Generation Experiments, Trieste Sept 10, 2010

Hadron Rejection

Milagro)
bo+om)layer

γ

p

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

13
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The LHAASO experiment
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N
O

R
TH

150 m

WFCTA

ED

MD

WCDA

• 1 km2 array, including 4941 scintillator detectors 1 m2 each, with 15 m spacing. 

• An overlapping 1 km2 array of 1146, underground water Cherenkov tanks 36 m2 each,  with 30 m 
spacing, for muon detection (total sensitive area ≈ 42,000 m2). 

• A close-packed, surface water Cherenkov detector facility with a total area of 80,000 m2. 

• 18 wide field-of-view air Cherenkov (and fluorescence) telescopes.
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The LHAASO site
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Under installation at 4400 m asl (600 g/cm2) in the 
Haizishan (Lakes’ Mountain) site, Sichuan province

Coordinates: 29º 21' 31’' N, 100º 08' 15’' E 

场地中心： 
29度21分30.7秒， 
                    100度08分14.65秒 
公路入口： 
29度21分32.76秒， 
                     100度07分43.03秒 
场地西边界： 
29度21分30.61秒， 
                     100度07分50.61秒 
场地东边界： 
29度21分30.68秒， 
                     100度08分38.73秒 
场地北边界： 
29度21分51.78秒， 
                     100度08分14.50秒 
场地南边界： 
29度21分9.54秒， 
                     100度08分14.73秒 
 
 

Beijing 

Chengdu 

Haizishan 

700 km to Chengdu

50 km to Daocheng City (3700 m asl, guest house)

10 km to the highest airport in the world
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LHAASO installation
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Construction and 
installation of muon-
detectors 
& environment 
protection facility 



G. Di Sciascio, 14th AGILE 2016, June 21, 2016

26.05.2014 martin.tluczykont@physik.uni-hamburg.de

The HiSCORE concept
   Picture: Serge Brunier

Air
shower

HiSCORE project: opening the PeVatron range

21

Concept: non-imaging air Cherenkov array 
Large area: array up to few 100 km2 
Large Field of view: ~ 0.6 sr

Hundred*i Square-km Cosmic ORigin Explorer

The HiSCORE concept for gamma-ray and cosmic-ray astrophysics
beyond 10 TeV
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a b s t r a c t

Air-shower measurements in the primary energy range beyond 10 TeV can be used to address important
questions of astroparticle and particle physics. The most prominent among these questions are the search
for the origin of charged Galactic cosmic rays and the so-far little understood transition from Galactic to
extra-galactic cosmic rays. A very promising avenue towards answering these fundamental questions is
the construction of an air-shower detector with sufficient sensitivity for gamma-rays to identify the
accelerators and large exposure to achieve accurate spectroscopy of local cosmic rays. With the new
ground-based large-area (up to 100 km2) wide-angle (X ! 0.6–0.85 sr) air-shower detector concept
HiSCORE (Hundred⁄i Square-km Cosmic ORigin Explorer), we aim at exploring the cosmic ray and
gamma-ray sky (accelerator-sky) in the energy range from few 10 s of TeV to 1 EeV using the non-imag-
ing air-Cherenkov detection technique. The full detector simulation is presented here. The resulting sen-
sitivity of a HiSCORE-type detector to gamma-rays will extend the energy range so far accessed by other
experiments beyond energies of 50–100 TeV, thereby opening up the ultra high energy gamma-ray (UHE
gamma-rays, E > 10 TeV) observation window.

! 2014 Elsevier B.V. All rights reserved.

1. Introduction

The current knowledge about the origin of cosmic rays has been
accumulated following two different approaches: (i) by measuring
in detail the energy spectrum and mass composition of the local
cosmic-ray population and (ii) by gamma-ray (E > 100 MeV) obser-
vations of both individual astrophysical objects as well as the dif-
fuse emission from the interstellar medium. Both approaches
provide complementary information/constraints on the most rele-
vant quantities: e.g. the measurement of spallation products and
cosmo-genic nuclei provides information on the energy depen-
dence of cosmic-ray transport and the escape time of cosmic rays
out of the Galaxy. Gamma-ray observations constrain the spatial
distribution and properties of the cosmic ray accelerators and the
density of cosmic rays in the interstellar medium.

Cosmic-ray measurements through air-shower techniques are
the only means to collect sufficient event statistics to measure
cosmic rays at energies close to the knee ("3# 1015 eV) in the

all-particle energy spectrum. The traditional air-shower detectors
sample the lateral density function (LDF) of secondary particles
or photons on the ground. Given the large intrinsic fluctuations
in the shower development and that only a small fraction of the
particles are sampled ("10$4), the energy resolution and sensitiv-
ity to different primary particles is rather limited. Combining
detection of different components of the air shower as e.g. realized
in the KASCADE air shower field [1], improves the situation consid-
erably but suffers from limited collection area. Established tech-
niques to follow the longitudinal air shower development include
muon tracking, air Cherenkov, and air fluorescence observations.

The latter technique has been realized quite early and remains
one of the most sensitive techniques at ultra-high energies
[Linsley, Fly’s eye, HiRes, Pierre-Auger Observatory, Telescope-
Array, see [2], and references therein]. The non-imaging air
Cherenkov technique measures the arrival time and the LDF of
the Cherenkov photons in the air shower front. This technique is
sensitive to the longitudinal air shower development (mainly posi-
tion of the shower maximum) as demonstrated with e.g. Themist-
ocle [3], AIROBICC [4], Blanca [5], Tunka [6], Jakutsk [7]. The
longitudinal air shower development is sensitive to the initial

http://dx.doi.org/10.1016/j.astropartphys.2014.03.004
0927-6505/! 2014 Elsevier B.V. All rights reserved.
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particle species. Both techniques allow a comparably good energy
resolution which suffers less from the fluctuations and the limited
sampling. A number of new approaches for air shower detection
have been proposed and partially tested including long-wave-
length (MHz) radio measurements1 see e.g. [8], and molecular
Bremsstrahlung emission at GHz frequencies [9,10]. In the sense of
shower-front sampling, the long-wavelength radio observations are
comparable to the air Cherenkov technique while the molecular
Bremsstrahlung has analogies to the air fluorescence (mostly isotro-
pic emission) and would allow for imaging of the air shower
development.

For approach (i) – spectroscopy and measurement of chemical
composition of cosmic rays in the energy range from below the
knee to the ankle (1018 eV) – the air Cherenkov approach appears
to be among the best choices, considering its good energy resolu-
tion of the order of 10%, and a typical resolution of the shower
maximum of the order of 30 g/cm2 [6]. See also Section 3.3. For ap-
proach (ii) – gamma-ray observations – the currently most suc-
cessful technique is the imaging air Cherenkov technique with
multiple telescopes (imaging air Cherenkov telescopes: IACTs). A
large array of IACTs is currently under design to achieve a ten-fold
improvement in flux sensitivity as compared to current generation
instruments: the Cherenkov Telescope Array CTA, see [11]. Never-
theless CTA is designed to achieve optimum sensitivity at TeV
energies and will suffer from its limited collection area at energies
beyond 100 TeV. The non-imaging air Cherenkov technique allows
to extend the collection area to several square kilometers with a
moderate number of read-out channels.2 In combination with the
demonstrated good angular resolution in non-imaging Cherenkov
air shower arrays, a multi-km2 array with good sensitivity above
10 TeV appears feasible and is explored here.

With the Hundred⁄i Square-km Cosmic ORigin Explorer Hi-
SCORE, we want to cover both approaches (i) and (ii) described
above. A central question will be the search for the elusive peva-
trons [13], the accelerators of cosmic rays up to the PeV energy re-
gime. For more details on physics topics for HiSCORE, see [14] and
references therein.

2. HiSCORE detector design

2.1. Detector array layout

HiSCORE will consist of an array of wide-angle light-sensitive
detector stations, distributed over an area of the order of
100 km2. As compared to previous experiments, important aspects
of HiSCORE are different (see Table 1): an instrumented area larger
by more than an order of magnitude, up to a factor 16 larger light-
collecting area per station, and the usage of fast GHz waveform
sampling electronics.

Since we aim at a very large instrumented area, a low array den-
sity with large inter-station spacings is favoured. Fig. 1 shows the
lateral photon density function (LDF) of Cherenkov light on the
ground. Within a radius of 120 m around the shower core position,
the LDF is roughly constant. Beyond 120 m, the photon density de-
creases following a power law. With a station spacing of 100 m or
more (depending on the array layout and partly variable), HiSCORE
will primarily measure the outer part of the LDF, i.e. most stations
will sample the LDF beyond 120 m distance from the shower core.
Still, a few stations will lie within the central 120 m of the light-
pool. Due to the low Cherenkov photon density far away from
the shower core, a large light collection area a of the individual

detector stations is needed. With the standard array configuration
and a chosen area a ¼ 0:5 m2, on average 3 stations within 120 m
of the shower core are found to be above threshold for showers
at 50 TeV primary energy. The energy threshold for gamma-rays
at reconstruction level therefore is 50 TeV. When using alternative
layouts with partly higher station densities or larger PMTs (see
Section 4), the energy threshold at reconstruction level can be re-
duced towards our aim of 10 TeV. At 100 TeV, the LDF can be sam-
pled in the power law part up to core distances of 450 m. In Fig. 1,
the basic difference in scale becomes apparent: The inter-station
spacing of the HiSCORE array is of the same order of magnitude
as the total side-length of the AIROBICC detector.

2.2. Detector station

A HiSCORE detector station consists of four photomultiplier
tubes (PMTs), each equipped with a light-collecting Winston cone
of "30! half-opening angle pointing to the zenith. The advantages
of using four PMT channels per station are on the one hand the
suppression of random triggers from nightsky background (NSB)
light through a local coincidence trigger condition, and on the
other hand an increase of the light collecting station area (a). When
using four 800 PMTs and a height of 0.5 m of the Winston cones
a ¼ 0:5 m2 is achieved. A schematical view of the station concept
is given in Fig. 2.

The PMTs have to fulfill two basic requirements: the opera-
tional gain must be such that the anode current stays within
manufacturer limits under the expected NSB conditions. With a
nominal gain of 104, the 6-stage PMT KB9352 from Electron
Tubes fulfills this requirement. A modified R 5912 Hamamatsu
PMT with six dynodes is an interesting alternative. The dynamic
range has to be as high as 105, since we aim at measurements
between 10 TeV and 1 EeV. This could be achieved by reading
out one or two dynodes in addition to the anode signal. Assum-
ing a voltage range of the readout of 14 mV to 1 V (e.g. DRS4
evaluation board, [15]), the anode (high gain, first readout stage)
channel provides a dynamic range of 70. At the upper end of this
voltage range, the actual anode signal is 100 mV (when using a
preamplification of a factor 10), i.e. well within the linear anode
voltage range which extends up to roughly 2 V. With a dynode
(low gain, second readout stage) channel at a factor 50 lower
amplification, sufficient overlap between both channels is given.
The total dynamic range then is 3500. An additional, second dy-
node readout would provide a further extension of the dynamic
range up to 105. Alternatively, without a third readout stage,
events at the highest energies could also be reconstructed using
stations far away from the shower core, and applying appropri-
ate low weights for the inner (saturated) stations. While such

Table 1
Basic design characteristics of the HiSCORE (highlighted in bold face) detector in
comparison with other experiments. The total instrumented area A, the light
collection area a of an individual station, the field of view FoV, the inter-station
distance d and the number of detector stations N are listed.

Parameter: A a FoV d N
Unit ½km2$ ½m2$ ½sr$ ½m$
HiSCORE 100 0.5 0.60–0.85 150a 4489
Tunka-133 1b 0.031 1.8 85 133
Blanca 0.2 0.1 0.12 35 144
AIROBICC 0.04 0.13 1 15–30 49
Themistocle 0.08 0.5 0.008 50–100 18

a Inter-station spacing used for the simulation results presented in the present
paper are not optimized yet.

b In 2011, the effective area for high energy events was increased to 3 km2 by
extending the array with additional 42 optical detectors, placed at a distance of
1 km from the array center [6].

1 The dominant emission processes are geo-synchrotron and charge separation.
2 There are complementary approaches using large field of view cameras which

would allow to increase the spacing of individual telescopes [12].

M. Tluczykont et al. / Astroparticle Physics 56 (2014) 42–53 43

Energy threshold: ≈50 TeV

Prototype-array at Tunka-133: 


• 9 stations, 300 m ⨉ 300 m since October 2013


• 150 m inter-station distance 
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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.

LHAASO 

CTA The big advantage of wide FOV exps 

• High Energy (>10 TeV) 

• Sky Survey
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Started discussions about different ideas for new experiment at higher altitude. 

The goal is to lower the energy threshold in the 100 GeV range:


HAWC-South 

LATTES: RPCs + water Cherenkov

STACEX: layers of RPCs

ALPACA: scintilator array + water pond

• Galac&c	Center		

• Survery	of	the	Inner	Galaxy	

• TeV	Source	finder	for	CTA	south	 
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Chacaltaya 5200 m asl, with long cosmic ray history 

LNF - 21 Dic. 2005 72G. Di Sciascio, INFN - Napoli

ChacaltayaChacaltaya, Bolivia , Bolivia -- 5200 m5200 m

Il piIl piùù alto laboratorio alto laboratorio 
del mondo !del mondo !

•  Discovering	rare	transient	events	requires	full	sky	
coverage	

•  WCD	proven	technology	
•  TeV	Source	finder	for	CTA	south	
•  Galac:c	Center	

Beyond	HAWC:	Southern	Site	

Alto	Chorrillo	
Argen:na	
4800m		

40	
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Quantity Fermi-LAT IACTs EAS

Energy range 20 MeV–200 GeV 100 GeV–50 TeV 400 GeV–100 TeV
Energy res. 5-10% 15-20% ⇠ 50%
Duty Cycle 80% 15% > 90%
FoV 4⇡/5 5 deg ⇥ 5 deg 4⇡/6
PSF 0.1 deg 0.07 deg 0.5 deg
Sensitivity 1% Crab (1 GeV) 1% Crab (0.5 TeV) 0.5 Crab (5 TeV)

Table 1: A comparison of the characteristics of Fermi LAT, of the present IACTs and of a typical EAS particle detector array. Sensitivity is computed over one year
for Fermi and the EAS, and over 50 hours for the IACTs.

very good time and space resolutions (ARGO), or a large set of
Water Cherenkov Detectors WCD, each one with large volume
of water (HAWC). The ARGO approach relies on a detailed
knowledge of the charged particle pattern of the air showers
at ground. The HAWC approach relies on the knowledge of
the electromagnetic energy contents of the air shower integrated
in one reasonable large size region at ground combined with a
good discrimination power for single muons.

In this paper we argue that a hybrid concept composed by a
carpet of low-cost RPCs on top of WCDs (or other Cherenkov
detectors based on glass or lead glass) of reasonably small
dimensions, benefits from the main advantages of both ap-
proaches and can reach a much better sensitivity at the lowest
energies (around 100 GeV). This detector should be placed at
high altitude (we assume 5200 m a.s.l. in this paper).

Our basic element used in this simulation, the station (Fig.
2), is constructed by putting together one WCD, with a rectan-
gular horizontal surface of 3 m ⇥ 1.5 m and a depth of 0.5 m,
with signals read by PMTs at both ends of the smallest vertical
face of the block. On top of the WCD there are two RPCs, each
with a surface of (1.5 ⇥ 1.5) m2 and with 16 charge collect-
ing pads. Each RPC is covered with a thin (5.6 mm) layer of
lead, to provide secondary photon conversion: this can exploit
the fact that these photons have a stronger correlation with the
primary direction with respect to the secondary electrons of the
shower.

Figure 2: Basic detector station, with one WCD covered with RPCs and a thin
slab of lead. The green lines show the tracks of the Cherenkov photons pro-
duced by the electron and positron from the conversion of a photon in the lead
slab.

The full detector (Fig. 3) is deployed as an array of indi-
vidual stations set in long lines with each touching the other
on their largest dimension. The row of lines of detectors are
separated by a small distance (roughly 0.5 m) to allow access

Figure 3: Layout of the detector used in the case study.

to service the PMTs and the RPCs. This arrangement allows
for a compact array and for a scaling of the full detector. The
performance results presented herein are based on a baseline
configuration with 60 rows and 30 lines, covering an e↵ective
area of about 10 000 m2.

The proposed RPCs are of the MARTA type (see [18]) which
have been developed in the last four years at LIP in Coim-
bra, Portugal, and successfully tested at Pierre Auger site in
Malargüe, Argentina. These RPCs were designed to work at
low gas flux, (1-4) cc/min, at harsh outdoor environment, and
demanding very low maintenance services. Their intrinsic time
resolution was measured to be better than 1 ns.

4. Signal, background and simulation tools

We have performed a Monte Carlo simulation of the detector
to evaluate its performance.

For the simulation of atmospheric showers we use the
CORSIKA (COsmic Ray SImulations for KAscade) (version
7.4100) program having the electromagnetic interaction been
treated by the EGS4 routines. [19]. The model to describe
hadronic interactions is FLUKA [20, 21], together with the
QGSJet-II [22] model for high-energy interactions.

Gamma and proton primaries are simulated with fixed en-
ergies and with a power-law di↵erential energy spectrum with
index -1.0. Each shower is reprocessed 100 times, with a new
core position randomly set in each realisation. Gamma rays are
simulated as coming from a point-like source at a zenith angle
of 10�, while protons are simulated with incoming directions
spanning the range from 5� to 15� in zenith angle. In detail:

4

1. one Water Cherenkov Detector (WCD) with a rectangular horizontal surface of 3 m × 1.5 m 
and a depth of 0.5 m, with signals read by PMTs at both ends of the smallest vertical face of the 
block. 


2. On top of the WCD there are two MARTA RPCs, each with a surface of (1.5 × 1.5) m2 and 
with 16 charge collecting pads. Each RPC is covered with a thin (5.6 mm) layer of lead.

An array of hybrid detectors constituted by 
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FoV 4⇡/5 5 deg ⇥ 5 deg 4⇡/6
PSF 0.1 deg 0.07 deg 0.5 deg
Sensitivity 1% Crab (1 GeV) 1% Crab (0.5 TeV) 0.5 Crab (5 TeV)

Table 1: A comparison of the characteristics of Fermi LAT, of the present IACTs and of a typical EAS particle detector array. Sensitivity is computed over one year
for Fermi and the EAS, and over 50 hours for the IACTs.

very good time and space resolutions (ARGO), or a large set of
Water Cherenkov Detectors WCD, each one with large volume
of water (HAWC). The ARGO approach relies on a detailed
knowledge of the charged particle pattern of the air showers
at ground. The HAWC approach relies on the knowledge of
the electromagnetic energy contents of the air shower integrated
in one reasonable large size region at ground combined with a
good discrimination power for single muons.

In this paper we argue that a hybrid concept composed by a
carpet of low-cost RPCs on top of WCDs (or other Cherenkov
detectors based on glass or lead glass) of reasonably small
dimensions, benefits from the main advantages of both ap-
proaches and can reach a much better sensitivity at the lowest
energies (around 100 GeV). This detector should be placed at
high altitude (we assume 5200 m a.s.l. in this paper).

Our basic element used in this simulation, the station (Fig.
2), is constructed by putting together one WCD, with a rectan-
gular horizontal surface of 3 m ⇥ 1.5 m and a depth of 0.5 m,
with signals read by PMTs at both ends of the smallest vertical
face of the block. On top of the WCD there are two RPCs, each
with a surface of (1.5 ⇥ 1.5) m2 and with 16 charge collect-
ing pads. Each RPC is covered with a thin (5.6 mm) layer of
lead, to provide secondary photon conversion: this can exploit
the fact that these photons have a stronger correlation with the
primary direction with respect to the secondary electrons of the
shower.

Figure 2: Basic detector station, with one WCD covered with RPCs and a thin
slab of lead. The green lines show the tracks of the Cherenkov photons pro-
duced by the electron and positron from the conversion of a photon in the lead
slab.

The full detector (Fig. 3) is deployed as an array of indi-
vidual stations set in long lines with each touching the other
on their largest dimension. The row of lines of detectors are
separated by a small distance (roughly 0.5 m) to allow access

Figure 3: Layout of the detector used in the case study.

to service the PMTs and the RPCs. This arrangement allows
for a compact array and for a scaling of the full detector. The
performance results presented herein are based on a baseline
configuration with 60 rows and 30 lines, covering an e↵ective
area of about 10 000 m2.

The proposed RPCs are of the MARTA type (see [18]) which
have been developed in the last four years at LIP in Coim-
bra, Portugal, and successfully tested at Pierre Auger site in
Malargüe, Argentina. These RPCs were designed to work at
low gas flux, (1-4) cc/min, at harsh outdoor environment, and
demanding very low maintenance services. Their intrinsic time
resolution was measured to be better than 1 ns.

4. Signal, background and simulation tools

We have performed a Monte Carlo simulation of the detector
to evaluate its performance.

For the simulation of atmospheric showers we use the
CORSIKA (COsmic Ray SImulations for KAscade) (version
7.4100) program having the electromagnetic interaction been
treated by the EGS4 routines. [19]. The model to describe
hadronic interactions is FLUKA [20, 21], together with the
QGSJet-II [22] model for high-energy interactions.

Gamma and proton primaries are simulated with fixed en-
ergies and with a power-law di↵erential energy spectrum with
index -1.0. Each shower is reprocessed 100 times, with a new
core position randomly set in each realisation. Gamma rays are
simulated as coming from a point-like source at a zenith angle
of 10�, while protons are simulated with incoming directions
spanning the range from 5� to 15� in zenith angle. In detail:

4

P. Assis, U. Barres de Almeida, A. Blanco, R. Conceicao, A. De Angelis, 
P. Fonte, L. Lopes, G. Matthiae, M. Pimenta, R. Shellard, B. Tome
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Figure 6: Angular resolution for gamma-ray primaries with zenith angle ✓ =
10�, as a function of the energy. The points were fitted to the functional form
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5.2. Angular resolution
We reconstruct the arrival direction of the particle initiating

the shower from the positions and the arrival times of particles
in the stations; we assume a time resolution of �t = 1 ns, which
can be achieved by present RPCs with a standard electronics. In
order to improve the angular reconstruction it is required that
the event has at least 10 active RPC pads. We compare the
reconstructed angle with the angle in the simulation, and we
calculate the 68% containment angle, �✓,68. The results as a
function of the reconstructed energy are shown in Fig. 6. From
this figure it is possible to see that a reasonable resolution, better
than 2�, can be achieved at energies around 100 GeV.

5.3. E↵ective area at the reconstruction level
After the event selection for the shower direction reconstruc-

tion, we further require that the direction of gamma showers is
within the 68% containment radius defined by the angular res-
olution. The e↵ective area after these cuts is shown in Fig. 5,
for proton-initiated showers and for gamma-initiated showers.

5.4. Energy estimate
The shower energy is reconstructed from the total signal, de-

fined as the sum of the number of photoelectrons in all WCD
stations. A calibration curve is obtained using the photon sim-
ulation with the Crab spectrum, by plotting the median of the
generated photon energies in each bin of measured signal, as a
function of the median of the measured signal. The dependence
appears approximately linear for E0 > 300 GeV.

The non-linearity, defined as the relative di↵erence between
the median of the reconstructed and true energies assuming the
calibration constant computed for E0 > 300 GeV, is shown in
Fig. 7, top, as a function of the reconstructed energy.

The reconstructed energy follows quite well a log-normal
distribution as a function of the generated energy. The en-
ergy resolution was thus calculated by fitting the distribution
of ln(E/E0) with a Gaussian function; the relative resolution is
shown in Fig. 7, bottom. The resolution on the reconstructed
photon energy depends both on the detector resolution and on
the fluctuations in the shower development.
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Figure 7: Top: Non-linearity in the reconstructed energy, for photons with a
spectral energy distribution as for Crab nebula. Bottom: Resolution in the re-
constructed energy, for the same sample of photon-initiated showers.

5.5. Hadron background suppression

The hybrid configuration of the detector units allows to com-
bine the background rejection techniques used by ARGO and
HAWC [13, 16]. Large signals in WCDs away from the core
are mostly due to isolated muons, a characteristic signature of
showers initiated by hadrons. In addition, the RPCs on top
provide important additional information about the structure of
isolated energetic particle clusters, which allows to further im-
prove the gamma-hadron discrimination. The development of a
hadron rejection algorithm, which combines the information of
the two sub-dectectors is out of the scope of this article. Con-
servatively, no background rejection was considered below 200
GeV, and above this energy the performance of HAWC [29] was
assumed.

5.6. Significance of the Crab signal

Gamma-initiated events have been selected within the angu-
lar window defined by the cone with half-aperture equal to the
angular resolution for photons. The cosmic-ray background has
been calculated for the same window, assuming an isotropic
flux. The event rate in each bin of reconstructed energy, before
background suppression, is shown in the top plot of Fig. 8.

We then computed the number of events for one year of ef-
fective time, after applying the hadron suppression e�ciency
curves; the result is shown separately for signal and background

6

Baseline configuration with 60 rows and 30 lines, 
covering an effective area of about 10 000 m2.

Simulated Site at 5200 m asl

events in the bottom plot of Fig. 8. One year of e↵ective time
corresponds to 7.9⇥106 seconds, assuming a duty cycle of 25%
(which corresponds to the average fraction of time at which a
source culminating at zenith is seen within an angle of 30� from
zenith).

The significance of a detection in terms of number of stan-
dard deviations n� can be calculated with a simplified for-
mula n� ' Nexcess/

p
Nbkg, where Nexcess is the number of ex-

cess events, and Nbkg is the background estimate, whenever
Nexcess ⌧ Nbkg. The significance of the Crab signal for one
year is also shown in the bottom plot of Fig. 8.
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Figure 8: Top: Signal from Crab (solid line) and background from charged
cosmic rays (dashed line) per second after the cuts in the 1� angular region,
before the background rejection. Bottom: Signal from Crab (solid line) and
background (dashed line) in one year of e↵ective time after all cuts. The Crab
significance, expressed as the ratio between the signal and the square root of
the background, is also shown.

5.7. Sensitivity for a steady source

To evaluate the performance of the detector, we compute its
di↵erential sensitivity, i.e. we investigate the sensitivity in nar-
row bins of energy (4 bins per decade). We compute the sensi-
tivity as the flux of a source giving Nexcess/

p
Nbkg = 5 after 1

year of e↵ective observation time for a source visible for 1/4 of
the time (this roughly corresponds to the visibility of the Galac-
tic Centre from the Southern tropic).

The result is shown in Fig. 9, and compared with the one-
year sensitivities of Fermi and HAWC.
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p
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the thin dashed gray lines.
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p
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The di↵erential sensitivity is independent of the spectral en-
ergy distribution (SED) of the emitting source. To compute the
total sensitivity one must assume a SED; from this assumption,
one can compute an integral sensitivity.

We compute the integral sensitivity as the flux of a source
with a SED proportional to the SED of Crab Nebula giving
Nexcess/

p
Nbkg = 5 after 1 year, and integrating all energies

above a given energy. The integral sensitivity is shown in
Fig. 10.

5.8. Sensitivity to transient phenomena

To evaluate the capability of the detector to study sources
with a fast luminosity variability in time, as well as to observe
fast transient phenomena, we computed the integral sensitivity
for a time window of one minute. Demanding a 3 sigma level
above background we estimated a sensitivity of 25 Crab units
above 100 GeV.
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events in the bottom plot of Fig. 8. One year of e↵ective time
corresponds to 7.9⇥106 seconds, assuming a duty cycle of 25%
(which corresponds to the average fraction of time at which a
source culminating at zenith is seen within an angle of 30� from
zenith).
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To evaluate the performance of the detector, we compute its
di↵erential sensitivity, i.e. we investigate the sensitivity in nar-
row bins of energy (4 bins per decade). We compute the sensi-
tivity as the flux of a source giving Nexcess/
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Nbkg = 5 after 1

year of e↵ective observation time for a source visible for 1/4 of
the time (this roughly corresponds to the visibility of the Galac-
tic Centre from the Southern tropic).

The result is shown in Fig. 9, and compared with the one-
year sensitivities of Fermi and HAWC.
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The di↵erential sensitivity is independent of the spectral en-
ergy distribution (SED) of the emitting source. To compute the
total sensitivity one must assume a SED; from this assumption,
one can compute an integral sensitivity.

We compute the integral sensitivity as the flux of a source
with a SED proportional to the SED of Crab Nebula giving
Nexcess/

p
Nbkg = 5 after 1 year, and integrating all energies

above a given energy. The integral sensitivity is shown in
Fig. 10.

5.8. Sensitivity to transient phenomena

To evaluate the capability of the detector to study sources
with a fast luminosity variability in time, as well as to observe
fast transient phenomena, we computed the integral sensitivity
for a time window of one minute. Demanding a 3 sigma level
above background we estimated a sensitivity of 25 Crab units
above 100 GeV.

7

A. De Angelis: Private Communication

Preliminary calculations
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Japan will finance the construction of a $5 million laboratory in 
Bolivia for the study of cosmic rays, Japanese Nobel laureate 
Takaaki Kajita said here Monday.


The new lab is to be built at an altitude of more than 4,750 
meters (15,573 feet) on Mount Chacaltaya, a peak near La Paz 
where the Bolivian university already has a scientific facility.


Construction is expected to be completed in three years.


A score of Japanese and Bolivia researchers will work at the lab 
under the supervision of Masato Takita, an associate professor 
at Tokyo University's Institute for Cosmic Ray Research.

La Paz, Press Release May 2, 2016

In the coming 3 years the commissioning of the first 25% of LHAASO is expected. 

Therefore, the Chinese group is expected to stop activity in Tibet AS experiment to join LHAASO.


Japan will start activity for ALPACA soon: :  scintillator array + high coverage core (water pond ?) 
→ LHAASO - like ?
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Open problems in cosmic ray physics push the construction of new generation EAS arrays in 
the 1011 - 1018 eV energy range.

In the next decade CTA-North and LHAASO are expected to be the most sensitive instruments 
to study Gamma-Ray Astronomy in the Northern hemisphere from 20 GeV up to PeV.


To maximize the scientific return for Galactic sources, a future instrument should be located at 
sufficiently Southern latitude to continuously monitor the Galactic Center and the Inner Galaxy.


To maximize the sensitivity at hundreds GeV such an instrument would require very high 
altitude location (≈ 5000 m asl !), a full coverage approach and an effective area ≳105 m2.


The study of high energy tail of PeVatron emission require very large effective areas (≈1 km2) at 
a moderate altitude (≈ 3500 m asl).

The LHAASO sensitivity should be a reference for new wide FoV experiments


Different ideas to lower the energy threshold at 100 GeV level.
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The all-sky survey provides un unbiased map of the sky useful to

• enable the detection of unexpected sources

• provides testing ground for new theoretical ideas

• provides targets for in-depth observations

• study of flaring phenomena (GRBs, solar flares, AGNs)


• probe of diffuse emission on scales of several degrees


• study of localized CR anisotropies


• search for small and nearby high latitude molecular clouds


• constraints on Dark Matter at multi-TeV scale by ‘stacked 
analysis’

• search for new, unexpected classes of VHE sources (‘dark accelerator’) useful to constrain the density in the Galactic 
halo of cloudlets: cold and dense clumps of material that may constitute a sizeble fraction of baryonic matter mostly 
invisible but not for their gamma-ray emission for CR interaction

• blind search for annihilation in Dark Matter subhalos of 
the Galaxy, without any a priori association with an 
astrophysical object (dwarf galaxy, Galactic Center, etc)
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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.

Diffuse emission: 25° < l < 100°; |b|< 2°
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Minimum Detectable Flux
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ΦB (>E) = 1.30・(EGeV)-1.66   particles cm-2 s-1 sr-1    (Horandel)

ΦB (>500 GeV) = 4.3・10-5   part. cm-2 s-1 sr-1  
ΦB (>100 GeV) = 6.2・10-4   part. cm-2 s-1 sr-1  

ΦB (>1000 GeV) = 1.3・10-5   part, cm-2 s-1 sr-1  

Φγ CRAB (>100 GeV) = 6.5・10-10   ph. cm-2 s-1 
Φγ CRAB (>500 GeV) = 6.0・10-11   ph. cm-2 s-1 
Φγ CRAB (>1000 GeV) = 2・10-11   ph. cm-2 s-1 
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Table 1: Characteristics of di↵erent EAS-arrays

Experiment Altitude (m) e.m. Sensitive Area Instrumented Area Coverage
(m2) (m2)

LHAASO 4410 5.2⇥103 1.3⇥106 4⇥10�3

TIBET AS� 4300 380 3.7⇥104 10�2

IceTop 2835 4.2⇥102 106 4⇥10�4

ARGO-YBJ 4300 6700 11,000 0.93 (central carpet)

KASCADE 110 5⇥102 4⇥104 1.2⇥10�2

KASCADE-Grande 110 370 5⇥105 7⇥10�4

CASA-MIA 1450 1.6⇥103 2.3⇥105 7⇥10�3

µ Sensitive Area Instrumented Area Coverage
(m2) (m2)

LHAASO 4410 4.2⇥104 106 4.4⇥10�2

TIBET AS� 4300 4.5⇥103 3.7⇥104 1.2⇥10�1

KASCADE 110 6⇥102 4⇥104 1.5⇥10�2

CASA-MIA 1450 2.5⇥103 2.3⇥105 1.1⇥10�2

and primary energy is one of the most important problem for ground-based measurement, heavely a↵ecting the
reconstruction of the CR energy spectrum.

The key point for future experiments aiming at studying the cosmic radiation is the possibility to separate,
on a event by event basis, as much as possible mass groups to measure their spectra and anisotropies. As
demonstrated in the hybrid measurement carried out with ARGO-YBJ, the array of Cherenkov telescopes will
allow the selection, with high resolution, of the main primary mass groups on an event-by-event basis, without
any unfolding procedure and the reconstruction of energy spectra with an energy resolution of the order of
20% [6]. In addition, the correlation between electromagnetic, muonic and Cherenkov components will allow
the study of the dependence upon di↵erent hadronic models thus investigating for the first time if the EAS
development is correctly described by the current simulation codes.
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